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FOREWORD 

This book contains abstracts for presentations made at the 2025 Experimental Condensed Matter 
Physics (ECMP) Principal Investigators’ Meeting sponsored by the Materials Sciences and 
Engineering Division of the US Department of Energy, Office of Basic Energy Sciences (DOE-
BES). This biennial meeting convenes scientists supported within ECMP by the DOE-BES to present 
the latest, most significant, and most exciting accomplishments and proposed future research 
directions of their BES supported projects. The meeting also affords PIs in the program an 
opportunity to see the full range of research currently being supported. We hope the meeting fosters a 
collegial environment to 1) stimulate the discussion of new ideas and 2) provide unique opportunities 
to develop or strengthen collaborations among PIs. In addition, the meeting provides valuable 
feedback to DOE-BES in its assessment of the state of the program and in identifying future 
programmatic directions. The meeting was attended in person by approximately 100 ECMP 
supported scientists.  

The ECMP program supports research that advances our fundamental understanding of the quantum 
physics governing the electronic structure of complex solid materials and will allow us to achieve 
new materials functionalities through manipulation and control of collective excitations and 
quasiparticles. ECMP funds studies of novel magnetic, ferroelectric, charge ordering, nonlinear 
optical, superconducting, and topological properties known to emerge from the interplay of various 
interactions and degrees of freedom, as well as away from equilibrium in transient or metastable 
states. ECMP supports design, synthesis, and characterization of material systems whose electronic 
properties derive from quantum effects and cannot be described by classical paradigms. Projects aim 
at achieving fundamental understanding of key principles that might provide the foundation for 
transformational quantum technologies (topological quantum computing, sensing, or transduction) 
and/or next-generation, energy-efficient microelectronics (quantum magnonics, spintronics, and non-
von Neumann electronic circuit elements). The program also supports research to reduce or eliminate 
critical materials and minerals while maintaining functionality for energy technologies. 

The meeting was held in a hybrid format and organized into ten oral sessions and two poster sessions 
covering the range of research activities supported by the program.  All presentations were given by 
in-person participants and all lunches and dinners featured keynote presentations. Dinner on day 2 
featured a 1-hour panel composed by experts in experimental, computational, and theoretical aspects 
of AL/ML methods for science titled “The Future of AI/ML in Condensed Matter Physics 
Experiments”. We want to thank the panel moderator Ivan Schuller and all panelists for their 
valuable insights and for contributing to an important discussion within the ECMP community. Co-
chairs for the meeting were Liuyan Zhao (University of Michigan) and Matthew Brahlek (Oak Ridge 
National Laboratory). To these two we express our sincere appreciation for their invaluable help in 
organizing the meeting. We also want to gratefully acknowledge the excellent support provided by 
Ms. Stephanie Fox, Ms. April Ward, and Mr. Kutter Craig of the Oak Ridge Institute for Science and 
Education and by Ms. Kerry Hochberger of BES, for their efforts in organizing the meeting. 

Drs. Claudia Cantoni and Tim Mewes 
Program Managers, Condensed Matter and Materials Physics 
Division of Materials Sciences and Engineering 
Basic Energy Science 
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Eric Bauer Recent Progress on the Superconductivity of UTe2 and CeCoIn5 
Tyler Slade Design and Discovery of New Quantum Materials in the Complex States FWP 

Ulrich Welp Origin of the Unusual Temperature Dependence of the Upper Critical Field of 
Kagome Superconductor CsV3Sb5: Multiple Bands or van Hove Singularities?  

Brian Leonard Synthesis and Characterization of doped 2M WS2 Crystals 
Abhay Pasupathy Two-dimensional Heavy Fermions and Beyond 
Andrew Mannix Tuning van der Waals Heterostructures with Strain and Chemistry. 
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Wednesday, September 10, 2025 
3:45-5:45PM Poster Session 2

Presenter Title 
Marek Kolmer Early Career: Addressing high-energy interface states 
Albert Liu Early Career: Multidimensional Probes of Quantum Materials 
Kyle Seyler Early Career: A new approach to dynamically sculpt quantum materials 

Yunqiu Kelly Luo Early Career: Electrical detection and control of antiferromagnetic resonance in 
van der Waals devices 

Kenji Yasuda Fabrication of Higher-order moiré superlattice 
Chang-Beom Eom Twisted oxide membrane interface by local atomic registry design 
Chenhao Jin Surprising long-lived isospin modes in flatband graphene 
Qi Li Selective Area Epitaxy of Superconducting MgB2 Thin Films on Graphene-SiC 
Birol Ozturk Tunable Exciton and Spin Dynamics in 2D Materials for Quantum Sensing 

Applications  
Meenakshi Singh Probing Chirality Induced Spin Selectivity (CISS) in (MBA)₂PbI₄ via Hall 

Measurements  

Art Smith Heteroepitaxial growth and surface investigation of Weyl semimetals Mn3Ga and 
Mn3Sn on hexagonal wurtzite GaN substrates  

Gabor Csathy Complex anyonic order in topological flat bands: Abelian anyons with six 
quantized fluxes 

Norman Peter 
Armitage  

Generalizing Quantum Geometry to many-body wavefunctions 

Luis Balicas Local inversion symmetry breaking, Néel skyrmions, and ferrimagnetism in 
Fe3GaTe2 

Nihar Pradhan Heterogeneous Integration of 2D-3D Materials for Energy Efficient Electronics 
Andrew Stollenwerk Effects of Ni thin films on layered materials 

Fengyuan Yang Electrical Switching and Imaging of LaFeO3 Epitaxial Thin Films - A New 
Platform for Antiferromagnetic Spintronics and Insulating Altermagnetism  

Nasim Alem Discovery of novel layered multiferroics: Cu1-xMn1+ySiTe3 
Frances Hellman Thermodynamic Phase Transitions of Nematic Order in Magnetic Helices 
Brenden Ortiz Frontiers in kagome metals; development of the AM3X4 kagome magnets 
Hu Miao Chiral electronic orders and excitations 
Yi-Ting Hsu Detecting Topological Superconductors via Phase-space Berry Curvatures 
Ruixing Zhang Deciphering Chiral Superconductivity via Impurity Bound States 
Benjamin Ueland Magnetic Correlations in Flat-Band Metals 
Anand Bhattacharya Superconductivity at interfaces of KTaO3 
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Fractional Quantum Anomalous Hall Effect and Chiral Superconductivity in 
Rhombohedral Graphene 

Long Ju, Massachusetts Institute of Technology 

Keywords: Rhombohedral graphene, superconductivity, fractional quantum anomalous Hall, 
topological phase 

Research Scope 

We are currently focusing on understanding topological electron physics in rhombohedrally 
stacked multilayer graphene. Different from twisted graphene systems, we believe that 
crystalline graphene can host flat-band physics without introducing twisting or moiré superlattice 
effects. Our group established the crystalline rhombohedral form of graphene (with layer number 
>3) as a new playground for emergent quantum phenomena1-3, by demonstrating integer and
fractional quantum anomalous Hall effects (IQAHE and FQAHE), orbital multiferroicity,
superconductivity, and correlated insulators. Especially, the observation of FQAHE in the
pentalayer graphene/hBN moiré superlattice1 was among the only two discoveries of this effect
in condensed matter physics. The experiment was done in the absence of theoretical prediction
and it challenges the conventional interpretation of how to obtain such states. It has triggered
tremendous interest from the condensed matter physics community since its publication in Oct
2023.

We are now investigating both the FQAHE physics and unconventional 
superconductivity in rhombohedral graphene. The latter was not planned in the original proposal, 
but was observed when trying to understand the moiré effect on FQAHE. As we will explain in 
the next section, the superconductivity we observed in the absence of moiré effect happens to be 
likely a topological superconductor—expanding the range of topological phenomena in 
rhombohedral graphene system, which is the theme of this project. 

Recent Progress 

We have made breakthroughs in two directions in this project. The first breakthrough is about the 
Fractional Quantum Anomalous Hall Effect in rhombohedral graphene/hBN moiré superlattice, 
which was planned and proposed in our original proposal. The second breakthrough is about the 
discovery of Chiral Superconductivity in bare rhombohedral graphene without alignment with 
hBN, which was totally beyond the expectation and was not planned in our original proposal. To 
be more specific: 
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1. Fractional Quantum Anomalous Hall Effect (FQAHE)

Our group established the crystalline rhombohedral form of graphene (with layer number >3) as 
a new playground for emergent quantum phenomena, by demonstrating integer and fractional 
quantum anomalous Hall effects (IQAHE and FQAHE), orbital multiferroicity, 
superconductivity, and correlated insulators. Especially, the observation of FQAHE in the 
pentalayer graphene/hBN moiré superlattice was among the only two discoveries of this effect in 
condensed matter physics. The experiment was done in the absence of theory prediction and it 
challenges the conventional interpretation of how to obtain such states. It has triggered 
tremendous interest from the condensed matter physics community since its publication in Oct 
2023, as can be seen from two Condensed Matter Journal Club reports, review by professional 
journals and news by public media.  

In 2024, we further engineered the dilution fridge setup at MIT by fabricating and purchasing 
more electronic filters. These efforts helped reducing the electronic temperature in graphene to 
the level of ~30 mK. We also improved the sample quality by fabricating more uniform devices. 
Combining these efforts, in addition to the six FQAHE states we reported in early 2024, we were 
able to observe two more fractional states that show FQAHE. In addition, we observed large 
regions on the phase diagram of rhombohedral graphene/hBN moire superlattice devices that 
exhibit integer quantum anomalous Hall effect. These states reside at moiré filling factors very 
different from 1, and exhibit fundamentally different transport behavior from the Chern insulator 
state at moiré filling factor 1. We named these states as Extended Quantum Anomalous Hall 
(EQAH) states. The nature of these states are not entirely clear at this moment, but two 
candidates are plausible. The first candidate is the Anomalous Hall Crystal, which is a 
topological version of the Wigner Crystal state. This is a new topological phase of matter 
proposed by several theory groups including Ashvin Vishwanath, Senthil Todadri, and Ya-Hui 
Zhang. The second candidate is the anomalous version of the re-entrant quantum Hall state, 
similar to that in GaAs-based two-dimensional electron gas systems. More experiments are to be 
performed to differentiate between these possible scenarios. 

The EQAH state is a new observation in this exciting FQAHE physics platform, and the results 
were published in early 2025 in Nature4. 
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2. Chiral SuperConductivity (CSC)

Ju’s group discovered a couple of new superconducting states in simple crystalline rhombohedral 
graphene, as part of graphite. These superconductivities exhibit magnetic hysteresis at both 
above and below the critical temperatures, as well as random time-dependent fluctuations in 
resistance. These observations suggest that the superconductor is simultaneously a magnet, 
which challenges the conventional impressions on these two phenomena. The observed 
superconductivity emerges from spin- and valley-polarized parent states, which endow angular 
momentum to the Cooper pairs and make it chiral superconductors. In addition, the high critical 
magnetic field suggests strongly coupled superconductivity. All together, these observations are 
unprecedented in any other superconductors, since the discovery by Kamerlingh Onnes in 1911. 
Many following theoretical works suggest one of the discovered superconductivity to be 
topological. 

This discovery was made when trying to better understand the conditions for the fractional 
quantum anomalous Hall effect (FQAHE), which was discovered in rhombohedral 
graphene/hBN moiré superlattice devices by Ju’s group in 2023. The observation of FQAHE in 
this material system was a total surprise to the community, and is still puzzling theorists to date 
on the microscopic mechanism. Some theory suggested a new form of topological matter, named 
as Anomalous Hall Crystal (AHC), which might exist in the absence of moiré effects. Ju’s group 
made devices that have large twist angles between graphene and hBN to eliminate moiré effect. 
To their surprise, superconductivity instead of AHC was observed. While the team is still 
searching for AHC, given the observation of chiral superconductivity, a completely new and 
unexpected direction of exploring topological superconductivity is readily open for investigation 
in the chemically and structurally simple rhombohedral graphene. 

The CSC state is a new observation in this exciting crystalline graphene platform, and the results 
were published in May 2025 in Nature5. 

Future Plans 

Figure 1. Chiral superconductivity in rhombohedral pentalayer graphene. a&b, Phase diagrams 
with and without moiré superlattice effect, exhibiting FQAHE and superconductivity respectively. c. 
Magnetic hysteresis in the SC1 state in resistance, due to valley polarization and orbital magnetism.
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We plan to continue investigating both the FQAHE and CSC physics in the rhombohedral 
graphene platform. 

On the FQAHE end, we will search for even-denominator fractional states that might host 
non-abelian anyons as their excitations. We will investigate FQAHE in moiré superlattice 
devices composed of 4-7 layer of rhombohedral graphene, check the angle-dependence (between 
graphene and hBN), and explore the possibility of FQAHE under the strong-moiré condition by 
electrical gating. 

On the CSC end, many theorists believe that this superconductivity is not only chiral, but 
topological. The prospect of it hosting Majorana edge modes at the edge and localized Majorana 
zero state at vortex making rhombohedral graphene a new frontier of topological 
superconductivity, which possess great potential for topological quantum computing. In the 
chiral superconductor state, Majorana modes might exist as localized modes in vortex cores or 
chiral modes on the edge. We will explore the superconducting transition temperature in 6-layer 
rhombohedral graphene and the effect of screening on chiral superconductivity. We will also 
explore new experimental techniques to determine if the chiral superconducting states are nodal 
(like p-wave) or nodeless (like px+-ipy). If nodeless, it is one more step towards topological 
superconductivity.  
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Superconductivity and spin-canting in trilayer graphene 

Andrea Young, University of California, Santa Barbara 

Keywords: graphene, superconductivity, magnetism 

Research Scope 

Graphene and transition metal dichalcogenide flat-band systems show similar phase 
diagrams, replete with magnetic and superconducting phases. An abiding question has been 
whether magnetic ordering competes with superconductivity or facilitates pairing. For example, 
recent studies of Bernal bilayer graphene in the presence of enhanced spin–orbit coupling show a 
substantial increase in the observed domain and critical temperature Tc of superconducting states 
[1]; however, the mechanism for this enhancement remains unknown. The correlation with spin 
orbit coupling strongly suggests that spin ordering is the relevant parameter, our research aims to 
directly probe this via local scanning SQUID-on-tip magnetometry.  

 Recent Progress 

This reporting period, we showed that introducing 
spin–orbit coupling in rhombohedral trilayer graphene (RTG) 
by substrate proximity effect generates new superconducting 
pockets for both electron and hole doping, with maximal 300 
mK, which is three times larger than in RTG encapsulated by 
hexagonal boron nitride. Using local magnetometry, we show 
that superconductivity straddles a transition between a spin-
canted state with a finite in-plane magnetic moment and a state 
with complete spin–valley locking. This transition is 
reproduced in our Hartree–Fock calculations, in which this 
transition is driven by the competition between spin–orbit 
coupling and the carrier-density-tuned Hund’s interaction. 
Our experiment suggests that the enhancement of 
superconductivity by spin–orbit coupling is driven by a 
quantitative change in the canting angle rather than a change 
in the ground state symmetry. These results align with a 
recently proposed mechanism for the enhancement of superconductivity [2], in which fluctuations 
in the spin-canting order contribute to the pairing interaction. 

Future Plans 

In the immediate near term, we plan to use our ultra-low temperature SQUID on tip 
magnetometry to investigate the pairing symmetry in these spin-orbit enhanced superconductors 
directly. Magnetic signals from 2D superconductors in graphene have not been observed 

Figure 2: Superconductivity appears at 
comparatively high temperature in a 
WSe2/ABC trilayer graphene 
heterostructure.  We used nanoSQUID 
on tip magnetometry to directly 
correlate the formation of in-plane 
magnetic order with superconductivity, 
as detailed in our paper [1]. 
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previously, but are expected at low levels from several distinct mechanisms.  For example, the 
Meissner effect, though strongly suppressed in a 2D superconductor, is potentially within our 
resolution; Pearl vortices may also provide finite signal due to the divergence of the penetrating 
field near the vortex core.  Even more promising, theoretical modeling suggests that spontaneous 
chiral p-wave superconductivity as a candidate for the superconducting phase under some 
mechanisms, so that it is possible that the superconducting may produce a spontaneous 
ferromagnetic signal (easily distinguished from typical superconducting screening, which is 
diamagnetic).  Resolving and distinguishing these effects is a key goal of work in the next reporting 
period.   
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Fractional electronic states can be mysteriously robust 

David Goldhaber-Gordon, Marc Kastner, Aaron Sharpe,and Andrew Mannix, Stanford Institute 
for Materials and Energy Sciences, SLAC National Accelerator Laboratory 

Keywords: 2-dimensional materials, topological materials, quantum many-body systems, 
electrical properties, magnetism 

Research Scope 

A new era in condensed matter physics has dawned with the remarkable discovery that stacking 
2D Van der Waals layers one atop another can produce electronic states that the constituent 
layers did not even hint at. Such states include still-not-understood superconductors, entirely new 
types of magnets, strange metals, correlated insulators, and surely more yet to be discovered. But 
this powerful possibility has a flip side: the novel states are highly sensitive to newly-relevant 
tuning parameters such as interlayer twist angle – which determines the period of a moiré 
superlattice – and heterostrain. Besides discovering new states, we aim to identify the ingredients 
that favor those states, and the detailed nature of those states (e.g. the order parameter of a 
superconductor or a novel magnet in which spin, orbit, or both could be polarized.) 

Accomplishing these goals will require the interplay of four main ingredients: (1) Measurement: 
Electronic transport has always been among the most powerful tools for discovering and 
elucidating many-body electronic phases in materials. In Van der Waals moirés, where 
traditional complementary tools to characterize order and excitations (e.g. neutron scattering) 
cannot hope for enough signal from tiny samples, microwave spectroscopy can combine with 
transport to map low-energy excitations, helping to diagnose the nature of those phases. (2) 
Synthesis and patterning: Developing a more sophisticated and powerful approach to VdW stack 
synthesis will enable setting parameters such as interlayer twist angle and strain precisely, 
uniformly, and reproducibly (identified as a key priority by the BES report on BRN for Synthesis 
Science). We will also develop non-moiré-based spatially-periodic patterns as a complementary 
way to tune and design electronic structure. (3) Characterization: Characterizing sample structure 
from the atomic scale through the moiré scale to the macro scale will provide tight feedback to 
guide synthesis. (4) Theory: Ab initio band structure and effective interacting model calculations 
from our collaborators can guide us in what types of structures we should anticipate new states 
emerging. 

Recent Progress 

When a Chern band is partially filled, a fractional Chern insulator (FCI) – the lattice analog of a 
fractional quantum Hall state – can arise. Though the full range of possible scenarios for 
producing such a state is not established, the most tractable models combine strong electronic 
interactions with the quantum geometry of the parent Chern band meeting specific criteria. 
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In twisted bilayer graphene, the importance of interactions can be tuned by varying the interlayer 
twist. 

We have recently studied a sample with twist ~1.4°, large enough to suppress the zero-field 
correlated states. We find that applying a strong magnetic field restores the importance of 
electron-electron interactions: at nearly half a magnetic flux quantum per moiré unit cell, deep in 
the Hofstadter regime, odd-denominator FCIs appear in multiple Hofstadter subbands. 

These fractional states persist over larger ranges of density, and are more robustly quantized, than 
nearby integer states, opposite to what is seen in other fractional quantum Hall or FCI systems.  

For context, it’s worth noting that only a few other examples of materials hosting FCIs have been 
experimentally reported: twisted MoTe2 and graphene-based multilayers aligned with hexagonal 
boron nitride (hBN). 

The graphene-based FCIs appear very sensitive to structural parameters; it is not known why 
particular configurations exhibit FCIs whereas others do not despite having flat bands with non-

Fractional Chern insulating Hall plateaus. (A) Longitudinal resistivity in gray-scale. Colored regions 
superimposed on the grey-scale plot mark where the Hall resistance for a neighboring contact pair is 
quantized to within 1% of −8/3 (blue) or +8/3 (red). (B, C) Hall resistance and longitudinal resistivity as 
a function of density at 18.5 T (Φ/Φ0 = 0.41, black dashed lines in A). Figure from (1). 
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trivial quantum geometry. The electronic moiré miniband structure of TBG depends sensitively 
and predictably on twist angle. Near the magic angle of 1.1°, the large ~ 10nm moiré length scale 
enables tuning the density of charge carriers through entire minibands and the density of 
magnetic flux to on order one flux quantum Φ0 = h/e per moiré cell, where e is the elementary 
charge and h is Planck's constant. In this “Hofstadter's butterfly” regime the energy spectrum 
exhibits a fractal structure with field-induced topological subbands. Each gap in the fractal 
spectrum follows a “Streda line” in the space of flux and density, categorized by two numbers 
(s,t). s is the intercept with the zero-flux axis, and t is both the slope of the line and the expected 
quantized value of the Hall conductance: σ𝑥𝑥𝑥𝑥 = 𝑡𝑡𝑒𝑒2/ℎ. FCIs are associated with Streda lines 
whose t is fractional, and whose s does not coincide with the charge neutrality point or a band 
edge. 

Recently, fractional t states have been observed in high-quality magic-angle TBG. These 
occurred in Landau levels originating from charge neutrality (𝑠𝑠 = 0), just like conventional 
FQH. In TBG, FCIs with s ≠ 0, reflecting an underlying broken symmetry, have only been 
clearly demonstrated in samples in which the graphene lattice is aligned with that of hBN, a 
known source of symmetry breaking for electrons in graphene.  

Since the early days of quantum Hall, in some samples integer quantum Hall states have 
extended over a broad density range, outcompeting fractional states that might be expected at 
those densities. This “re-entrant quantum Hall effect” has been explained as a consequence of a 
Wigner crystal coexisting with a filled Landau level, a scenario originally termed a partial Hall 
crystal. In our present work, in contrast with prior reports, the integer states are less robust and 
broad than the 8/3 fractional states. 

One possible explanation for the surprising extended FCI region is the formation of a fractional 
partial Hall crystal. 

Future Plans 

What ingredients are needed to stabilize the observed FCIs remains an open question. The sample 
we studied is unusual in having substantial (0.2%) heterostrain between the two twisted layers of 
graphene, suggesting that this plays a role. We plan to make electrical measurements on strained 
samples nearer to magic angle, and unstrained samples that, like this one, are far from magic angle. 
In this sample strain was introduced unintentionally, and in almost all twisted moirés studied 
worldwide strain is uncontrolled and often inhomogeneous, so we are developing methods to 
impose controlled and spatially uniform strain. We are also refining techniques we have developed 
under BES support to spatially map twist angle and strain in such structures. We will also apply 
complementary techniques, including coupling to microwave resonators, to study electronic states 
in these samples. 
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Hetero-orbital two-component fractional quantum Hall effect in bilayer graphene 

Jun Zhu, Department of Physics, Penn State University 

Keywords: fractional quantum Hall effect, 2D system, bilayer graphene 

Research Scope 

This project explores the emergent phenomena and their collective excitations in the E=0 
Landau level octet of Bernal stacked bilayer graphene (BLG), where the interplay and competition 
among the anisotropy energies corresponding to the spin, valley isospin and orbital components of 
this multi-component system give rise to the formation of a plethora of many-body states, some of 
which are unique to this rich platform.  

Recent Progress 

In prior research, we have shown that the valley isospin in BLG behaves like an SU(2) 
pseudospin in controlling the formation of fractional quantum Hall states [1]. Supported by this 
project, we performed edge state scattering experiments to demonstrate that valley isospin remains 
a good quantum number for the edge states, the scattering of which follows a valley selection rule 
strictly. The equilibration of edge states in the presence of electron-hole inversed Landau levels, 
which is unique to BLG, are different from previous 2D systems (Guo et al, manuscript in prep). 
Spin and pseuspin degrees of freedom contribute additional correlations to enrich many-body 
phenomena. Electrons in a double layer 2D system conspire to form a two-component quantum 

Hall ferromagnet described by the Halperin (111) wave function and exhibit fascinating properties 
of a superfluid. This system is a homo-orbital two-component state, meaning that both layers have 
the same orbital wave function and intra-layer interactions are SU(2) isotropic. Homo-orbital two-

Figure 1: Hetero-orbital two-component fractional quantum Hall states in bilayer graphene. (a) Color map of 
Rxx (D, 𝜈𝜈) showing D-field controlled crossing between the |±0⟩ and |∓1⟩ Landau levels and the formation 
of two-component states at the coincidence points at filling factors 7/5, 10/7, 13/9, but not on the other side 
of 3/2. (b) Energy gaps of the three fractional quantum Hall states at 2/5. The two-component D* state is the 
strongest state but disappears at 30 T. (c) The phase diagram of the 7/5 fractional quantum Hall state. From 
Ref. [2].  



 

23 
 

component states also form in the fractional quantum Hall effect, where the electron spin or valley 
isospin in BLG is the active SU(2) degrees of freedom. For example, the 2/5 state forms a two-
component spin singlet or isospin singlet described by the Halperin (332) wave function in the 
limit of vanishing spin or valley Zeeman energy. In this talk, I will highlight our recent discovery 
of a new type of two-component fractional quantum Hall states in BLG, in which the orbital index 
is part of the pseudospin and the underlying interactions are SU(2) anisotropic [2]. These hetero-
orbital two-component states occur at the isospin transition of the |±0⟩ and |∓1⟩ electron Landau 
levels and exhibit properties markedly different from previous homo-orbital two-component FQH 
states. In particular, we observe strikingly different behaviors for the parallel-flux and reverse-flux 
composite fermion states, and an anomalously strong two-component 2/5 state over a wide range 
of magnetic field before it abruptly disappears at a high field. Our findings, combined with detailed 
theoretical calculations by the Jain group, reveal the surprising robustness of the hetero-orbital 
FQH effects, significantly enriching our understanding of FQH physics in this novel regime. Other 
experiments supported by this project have elucidated the nature of the broken-symmetry ground 
states and charge excitations of the integer Landau levels in BLG (Guo et al, manuscript in prep) 
and discovered electric field driven topological phase transitions between Chern insulator states in 
the Hofstadter butterfly spectra of BLG aligned with h-BN (Huang et al, manuscript in prep).     

Future Plans 

 One direction of future experiments will aim to further understand the spontaneously 
broken valley isospin symmetry at low magnetic field. A second direction will aim to fabricate 
quantum point contact and interferometer devices to probe the braiding statistics of fractionally 
charged and non-Abelian quasi-particles in the fractional quantum Hall effect. A third direction 
will further explore phase transitions between fractional Chern insulator states to illuminate the 
interplay between Moire and quantum Hall physics.  
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Symmetry Breaking in Two Dimensional Flat-band Systems for Spin, Charge and Cooper 
Pair Transport 

Chun Ning (Jeanie) Lau 

Marc Bockrath 

Department of Physics, The Ohio State University, Columbus, OH 43210 
 
Keywords: 2D and layered crystals, superconductivity, quantum Hall, moiré physics, transport 

Research Scope 

A flat-band electronic system host very slow-moving electrons, and its properties are 
determined predominantly by electron-electron interactions. This leads to a plethora of many-
electron quantum states including superconductivity, magnetism, integer and fractional Chern 
insulators and charge ordered phases, which are important for quantum technologies. Predicting 
emergence of these phases in a given system constitutes one of the central challenges in materials 
science and condensed matter physics.   

This program aims at addressing this challenge by exploring, understanding, and 
engineering these phases in flat band systems, via controlling and tuning the strength of electron-
interactions. Material platforms include twisted bilayer graphene (tBLG), twisted few-layer 
graphene (tFLG), and Bernal-stacked multi-layer graphene.  

Specifically, the program consists of three thrusts, investigating superconductivity and 
correlated insulating states at integer and fractional fillings of the electronic bands. These states’ 
critical temperatures, critical fields, energy gaps, entropy, and spin and charge configurations will 
be examined via low temperature quantum transport measurements. Transport measurements will 
be performed while tuning a large number of experimental “knobs,” including twist angle, 
dielectric constant, distance to nearby gates, charge density, perpendicular displacement field, bias, 
temperature, and in-plane and perpendicular magnetic fields.  

Overall, we aim to uncover the qualitative and quantitative dependence of various 
correlated phases on the strength and range of interactions in addition to the hierarchy of competing 
symmetries and the ensuing ground states. Such knowledge will aid the distillation of general 
design principles and accurate prediction of emergent phases with relevance for quantum 
information sciences and novel nanoelectronics. 

Recent Progress 

Dominant 1/3-filling Correlated Insulator States and Orbital Geometric Frustration in tBLG 

Geometric frustration is a phenomenon in a lattice system where not all interactions can be satisfied, 
the simplest example being antiferromagnetically coupled spins on a triangular lattice. Frustrated 
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systems are characterized by their many nearly degenerate ground states, leading to non-trivial phases 
such as spin ice and spin liquids. To date most studies are on geometric frustration of spins; much less 
explored is orbital geometric frustration. For electrons in tBLG at denominator-3 fractional filling, 
Coulomb interactions and the Wannier orbital shapes are predicted to strongly constrain spatial charge 
ordering, leading to geometrically frustrated ground states that produce a new class of correlated 
insulators. In this work, we report the observation of dominant denominator-3 fractional filling 
insulating states in large angle tBLG; these states persist in magnetic fields and display magnetic 
ordering signatures and tripled unit cell reconstruction (Fig. 3). These results are in agreement with a 
strong-coupling theory of symmetry-breaking of geometrically frustrated fractional states. This work 
was published by Nature Physics[2] (https://www.nature.com/articles/s41567-024-02546-5). 

 

Half-integer Quantum Hall States in Thin Graphite 

Fig. 1. Data of a tBLG with q=1.59° at T=1.5 
K. (a-b). Resistance R(n̅) at B=0 and R((n̅, B) 
in kΩ. (c). Wannier diagram identifying 
features in b. Numbers indicate corresponding 
t quantum numbers. Horizontal green bands 
mark Brown-Zak oscillations. (d) Line trace 
taken at filling 8/3 vs. 1/B. Inset, 1/B values of 
Nth maxima (Nth-1/2 minima) extracted from  

main panel. The slope of the fitted line yields the period in 1/B. (e) Zoom-in plot of region in 
(b) near n̅=8/3, showing the density-independent minima in resistance in Brown-Zak bands. 

 

Fig. 2. (a) Optical image of completed device. Scale bar 10μm. (b) Device schematic showing 
the layer stacking. (c) Right axis: Rxx vs. density on the top layer, showing a dip at half-filling 

            

 

https://www.nature.com/articles/s41567-024-02546-5
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Nonabelian fractionalized quasiparticles in half-integer QH states have been proposed as a platform 
for the realization of topologically protected fault-tolerant qubits. In our work, we observe half-integer 
QH states up to remarkably large Landau level filling factors larger than 30 in dual-gated ~3-10 nm-
thick graphite devices (Fig. 5). We identify most as single-component states stabilized by fractional 
correlations in exterior bilayers. Multi-component (3,3,1) states with strong correlations between 
opposite-valley states on opposite sides of the graphite interior also appear. The facile integration of 
graphite with top and bottom surface gates makes thin film graphite an attractive platform to explore 
the physics of non-abelian fractionalized quasiparticles. This work was recently published by Physical 
Review Letters [3]. 

 
Tuning Superconductivity in situ and Evidence for Unconventional Superconducting Pairing 
Mechanism in tBLG 

In conventional superconductors, the formation of Cooper pairs is mediated by phonons. For the 
superconducting phases in moiré materials such as that in tBLG, the pairing mechanism has been 
intensely debated. While theories indicate that electronic interactions can induce pair formation, prior 
experiments appear to suggest conventional phonon-mediated pairing. In this work, by performing 
transport studies on a substrate with an effective dielectric constant εr that is tunable in situ, we observe 
suppression of superconductivity with increasing εr, thus providing strong evidence that the pairing 
mechanism in superconducting tBLG is driven by electronic interactions (Fig. 6). The experimental 
results are in qualitative agreement with a theoretical model in which the pairing mechanism arises 
from Coulomb interactions that are screened by plasmons, electron-hole pairs, and longitudinal 
acoustic phonons. Our results highlight the unconventional nature of the superconductivity in tBLG, 
the important role played by electronic interactions in its formation, as well as their complex interplay 
with the correlated insulating states. This work is currently under review at Nature Physics, and a 
preprint is available at https://arxiv.org/abs/2412.01578. 

 

Fig. 3. In situ tuning superconductivity in 
tBLG on SrTiO3. (a). Device schematics of 
tBLG separated by a thin (3 nm) hBN 
spacer on SrTiO3, and a thick (30 nm) hBN 
layer  and graphite serve as the top gate.  

(b-d). Data from a device 
with twist angle θ=1.05°, 
showing normalized 
resistance Rxx/RN vs Vtg 
and T at Vbg=15, 5, and -
5V, respectively. The solid 
lines outline the 
superconducting dome. 

a 

b c d 
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Future Plans 
 Following the general direction outlined in the first section, our immediate plans for the 
next year include investigation of 

• tuning superconductivity via dielectric screening in twisted bilayer and trilayer graphene 
• correlated insulating states in graphene-based moiré systems at fractional fillings 
• fractional quantum Hall states in Bernal-stacked few-layer graphene 
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Probing electronic and topological properties in 2D atomic crystals and their 
heterostuctures 

Eva Y. Andrei, Department of Physics and Astronomy, Rutgers, the State University of NJ 

Keywords: 2D and layered crystals, nanostructures, superconductivity, graphene, transport 

Research Scope We study atomically thin crystals and their heterostructures using scanning 
tunneling microscopy and spectroscopy (STM, STS), planar tunneling, entropy and 
compressibility spectroscopy, transport and magneto-transport. In parallel we design and 
construct novel scanning probe instruments that enable characterization, manipulation and tuning 
of moiré heterostructures at low temperature and high magnetic fields.  

Recent Progress 

Quantum criticality and tunable Griffiths phase in superconducting twisted trilayer 
graphene. arXiv:2507.10687, 2025 Nature Physics – under review 

When dimensionality is reduced, enhanced quantum 
fluctuations can destroy long-range phase coherence, 
driving a superconductor–insulator transition (SIT), where 
disorder and electronic correlations give rise to novel 
many-body states. In this work we reported the first 
observation of a magnetic field–tuned SIT in mirror-
symmetric twisted trilayer graphene (TTG). Remarkably, 
signatures of quantum criticality persist over an 
exceptionally broad range of magnetic fields and are well 
described by the formation of a quantum Griffiths phase, a 
regime in which rare spatially extended regions develop 
local order within a globally disordered phase. This leads 
to a quantum phase transition governed by an infinite-
randomness fixed point and characterized by ultraslow 
relaxation dynamics. Near the quantum critical region, 
transport measurements reveal strongly nonlinear 
electrical behavior, including a current-BKTdriven 
reentrant transition from insulating to superconducting 
transport, providing direct evidence of local 
superconducting order. By tilting the magnetic field, we 
are able to collapse the broad Griffiths regime into a single quantum critical point (QCP), 
demonstrating a striking level of control over disorder-induced quantum dynamics. Our results 
further show that TTG strongly violates the Pauli limit with the in-plane critical field exceeds the 
Pauli limit by 300% - suggesting an unconventional pairing mechanism and triplet 

Figure 1. Left:  Current driven SIT. 
Temperature dependence of the d𝑉𝑉/d𝐼𝐼 
spectra at 𝐵𝐵⊥ = 380 mT. Right: 
Activation energy as a function of  
T_BKT for 2D superconductors shows 
that TTG has one of the lowest pinning 
barriers.  
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superconductivity. Moreover we showed that TTG has an ultralow vortex pinning barrier 
establishing it as one of the cleanest superconductor known.   

• Revealing Combinatorial Degeneracy, Local Moment Formation, and Heavy Fermion 
Mass Renormalization in Magic-Angle Graphene via Entropy and Compressibility 
Spectroscopy. Nature - under review  
Heavy fermion behavior, where electron masses are 
strongly enhanced by interactions, gives rise to exotic 
quantum phenomena such as unconventional 
superconductivity and quantum criticality 1. While 
traditionally associated with chemically complex, 
three-dimensional materials containing f-electron 
elements2, such behavior was recently predicted in the 
flat bands of magic-angle twisted bilayer graphene 
(MATBG), a clean, carbon-based two-dimensional 
system 3-7. However, experimental confirmation has 
remained elusive. By using high-resolution planar 
tunneling spectroscopy to obtain the temperature and 
filing dependence of the inverse compressibility and 
entropy of MATBG, we uncovered compelling 
evidence for topological heavy fermion behavior in 
MATBG. The entropy spectroscopy revealed plateau 
structures consistent with local moment formation and 
a striking pattern of combinatorial degeneracy. In 
parallel, compressibility data showed strong 
renormalization of the electronic mass, pointing to the 
interplay between localized and itinerant electrons.  
Our results provide the first experimental realization 
of a heavy fermion system with nontrivial topology, 
going beyond the conventional topologically trivial f-
electron systems. Clear evidence of mass 
enhancement is observed, due to strong correlations, 
consistent with hybridization between localized and itinerant electrons in a Kondo lattice 
framework. The observed 4/8 combinatorial degeneracy transition in local moments presents a 
new type of entropic effect in Kondo systems, suggesting a novel route for moment screening 
and symmetry breaking in topological correlated systems.  

• Moiré Periodic and Quasiperiodic Crystals in Heterostructures of Twisted Bilayer 
Graphene and Hexagonal Boron Nitride, Nature Materials 24,  1019–1026 (2025)  
Stacking two atomic crystals with a twist between their crystal axes produces moiré potentials that modify 
the electronic properties. In this work we discovered that double moiré potentials generated by 

Figure 2.  a) Filling and temperature 
dependence of electronic entropy. Blue and 
purple dots are calculated by counting all 
possible microstates with degeneracy of 4 
and 8, respectively. b) Temperature 
dependence of entropy at non-zero integer 
fillings Two plateaus are observed near 10 
K and 20 K. Arrows indicate the theoretical 
8-microstate entropy for filling 1(red) 2 
(blue) 3 (black). Dotted lines mark the 4-
microstate entropy for filling 1,3(red) and 2 
(blue). c) Inverse compressibility and 
effective as a function of measured at 4 K 
reveals the light to heavy mass transition 
near each integer filling.  

a b 

c 
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superposing three atomic crystals create a new class of 
tunable quasiperiodic structures that alter the symmetry and 
spatial distribution of the electronic wavefunctions in new 
and interesting ways. By using scanning tunneling 
microscopy and spectroscopy to study twisted bilayer 
graphene on hexagonal boron nitride (hBN), we unveiled a 
moiré phase diagram defined by the lattice constants of the 
two moiré lattices (graphene-on-graphene and graphene-
on-hBN), comprising both commensurate periodic and 
incommensurate quasiperiodic crystals. Remarkably, the 
1:1 commensurate crystal, which should theoretically exist 
at only one point on this phase diagram, is observed over a 
wide range, demonstrating an unexpected self-alignment 
mechanism. The incommensurate crystals include 
quasicrystals, which are quasiperiodic and feature a 
Bravais-forbidden dodecagonal symmetry, and previously 
unclassified structures, intercrystals, which are also 
quasiperiodic but lack forbidden symmetries. The 
intercrystals reveal intricate band structures  with well 
defined flat bands that develop correlation induced gaps when tuned to  the Fermi level. This rich variety 
of tunable double moiré structures offers a synthetic platform for exploring the unique electronic 
properties of quasiperiodic crystals, which are rarely found in nature. 

• Proximity Induced Charge Density Wave in 
a Graphene/TaS2 Heterostructure. Nature 
Communications 15, 8056 (2024)  
• The proximity effect, whereby materials in contact 
appropriate each other’s electronic-properties, is widely 
used to induce correlated states, such as superconductivity 
or magnetism, at heterostructure interfaces. Thus far 
however, demonstrating the existence of proximity induced 
charge-density-waves (PI-CDW) proved challenging. This 
is due to competing-effects, such as screening or co-
tunneling into the parent-material, that obscured its 
presence. Here we report the observation of a PI-CDW in a 
graphene layer contacted by a 1T-TaS2 substrate. Using 
scanning-tunneling-microscopy (STM) and spectroscopy 
(STS) together with theoretical-modeling, we show that the 
coexistence of a CDW with a Mott-gap in 1T-TaS2 coupled 
with the Dirac-dispersion of electrons in graphene, makes it 
possible to unambiguously demonstrate the PI-CDW by 
ruling out alternative interpretations. Furthermore, we find 
that the PI-CDW is accompanied by a reduction of the Mott 

 Figure 4. (a) Schematics of measurement setup. (b, 
left) Star-of-David (red) in TaS2. (b,right) CDW  
phases of TaS2 as a function of temperature. (c) 
Schematics of graphene on TaS2. (d) STM 
topography and its 2D FFT(inset) showing 
proximity induced CDW in graphene. (e) STM 
topography and its 2D FFT(inset) of bulk TaS2  

0.16nm-116nm

b

d

Figure 3. a,b) STM topography and FFT of a 
moiré intercrystal. c) STS of intercrystal 
showing flat band and its splitting when Fermi 
level is aligned with it. d) Phase diagram 
classifying the double moiré crystals (black), 
intercrystals (green) and quasicrystals (red) as 
a function of twist angles and lattice spacing. 
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gap in 1T-TaS2 and show that the mechanism underlying the PI-
CDW is well-described by short-range exchange-interactions that 
are distinctly different from previously observed proximity 
effects. 
• Flexible internal transporter with gravity-
assisted mechanism for vertical transfer of microscope 
head, Rev. Sci. Instrum. 96, 053701 (2025)  
We designed and constructed a flexible mechanism for 
vertically transferring scanning probe microscope (SPM) 
heads in ultra-high vacuum. The microscope head is 
transferred from a room temperature site down to an SPM 
pluggable connector at low temperatures within the bore of 
a superconducting magnet located in a top-loading cryostat. 
Insertion and extraction of the microscope head to and from 
the connector are accomplished with gravity-assisted tools. 
Contrasted with typical rigid designs, the low-profile 
mechanism described here has no external mounting 
structure, which reduces sensitivity to mechanical 
disturbances, decreases vacuum volume, and enables 
installation in standard laboratory spaces.  
• Cryogen-free modular scanning tunneling 

microscope operating at 4-K in high magnetic field 
on a compact ultra-high vacuum platform. Review of Scientific Instruments 95, 083702 
(2024) 

• Quick-connect scanning tunneling microscope head with nested piezoelectric coarse 
walkers. Review of Scientific Instruments 95, 073703 (2024) 

• Completed the construction of a sorption pump based 300mK STM system, now undergoing 
final tests. 

 

Future Plans 

The symmetry of the superconducting wave function in graphene and twisted transition metal 
dichalcogenide heterostructures is one of the most intriguing outstanding questions in the field of 
twistronics. It is crucial for understanding the mechanism of superconductivity in moiré systems 
and for paving the  way toward the design of high temperature superconductors. To address this 
question we will use a variety of twisted van der Waals materials including PtSe2, PdTe films, and 
other exfoliable TMDs proposed by our theory collaborators. The samples will be studied with 
several experimental setups. i) a home built 300mK STM which is in the final stages of testing. 
We will use superconducting tips to enhance sensitivity so as to enable us to observe Andreev 
bound states and the shape of the superconducting gap.  ii) Planar tunneling geometry with a 

(a) Schematic of vacuum chamber and 
UHV insert assembly shown installed in 
a top-loading cryogen-free cryostat. (b) 
Vacuum chamber setup depicting winch-
based pulley mechanism and the carousel 
holding the STM head and deposition 
and recovery tools. (c) Bottom of the 
UHV insert displaying the STM 
electrical connector plug located at LT. 
(d) Photograph of the assembly showing 
the vacuum chamber, UHV insert, and 
cryostat  
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superconducting top electrode acting as a tip. The advantage of the setup is insensitivity to 
vibrations making it possible to use an existing dilution refrigerator equipped with a large magnetic 
field. Dilution refrigerator transport setup with high magnetic field.  
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Quantum Point Contact and Shot Noise in Monolayer Graphene 

Sangwoo Sim, Nicholas P. Quirk, Yue Tang, Sanfeng Wu, and N. P. Ong 

Keywords: Quantum Hall Edge Modes, Graphene, Shot Noise, Point Contact 

Research Scope 

Quantum shot-noise is produced when chiral edge modes are funneled through a very small 
gap in the mountain-pass potential topography created at a quantum point contact (QPC). Although 
the shot noise spectrum is flat to very high frequencies f, it is usually measured at an RF frequency 
(1 MHz) high enough to evade the ubiquitous 1/f noise. The shot-noise power is reported as the 
power spectral density S(ω) where ω = 2πf. Using a tank circuit, we measured S(ω) in Quantum 
Hall (QH) states in monolayer graphene at 300 mK. Theoretically, S(ω) is proportional to the 
current-current correlation function 〈Δ𝐼𝐼Δ𝐼𝐼〉 which yields potentially incisive information on the 
charge of the carriers e* and their quantum statistics.  

Recent Progress 

Although shot noise has been applied to 
the 2D electron gas in GaAs 
heterostructures since 1996, no shot-
noise results have been published in 
graphene (aside from ours, 2 other groups 
have made progress). The QH states in 
graphene are far richer than in GaAs. 
Moreover, one can tune in situ the 
chemical potential µ by the back-gate 
voltage Vb  as well as the height of the 
mountain-pass QPC barrier by the split-
gate voltage Vsg. Thirdly, the potential 
walls are much steeper than those in 
GaAs (where the 2D gas is buried 100 nm 
deep). To begin, we determined the 
transmission map at 300 mK by measuring the QH conductance produced by modes transmitted 
through the QPC (Fig. 1). We tune µ to bring the QH state with filling v = 2 into approximate 
alignment with the QPC potential barrier. In the v = 2 state, 2 chiral edge modes flow in the bulk 
of the film. By tuning the QPC barrier we control the number of modes transmitted (0, 1 or 2) (Fig. 
1 right panel). We also vary the bias current I. The noise power S(ω) is measured vs. Vsg (lower 
panel). Generally, S(ω) peaks sharply when the QPC switches between mode transmission number. 

Figure 1 The transmission map of a QPC on monolayer 
graphene measured at 0.3 K and B = 13 T. The color scale is 
the QH conductance. The Hall conductance G shows step 
decreases vs. Vsg (upper right panel). The lower panel shows 
S(ω) vs. Vsg. Shot-noise power peaks when the transmitted 
mode numbers changes (0 to 1, 1 to 2). 
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With one mode the noise power S(ω) plotted versus bias current I follows the Landauer-Buttiker 
equation with e* = 1 (“orthodox behavior”). However, when both modes are transmitted the profile 
of S(ω) is anomalous, displaying a “gap” profile very different from the orthodox behavior. This 
may arise from strong Coulomb repulsion between two modes forced into proximity at the QPC.  

Future Plans 

We plan to investigate how the anomalous noise spectrum density may be altered by widening the 
QPC width (now 25 nm). This will test if the Coulomb repulsion idea is valid. We also plan to 
improve our contact resistance and quality of the graphene film to extract finer features. Our 
overarching goal is to use quantum shot noise to measure the quantum statistics of carriers in 
“anyon collider” experiments. 
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Charge, Spin, and Thermal Transport in Nanostructured Quantum Materials: Quantum 
Coherence of Heavy Fermion Quasiparticles 

Douglas Natelson, Rice University 

Keywords: quasiparticles & collective excitations; fractionalization; quantum interference effects; 
heavy fermion systems; Mott insulators 

Research Scope 

This research program concentrates on nanostructure-based experiments that probe the 
emergent excitations in correlated quantum materials.  The nanofabrication and nanoscale 
measurement techniques originally developed for semiconductor devices make possible 
measurements that can address the nontrivial charge, spin, and energy-carrying excitations in 
quantum materials.  Current research this past year is examining three outstanding physics 
questions: (i) What is the nature of current-carrying excitations in “strange metals”, systems that 
have temperature-dependent transport and thermodynamic properties that are anomalous 
compared to the predictions of Fermi Liquid theory? (ii) In Fermi Liquid (FL) phases that appear 
in strongly correlated materials like heavy fermion Kondo lattice compounds, do the emergent 
quasiparticles act as expected? (iii) In correlated insulators (specifically VO2 and V2O3), what 
excitations transport angular momentum? 

Regarding strange metals, we are embarking on a three-pronged campaign to better 
examine these systems.  In YbRh2Si2 (with Prof. Silke Buehler-Paschen at TU Vienna), the system 
in which we have previously demonstrated a suppression of shot noise in sub-micron length 
nanowires1, we have fabricated new devices from newly grown epitaxial films of improved quality, 
including sections of a film demonstrated by our collaborators to exhibit the characteristic Néel 
ordering transition at ∼ 70 mK.  In longer nanowires, we are performing careful studies of 
magnetotransport as a function of temperature and magnetic field down to dilution refrigerator 
conditions, to use the appearance (or lack thereof) of any mesoscopic corrections to classical 
conduction (e.g. weak antilocalization [WAL] and universal conductance fluctuations [UCF]) to 
set limits on the coherence of any possible current carrying quasiparticles, across the strange metal 
phase diagram of this material.  We are also preparing short wires for noise measurements in a 
dilution refrigerator in Vienna; optimizing the device design for much lower temperatures than 
those previously explored requires much larger contact pads for appropriate thermal sinking of the 
electrons2.  Second, we are collaborating with the group of Prof. Yonglong Xie and performing 
initial measurements on twisted bilayer graphene devices thought to exhibit strange metallicity in 
certain parts of their charge density/displacement field phase diagram.  Third, we are working on 
magnetotransport and noise measurements in heavy fermion materials that are thought to host FLs, 
for comparison with strange metals.  Starting with films from Cornell (Kyle Shen), we have been 
measuring magnetotransport and noise in wires made from YbAl3, a mixed valence heavy fermion 
metal, as discussed below.  With collaborators at LANL (Filip Ronning) and Cornell (Kyle Shen) 
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on measurements to be done with CeCoIn5, another heavy fermion system with strange metal 
phenomenology as well as indications of “hidden” FL response3. 

In terms of spin transport and spin caloritronics, recent efforts in collaboration with UC 
San Diego (Ivan Schuller) have focused on VO2, a candidate spin Peierls insulator, and V2O3, an 
antiferromagnet long viewed as a Mott insulator.  In the longer run, the plan is to examine spin 
transport in ErFeO3, a rare earth orthoferrite in which there are THz experiments that are 
interpreted to argue for spontaneous strong coupling (and a superradiant transition) between Er 
moments and the Fe magnons at low temperatures.   

A longer-term project is to examine the thermal Hall effect in correlated materials such as 
insulating quantum magnets.  Initial demonstration experiments will involve test materials like 
SrTiO3, known to exhibit a phonon-based thermal Hall response A postdoc with experience in 
such measurements is joining the group this fall with partial DOE award support who can help 
jumpstart this effort. 

 Recent Progress 

We have fabricated 
nanowires from films of 
YbAl3, a mixed valence metal 
with a single-ion Kondo 
temperature of about 670 K.  
The system is believed to 
assume a heavy Fermi liquid 
ground state below a 
coherence temperature 
T* ≈ 37 K, based on the onset 
of resistivity scaling ρ = ρ0 + AT2 below T*.  This material is an opportunity to test for other 
signatures of the onset of coherent FL quasiparticles.   

In 30 μm long, 150 nm wide, 20 nm thick (15 nm YbAl3, 5 nm LuAl3) wires, below the 
coherence temperature we find a linear-in-B magnetoresistance (MR) background for B 
perpendicular to the plane of the nanowires.  We observe the onset of a clear WAL 
magnetoresistance (negative magnetoconductance) that grows as T is further decreased.  At larger 
fields we observe sample-specific conductance fluctuations that retrace as B is swept back and 
forth.  These are consistent with universal conductance fluctuations (UCF).  Both WAL and UCF 
are hallmarks of coherent quasiparticles, and to our knowledge this is the first observation of such 
mesoscopic quantum interference corrections to semiclassical conduction in a heavy fermion 
metal.  Fitting the WAL MR to the expected quasi-2D functional form, we infer a coherence length 
Lϕ ∼ 50 nm for the quasiparticles, with a saturation at low temperatures.  Analysis of the magnetic 
field correlation scale for the UCF also finds Lϕ ∼ 50 nm, adding consistency to this conclusion. 

Figure 1.  Measuring coherent quasiparticles in mesoscopic YbAl3 heavy 
fermion wires.  (a) Field-out-of-plane MR at different temperatures. (b) 
WAL and UCF in the magnetoconductance.  (c) T-dependence of 
coherence lengths from WAL in two different wires. 
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These experiments demonstrate that the mesoscopics “toolkit” can be applied to access coherence 
phenomena in correlated quantum conductors.   

The plan had been to perform shot noise 
measurements in the YbAl3 nanowires, but first it is 
necessary to assess the strength of electron-phonon 
scattering in this material, since rapid energy loss from 
the electrons to the lattice suppresses shot noise.  We 
measured Johnson-Nyquist noise as a function of bias 
current in 30 μm long YbAl3 wires and analyzed the data 
in terms of a simple 1D model2 successfully used to 
characterize electron-phonon scattering in Au and 
YbRh2Si2.  The inferred electron-phonon scattering 
coefficient Γ is large and strongly temperature 
dependent, growing as T is decreased.  This is unusual 
and happens over the same temperature range in which 
the thermal expansion coefficient of YbAl3 is known to 
be negative and strongly temperature dependent4.  Strong 
electron-phonon interactions are expected based on the known thermoelectric properties of YbAl3, 
but growth of Γ at low temperatures is surprising. In collaboration with theorists (Ruiwen Xie, 
Hongbin Zhang, TU Darmstadt), an analysis using density matrix renormalization group (DMRG) 
shows that this is a consequence of the evolving 4f electron hybridization even well below T*.  This 
work has been submitted for publication.   

Recent measurements in V2O3 films have revealed robust spin Seebeck effect (SSE) 
response at temperatures well below the ∼ 150 K onset of the insulating antiferromagnetic phase. 
The SSE at fixed heater power grows with decreasing temperature, passing through a maximum 
at a temperature 
Tmax(B) of a few Kelvin, 
increasing with 
increasing in-plane B.  
This phenomenology is 
qualitatively similar to 
what has been seen in 
VO2 and what has been 
observed in several 
other antiferromagetic 
systems.  This T 
dependence has been attributed to strong phonon-magnon scattering, so that the SSE resembles 
the T-dependent phonon thermal conductivity.  In contrast to the VO2 case, there is a clear 
systematically decreasing SSE signal as V2O3 thickness increases, implying that the dominant SSE 

Figure 3.  Spin Seebeck response in V2O3 films.  (a) SSE saturates and high B fields 
and reflects the sign of the detector metal spin Hall angle. (b) SSE T dependence 
with B-dependent Tmax.  (c) Systematic thickness dependence of SSE, implying this 
is a bulk effect.  

Figure 2. Noise and T-dependent 
electron-phonon coupling in YbAl3.  (a) 
Johnson-Nyquist noise vs bias current in 
a 250 nm wide YbAl3 wire.  (b) Inferred 
electron-phonon energy loss coefficient, 
which is large and surprisingly 
temperature-dependent.  
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contribution in V2O3 comes from the bulk of the material. This trend can be explained in a model 
where the magnon-phonon thermal relaxation length is shorter than 50 nm, not surprising in a 
system like V2O3 known to have a strong coupling between spin and lattice degrees of freedom 
(clear from the structural transition coincident with antiferromagnetic ordering).  This work has 
also been submitted for publication.   

Future Plans 

In the strange metal/heavy fermion/noise measurements, fresh YbRh2Si2 devices with 
optimized designs on the highest quality film will be sent to Prof. Paschen’s group in Vienna for 
magnetotransport and noise measurements in their dilution refrigerator.  The goal is to examine 
shot noise and possible quantum interference corrections to classical conduction while field tuning 
into and out of the strange metal regime.  Future magnetotransport and noise measurements are 
planned for CeCoIn5, Sr2RuO4, and overdoped cuprate nanowires as well, as a means of assessing 
other strongly correlated materials with connections to strange metallicity, for comparison.  In 
addition, we will finish off a current study of the temperature and length-dependent suppression 
of shot noise in gold nanowires.   

We will begin initial forays into thermal Hall effect measurements, starting with control 
experiments on materials with no expected thermal Hall signal.  We will progress to phonon-based 
thermal Hall (SrTiO3) and then to quantum magnets including systems believed to host topological 
magnons.  Pending availability of ErFeO3 crystals or films, we will also examine spin Seebeck 
response in that system.  
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Symmetries, Interactions and Correlation Effects in Carbon Nanostructures  

Gleb Finkelstein, Duke University 

Keywords: superconductivity, topology-quantum Hall, spin and thermal transport. 

Research Scope 

The PI’s group had performed some of the early studies of the superconducting proximity 
in quantum Hall (QH) samples. The highlights included: the first Josephson junction made in a 
QH regime, and creating a QH-based SQUID. More recently, we have observed for the first time 
the “chiral Andreev edge states” – proximitized QH edge states – and explored their properties. In 
the past two years, we explored the thermal and spin transport properties of the superconductor-
QH hybrid structures.  

Recent Progress 

1. Spin properties of the chiral Andreev edge states. At the interface between a
superconductor (SC) and a quantum Hall (QH) system, the QH edge states are expected to be 
proximitized, turning into the chiral Andreev edge states (CAES). These are dispersive states that 
combine both the electron and the hole amplitudes, which are the hybridized via Andreev 
reflections. An electron approaching the superconducting contact is converted to a linear 
combination of CAES, which interfere while propagating along the interface (Figure 1). We have 
directly detected this interference and extensively studied the CAES in several publications.  

This year, we focused on understanding the spin properties of the CAES. By using local 
top gates, we can spin-filter electrons upstream and downstream from the superconducting contact, 
thereby gaining insights into the spin scattering processes at the interface (Figure 2). Analyzing 
the same-spin (up to up) and spin-flipped (up to down) channels, we find that they are dominated 
respectively by normal (electron to electron) and Andreev (electron to hole) reflections (Figure 3). 

Figure 1. Schematic of the CAES propagation at the QH-SC interface and the detection scheme. Nonlocal 
downstream resistance dV/dI is measured. The pattern of resistance vs. gate show regions of positive and 
negative differential resistance, with roughly equal probability. Negative signal corresponds to Andreev 
conversion of an electron to a hole. The pattern of dV/dI is very random, but reproducible for a given 
realization, being determined by the positions of the vortices in the superconductor.  
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Our findings demonstrate a presence of spin-orbit coupling that induces spin flip of 
electrons undergoing Andreev reflections at the QH/SC interface. This spin-orbit interaction 
enables same-spin Andreev reflections even at the spin-polarized QH filling factor of ν=1. 
Theoretically, coupling of the ν=1 state to the superconductor has been proposed as a route to 
create chiral Majorana fermions.  

Figure 2. (a,b) Optical image and the schematic of the sample. This device can spin-filter the incoming and 
outgoing channels to/from the superconducting contact (at the center). The left and right regions are gated by 
a graphite bottom gate to the filling factors νL=νR=1, thus forming spin polarizers. The central region next to 
the superconductor is gated by the silicon back gate to νC=2. In this measurement setup, we bias from contact 
B, ground the superconducting contact C, and measure the downstream resistances at contacts D and F. By 
biasing from contact B, only spin-up electrons are injected to the central region. Contact D collects only spin-
up downstream current directly yielding the downstream resistance Rd↑. Contact F collects both spin signals, 
from which the spin-down downstream resistance Rd↓ can be extracted. (c) Schematic of the quasi-particle 
scattering between CAES when only spin-up electrons enter. The top inset includes only normal reflection 
(NR) and Andreev reflection (AR). This case only allows spin-up electrons and spin-down holes to emerge 
from the CAES. The bottom inset includes spin-flips (SF) in addition to NR and AR. With this added process, 
the outgoing quasi-particles can include spin down electrons and spin-up holes.  

Figure 3. (a,b) Maps of spin-down and spin-up Rd as a function of the B field and Si gate voltage, which 
controls the density near the SC contact. (c,d) Horizontal cuts of the maps at a few selected fields. Rd↓ in (a,c) 
is mostly negative, indicating Andreev reflections (e to h), and Rd↑ in (b,d) is mostly positive, indicating 
normal reflections (e to e). However, opposite signs are occasionally observed, indicating that spin-down 
electrons and spin-up holes are present. (e) Histograms of the downstream resistances in maps (a,b), converted 
to the probability of an electron or a hole to be emitted from the SC contact. Clearly, same spin channel is 
dominated by normal reflections and spin-flipped channel is dominated by Andreev reflections, but the tails 
of the distributions directly prove the presence of the spin-flipping processes. 
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2. Thermal properties of the QH-superconductor interfaces. In the second major project,
we examined the thermal properties of the interface between the superconducting electrodes and 
graphene in the QH regime. Originally, we were intended to measure the heat propagation via the 
CAES introduced on page 1. We have expected that both the SC and the QH bulk would provide 
negligible thermal conductivity, leaving CAES as the main route for heat flow. However, our 
measurement indicate that the thermal conductivity of the superconductor is relatively high and 
greatly exceeds that of the chiral Andreev edge states.  

To measure the heat conductivity, we have used the thermal (Johnson-Nyquist) noise 
measurement to probe the local electron temperature at the SC-QH interface. The measurements 
were conducted via low-temperature amplifiers and superconducting resonators which we have 
recently set up in one of my group’s dilution refrigerators. This type of setup was first used in the 
celebrated measurements of the fractional charge and the statistics of the QH anyons.  Later, 
researchers used similar circuitry to measure thermal properties of QH samples, such as the 
quantized heat flow of the QH edge states.  

We measured the Johnson-Nyquist noise signatures in the sample shown in Figure 3a. 
Here, graphene is separated into two regions by a common superconducting contact, forming two 
interfaces which can be measured separately by the corresponding amplifiers (A and B). We bias 
the bottom interface, delivering a known power P via Joule heating, and measure the resulting 
noise by amplifier B located downstream (Figure 4a, bottom right). By studying the dependence 
of the signal on VG, B, and the filling factor ν, we can verify that the measured signal corresponds 
to the local temperature TB of the bottom interface. The dependence indicate that the cooling of 
the interface proceeds primarily not via the CAES, but through the superconductor.  

Figure 4. a) Image of the sample and schematics of the measurement. Graphene is separated into two regions by 
a grounded superconducting strip. Current is injected to the contact on the bottom left, which heats the bottom 
QH-superconductor interface. Two amplifiers and LC circuits are connected to the two graphene regions to 
measure the electronic temperatures of the two QH-superconductor interfaces. b) Temperature at the bottom QH-
superconductor interface plotted vs. applied power, which reveals the Wiedemann-Franz behavior, P = α (T2–
T0

2). From top to bottom, different curves correspond to magnetic fields increasing from 1 to 12 T. e) Coefficient 
α measured in units corresponding to one quantum channel. The initial rise of α is exponential in B. 
Superconductor is found to conduct heat tens to hundred times more efficiently than a single QH edge channel.  

(b) (c)(a) 
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Specifically, we have found that the temperature rise follows the Wiedemann-Franz (WF) 
law, P = α (TB2–T02), where T0 is the base temperature (Figure 4b). This indicates that the SC strip 
dissipates heat like a normal metal, which is unexpected, because the number of the quasiparticles 
in the superconductor should be suppressed by exp(–∆/kT). [Note that the cooling power via 
phonons emission is negligible in the temperature range below 100 mK.] We argue that the 
measured electronic heat conductivity of the superconductor is due to the overlap of the normal 
states in the vortex cores. As the overlap increases with magnetic field, the coefficient α introduced 
just above grows from tens to hundreds in quantized units of π2kB2/6h (Figure 4c).  

Our results may be important for understanding the energy balance in a whole class of 
hybrid semiconductor-superconducting devices operating at high magnetic fields.  

Future Plans 

We plan to work on the following directions. 1) We aim to control the length of the 
interface between the superconductor and graphene using patterned gates. The point-like interfaces 
should reduce CAES losses and potentially enable coupling between the superconductor and the 
fractional quantum Hall states. We have reproduced the recently developed technique of the anodic 
oxidation of graphite for making patterned bottom gates and incorporated them in the test samples. 

2) We are working on patterning the
superconducting contacts on the smallest possible 
scale – making dot-shaped circular contacts down to 
50 nm in diameter. The idea here is to make the dots 
small enough to suppress the vortex formation. 
Further, the CAES should form close trajectories 
around the dots resulting in energy quantization, 
which should allow us to directly measure the 
dispersion of the CAES. The dots are incorporated in 
the quantum point contacts (QPC), which should 
allow us to independently control their coupling to 
two sets of the QH edge states (Figure 5).  

3) We are making very narrow (50 nm) wire-shaped superconducting contacts to the QH
samples. Similar to plan (2) above, the vortex formation in the wires should be suppressed. The 
geometry should potentially enable hybridization of the CAES which are propagating along the 
opposite sides of the wire. Several theoretical predictions exist for this regime, including the 
perfect Andreev cross-conversion of the incoming electrons to the outgoing holes.  

QPCs with 
SC dots Reference 

QPCs 

Figure 5. Image of the sample with two reference 
QPCs and two QPCs containing SC dots (circled). 
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Mechanical Resonant Sensing of Spin Texture Dynamics in a 2D Antiferromagnet 

Xiao-Xiao Zhang, University of Florida 

Keywords: Magnetism; 2D Material; Mechanical Resonator; Spin Dynamics 

Research Scope 

The recently discovered atomically-thin magnetic crystals provide a unique playground for 
understanding magnetization in 2D confinement and developing new approaches to manipulating 
magnetism for novel spintronic devices. In particular, antiferromagnets (AFMs) are promising for 
realizing high-speed information processing given their THz magnetic resonance frequency. 
However, they are also less sensitive to optical and electrical detection due to their net zero 
magnetization. In this talk, I will discuss our recent results on 2D AFM transition-metal 
trichalcogenides, where we couple the magnetic transitions into the mechanical degree of freedom. 
We observed the expected steady-state spin transitions based on magnetostriction effects and also 
saw signatures of additional transition points related to the magnetic domain dynamics.  

 Recent Progress 

We recently made the first the mechanical detection of nanoscale spin texture formation in 
2D AFM materials enabled by exchange magnetostriction1. The detection is enabled by exchange-
induced magnetostriction during the formation of spin textures, where the rearrangement of 
neighboring spins leads to changes in magnetic exchange interactions. While AFM spin textures 
and domains are conventionally difficult to detect due to the vanishing magnetization and 
nanoscale sizes, we expect high-sensitivity magnetostriction measurements to provide access to 
detecting the formation and dynamics of spin textures.   

To achieve ultrasensitive mechanical sensing of the spin texture, we fabricate 2D AFM material 
MnPS3 into resonant nanoelectromechanical systems (NEMS) operating in the radio frequency 
(RF) range. One of the best devices, a 25 nm-thick MnPS3 drumhead, shows a very high Q of 
~56,000 at 4 K. Combined with the extracted Young’s modulus of this material, we estimate a 
lattice parameter change resolution down to the attometer (10-18 m) level, which corresponds to 
δa/a~10-9(a: lattice constant) and membrane transverse displacement sensitivity of femtometer 
scale with such a high Q factor.  
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An out-of-plane magnetic field was applied while measuring the mechanical resonance. MnPS3 is 
known to exhibit a spin-flop transition near 4T from prior magnetic measurements. We examined 
the magnetic field dependence of the resonance frequency in its linear operation regime with a 
perturbative small RF driving voltage (10 mV). Figure 1 shows the resonance frequency shift while 
sweeping the magnetic fields. Two sharp frequency drops were observed at ±4.6 T (H1) and at ±7 
T (H2), which are direct indications of sudden tension reduction and mark the presence of two 
distinct magnetic transitions (Fig. 1 upper panel). In addition, the resonance Q factor shows orders 
of magnitude decreases at these two transitions, which indicates the much enhanced scattering and 
additional relaxation channels (Fig. 1 lower panel). While H1 is close to the spin-flop field, the 
higher 7T transition has not been identified before. Based on analytical modeling of 
magnetostriction, a spin-flop transition would only lead to continuous changes and the sharp dips 
in resonance frequency is 
beyond the simple model 
considering only the spin-
flop. They are eventually 
attributed to the collective 
in-plane magnetic domain 
emergence (at spin-flop 
field) and the domain 
realignment (at 7T), which 
is also supported by spin 
dynamics simulation 
provided by our theory 
collaborator Elton Santos 
(the University of 
Edinburgh, UK). 

We also identify for the 
first time of the  intriguing 
correlation between 
magnetic transitions and high order mechanical nonlinearity. Under a strong mechanical drive, the 
membrane displacement is no longer linear and higher order terms need to be included. The 
mechanical resonance will evolve from a Lorentzian-like peak to a asymmetric peak shape with 
bistable regions, with a frequency hysteresis gap depending on the frequency scan direction. We 
examined the frequency hysteresis as a function of the magnetic field. The two sharp transitions 
observed in the linear region can be clearly identified in the linear regime. From further fitting of 
the nonlinear coefficient, we find significant modulation of the higher order mechanical stiffness, 
which indicates a strong magnetic origin of nonlinearity. Such higher order nonlinearity are 
important in realizing energy transduction, quantum hybrid devices and constructing squeezed 
states. Our results open up new avenues to explore the rich physics with strong spin-lattice 
coupling and their dynamic feedback.   

Figure 1. Upper panel: Resonance frequency shifts of MnPS3 resonator as a 
function of magnetic field under different field sweeping directions. Lower 
panel: Corresponding Q factor changes as a function of the field. The tinted 
region corresponds to the two magnetic transitions H1 (blue) and H2 (green). 
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Future Plans 

We will further explore the magnetic resonance responses under coupled multi-excitations, 
specifically under an AC magnetic field excitation. The impacts of the pure magnetic RF 
excitations in a mechanical resonator will be explored for the first time. Based on the strongly 
nonlinear magnetostriction effects near the spin-flop field, we expect a pure magnetic excitation 
can also cause macroscopic mechanical motion. The cross coupling between the magnetic and 
mechanical excitations will be further explored to understand the coupling strength and dynamics.   
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Broken Symmetries for Control of Electrically-Generated Spin Currents and Torques 

Daniel C. Ralph, Cornell University 
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Research Scope 

This project is investigating how electrically-generated spin currents and the spin-transfer 
torques they exert can be modified and controlled.  This research has both fundamental and applied 
objectives.  From a fundamental perspective, the most efficient mechanisms for generating spin 
currents are the result of phenomena at the forefront of condensed matter physics – e.g., the 
interplay of charge, spin, and orbital degrees of freedom, and particularly spin-momentum 
coupling arising from the topology of electron bandstructures. The project seeks to provide deeper 
understanding of these phenomena by using measurements of spin currents and their orientation 
as an experimental probe.  From an applied perspective, these fundamental physics issues are 
directly relevant to the development of magnetic memory and logic applications, because the 
torques that electrically-generated spin currents can exert on magnetic layers provide the most 
efficient known mechanism to reliably write information in magnetic samples.  One focus of the 
proposed research is to understand what physics phenomena can be used to maximize the 
efficiency of a particular component of electrically-generated torque (out-of-plane anti-damping 
torque) that is forbidden in high symmetry materials but which has the potential to drive switching 
of nanoscale magnetic memories approximately a factor of 100 times more efficiently than 
conventional in-plane anti-damping torque produced by high-symmetry materials.   

 Recent Progress 

As part of this project, the Ralph group has pursued several different materials systems and 
physical mechanisms for controlling the spin direction within electrically-generated spin currents. 
As background, we consider the sample geometry shown in Fig. 1.  An electric field within a spin 
source layer can generate a vertically-flowing spin 
current (e.g., via spin-orbit interactions) that can be 
absorbed by an adjacent magnet to exert a spin-transfer 
torque.  In materials with high symmetry, the direction 
of the spin within the spin current is constrained by 
symmetry to lie strictly in the sample plane and 
perpendicular to the current.  This orientation is useful 
for some purposes, but for nanoscale magnetic 
memory applications it would be much more useful to 
have a vertically-flowing spin current with a strong 
component of spin pointing perpendicular to the 

Fig. 1.  Goal: Spin-source layers in which an 
electric field generates an upward-flowing 
spin current with a strong out-of-plane 
component of spin direction. 
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device plane.  This can be achieved using a spin-source material with reduced symmetry, e.g., a 
material with either low intrinsic crystal symmetry or magnetic ordering that provides sufficient 
symmetry breaking.  The project has made progress with both of these strategies, but in this 
abstract I will focus on the generation of unconventional spin currents with two types of  magnetic 
spin source materials. 
Spin currents from canted ferromagnets. 
Theoretical predictions suggest that 
vertically-flowing spin currents with an 
out-of-plane component can be generated 
within a metallic ferromagnet by means 
of the spin anomalous Hall effect or the 
planar Hall spin current [1] (Fig. 2).  The 
difficulty is that both of these 
mechanisms  require that the 
magnetization of the spin-source layer be 
canted partially out of the sample plane (i.e., neither fully in the sample plane or fully perpendicular 
to the plane): the out-of-plane anti-damping torque due to the spin anomalous Hall effect is 
predicted to be proportional to 𝑚𝑚𝑦𝑦𝑚𝑚𝑧𝑧 and that due to the planar Hall spin-current mechanism is 
predicted to be proportional to 𝑚𝑚𝑥𝑥𝑚𝑚𝑧𝑧

2 .  (Here 𝑚𝑚�  is the magnetic orientation and x is the direction 
of the in-plane applied charge current.)  For a thin film, achieving a partly-canted magnetization 
that is stable at zero applied magnetic field is not possible using only the shape anisotropy and 
interface anisotropy; one must rely on strong magnetocrystalline anisotropy. 

In collaboration with the research groups of Chang-Beom Eom, Darrell Schlom, and Lane 
Martin, we have provided the first verification of these predictions for a sample with zero applied 
magnetic field using SrRuO3 as the spin-source material [2]. SrRuO3 is orthorhombic ferromagnet 
with a Curie temperature slightly below 150 K for thin films, with a large magnetocrystalline 
anisotropy along the [010]o axis (effective anisotropy field ∼ 12 T).  Twin domain formation in 
SrRuO3 thin films can be suppressed using vicinal SrTiO3 substrates with an appropriate miscut 
angle; a controlled orientation of the orthorhombic film can be nucleated from the step edges on 
the substrate. In this way, we grow predominantly single-domain SrRuO3 with a (110)o orientation 
in which the [010]o anisotropy axis is controllably canted away from the surface normal.   

We have demonstrated using ST-FMR in (110) SrRuO3/Permalloy samples that after the 
magnetization direction is set by field cooling SrRuO3 can generate a significant out-of-plane anti-
damping torque below its Curie temperature (Fig. 3).  Measurements as a function of varying the 
angle of applied electric field relative to the tilted magnetization axis show that both the anomalous 
Hall spin current and the planar Hall spin current contribute.  The maximum torque efficiency is 
at most about 0.018, about a factor of two below the threshold required for out-of-plane spin-orbit 
torque to surpass the efficiency of existing spin-transfer-torque magnetic memories (STT-
MRAM).  Part of the planned future research is to realize the same physics mechanisms in canted 
room-temperature magnets, seeking more efficient out-of-plane torques. 

Fig. 2.  Unconventional spin currents generated by the planar 
Hall effect (left) and the spin anomalous Hall effect (right). 
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Spin current carried by magnons in multiferroic 
BiFeO3. BiFeO3 is an intriguing material because its 
ferroelectricity provides a source of broken symmetry 
that can be switched by an electric field, and the 
magnetoelectric coupling between its ferroelectricity 
and antiferromagnetism provide a potential strategy for 
using broken symmetries with the BiFeO3 to control 
the flow of angular momentum.  Together with the 
research groups of Ramesh Ramamoorthy, Darrell 
Schlom, and others, my group showed that a source of 
conventional spin-orbit torque (non-magnetic SrIrO3) 
can generate a magnon spin current on one side of a 
BiFeO3 thin film, and that these magnons can travel 
through the film to exert a torque on a magnetic layer 
on the other side with an efficiency comparable to the 
spin-orbit torque from a heavy metal [3].  What’s more, 
if the ferroelectricity is initialized with an upward-
pointing component as compared to a downward-pointing component, the efficiency of the 
magnon transport changes by 18%.  We ascribe this difference to the coupling between spin 
cycloids and the ferroelectricity that makes the dynamics of chiral magnons sensitive to the 
ferroelectricity direction.   

Our initial experiment on BiFeO3 magnon torques revealed only a conventional torque (in-
plane and perpendicular to the applied charge current) [3].  More recently, we have also shown 
that magnons in BiFeO3 can exert an unconventional torque, with a component of spin parallel to 
the applied charge current [4].  We study BiFeO3 grown epitaxially on orthorhombic DyScO3 
substrates with (110)o orientation, so that the ferroelectricity of BiFeO3 has a two-variant domain 
structure with a well-controlled cycloid spin structure within each domain. We find the spin 
polarization transported through BiFeO3 can be rotated by as much as 11°away from the 
conventional axis within the sample plane when the current is oriented appropriately relative to 
the ferroelectric polarizations.  As a function of the angle of the applied current 𝜑𝜑𝐸𝐸 , this 
unconventional torque has a sin (2𝜑𝜑𝐸𝐸), dependence, consistent with a symmetry analysis of the cycloid 
pattern within the two-variant domain structure.  As a control experiment, this unconventional torque 
is absent in samples with a disordered ferroelectric domain structure. 

Future Plans 

Future research plans within the project include promising extensions of the current work: 
to realize canted configurations of room-temperature metallic ferromagnets for the generation of 
out-of-plane spin-orbit torques (aiming initially for L10 FePt and L10 FePd), and to use spacer 
layers other than BiFeO3 to reorient the spins within spin currents (our next targets are spacers 
made from SrRuO3, WTe2, IrO2, and RuO2).  In addition, we plan a new research effort to 

Fig. 3.  Out-of-plane anti-damping torque 
efficiency as a function of temperature, 
showing that the efficiency turns on below 
the Curie temperature when a canted 
SrRuO3 sample is field-cooled so that the net 
magnetization is canted, but not in a zero-
field-cooled sample with randomly-oriented 
magnetization domains. 
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investigate torques due to the flow of orbital angular momentum as well as spin, and we will also 
begin a new experiment to perform sensitive optical measurements with Sagnac interferometry to 
study spin-current-driven interactions in superconductor/magnet heterostructures.  If we are 
successful in identifying sources of spin current (or orbital current) capable of driving out-of-plane 
anti-damping torques with sufficient efficiency to be of interest for applications, we will also study 
the detailed dynamics for the switching of nanoscale magnets driven by these torques. 
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Low-Field Regime of Magnon Transport in PLD-Grown YIG Films 
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Keywords: Non-collinear spin order, spintronics, magnons, van der Waals magnets, thin films, 
spin transport 

Research Scope 

One area of the collaborative research of the Quantum Materials FWP is focused on the 
exploration and manipulation of emergent quantum phenomena in advanced magnetic materials. 
The intellectual thread is centered on understanding and controlling the collective behavior of 
spins, from frustrated antiferromagnets to topologically protected skyrmions. A central theme is 
the investigation of how spin textures can be controlled and utilized for next-generation spintronic 
and magnonic devices. This research pushes the boundaries of fundamental condensed matter 
physics, with a clear eye toward technological applications. 

A key area of this research is the study of 
non-local and collective spin dynamics. 
This includes investigating how spin 
information can be transported over long 
distances and manipulated in ways not 
possible with conventional electronics. 
Our recent work on dipolar spin wave 
packet transport in van der Waals 
antiferromagnets [1] and the non-local 
switching of spin textures in frustrated 
antiferromagnets exemplifies this focus 
[2]. These studies aim to uncover the 
fundamental mechanisms of spin 
transport, which is crucial for developing 
low-dissipation, high-speed information 
processing technologies. 

Staying with van der Waals magnets, another significant thrust of this research is the exploration 
of topologically non-trivial spin textures, such as skyrmions [3]. Our investigations of how these 
quasiparticles can be ordered and controlled at room temperature in polar materials like 
(Fe0.5Co0.5)5GeTe2, could pave the way to high-density, robust magnetic data storage. This 
research is not only about discovering new materials but also about understanding the complex 
interplay between material structure, magnetic interactions, and topology. 

Figure 3: Recently we demonstrated that magnon propagation is 
mediated by long-range dipole–dipole interaction in the van der Waal 
magnet CrSBr. This coupling is an inevitable consequence of 
fundamental electrodynamics and, as such, will likely mediate the 
propagation of spin at long wavelengths in the entire class of van der 
Waals magnets currently under investigation. In this figure we show the 
thickness dependence of the transient reflectance which points directly 
to the non-local nature of magnetic-dipole interactions. The decay time 
is seen to decrease dramatically with increasing thickness. See Ref. [1] 
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We use advanced experimental techniques to probe and manipulate these delicate quantum states. 
From non-local transport measurements to advanced microscopy and spectroscopy, the group 
employs a multifaceted approach to gain a comprehensive understanding of the materials studied. 
This allows us to connect fundamental theoretical concepts to real-world material properties, 
paving the way for the design of new quantum materials with tailored functionalities. 

Recent Progress 

The work of the Quantum Materials FWP has achieved a series of key breakthroughs in the control 
and understanding of spin dynamics in a variety of material systems.  

A major advancement has been in the 
understanding and utilization of magnon 
transport, see Figure 2 [4]. In the study of YIG 
films, the team has explored the low-field regime 
of magnon diffusion, revealing that even modest 
magnetic fields can significantly attenuate spin 
voltage. This work identified in-plane uniaxial 
magnetic anisotropy as a dominant factor in low-
field magnon transport, a crucial insight for the 
development of field-free magnonic devices. 
This research provides a roadmap for optimizing 
magnon transport in thin-film devices, a key step 
toward practical applications. 

Furthering the understanding of spin transport, the group has demonstrated dipolar spin wave 
packet transport in a van der Waals antiferromagnet [1]. This work identified long-range dipole-
dipole interactions as the mechanism for magnon propagation in this class of materials, with 
example data shown in Figure 1. This is a significant finding because it provides a universal 
mechanism for spin transport in the rapidly expanding family of 2D magnets, offering a clear set 
of rules for optimizing materials for magnonic applications. 

Figure 4: Field-Free Magnon Transport in YIG. (Inset) 
Nanofabricated devices of Pt contacts on YIG, with an injector 
and detector of spin current, carried by magnons in the YIG. 
(a), (b) The spin current signal (measured in the 2ω channel) 
in two different field orientations has significant anisotropy 
that can be observed in ultra-low magnetic fields. This 
anisotropy is not expected in cubic YIG. After Ref. [4]. 
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In the realm of spin texture manipulation, the team has made a remarkable discovery of long-range, 
non-local switching of spin textures in a 
frustrated antiferromagnet FexNbS2 [2]. We 
have shown that spin information can be 
transported and stored away from the region of 
current flow, a phenomenon amplified by strong 
magnetoelastic coupling. An example of a device 
we fabricated from single crystals using Focused 
Ion Beam is shown in Figure 2. This suggests a 
new way to store and transport spin information, 
with potential applications in low-power 
spintronic memory and logic devices. 

In the broader context of transition metal 
dichalcogenides, the team has discovered charge 
order in FexNbS2 which may underly some of the 
physics behind its low-power, lattice coupled switching [5]. This work provides a new platform 
for studying the interplay between charge, spin, and lattice degrees of freedom in these complex 
materials. The discovery of charge order in this system opens new avenues for exploring emergent 
phenomena and provides a new material system for testing theoretical models of correlated 
electron physics. 

The group has also made significant progress in the study of topological spin textures [3]. We have 
demonstrated the ordering of room-temperature magnetic skyrmions in a polar van der Waals 
magnet. By using structural confinement, we have been able to engineer an ordered skyrmion 
crystal, demonstrating control over the order-disorder transition on a scale relevant for device 
applications. This is a critical step toward the realization of skyrmion-based memory and logic 
devices that can operate at room temperature. 

The work of the QM FWP has advanced the understanding and control of spin phenomena in 
quantum materials. This has leveraged the powerful synergy between materials synthesis, 
advanced experimental techniques, and theoretical understanding, potentially laying a foundation 
for the development of next-generation quantum technologies. 

Future Plans 

Building directly on our recent breakthroughs, our future research will focus on designing 
and controlling complex quantum phenomena in engineered materials. We will leverage our 
established expertise in non-local spin dynamics and topological textures to explore the next 
frontier: non-equilibrium control of quantum phases and the creation of novel spin transport 
paradigms. This work will extend our foundational discoveries into new, uncharted territories of 
condensed matter physics. 

Figure 5: A switching device made from a bulk crystal using 
Focused Ion Beam. The two pulse bars are marked A and B. 
The AC probe current is applied along the path marked Iprobe. 
The local signal is measured using the contacts labeled V0, and 
the non-local signals are measured using the contacts labeled 
V1 and V2. From Ref. [2] 
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A primary objective is to build upon our demonstration of long-range spin transport in van der 
Waals (vdW) magnets. Having identified the fundamental mechanisms of magnon propagation, 
we will now aim to realize and manipulate more exotic collective spin states, such as topological 
magnons and neutral gapless states. This involves designing and synthesizing vdW 
heterostructures that host these states, directly extending our work on dipolar spin waves and non-
local switching into systems with designed topological properties; for example we have 
preliminary results on MnPS3 (thought to host topological magnons) and CoxTaS2 (scalar spin 
chirality). Our ability to control magnon transport at low fields provides a critical foundation for 
engineering these fragile, dissipationless spin-current-carrying states, which are essential for future 
low-power information technologies. 

Finally, we will extend our paradigm of "quantum by design" to the grand challenge of topological 
superconductivity, a critical step towards fault-tolerant quantum computing. We will pursue this 
by engineering structurally chiral TMDs on non-Euclidean surfaces, aiming to induce topological 
superconductivity. Concurrently, we will investigate intrinsically topological superconductors 
such as intercalated 2H-TaS2, applying novel tuning knobs like uniaxial strain to control the 
superconducting order parameter and stabilize different topological phases. This leverages our 
core strengths in advanced material synthesis and spectroscopy to create and verify novel states of 
matter that have no counterpart in existing materials. 
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Research Scope 

This project investigates the fundamental nature of quantum correlated topological materials 
by advanced magnetometry such as torque magnetometry, torque resonance magnetometry, and 
gradient magnetometry in intense magnetic fields and extreme conditions. The proposal addresses 
how strong electronic interaction leads to novel topological quantum states.  In particular, our 
proposal will address three questions: (a). Does strong electronic correlation help generate a 
topological material? (b). What are the ground states of quantum topological materials under 
intense magnetic fields? (c). How do we experimentally distinguish the novel topological 
nontrivial correlated state from the conventional electronic and magnetic states? 

These questions test the hypothesis that, in quantum material, the strong electronic interaction 
creates unique topological quantum states that are not feasible in weakly interacting materials.  

This proposal aims to use advanced magnetometry techniques to give conclusive evidence for 
the novel electronic and magnetic states in quantum correlated topological materials. Our research 
starts with magnetometry measurements in intense magnetic fields on quantum correlated 
topological material. With these efforts, we hope to carry out the following tasks: (1) Detecting 
quantum oscillations of the bulk and the surface states in quantum correlated topological materials; 
(2) Revealing the origin of magnetic oscillations in quantum correlated topological materials; (3)
Searching for novel electronic and magnetic ground states in quantum correlated topological
materials.

Recent Progress 
(a). Unconventional magnetic oscillations in kagome Mott insulators. (Proceedings of the 

National Academy of Sciences 2025, Ref. [1]) 
In metals, electrons in a magnetic field undergo cyclotron motion, leading to oscillations in 

physical properties called quantum oscillations. This phenomenon has never been seen in a robust 
insulator because there are no mobile electrons. We report an exception to this rule. We study a 
Mott insulator on a kagome lattice which does not order magnetically down to milli-Kelvin 
temperatures despite antiferromagnetic interactions. We observe a plateau at magnetization equal 
to 1/9 Bohr magneton per magnetic ion, accompanied by oscillations in the magnetic torque, 
reminiscent of quantum oscillations in metals. The temperature dependence obeys Fermi 
distribution. These phenomena are consistent with a quantum spin liquid state whose excitations 
are fermionic spinons with a Dirac-like spectrum coupled to an emergent gauge field. 

Fractionalization is a central theme of modern condensed matter physics, as exemplified by 
the fractional quantum Hall effect. Another example that has been long sought after is quantum 
spin liquid, where antiferromagnetic order has been suppressed by quantum fluctuations and the 
spin–charge separation of electrons can lead to charge-neutral spinons. Applying ultrasensitive 
magnetometry to a kagome-lattice Mott insulator with a 3-eV charge gap, we report quantum 
oscillations in the magnetic torque. The observation is strong evidence for fermionic spinons, and 
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an effective gauge field which allows the coupling of the applied magnetic field to charge-neutral 
particles. A phenomenological model of spinon band structure that includes Dirac nodes near the 
1/9 magnetization plateau shows predictions consistent with the observed oscillation patterns. 

(b). Thermodynamic evidence of fermionic behavior in the vicinity of one-ninth plateau in a 
kagome antiferromagnet (Physical Review X 2025, Ref. [2]) 

The spin-1/2 kagome Heisenberg antiferromagnets are believed to host exotic quantum 
entangled states. Recently, the reports of 1/9 magnetization plateau and magnetic oscillations in a 
kagome antiferromagnet YCu3(OH)6Br2[Br𝑥𝑥(OH)1−𝑥𝑥] (YCOB) have made this material a 
promising candidate for experimentally realizing quantum spin liquid states. Here, we present 
measurements of the specific heat 𝐶𝐶𝐶𝐶 in YCOB in high magnetic fields (up to 41.5 T) down to 
0.46 K, and the 1/9 plateau feature has been confirmed. Moreover, the temperature dependence of 
𝐶𝐶𝐶𝐶/𝑇𝑇 in the vicinity of 1/9 plateau region can be fitted by a linear in 𝑇𝑇 term which indicates the 
presence of a Dirac spectrum, together with a constant term, which indicates a finite density of 
states contributed by other spinon Fermi surfaces. Surprisingly, the constant term is highly 
anisotropic in the direction of the magnetic field. Additionally, we observe a double-peak feature 
near 30 T above the 1/9 plateau which is another hallmark of fermionic excitations in the specific 
heat. This combination of gapless behavior and the double-peak structure strongly suggests that 
the 1/9 plateau in YCOB is nontrivial and hosts fermionic quasiparticles. 

(c). Large oscillatory thermal Hall effect in kagome metals (Nature Communications 2024, 
Ref. [3]) 

The thermal Hall effect recently provided intriguing probes to the ground state of exotic 
quantum matters. These observations of transverse thermal Hall signals lead to the debate on the 
fermionic versus bosonic origins of these phenomena. The recent report of quantum oscillations 

Figure 1. Examples of the magnetic oscillations shown in the magnetic torque in Mott insulator 
YCu

3
(OH)

6
[Br

x
(OH)1-

x
] (YCOB). (b) The heat capacity and magnetic susceptibility exhibit unconventional

temperature dependence at the 1/9 plateau state. Taken from Ref. [1, 2]. 
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(QOs) in Kitaev spin liquid points to a possible resolution. The Landau level quantization would 
most likely capture only the fermionic thermal transport effect. However, the QOs in the thermal 
Hall effect are generally hard to detect. In this work, we report the observation of a large oscillatory 
thermal Hall effect of correlated Kagome metals. We detect a 180-degree phase change of the 
oscillation and demonstrate the phase flip as an essential feature for QOs in the thermal transport 
properties. More importantly, the QOs in the thermal Hall channel are more profound than those 
in the electrical Hall channel, which strongly violates the Wiedemann–Franz (WF) law for QOs. 
This result presents the oscillatory thermal Hall effect as a powerful probe to the correlated 
quantum materials. 

(d). Quantum oscillations in the heat capacity of Kondo insulator YbB12 (Physical Review 
Letters, under review, Ref. [4]) 

We observe the magnetic quantum oscillation in the heat capacity of the Kondo insulator 
YbB12. The frequency of these oscillations  F = 680 T, aligns with findings from magnetoresistance 
and torque magnetometry experiments for B > 35 T in the Kondo insulating phase. Remarkably, 
the quantum oscillation amplitudes in the heat capacity are substantial, with  ∆𝐶𝐶/𝑇𝑇 = 0.5  
mJ/mol.K2 at 0.8 K, accounting for 13% of the known linear heat capacity coefficient . Double-
peak structures of quantum-oscillation amplitudes due to the distribution function of fermions were 
identified and used to determine the value of the effective mass from the heat capacity, which 
agrees well with that from torque magnetometry. These observations support charge-neutral 
fermions contributing to the quantum oscillations in YbB12. 

(e). Field tunable BKT and quantum phase transitions in spin-1/2 triangular lattice 
antiferromagnet (Newton, accepted, Ref. [5]) 

Quantum magnetism is one of the most active fields for exploring exotic phases and phase 
transitions. The recently synthesized Na2BaCo(PO4)2 (NBCP) is an ideal material incarnation of 
the spin-1/2 easy axis triangular lattice antiferromagnet (TLAF). Experimental evidence shows 
that NBCP hosts the spin supersolid state with a giant magnetocaloric effect. It was also proposed 
that the applied magnetic field B can drive the system through Berezinskii-Kosterlitz-Thouless 
(BKT) and other richer quantum phase transitions. However, the detection of these transitions is 
challenging because they onset at extremely low temperature T at around 60 mK, and the 
measurement of the magnetic susceptibility of these transitions requires high sensitivity. With the 
help of our newly developed gradient force magnetometer in a dilution refrigerator, we constructed 
the contour diagram of the magnetic susceptibility in the B-T phase diagram in T as cold as 30 
mK. These results provide a more comprehensive and accurate understanding of the several field-
tunable quantum phase transitions and BKT melting of the spin supersolidity, which are especially 
significant when their giant magnetocaloric effects highlight potential applications for sub-Kelvin 
refrigeration under concerns about global helium shortages. 

Future Plans 
(a). Resolving the quantum oscillations in magnetization using resonant torque differential 

magnetometry for pulsed magnetic fields up to 65 T and 100 T. 
The quantum oscillation pattern in the ultrahigh magnetic field has only been observed in the 

conduction channels. For a different comparison, we would need to resolve the oscillations in 
magnetization (the dHvA effect) using sensitive torque differential magnetometry [8] under pulsed 
magnets. Quantum oscillations in magnetic susceptibility create small oscillatory forces. 
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Therefore, the magnetic force acting on a sample glued to a resonating cantilever will shift the 
resonating frequencies or broaden the resonance.  We choose to use quartz tuning forks for the 
resonating cantilevers. Our preliminary experiment succeeded in ran 192 kHz tuning forks to 
detect the M-H hysteresis loop of underdoped YBa2Cu3O6.56 (YBCO).  A tuning fork is glued to 
the heavy block (“qPlus” mode named for Atomic Force Microscopy), and a small AC voltage is 
applied to drive it to resonance. As the impedance changes, the resonance is observed in the current 
of the device. The technical challenge still exists to resolve the quantum oscillations when the 
resonant frequency is too low and the frequency resolution in sliding FFT is about 10 Hz. And this 
resolution is still too large to determine quantum oscillations. To solve the problem, we have tested 
a range of quartz resonators with resonance frequencies in the 1.5-4 MHz range. In addition, we 
have built a current-voltage converter to detect excitation signals. Moreover, the tuning fork 
resonance is significantly damped by liquid Helium 3 when we tried to cool down samples to 0.4 
K. This cold temperature is needed to resolve the dHvA effect for many materials. Therefore, we
will build vacuum cells for tuning forks.

(b). Measuring the overall magnetization directly using the gradient magnetometry 
While our torque magnetometry detects sensitive 

magnetic features, the magnetic torque method measures only 
the magnetic anisotropy. The overall magnetization is also a 
crucial piece of information at extreme conditions for 
quantum materials. We develop a sensitive gradient 
magnetometry [5]. As shown in Fig. 2, the setup consists of a 
cantilever with a metal pad. The sample is glued on the other 
metal pad. The external magnetic field B and a constant field 
gradient ∇𝐵𝐵 = 10 T/m were applied along the z-direction.  
In an external magnetic field, the sample exhibits intrinsic 
magnetization M, generating two torque signals. The 
dominant signal is the H-antisymmetric gradient torque 
𝜏𝜏gradient = 𝐿𝐿 𝑀𝑀 ∇𝐵𝐵, where 𝐿𝐿 is the distance from the sample to anchor. With the controllable field 
gradient, we use the cantilever deflection to get the gradient torque and directly measure the 
intrinsic magnetization. 
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Research Scope  

The overarching goal of this project is to advance our experimental understanding of 
quantum materials that exhibit collective phenomena and adopt ground states associated with 
electron correlations. Specifically, we aim to understand magnetism, excitations, and transport in 
van der Waals layered antiferromagnets, discover emergent physics and instabilities in kagome-
based systems, and probe coupling of crystal chemistry and physical behaviors in topological and 
chiral crystals. To address these aims we identify, develop, and study model material systems. This 
leverages our core strengths in synthesis of high-quality crystals and investigation of physical 
properties using crystallographic, transport, and thermodynamic measurements. We pursue deeper 
understanding of the most interesting materials through collaborations involving theoretical, 
spectroscopic, and scattering techniques. Overall, our research addresses the ability to control and 
exploit quantum mechanical behaviors targeting novel functionality, a priority research direction 
identified in the BES report on Quantum Materials. More specifically, developments in 2D 
materials, antiferromagnets, and topological materials will impact microelectronics, spintronics, 
and quantum technologies, key research areas for energy and information applications. 

Recent Progress 

Discovery of New Kagome Metals Unveils Origins of Density Wave Instability. The 
kagome motif is a versatile platform for condensed matter physics, hosting rich interactions among 
magnetic, electronic, and structural degrees of freedom. The density-wave transitions in AV3Sb5 
compounds and ScV6Sn6 are motivating examples. Recently we have been investigating families 
of compounds that combine rare-earth elements along with a kagome net of transition metals. This 
not only introduces 4f magnetism but also provides a way to probe structural dependencies and 
instabilities by tuning the size of the rare-earth ion. This work recently led to the discovery of 
LnNb6Sn6 (Ln = Ce−Nd, Sm, Gd−Tm, Lu, Y), a new family of kagome metals that displays both 
complex rare-earth magnetism and a density-wave transition that provides insight into isostructural 
ScV6Sn6 and the broader class AM6X6 materials [1].   

The crystal structure of LnNb6Sn6 is shown in Figure 1. It contains Nb kagome nets and 
chains of Ln and Sn atoms that thread the kagome nets. The rare earth sites form a triangular lattice. 
While the lattice instability was the focus of our work, interesting electronic and magnetic aspects 
that may warrant further study were observed. Our collaborators observed van Hove singularities 
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and Dirac points near the Fermi level in 
both experiment and theory, and we 
observed antiferromagnetic transitions 
below about 3 K in several of the 
materials, with metamagnetic transition 
also observed for Ln = Gd, Tb, and Dy.  

Returning to the lattice, the 
dependence of the unit cell volume on the 
ionic radius R of the Ln ion is shown in 
Figure 1, and shows anomalous behavior 
at small R. This is an indication of a lattice 
instability, and it motivated a detailed 
study of LuNb6Sn6. Evidence of a density-
wave transition at 68 K was indeed 
observed and is summarized in Figure 2. 

Refinements of atomic displacement parameters in the room temperature phase showed rattling 
tendency in the Lu-Sn chains, and X-ray diffraction below the phase transition revealed the 
emergence of superlattice peaks described by wavevector (1/3, 1/3, 1/3). The distorted structure, 
like that observed in ScV6Sn6, can be visualized as a density-wave modulating the Sn-Sn and Lu-
Sn distances along the chains that run through the kagome nets. Intricate diffuse scattering patterns 
were also observed, indicating further, more subtle complexity in the structure at low temperature. 

Overall, our analysis of the structural data supports the “rattling mode” density-wave model 
and highlights the importance of steric interactions between the rare-earth filler element and the 
Nb−Sn kagome framework. Importantly, this was only made possible by the discovery and study 

Figure 1. (left) The structure LnNb6Sn6, emphasizing the 
kagome net of Nb atoms (green) and the chains of Ln (blue) 
and Sn (gray) atoms. “Rattling” in these chains is the 
precursor to the density wave transition. (right) Contraints 
from the Nb-Sn framework result in oversized strucures for 
the smallest Ln atoms, promoting the rattling and the lattice 
instability. From Ref. 1.  

Figure 2. Evidence of the density-wave transition at 68 K in LuNb6Sn6 single crystals. (a) Magnetic susceptibility 
shows the absence of local moments and a sharp drop in the susceptibility at the transition. Similarities to the 
density wave compound ScV6Sn6 (data shown in gray) are clear. (b) Heat capacity measurements show a relatively 
sharp anomaly with first-order character. (c) Electrical resistance shows a sharp drop at the transition. In (b) and 
(c) analogous data from YNb6Sn6 (no density wave transition) are shown in gray. From Ref. 1.
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of the new LuNb6Sn6 compounds, through which we have added to our understanding of the AM6X6 
family as well as the physics and instabilities in kagome metals more broadly. 

Lone Electron Pairs Add New Wrinkles to 
Van der Waals Layered Magnets. Cleavable 
metallic antiferromagnets may be of use for low-
dissipation spintronic devices; however, few are 
currently known. Our interest in this area led us to 
consider MnRhBi3 [2]. This compound adopts a 
layered crystal structure, shown in Figure 3. The 
structure consists of layers of composition MnRh 
capped above and below by Bi atoms. Thus, we 
expected this to be a good candidate for combining 
magnetism and metallicity in a layered and 
potentially cleavable crystal structure. To study 
this material, we grew crystals from a bismuth flux. 
The crystals adopted a ribbon-like morphology and 
showed good cleavability. The van der Waals 

(vdW) nature of the interlayer bonding and cleavability was studied through collaboration using 
density functional theory and mechanical exfoliation. A cleavage energy similar to those of vdW 
layered chalcogenides was found, and flakes as thin as 2 nm (three structural layers, or 1.5 unit 
cells) were produced. The resistivity showed metallic behavior, and evidence for antiferromagnetic 
ordering was seen in magnetization measurements.  

These observations established MnRhBi3 as a cleavable antiferromagnetic metal and 
motivated our detailed experimental study, which revealed interesting and complex properties and 
behaviors in this material. In particular, we observed a complex phase evolution at low 
temperatures. A series of four phase transitions were observed, illustrated in Figure 4. Heat 
capacity data (Fig. 4a) show four clear anomalies, and corresponding features are seen in the 
electrical resistivity as well (Fig. 4b). Neutron diffraction showed that at least two of the transitions 
involve the formation of antiferromagnetic order (Fig. 4c). A non-coplanar structure with Mn 
moments of about 2.5 µB was determined at 50 K (Fig. 3). Measurements of the lattice parameters 
showed anomalous thermal expansion through the range of phase transitions. This suggests 
MnRhBi3 may have strong magnetoelastic coupling, an interesting avenue for further exploration. 

Finally, we note that crystal chemistry of MnRhBi3 is itself interesting, apart from the 
complex physical property behaviors that have been noted above. The vdW gap in this compound 
is between neighboring layers of Bi, instead of the usual case of ionic species like halogens or 
chalcogens in closed shell configurations. We found this particularly interesting because Bi is 
known to sometimes possess stereoactive lone pairs of non-bonding electrons, and the van der 
Waals gap provides an ideal empty space for these electrons to reside. To examine this possibility, 

Figure 3. The van der Waals layered structure of 
MnRhBi3. Mn (purple), Rh (green), and Bi (gray) 
atoms form a quasi-2D layered structure, with 
layers separated by a corrugated vdW gap (dashed 
line). Lone-pair electrons on Bi atoms (yellow) 
extend into this gap. Moments on Mn (red) order 
into a noncollinear structure at low temperature. 
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we collaborated with theory colleagues to show that indeed Bi atoms in MnRhBi3 have stereoactive 
lone pairs that extend into the vdW gap. Thus, the material may be expected to have dangling lone 
pairs at its cleavage surface. This may provide exciting opportunities for future studies in the 2D 
limit and at interfaces, since the lone pairs may influence surface reconstruction and chemistry, as 

well as quantum mechanical proximity effects. 

Future Plans 

Over the next few years, we intend to 
continue to study and develop AMyXz systems 
combining lanthanide elements with kagome nets of 
transition metals, including development of new 
families and detailed studies of electronic structure 
and emergent states. We also expect to complete 
ongoing investigations of distorted kagome 
structures based on the ZrNiAl structure type. We 
will continue to design and discover new 
intergrowth or modular compounds with distinct 
structural or functional motifs in single crystals, 
including misfit compounds where 
incommensurability may give rise to moiré physics. 
Among modular materials, we will work to 
understand the unconventional Hall effect in 
Eu2CuZn2P3 by studying its electronic structure and 
through the development of related quaternary 
phases. Finally, we intend to investigate the thermal 
Hall effect in quantum materials hosting chiral 
phonons and magnons or other charge neutral 
quasiparticles to probe their quantum properties. 
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Research Scope 
The mission of the MIEQM FWP is to understand phenomena when topological electronic bands 
on frustrated lattices are intertwined with magnetism. We are motivated by Goals to (1) discover 
quantum phases and phenomena in geometrically frustrated metals, (2) reveal topological 
signatures in flat-band magnets, and (3) establish how rare-earth magnetism can be utilized to tune 
topological materials. These goals are pursued by a team with experience in the synthesis and 
discovery of quantum materials, the characterization of their magnetic, structural, and transport 
properties, neutron-scattering investigations of magnetic order and fluctuations, and first-
principles electronic-structure calculations. 

We define three integrated research Thrusts. Thrust 1 focuses on understanding how flat electronic 
bands on kagome and pyrochlore lattices control the development of itinerant magnetism. Thrust 
2 is motivated to understand the role of rare-earth magnetism in developing topological phases in 
kagome metals. Thrust 3 investigates the perturbation of topological and correlated phases of 
matter with magnetic impurities. Our research aligns with the DOE-BES strategy in quantum 
materials by addressing fundamental issues in magnetism, including the development of itinerant 
magnetism, magnetic frustration, chirality, and the role of defects. Success in achieving our Goals 
will result in the discovery of new and tunable flat-band and topological magnets and provide a 
deep understanding of the interplay between magnetism and the electronic bands. 

Recent Progress 

Magnetic interactions in kagome metals. In kagome metals, the frustrated lattice geometry results 
in uncommon electronic features, such as flat bands and Dirac points, that are the source of novel 
correlated and topological ground states. In collaboration with CATS EFRC, we are investigating 
the magnetic properties of RT6Sn6 kagome metals where ferromagnetic (FM) triangular rare-earth 
(R) layers interact with transition metal (T) kagome layers. In RMn6Sn6 compounds with FM
kagome layers, we use inelastic neutron scattering (INS), magnetization measurements, and
density-functional theory (DFT) to develop magnetic models that accurately predict the critical
temperatures and fields of a variety of collinear (ferrimagnetic), non-collinear (canted or spiral)
and non-coplanar (conical) magnetic phases across the RMn6Sn6 series [R1, P10]. These magnetic
phases are associated with magnetotransport anomalies, including anomalous and topological Hall
effects, the latter of which suggests the spontaneous development of scalar spin chirality (SSC)
[R2]. The SSC phenomenon is under current investigation and described in future work.
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Deeper analysis of INS data reveals flat-band 
and chiral magnetic excitations within the 
kagome layers of TbMn6Sn6 [P6]. Whereas 
flat-band magnon excitations are expected in 
a FM kagome layer, the observation of chiral 
excitations is unexpected. The chiral 
excitations are localized to a hexagonal 
plaquette in the kagome layer (see FIG. 1) 
and heavily damped, with steep dispersion 
extending from 30 – 150 meV. We 
hypothesize that these chiral quasiparticles 
originate from electronic carriers in the kagome layer and are the subject of future work. 
In the RV6Sn6 series, V kagome layers are non-magnetic and FM R layers adopt different magnetic 
anisotropies across the R series. TbV6Sn6 has strong Ising character with an isolated ground state 
doublet that is confirmed by INS measurements [P1]. Mean-field model calculations find TbV6Sn6 
to be in proximity to a first-order spin reorientation and second-order quantum critical and 
tricritical points in an applied transverse field. The nature of the quantum phase transition is 
controlled by the field direction and, surprisingly, by the strength of the planar magnetic 
anisotropy. Pulsed transverse field magnetization 
measurements performed at the NHMFL find a quantum 
phase transition at 26 T, in accordance with predictions. 
Magnetic interactions in topological insulators. 
Stoichiometric TIs in the MnBi2Te4 family have revealed 
a variety of topological optical and transport responses in 
applied field [R3]. Natural heterostructures consist of 
magnetic MnBi2Te4 blocks that are separated by Bi2Te3 
TI blocks. We compared the spin excitations in MnBi2Te4 
and MnBi4Te7 (FIG. 2), finding identical magnetic 
interactions within a MnBi2Te4 block. Much weaker 
interactions are found between magnetic blocks in MnBi4Te7, due to the Bi2Te3 spacer block, 
making MnBi4Te7 a candidate for quasi-2D ferromagnetism  [P5]. 

Future Plans 
Magnetic chirality in kagome metals. RMn6Sn6 kagome metals have different sources of static and 
dynamical magnetic chirality, all of which can affect electronic transport. In zero-field spiral 
magnetic phases, the application of a magnetic field in the spiral plane leads to a conical magnetic 
phase that hosts the topological Hall effect (THE). The conical phase does not have a SSC 
[∑ 𝐒𝐒𝑖𝑖 ∙ (𝐒𝐒𝑗𝑗 × 𝐒𝐒𝑘𝑘)𝑖𝑖𝑖𝑖𝑖𝑖 ] that is often associated with the THE (in skyrmions, for example) leading to 
a hypothesis that magnon fluctuations drive this behavior [R2]. INS measurements of ErMn6Sn6 
in an applied magnetic field are being used to test this hypothesis. Our magnetic models provide 

FIG. 2. INS data comparing the spin excitations 
in MnBi2Te4 (c)-(e) and MnBi4Te7 (f)-(h). 

FIG. 1. Localized chiral quasiparticle (black arrows) 
identified by the momentum dependence of the neutron 
scattering data for TbMn6Sn6 over an energy range from 
130-150 meV. 
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accurate magnon polarization vectors which allow for the SSC 
to be enumerated by averaging over spin triangles on a 
discrete lattice.  We find an inhomogeneous SSC which does 
not survive spatial and temporal averaging, bringing the 
fluctuation hypothesis into question. 
Another source of dynamical chirality is the magnons 
themselves. Acoustic and optical magnon modes in 
ferrimagnets such as RMn6Sn6 possess right and left-handed 
chirality, respectively. In the ferrimagnetic phase of 
ErMn6Sn6, these modes hybridize, which we predict will 
produce a unique chirality switching mechanism. Magnon 
hybridization and mixing do not occur in TbMn6Sn6, a 
phenomenon associated with the different magnetic 
symmetries (planar and uniaxial, respectively) of these two 
materials. We have recently confirmed chiral magnon mixing in ErMn6Sn6 using polarized INS 
(FIG. 3), enabling an understanding of how magnetic symmetries drive chiral phenomena with 
application in spintronics, magnonics, and quantum information. 
Finally, our discovery of novel chiral magnetic 
quasiparticles within the kagome layers of 
TbMn6Sn6 opens questions about the ubiquity of 
this phenomenon in other kagome metals. We 
have observed similar chiral quasiparticle 
excitations in R166 compounds (R = Y, Ho, Er) 
possessing different magnetic ground states (FIG. 
4). Chiral excitations are robust in this series and 
we plan to investigate other kagome metal 
families in the future. 

Ising ferromagnetism in kagome metals. SULI student Olivia Medina performed mean-field  
calculations that predict a transverse-field FM quantum critical point in HoV6Sn6 at µ0Hc ~2 T,  
agreeing with preliminary magnetization and neutron diffraction data (FIG. 5). The low critical 
field enables INS studies that find softening of the transverse fluctuations near the quantum critical 
point. We plan to investigate scaling behavior of the quantum fluctuations near Hc for comparison 
with heat capacity (LANL) and susceptibility data. Building on the mean-field predictions, we plan 
to experimentally investigate the quantum phase transitions in DyV6Sn6. 

One open question is whether the interaction between R magnetism and kagome electronic bands 
can lead to novel topological phenomena. Exciting evidence of strong orbital magnetization in 
TbV6Sn6 in applied magnetic fields [R4] motivates the examination of their magnetic excitations. 
We recently discovered a splitting of spin-flip excitations in TbV6Sn6 using INS (FIG. 6) that 
provides evidence for subtle time-reversal symmetry breaking that occurs in parallel with FM Tb 

FIG. 4. Chiral magnetic mode in (1,0,0) zone (vertical 
streak) seen in RMn6Sn6 with R=Tb, Ho, Er, and Y. 

FIG. 3. Polarized INS data from 
ErMn6Sn6 measured on HYSPEC 
showing mixing of right (red) and left-
handed (blue) chiral magnons. 
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ordering. This time-reversal symmetry breaking 
presumably occurs on the V sublattice and must also 
break translational symmetry (i.e it is 
antiferromagnetic). To understand this phenomenon, 
INS measurements in a magnetic field are planned and 
collaborations are providing complementary NMR 
(Ames), Raman (Florida A&M), dilatometry (LANL), 
and muSR measurements (PSI). 
Flat-band magnetism. We seek to discover the origins 
of magnetism occurring on frustrated lattices with flat bands near the Fermi energy. In 
collaboration with Rice University, we are studying the cubic Laves phase metal YCo2 where Co 
ions form a pyrochlore sublattice. YCo2 does not develop long-range magnetic order, but INS data 
find strong itinerant-like FM fluctuations. We are interpreting this data using ab initio calculations 
of the itinerant excitations within a flat-band picture.  In the 
kagome metals, we plan to study YCr6Ge6 which is a Stoner 
enhanced paramagnet that may show similar fluctuations to 
YCo2. 

Finding signatures of flat-band magnetism would benefit from 
studies of chemically similar systems that host traditional 
narrow bands originating from atomically localized states, 
rather than flat bands that are enforced by destructive hopping 
pathways. RT2Zn20 and RT2Al20 families (T = Fe, Co), have an 
expanded pyrochlore lattice in which the T-T distance is nearly 
double that found in RCo2. YFe2Zn20 is an enhanced Pauli 
paramagnet, similar to YCo2, yet the longer bond lengths suggest that its magnetic instability is 
driven by narrow electronic bands. These factors make RT2Zn20 an attractive material for INS 
studies that may be directly compared to RCo2. 
Magnetic defects in topological insulators. Dilute and stoichiometric magnetic TIs are influenced 
by magnetic defects. We are analyzing INS data describing the spin dynamics in the presence of 
substantial (~20%) Mn-Sb anti-site defects in MnSb2Te4. These defect states form identical 
magnetic bonds to those found in our previous work in dilute TIs [eg. see R5, P7]. 
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Research Scope 

Heavy-fermion compounds host emergent quasiparticles produced by Kondo hybridization 
between local f moments and itinerant electrons. Dimensionality is a key tuning knob for this 
physics: confining carriers to two-dimensional layers reshapes the Fermi surface, changes point 
group symmetries, and alters the balance between magnetic interactions and Kondo screening. van 
der Waals, exfoliable crystals make this limit experimentally accessible, avoiding the challenges 
of complex thin film synthesis. In our project, we focus on the antiferromagnetic van der Waals 
metal CeSiI, which realizes a Kondo lattice in a quasi‑2D electronic structure (Fig. 1). Our recent 
study uses scanning tunneling microscopy and spectroscopy with quasiparticle interference to 
reveal a striking, symmetry-guided 
form of hybridization: the coupling 
between conduction and 4f states is 
highly anisotropic in momentum 
space, producing nodes where the 
hybridization vanishes.
Consequently, quasiparticle masses 
vary by orders of magnitude around 
the Fermi surface, and unhybridized 
carriers persist alongside heavy electrons. This nodal hybridization framework unifies 
thermodynamic, transport, and spectroscopic observations in CeSiI and establishes it as a platform 
for understanding heavy fermions at the monolayer limit. It also clarifies how orbital symmetry 
and reduced dimensionality can produce directionally selective interactions, motivating routes to 
engineer correlations and competing orders through strain, gating, and heterostructure design. 
CeSiI and related materials therefore provide a clean, tunable system in which two-dimensionality 
and crystalline symmetries act together to control heavy-fermion coherence.  

Recent Progress 

We performed low-temperature imaging and tunneling spectroscopy on in situ cleaved 
CeSiI single crystals that were transferred using a nitrogen suitcase directly from a glove box to 
eliminate ambient exposure. Results for CeSiI were directly compared with isostructural LaSiI as 
a non‑Kondo control. Tunneling spectra on CeSiI display a pronounced Fano-like line shape and 
a dip near the Fermi level, consistent with the emergence of a hybridization gap and a lattice of 
Kondo resonances. High-energy features attributable to crystal-field excitations are visible at 
approximately 40 and 100 meV, while the overall background density of states matches that of 
LaSiI, reflecting similar conduction bands.  

Energy-resolved conductance maps reveal robust quasiparticle interference (QPI) from 
silicon-site defects (Fig. 2a-h); Fourier transforms of these maps show a hexagonal pattern of 

Fig. 1. (a) Formation of 2D heavy fermions in a vdW metal. (b)
Competing interactions in 2D heavy fermion materials. 
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scattering vectors inherited from the conduction-band Fermi surface. Crucially, an additional set 
of low‑momentum peaks at a specific wavevector 𝑞𝑞𝐻𝐻  appears in CeSiI at the Fermi level and 
vanishes outside the hybridization energy window (approximately 40 meV). Control 
measurements on LaSiI verify that the additional peaks 𝑞𝑞𝐻𝐻  are not artifacts of band structure 
differences or charge order but are tied to Kondo physics. These peaks align with a symmetry-
enforced nesting vector that links regions on the Γ‑centered pockets. Together, these observations 
imply the presence of a residual Fermi surface in the heavy fermion state of CeSiI, where certain 
directions in reciprocal space do not participate in the heavy fermion hybridization leading to the 
formation of hybridization nodes.  

To understand the origin of this anisotropy, we carried out first‑principles calculations with 
spin–orbit coupling as well as constructed a minimal three‑band model in which a flat 4f resonance 
hybridizes with two dispersive conduction bands through a nodal form 𝜈𝜈(𝑘𝑘) = 𝜈𝜈₀𝑐𝑐𝑐𝑐𝑐𝑐(3𝜃𝜃𝑘𝑘). The 
resulting tunneling spectral function reproduces the coexistence of heavy, gapped antinodal states 
and light, ungapped nodal states. Full Green’s‑function QPI simulations match the measured 
redistribution of intensity (Fig. 4a,i): a reduction of scattering along 𝛤𝛤 −𝑀𝑀, the emergence of 
intense ‘hot spots’ at 𝑞𝑞𝐻𝐻  along 𝛤𝛤 − 𝐾𝐾, and persistence of features associated with the unhybridized 
conduction states. Because the nodal axes coincide with symmetry lines enforced by the near‑C6 
symmetry of the Ce site, the position of the nodes is fixed by symmetry while the magnitude of 
the maximum hybridization gap is set by microscopic overlaps and related Kondo physics.  

Experimentally, the momentum selectivity of hybridization has clear thermodynamic and 
transport consequences. The Kadowaki–Woods ratio in CeSiI is strongly reduced relative to 
canonical lanthanide heavy‑fermion metals, consistent with transport being dominated by light 

Fig. 2. (a) Tunneling spectral function for a two-band Kondo lattice model with nodal c/f-electron hybridization. 
Center inset: polar plot of calculated effective mass m* showing the coexistence of heavy (red) and light (blue) 
quasiparticles. (b,c) Real space LDOS maps acquired on surfaces of LaSiI (b) and CeSiI (c) at an energy of 0 meV. 
(d,e) Fourier transformed LDOS corresponding to (b,c). An additional set of six peaks at ∼ 0.12 r.l.u. along Γ−K 
(qh) emerges at low energy in CeSiI (e) that are absent in LaSiI (d). (f,g) Dispersion of the QPI peaks as a function 
of energy along the Γ−M (f) and Γ−K (g) directions. Left axes: CeSiI; right axes: LaSiI. (h) Intensity of the 
hybridization spot at wave vector qh in CeSiI as a function of energy (left axis) overlaid on the tunneling spectrum. 
The hybridization spot appears only at energies within the hybridization gap. (i) Simulated (right) and measured 
(left) Fermi surface QPI spectroscopy of CeSiI. 
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carriers on the nodal arcs while the specific heat remains 
sensitive to heavy antinodal carriers. Recent neutron data 
indicate that unhybridized parts of the Fermi surface can 
support incommensurate antiferromagnetism without 
destroying coherence in the heavy sector, rationalizing the 
weak impact of magnetic order on mass enhancement. Finally, 
the van der Waals structure allows mechanical exfoliation to 
bilayer flakes, where magnetotransport and Hall measurements 
reveal unexpected relaxation dynamics, suggesting that 
dimensional confinement tunes the balance between Kondo 
coupling and magnetic exchange. These combined 
spectroscopic, theoretical, and transport results identify CeSiI 
as a model platform in which two‑dimensionality, orbital 
symmetry, and strong correlations come together to generate 
nodal hybridization and a momentum‑dependent heavy mass. 
They also provide concrete design rules for engineering magnetism and Kondo physics in these 
and similar compounds. 

Using these design rules we recently synthesized a new family of layered rare-earth 
compounds, with the chemical formula R2M2I (R = La, Ce, Pr, Nd; M = Co, Ni), structurally related 
to CeSiI. The 4f 1 Ce compounds show signatures of combined 4f and 3d magnetism, with Ce 
coupled antiferromagnetically for M = Co or Ni. Uniquely among these materials, Ce2Co2I hosts 
an antiferromagnetic ground state with antiferromagnetic interactions between intermetallic 
[Ce2Co2] layers, as confirmed through neutron diffraction experiments (Fig. 3). Because the two 
antiferromagnetic subunits are linked only through a crystallographic screw-axis, this material falls 
into a subcategory of antiferromagnets termed altermagnets, which host non-relativistic spin 
splitting in their electronic band structure.  

This new family of materials is amenable to STM studies using the same nitrogen transfer 
techniques developed for CeSiI. Figure 4a is an STM topograph of the surface of Ce2Co2I that 
shows atomic resolution. Strong quasiparticle interference is detected using spectroscopic imaging 
as shown in Figure 4b, and its Fourier transform in figure 4c. Interestingly, the quasiparticle 
interference breaks the C3 symmetry expected from the top layer. We expect this to be related to 

Fig. 3. Magnetic susceptibility of 
Ce2Co2I. Left inset: Image of a 
crystal. Right inset: altermagnetic 
structure determined by neutron 
diffraction. 

Fig. 4. (a) STM topographic image of Ce2Co2I (V = 100 mV, I = 100 pA) (b) Spectroscopic image at V = −5 meV 
showing strong quasiparticle scattering (c) Fourier transform of (b) showing clear breaking of C3 symmetry 
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the altermagnetism present in the compound, and are performing theoretical modeling to 
understand this effect. 

Future Plans 

Building on these results, we will exploit device‑compatible control knobs to tune the 
hybridization and coherence scales in CeSiI. First, we will pursue chemical substitution at the Ce, 
Si, and I sites to modify Kondo coupling, introduce carriers, or generate chemical pressure, 
providing access to the quantum‑critical regime and to competing ordered states. Second, we will 
improve encapsulation, transfer, and contacting protocols for this extremely air‑sensitive material 
to reliably reach the monolayer limit. One experiment we are preparing with these improved 
transfer techniques is THz spectroscopy. We will stack CeSiI on thin flakes of NbOI2, a van der 
Waals THz emitter recently discovered by Roy and co-workers. We will measure the complex 
optical conductivity spectra to reveal the effective mass, scattering time, and potentially the degree 
of electron-electron correlation, offering spectroscopic insights into Kondo physics in CeSiI. 
Third, we will deploy electrostatic and ionic gating to modulate carrier density and Kondo coupling 
in situ, enabling systematic maps of the hybridization amplitude, Kondo temperature, and 
crossover scales as functions of electrostatic doping and temperature. Fourth, we will fabricate van 
der Waals heterostructures that couple CeSiI to metallic, magnetic, or polar layers to engineer 
interfacial charge transfer and symmetry breaking, creating targeted changes in the hybridization 
texture. Finally, we will apply uniaxial and biaxial strain using piezoelectric stacks and flexible 
substrates to manipulate crystal‑field splittings and orbital overlaps, thereby steering the nodal 
geometry and the relative weight of heavy and light sectors.  

Beyond the CeSiI heavy fermion family, we will continue to investigate the R2M2I family 
due to the unique coexistence of Kondo behavior and unique magnetic states. Low‑temperature 
STM/S and QPI will be next be used to visualize the states in Pr2Co2I and Nd2Co2I, both of which 
feature ferro/ferrimagnetic ground states. How Kondo lattice behavior coexists with these new 
magnetic orders is an important unresolved question. We will continue to use ARPES to study the 
Fermi surfaces and the 4f occupied states, as well as the thermodynamic, transport, neutron and 
resonant x‑ray scattering techniques that we have successfully used for CeSiI. We will continue 
our strong collaboration with ab-inito and analytical theorists to develop the physics of Kondo 
lattices in the two-dimensional limit. 
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Defect-mediated charge density wave transition 

Judy J. Cha (PI), and Eun-Ah Kim (co-PI), Cornell University 
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Research Scope 

The research scope is to understand charge density waves (CDWs) and their phase transitions in 
layered materials, with a particular focus on tantalum disulfide (TaS2) and rare-earth tritellurides 
(RTe3), using nanoscale samples for their potential applications in future microelectronics and 
quantum information science. The CDWs in TaS2 and RTe3 have been studied using bulk crystals 
and ensemble-average methods. However, the stability and phase transitions of the CDWs change 
in these systems when the materials are confined in thickness, impacting their feasibility for 
applications. Nevertheless, the nanoscale effects on the CDW phase transitions have not been 
studied systematically. Further, there is a lack of real-space microscopic knowledge of CDW phase 
transition pathways, such as nucleation and growth of CDW domains, which would get greatly 
affected by local disorders and heterogeneities, presence of interfaces, and nanoscale 
morphologies, all of which will be present in actual devices. 

For the current project, we employ the real-space probe of in situ cryogenic scanning transmission 
electron microscopy (cryo STEM) to directly visualize the CDWs and their phase transitions. Four-
dimensional (4D) STEM, a STEM image where each pixel in the image contains a full 2D electron 
diffraction pattern, are carried out in situ to visualize the CDW transition pathways in real space. 
To handle and automate analysis of the large 4D STEM data series, we apply unsupervised 
machine learning to our 4D STEM data series, starting with the Gaussian mixture model we 
previously used for analyzing x-ray diffraction data.  

Recent Progress 

CDW behaviors of three systems – TaS2, RTe3, and FeGe – have been studied using cryogenic 4D 
STEM and unsupervised machine learning analysis. In each system, we revealed how the 
microstructure influences the CDW phase transitions and stability. Real-space mapping of the 
CDW transition was key in revealing microscopic insights. Unsupervised machine learning 
analysis applied to large 4D STEM data sets was effective in understanding phase transition 
behaviors and guiding next experiments. Below, we describe the three CDW systems we studied. 
These works are summarized in 6 publications in the last two years, as listed under Publications. 

A. Defects-mediated CDW phase transition in 1T-TaS2

(Nature Communications 2024, PNAS 2024)

We showed that mechanical exfoliation can easily create dislocations and stacking faults in layered 
materials [1], and these extended defects influence the CDW stability and phase transition. We 
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performed in-situ cryogenic 4D STEM on 1T-TaS2, which transitions from electrically conducting 
incommensurate CDW, to conducting nearly commensurate (NC) CDW, and finally to insulating 
commensurate (C) CDW with decreasing temperature. We observed that the phase transition 

between the NC and C CDW state 
starts at dislocations and the 
boundaries between NC CDW 
domains get pinned at these 
dislocations. Further, the phase 
transition from the C CDW state to 
the NC CDW state proceeds in 
ways that reflect the underlying 
networks of dislocations. 
Unsupervised machine learning that 
tracked the number of superlattice 
peaks associated with the CDW 
state as a function of space and 
temperature was critical in 
revealing the phase transition 
behavior (Fig. 1).   

B. Ferro-axial CDW and CDW realignment in RTe3

(Nature Physics 2025, in press)

The CDW observed in rare-earth tritellurides (RTe3) is found 
to be ferro-axial from Raman studies [2]. Consequently, the 
ferro-axial CDW should break crystal symmetries that 
conventional CDWs will preserve. For RTe3, all mirror 
symmetries should be broken for ferro-axial CDW while only 
some mirror symmetries are broken for conventional CDW.  

Using large-angle convergent beam electron diffraction 
(LACBED) at cryogenic temperatures, we demonstrate the 
crystal symmetry breaking in ErTe3 flakes at the onset of the 
CDW formation (Fig. 2). Our results support the ferro-axial 
nature of the CDW in RTe3. The use of LACBED was 
important as the crystal symmetry breaking is too subtle to be 
captured by atomic-resolution imaging or conventional 
electron diffraction.  

C. Microscopic origin for CDW emergence in Kagome antiferromagnet FeGe
(Nature Communications 2025)

Fig. 2: Ferro-axial CDW in RTe3. 
A) Atomic distortions in CDW state
break all mirror symmetry. B)
LACBED patterns indeed show all
mirror symmetry breaking at 240 K.

Fig. 1: Unsupervised machine learning (ML) on phase transition 
in 1T-TaS2 from C- to NC-CDW state. A) In-situ cryogenic 
transport of flake in (B). (C) Electron diffraction pattern from 4D 
STEM and superlattice spots ML tracked. D) ML clustering results, 
showing heterogeneous phase transition. (E, F) Different phase 
transition behaviors from different regions of the flakes. 
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In Kagome lattice antiferromagnet FeGe, a CDW order is found deep within an antiferro-
magnetically ordered state, interacting with the magnetic order [3]. Surprisingly, post-growth 
annealing of FeGe at 560 °C suppresses the CDW order while annealing at 320 °C enhances the 
order. We used in-situ cryogenic 4D STEM and atomic-resolution STEM imaging to unveil the 
microscopic mechanism of the annealing process and its impact on the CDW order. We find that 
560 °C annealing creates Ge vacancies uniformly distributed throughout the FeGe Kagome lattice, 
preventing the formation of Ge-Ge dimers necessary for the CDW order. Upon 320 °C anneal, the 
system segregates into stoichiometric FeGe regions that support long-range CDW order and 
regions with stacking faults that act as nucleation sites for the CDW. 

D. Topological defects as emblems of pair density wave in rhombohedral graphene
(arXiv: 2506.08087)

We explored how to detect a novel density wave state that intertwines charge density modulation 
with pairing: the pair density wave (PDW) state. Cryogenic 4D STEM could be powerful probe of 
PDW when the modulations in superconducting pair amplitude couples to charge density. A recent 
experiment on rhombohedral graphene has revealed superconductivity emerging from a quarter-
metal state, providing the first experimental system where a pure PDW without uniform 
superconductivity is expected. This experiment presents a critical puzzle: unusual resistive 
switching behavior at zero magnetic field that cannot be explained by conventional 
superconductivity. We proposed that this behavior originates from topological defects with a 
remarkable dual identity unique to multi-component PDWs. These defects simultaneously 
function as fractional vortices carrying 1/3 flux quantum and as crystalline dislocations in the 
emergent PDW lattice. This dual nature allows charge disorder to source magnetic excitations---a 
striking manifestation of intertwined orders. Our theory establishes a framework for understanding 
pure PDW systems through their topological excitations, opening new research directions 
previously inaccessible in systems with coexisting uniform superconductivity.  

Future Plans 

Three projects are currently ongoing. 

A. Melting point depression of CDW in 1T-TiSe2 due to lateral confinement
(Manuscript in preparation)

The first project is the observation of the melting point depression for CDW in 1T-TiSe2 
nanoflakes due to lateral confinement. While CDW behaviors of layered crystals were studied as 
a function of thickness for some materials (for example 1T-TaS2), the effects of lateral confinement 
on the CDW phase transition and stability have not been investigated. Nevertheless, such 
information is critical as we aim to exploit these materials for microelectronic applications where 
the device size will be on the order of tens of nanometers. As the system size approaches the 
coherence length of the electronic state, large deviations are expected.  
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We observe a significant melting 
point depression of CDW as 1T-
TiSe2 flakes approach the coherence 
length scale of CDW. Cryogenic 
electron diffraction patterns were 
acquired down to 20 K as a function 
of TiSe2 flakes (PI Cha’s group) and 
a Ginzburg-Landau modeling was 
carried out to capture the size effects 
(Co-PI Kim’s group). A manuscript 
is currently in preparation (Fig. 3).  

B. Effects of Moiré potentials on CDW stability

We hypothesize the presence of Moiré potentials will influence the stability of CDWs in layered 
materials, especially when the periodicity of Moiré potentials is on par with the coherence length 
of the system. To study this, we must deterministically create Moiré potentials in CDW materials. 
We apply stressor metal oxide films that are lithographically patterned on 2H and 3R MoS2 flakes 
and induce hetero-strain on the top two layers of MoS2. This creates Moiré patterns, determined 
by the patterns and thickness of the stressor film.  We will apply this technique to CDW layered 
material and study the effects of Moiré potentials on CDW phase transition and stability.  

C. Learning descriptors of material properties from curated database

Massive amounts of high-throughput ab-initio data and curated experimental data are becoming 
accessible to researchers. Much needed are data-centric approaches that accelerate discoveries 
from these data through synergetic interaction with expert human researchers' insights. As a first 
target we will leverage the database of over 9000 superconductors and train an interpretable 
machine learning model that can predict superconducting transition temperature. We will first 
develop featurization that turns chemical formula, elemental features of the elements in the 
material, and the structural information into input for the machine learning algorithm. If successful, 
this approach will generalize to other material properties of interest. 
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Research Scope: Magnetic Materials Discovery 
This program seeks to discover new magnetic materials toward lanthanide-free permanent magnet 
applications. Inspired by examples of sub-nitrides with high magnetic performance, we elected to focus on 
similar chemical spaces. The underlying hypothesis is that nitrogen’s intermediate electronegativity enables 
strong magnetic exchange and structural distortions that enhance magnetocrystalline anisotropy energy 
without driving metals into highly oxidized states. Over the period of this program, we have integrated 
high-throughput prediction, computationally guided synthesis, and advanced characterization to identify 
and realize several new magnetic nitrides. 

Recent Progress 
Materials discovery efforts often begin with prediction of candidate phases using ionic substitution-based 
strategies (the underlying assumption being two metals with the same preferred oxidation state are likely 
to substitute).1,2 Such approaches often fail for intermetallic or anion-lean systems where oxidation states 
are ambiguous. To map the stability of metal-rich ternary nitrides, we instead developed and employed a 
new strategy where substitutions are performed based on the number of shared structural prototypes 
between metals. This approach generated 1800 new candidate nitrides, and follow-on thermochemical 
calculations revealed many of the candidate structures to be stable. In total, 70 new ternary chemical 
systems with no previously known nitride phases were identified. Of these new predictions, 49 contain two 
non-alkaline metals plus nitrogen, making many of them promising candidates for magnetic behavior. Fig 
1 shows some of the predicted materials containing ferrous 3d elements, where each colored swatch 
represents a unique ternary chemical space and swatches with a border are spaces where stable nitrides are 
predicted but none are currently known. 

Fig 1: Snippet of a larger map of 
calculated ternary nitride stability. 
Chemical spaces with a cyan border 
were identified using our beyond-ionic 
substitution “chemical family” 
algorithm and are less likely to be anion 
rich than spaces identified using ionic 
substitution (magenta). 

The row of Co-containing nitrides contains 5 compounds predicted to be stable using our updated prediction 
algorithm. From left to right these are: Co3ZnN, Hf4Co2N, Ti4Co2N, Co3PtN, Co3PdN, and CoFeN2. 
Previous ionic substitution efforts also identified new compositions, including MnCoN2.1 To demonstrate 
the efficacy of these predictions, several of the predicted nitrides were synthesized in the lab. 

Antiperovskite Co3PdN 
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Although Co3PdN has been repeatedly flagged by computation3,4—including our novel beyond ionic 
algorithm—its synthesis and stability had never been experimentally verified. Using reactive sputtering, we 
achieved the first experimental realization of Co3PdN5 (Fig 2a), verifying its antiperovskite crystal structure 
through both laboratory and synchrotron x-ray scattering. Importantly, we established the compound’s 
thermal stability to 600 K (persisting even to ~700 K under inert atmosphere), showing its practical viability 
in the use environment. 

Fig 2: Characterization of 
Co3PdN. (a) X-ray diffraction 
confirming antiperovskite 
structure. (b) Magnetic 
hysteresis loops from this 
ferromagnetic material. (c) 
Hall resistivity showing 
saturation of the anomalous 
signal. 

Magnetometry demonstrated that Co3PdN is a soft ferromagnet (Fig 2b) with a Curie temperature of Tc = 
560 ± 5 K, well above room temperature and squarely within the range needed for applications. The 
measured saturation magnetization (1.2 μB/Co) is close to—but slightly below—the theoretical expectation 
(1.7 μB/Co), reflecting subtle electronic effects. A narrow hysteresis loop with a coercive field of 100 Oe at 
low temperature highlights potential for fast magnetic switching, relevant to electronic and spintronic 
applications. A clear anomalous Hall effect (Fig 2c) further confirms Co3PdN’s ferromagnetism. 

We also resolved conflicting reports on its electronic structure. Prior predictions suggested a gapped state, 
but we demonstrated that this arose from incomplete Brillouin-zone sampling. Our calculations and 
transport measurements confirm metallic behavior with a sizable anomalous Hall effect, reinforcing 
Co3PdN as both a scientifically and technologically intriguing magnetic nitride. 

Together, these results establish Co3PdN as a benchmark for predictive nitride discovery, demonstrating 
the transition from theory to experiment while opening the door to a broader family of unexplored 
antiperovskites. A similar suite of experiments on other predicted antiperovskites, Co3ZnN and Co3PtN, 
including through epitaxial stabilization, showed that Co3ZnN can be synthesized using very similar 
methods to Co3PdN, but Co3PtN cannot; an ongoing scientific question is why this is the case. 

Disordered Rocksalt MnCoN2

MnCoN2 represents one of the few ternary nitrides composed exclusively of transition metals that were 
predicted by ionic substitution, making it a compelling discovery target. Although originally proposed in a 
zincblende-derived structure with tetrahedral coordination,1 our follow-on calculations revealed a more 
stable rocksalt-derived polymorph with octahedral coordination (Fig 3a, 3b). We realized this phase 
experimentally as thin films synthesized by reactive sputtering within a narrow growth window just above 
ambient temperature, demonstrating that careful kinetic control can stabilize MnCoN2 over competing 
binaries and amorphous products.6 

Laboratory and synchrotron diffraction confirm that MnCoN2 adopts a cation-disordered rocksalt structure 
(Fig 3c). X-ray absorption spectroscopy further verifies octahedral coordination of Mn³⁺ and Co³⁺. 
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Importantly, MnCoN2 cannot be described as a simple mixture of binary nitrides but instead represents a 
genuinely new ternary phase space. 

Magnetometry (Fig 3d) reveals a canted antiferromagnetic ground state below ~10 K, with a Weiss 
temperature of –50 K indicating strong AFM correlations. This contrasts sharply with the high-TN 
antiferromagnetism of MnN and the paramagnetism of CoN, clear evidence that the ternary chemistry 
drives emergent magnetic behavior not present in the binaries. At the last ECMP program meeting we 
showed with Monte Carlo + DFT calculations that similar behavior in MnSnN2 arises from cation disorder.7 
A small net moment and coercivity at 2 K suggest weak canting or ferrimagnetic clusters within the 
disordered rocksalt lattice. 

Fig 3: Discovery of MnCoN2. (a) Calculated formation enthalpy of MnCoN2 in various space groups and magnetic 
configurations. (b) Lowest-energy zincblende- and rocksalt-derived structures. (c) X-ray diffraction providing 
experimental confirmation of rocksalt MnCoN2. (d) Small hysteresis at low temperature suggests canted 
antiferromagnetic order. 

Altogether, MnCoN2 expands the library of known ternary nitrides and establishes a blueprint for 
discovering other transition-metal–only compounds that may have structures that appear very similar to 
binary parent compounds when using global structure probes. It highlights how cation disorder, 
metastability, and multi-metal chemistries can combine to produce exotic magnetic ground states, offering 
fertile ground for both predictive design and future synthesis efforts. 

η-nitride Hf4Co2N 
An unexpected materials family identified by our substitution algorithm was compounds in the Fe3W3C 
prototype (space group 227), often associated with η-carbide superalloys. New Mn, Ni, Fe, and Co 
compositions were identified in subsets of this structure. To test the predictions, we elected to prepare 
Hf4Co2N, guiding our approach by also preparing Fe4W2N, which is known.  

We found that direct growth of either phase was not possible because the requisite nitrogen chemical 
potential μ(N) is lower than can be supplied by a synthesis tool and an fcc phase forms at elevated deposition 
temperatures. However, we found that Fe4W2N can be prepared by post-annealing amorphous Fe-W-N thin 
films in a low μ(N) environment. Because of the very low μ(N) required for Hf4Co2N and strong 
competition from HfN (Fig 4a), even this approach was found intractable for Hf4Co2N. Instead, we 
designed a synthetic route consisting of depositing intermetallic Hf2Co thin films, which have a very similar 
structure to Hf4Co2N, and then post-annealing in nitrogen-containing environments. This approach readily 
yields Hf4Co2N over HfN (Fig 4b), surprisingly even when μ(N) is high (NH3 environment at 500 °C). We 
hypothesize that kinetic barriers to restructuring the Hf2Co intermetallic lattice prevent conversion, enabling 
the stabilization of Hf4Co2N even at high μ(N). 



87 

Fig 4: Synthesis of “η-nitride” 
Hf4Co2N. (a) Calculated phase 
diagram in mixed nitrogen chemical 
potential (y) and metal composition 
(x) axes, which was used to guide
synthesis. (b) XRD of Hf4Co2N
synthesized from Hf4Co2 intermetallic
and nitrided in NH3.

Future Plans 
While we have demonstrated effective rational discovery of new magnetic compounds, there are currently 
no prescriptive design principles to navigate the structure-chemistry-bonding-property relationships of 
ferromagnets. For this reason, we lack a conceptual framework on how to navigate the bewilderingly high-
dimensional “crystal chemistry” space for permanent magnet design. 

However, we are now positioned to remedy this. Through our ECMP funding, we unveiled innovative new 
computational tools to extract real space bonding-magnetism relationships directly from spin-polarized 
electronic structure calculations,8 and we have also refined our ability to selectively synthesize metastable 
magnetic sub-nitride powders9 and thin films5 with targeted structures and compositions. From this 
platform, our next stage will be to establish the first quantitative set of design principles to connect magnetic 
moment and magnetocrystalline anisotropy energies to the underlying bonding, structure, and stability of 
inorganic solids. 
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Research Scope 

Understanding magnetic behavior in different crystalline environments has been one of the main 
drives in condensed matter physics. It has been shown that frustrated magnetic systems offer 
unique access to exotic magnetic states [1]. Geometrical frustration, where a triangular motif is 
present in the magnetic sublattice, is an important factor that can help achieve magnetic frustration. 
This is because nearest-neighbor antiferromagnetic interaction cannot be simultaneously satisfied 
within a triangular unit. Triangular and Kagome lattices are intensively studied based on this idea 
behind geometrical frustration. Since a single triangular motif in a lattice is sufficient to introduce 
geometrical frustration, more lattice types can be considered geometrically frustrated, and thus 
lead to potential novel magnetic ground states [2]. In this research program, we aim to expand 
the material pool of geometrically frustrated magnets by identifying and characterization of 
compounds that host triangle-containing Archimedean lattices (ALs). Particularly, we focus on 
maple leaf (ML), ruby, Shastry-Sutherland (SS), trellis and star lattices.  

 Recent Progress 

1. Survey of exotic ALs with triangular motif

An important task in this project is to identify possible material systems that can be described by 
exotic ALs. We conducted a thorough survey that combined both manual and automated searches. 
The manual search was done via a keyword search in existing literature. The automated search 

Table 1 Underlined elements exhibit the lattice type in the column. Bold atoms can be replaced by other elements 
within similar structural types. Numbers in the parenthesis after each compound is an example ICSD or Cambridge 
Crystallographic Data Centre (CCDC) number that can be used to find the corresponding crystal structure and 
structure type. 
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used crystallographic information from the Materials Project [3] and lattice match program, Systre. 
To avoid complications due to multiple magnetic elements, only compounds that contain one and 
only one common magnetic 3d transition metal elements (Ti-Cu) and magnetic rare-earth elements 
(Ce-Nd and Sm-Yb) were used for analysis. A total of 51,340 compounds were analyzed. The 
lattice identification results from Systre were then manually screened to ensure the final lattice 
type is correct. The combined search was completed during the last funding period. Results are 
presented in Table 1, and published in Ref  [4]. 

We show that geometrical frustration can be studied in all exotic ALs. In Table 1, representative 
compounds are shown for each proposed lattice type. Listed compounds may be expanded to a 
family of compounds that crystallize in the same structure type. The underlined elements represent 
the magnetic element of interest and bold elements can be replaced by other elements. While some 
compounds in the table have been studied with consideration of their underlying lattice type, most 
of the listed compounds are yet to be studied with respect to their lattice type, which calls for more 
experimental investigations in the future.  

2. Dimer ground state in BaCe2ZnS5

SS lattice is one of the exotic ALs. 
Previously, we were able to synthesize 
single crystalline BaRE2ZnS5 (RE = La-Pr) 
family of compounds for the first time. 
While BaNd2ZnS5 shows antiferromagnetic 
ordering, BaCe2ZnS5 show a broad dome in 
low temperature specific heat with no 
signature that can be associated with long-
range magnetic ordering. During the past 
funding period, we worked with Oak Ridge 
National Lab (ORNL) to combine neutron 
scattering data and our in-house 
thermodynamic data for a better 
understanding of the magnetic ground state 
in BaCe2ZnS5. By considering a localized 
spin dimer model, we were able to reproduce 
experimental data nicely. The measured and 
simulated magnetic specific heat data is 
shown in Figure 1 and reported in Ref [5]. 
According to our model, intra-dimer exchange interaction shows strong XY-type anisotropy and 
the ground state of BaCe2ZnS5 is in an entangled state (| ↑↑⟩ − | ↓↓⟩)/ √2. This contrasts with the 
singlet dimer state that is obtained for Heisenberg interactions. By including a small interdimer 

Figure 1 (a) temperature dependent specific heat of 
BaCe2ZnS5 measured at different applied magnetic 
field along [110]. Symbols are experimental data. Solid 
lines represent simulation considering two sets of 
orthogonal dimers. (b) proposed magnetic phase 
diagram illustrating potential quantum critical points. 
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interaction, we propose that there could be a field induced magnetically ordered phase and 
associated field driven quantum critical point. This work is currently under review.  

Future Plans 

Since the survey on exotic ALs was completed within the first year of this project, we will start 
synthesizing compounds that can potentially host lattice relevant phenomena and novel quantum 
magnetism states. In the next funding period, we will synthesize samples that crystalize in ruby, 
ML and SS lattices. For ruby lattice, we will focus on polycrystalline CsBaCr3F12. For ML lattice, 
we will focus on polycrystalline Na2Mn3O7 and ZnMn3O7 where Mn-Mn bonding distance can be 
gradually tuned. For SS lattice, we will focus on the single crystal synthesis of the Yb2Ru3Ga10 
family and polycrystalline Ca5CdCu2 family. Compounds, if synthesized successfully, will be 
characterized to identify corresponding magnetic ground states. 

With our existing single crystalline family of compounds, BaRE2ZnS5, we will continue working 
with ORNL to use neutron scattering to investigate the spin dynamics in BaNd2ZnS5 near the spin 
disordered region. Our recent neutron scattering experiment proposal on BaPr2ZnS5 has been 
approved and will be performed in November 2025. Detailed results will be analyzed in 
collaboration with ORNL. 
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Unconventional Superconductivity in Magnetic Rare-Earth Doped Nickelate Thin Films 
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Research Scope 

This project develops and characterizes new quantum materials that exhibit unconventional 
superconductivity and other emergent behaviors, focusing on square-planar rare-earth nickelates. 
These materials have parallels to high-Tc cuprates but possess distinct orbital and magnetic 
characteristics. The overarching goal is to establish a robust experimental foundation for 
understanding the superconducting mechanism in Nd1-xEuxNiO2 (NENO) thin films, a recently 
discovered infinite-layer nickelate superconductor in which Eu substitution provides both charge 
doping and magnetic interactions that modify the electronic structure of the superconducting state 
(1). We use molecular beam epitaxy (MBE) to grow high-quality thin films, perform in-situ 
reduction using metallic Al, and employ advanced synchrotron and high field transport probes to 
study the resulting superconducting and magnetic phases. 

The key electronic structure of NENO arises from the interplay of 3d orbitals of Ni and 4f 
orbitals of rare-earth ions, where dimensionality, electron correlation, and magnetism are 
intertwined. Our work explores how the NiO2 planes, embedded within a rare-earth oxide 
framework, support superconductivity that may differ from both cuprates and conventional BCS 
superconductors. In particular, Eu doping introduces a novel pathway for tuning electronic 
interactions via simultaneous charge transfer and magnetic exchange coupling with the 
superconducting state. 

Our approach combines molecular beam epitaxy (MBE), in-situ UHV-compatible solid-
state reduction, synchrotron-based spectroscopy, and high-field transport. This multi-pronged 
strategy enables us to systematically explore the role of rare-earth chemistry in modulating orbital 
occupancy, magnetic correlations, and pairing mechanisms. Through targeted synthesis and 
advanced characterization, we aim to reveal the key ingredients required for stabilizing and 
enhancing superconductivity in layered nickelates. The insights gained here are expected to guide 
the design of quantum materials with tailored functionalities, including magnetically mediated 
superconductors and tunable correlated systems. 
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Recent Progress 

We have demonstrated an all-in-situ 
UHV-compatible reduction method using 
metallic aluminum to reduce epitaxial NdNiO3 
films into infinite-layer NdNiO2 structure, 
avoiding hydrogen-based CaH2 reduction 
routes (2) and producing atomically smooth, 
highly crystalline films. Next, we introduced 
Eu dopants to achieve hole doping required for 
superconductivity and demonstrated 
superconducting Nd1-xEuxNiO2 (NENO) thin 
films (Figure 1). Here, the Eu dopant plays a 
dual role: it introduces holes via Eu2+/Eu3+ 
valence mixing and contributes localized 4f 
magnetic moments. In-situ synchrotron-based CTR diffraction and dXANES measurements track 
lattice changes and Ni valence evolution, confirming controlled reduction from the perovskite to 
infinite-layer phase. The Eu valence is found to evolve from 3+ to mixed 2+/3+ upon reduction, 
as shown by Eu L3 edge dXANES (1). The divalent Eu2+ has a half-full 4f orbital with a large 
magnetic moment and is expected to introduce new physics to the system, as we will show. 

NENO exhibits a superconducting transition with Tc up to 
21 K and shows remarkable robustness in an applied magnetic 
field across a wide range of Eu doping concentrations (x = 0.2 - 
0.35). High-field magnetotransport measurements reveal that the 
upper critical field Hc2 far exceeds the Pauli paramagnetic limit 
Hc2,Pauli=1.86Tc for weakly coupled superconductors (Figure 2), 
potentially suggesting unconventional pairing. Moreover, 
reentrant superconductivity behavior is observed around 20 T at 
low temperatures. This unusual field-induced enhancement is 
consistent with a Jaccarino-Peter (J-P) compensation mechanism, 
in which the internal exchange field from Eu2+ 4f magnetic 
moments counteracts the applied magnetic field. The 
superconducting phase boundary forms a dome-shaped region in 
the H–T plane, centered at the compensation field ~21 T. 

To interpret this result, we developed a microscopic model 
based on Ginzburg-Landau theory augmented by density 

functional theory (DFT) calculations (Ismail-Beigi, Yale). These calculations reveal that magnetic 
moments at Eu sites induce an antiferromagnetic exchange field acting on the Ni dx²–y² orbital. 
This orbital-selective field compensation effect suppresses the pair-breaking Zeeman term at the 

Figure 1. Thin film infinite-layer nickelates. (a) 
Schematic showing the atomic arrangement in Eu 
doped NdNiO2. The rare-earth layer (Nd/Eu) is 
intercalated between the NiO2 planes in an infinite 
layer structure (b) NENO thin film of 6-nm-thickness 
was grown on a 500-µm-thick LSAT substrate and 
capped with a 1nm thick Al2O3 layer. 

Figure 2. The temperature 
dependence of upper critical 
field (blue line) is pushed far 
above that of Nd1-xSrxNiO2 
(orange) (3), exceeding the Pauli 
limit, with magnetic-field-
enhanced superconducting state 
visible around 21 T. 

SC Normal

Pauli limit
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compensation point, which enables superconductivity to reappear under strong magnetic fields. 
The calculated exchange field is estimated to be 21.3 T, closely matching the compensation field 
observed experimentally.  

To provide further insight into the unusually high 
Hc2 in NENO, optical reflectivity measurements via 
FTIR spectroscopy were performed independently 
(Cavalleri, Max Planck). The measurements reveal a 
superconducting gap 2Δ ≈ 9.3 meV (Figure 3), 
corresponding to a gap-to-Tc ratio of approximately 5.5. 
This strongly exceeds the BCS weak-coupling limit and 
contrasts with Sr-doped nickelates (NSNO), where the 
ratio is closer to 3.3 (4). By modeling the optical 
conductivity using the Mattis-Bardeen theory for a d-
wave superconductor in the dirty limit, we can fit the 
reflectivity kink, an indication of the gap opening, and 
residual low-energy spectral weight, suggesting the 
presence of unpaired quasiparticles and possible nodal d-
wave behavior. Together with the large Hc2 values, this 
finding yields a self-consistent picture of strong-
coupling superconductivity. These results establish 
NENO as an infinite-layer nickelate that simultaneously 

exhibits strong coupling and magnetically enhanced superconductivity, attributed to the effect of 
Eu in the rare-earth layer. 

To further understand the underlying electronic 
and magnetic structure of NENO and its correlation with 
the observed intriguing macroscopic properties, we also 
performed X-ray absorption spectroscopy (XAS) 
measurements on NENO films at Brookhaven National 
Laboratory, beamline 6BM. At the Eu L3 edge, no linear 
dichroism was observed between in-plane and out-of-
plane geometries, consistent with the isotropic charge 
distribution expected for the half-filled 4f7 configuration 
of Eu2+ (L = 0). This result also shows that Eu2+ moments 
are (S = 7/2) magnetically isotropic, with no long-range 
order, characteristic of a paramagnetic state at room 
temperature. The Eu L3 near edge structure confirms the 
coexistence of Eu2+ and Eu3+ states. In contrast, Nd L 
edge spectra show a single valence state, consistent with 
single valence Nd3+. At the Ni K edge, strong dichroism is observed between polarizations, 

Figure 3. Temperature dependence of the 
normalized reflectivity of NENO/LSAT 
(colored circles). The fits were calculated 
with the same d-wave Mattis-Bardeen 
model as the dashed line. The gap was set 
to be constant at 75 cm-1, while the 
contribution of uncondensed quasiparticles 
was allowed to increase with temperature. 

Figure 4. Ni K-edge XAS was performed 
on Nd0.75Eu0.25NiO2 with out-of-plane 
(red) and in-plane (blue) polarization. For 
comparison, DFT calculations are shown 
as dashed curves, indicating Ni-pz states as 
the origin of the pre-peak features in XAS 
data. 
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reflecting the quasi-2D nature of the electronic structure in the infinite-layer phase. The observed 
dichroism for a pre-edge peak can be attributed to Ni-pz states crossing the Fermi level at the A 
point of the Brillouin-zone, an observation which is supported by DFT calculations (Figure 4). 
This result gives a new perspective to the origin of the A site pocket in infinite layer nickelates. 
By correlating these spectral signatures with superconducting gap evolution across doping, we can 
gain microscopic insight into the interplay of orbital selectivity, dimensionality, and pairing 
strength in NENO. 

Future Plans 

 We will build on these findings through three coordinated research directions: 

Electronic structure: We will use synchrotron-based ARPES on UHV-grown films to probe 
band structure and gap anisotropy. Band-selective polarization measurements will test the 
dominance of dx²–y² vs dz² or pz orbitals. In situ MBE growth connected to beamline measurements 
at Brookhaven National Laboratory will allow momentum-resolved spectroscopy without air 
exposure. 

Magnetism and pairing: We will use high-field transport studies to map Hc2(T, x) 
anisotropy and characterize reentrant behavior. RIXS and dXANES will be employed to 
understand the magnetic excitation spectrum and Eu-Ni exchange interactions. The Eu doping 
dependence of electronic and magnetic structure using XAS will be analyzed across the 
superconducting dome (1). 

Optical dynamics: Time-resolved THz spectroscopy will be used to explore 
nonequilibrium superconductivity and quasiparticle dynamics. Pump-probe studies will 
investigate transient enhancement of superconductivity and gap modulation across different 
doping levels. These experiments will assess the feasibility of optically controlling 
superconducting states via lattice or electronic excitation. 

Together, this integrated effort aims to elucidate the interplay of charge, spin, and orbital 
degrees of freedom in nickelate superconductivity and guide future material design. 
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Research Scope 

The Emerging Materials FWP investigates topical problems that generally fall into a 
framework of developing an understanding of the myriad properties that are exhibited by quantum 
materials and that are related to degeneracy breaking in structural, magnetic, orbital, vibrational, 
or electronic degrees of freedom. We choose problems and materials that exemplify underlying 
microscopic physics, possess a potential for broad and far-reaching impact, and are of significant 
current interest to the materials physics community. We also leverage the impacts of defects, 
chemical substitutions, and chemical stoichiometry to solve our chosen research problems. 

As an experimental FWP, we strategically target the making of materials to solve the 
scientific problems that we have identified. The group possesses expertise in synthesis of 
polycrystalline materials and growth of high-quality single crystals by a variety of methods. Our 
FWP also specializes in measuring magneto-transport, thermodynamic, dielectric, and magnetic 
properties in its labs at Argonne and Notre Dame. We also fabricate simple device structures to 
probe magneto-transport properties. We frequently utilize user facilities, such as synchrotron 
facilities (e.g., the APS), neutron facilities (HFIR, SNS), nanofabrication facilities (CNM), and 
high magnetic field facilities as primary principal investigators. We collaboratively work with 
many of the other BES-MSE supported programs at Argonne, both theoretical and experimental, 
to pursue shared research goals. Finally, we interact with many external collaborators in the US 
and worldwide, enabling them to perform specialized experiments that will give insight into our 
own research problems or to pursue their own science with material platforms grown by our FWP. 

Generally, the research problems that we have investigated over the last two years can be 
classified into three categories. The first, which is expanded upon below, concerns the intertwined 
charge, spin, and transport properties of nickelates. We investigated competing structural 
morphologies in nickelates, investigated various forms of charge and spin order in nickelates and 
their impacts on magneto-transport characteristics and superconductivity. The second research 
problem focuses on degeneracy breaking and chirality in topological and superconducting systems; 
i.e., the emergence of anomalous magnetic and transport properties due to real or reciprocal space
topology. Along this front, we investigated Kagome metals (1-3-5 and 1-6-6 systems), charge
density waves (CDWs) and superconductivity in A15 intermetallic compounds (i.e., A3B), and the
emerging field of altermagnetism. Finally, we have worked on quantum magnets by investigating
frustration of pentagonal Cairo-lattice systems (Bi2Fe4O9) and magnetic phases and excitations in
potential quantum spin-liquids (Na3SbCo2O6, Ba3ZnRu2O9, Ba3CoSb2O9). For coherence, we
focus our recent progress and future plans below only on the nickelate topic.
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Recent Progress  

The discovery and report of pressure-induced 
superconductivity in the bilayer Ruddlesden-Popper 
nickelate, La3Ni2O7, in 2023 [1] significantly 
influenced the direction of our research in nickelates. 
Although we had been growing n=∞, 3, 2, and 1 
Ruddlesden-Popper phase (La/Pr)n+1NinO3n+1 single 
crystals for the last dozen years, we had not 
previously investigated their pressure-dependent 
properties nor focused on the bilayer system – this 
quickly changed. X-ray measurements on our 
La3Ni2O7 single crystals led us to the discovery of 
polymorph Ruddlesden-Popper structures [2]. As 
shown in Figure 1, we found that two types of 
crystals formed within a boule during high oxygen 
pressure floating-zone growth, both possessing an 
average stoichiometry of La3Ni2O7. The first 
possessed the standard bilayer structure, which we 
deemed the “2222 phase” (panel a), and the second 
possessed a polymorph structure with alternating 
trilayer and single-layer structures which we named 
the “1313 phase” (panel b). This was confirmed by 
direct real-space imaging via scanning transmission electron microscopy (Klie Group at University 
of Illinois Chicago). Band structure calculations (Botana Group at Arizona State University) 
indicated that the band structure of the 1313 phase could be thought of as a superposition of the 
band-structures of the single-layer and trilayer systems. Our transport measurements, shown in 
Figure 2, indicated that both forms possessed CDW transitions similar to the trilayer phase, with 
the CDW transition temperature systematically increasing from the 2222, 1313, and 3333 phases. 
Remarkably, this was the first discovery of polymorphic layer stacking in bulk Ruddlesden-Popper 
single crystals of any phase, which suggested that similar polymorphism could occur in other 
Ruddlesden-Popper materials and potentially lead to novel properties. Subsequent reports have 
independently confirmed our findings [3], and some disparate nickelate layer-stacking schemes 
(e.g., 1212 [4]) have now been reported by other groups.  

Pressure-induced superconductivity in La3Ni2O7 led us to question whether it would also 
occur in the trilayer Ruddlesden-Popper phase and what the effect of different lanthanides on the 
A-site would be. We therefore investigated the pressure and temperature-dependent electrical 
transport and magnetic susceptibility of Pr4Ni3O10 single crystals in collaboration with the Hemley 
Group at University of Illinois Chicago and the Canfield Group at Iowa State University. In this 
work [5], we discovered a low-volume (up to 10%), non-percolating volume fraction of 

Figure 1: Two polymorph structures of 
La3Ni2O7. (a) The 2222 structure consists of 
stacked bilayers. (b) The 1313 structure 
consists of alternating single and trilayers. 
After Ref. [2]. 
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superconductivity in our crystals with Tc up to 31 K as 
shown in Figure 3. Significant variation in transport results 
was observed between different crystals and even between 
permuted contacts of a particular crystal as shown in Figure 
4. Our results were thus indicative of a minority
superconducting phase, though the origin of the
inhomogeneity, particularly strain/stress, stoichiometry, or
pressure media is a continuing topic of research in the
community since there is disparity between our results and
the volume fractions in single crystals reported
subsequently by other groups. Inasmuch as Pr4Ni3O10

possesses a superconducting phase, our results suggested a
lack of significant inhibiting Pr-O hybridization, which is a
known manifestation in cuprates that destroys
superconductivity. Our results also suggested that a spin
density wave on the Pr sites at low temperature in ambient
pressure did not adversely affect the superconductivity under
pressure.

Future Plans 

We plan to continue pursuing research that investigates the interplay between 
superconductivity, structure, stoichiometry, and charge and spin density waves in nickelates. A 
particular avenue that we will pursue is the effect of synthesis conditions on resultant structural 
phases. For instance, using a unique high pO2 quenching furnace that we designed, we will explore 
effects of oxygen pressure on the resultant crystal 
structure, stoichiometry, and transport and magnetic 
properties, focusing on metastable phases that require 
high oxygen pressure treatment and quenching. We plan 
to also continue measuring the fascinating interaction 
between spin and charge density waves in Pr4Ni3O10. 
Some open questions that we hope to address are 
whether Pr 4f electrons participate in the CDW state in 
conjunction with Ni 3d electrons such that there are 
potentially two charge order parameters (Ni and Pr) as 
well as two spin order parameters (Ni and Pr). We plan 
to study the effect of pressure on these co-existing order 
parameters to see if there is any bifurcation which can 
lead to understanding of primary and secondary nature 
of order parameters at a Landau level of treatment 
proposed by collaborator Mike Norman. We have 

Figure 2: Comparison of CDW 
anomalies in electrical transport of 
1313, 2222, and 3333. After Ref. 
[2]. structures. 

Figure 3: Pressure-dependence of 
resistance for a single crystal of Pr4Ni3O10. 
After Ref. [5]. 
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resonant X-ray scattering and magneto-transport 
measurements planned toward this goal. We continue to 
search for and study the evolution of CDWs in nickelates 
with different compositions and will employ the diffraction 
beamlines at the APS in this effort. For instance, we will 
investigate the CDW in the 327 system and seek to 
understand how the 2222 CDW compares to the 1313 and 
3333 structures. We also intend to explore flux growth of 
nickelates with different lanthanides on the A-site which 
haven’t been achieved by floating-zone growth so that we 
can understand the impact of chemical pressure on 
magnetic and transport properties. Finally, inspired by 
recent preliminary data on the non-linear electrical 
transport in La- and Pr-4-3-10 in the CDW phase, we will 
investigate the dynamical behavior of CDW domains in these materials under high drive in point 
contacts and nano-constrictions. We aim at supplementing these studies with direct imaging of the 
CDW state using dark field X-ray microscopy at the Advanced Photon Source. 
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Research Scope 

An enduring aim of our FWP has been to discover and understand the nature, causes and 
consequences of emergent behavior in quantum materials, especially in relation to the occurrence 
of superconductivity. Our collaborative work in this area involves theory, crystal growth, and 
detailed experimental investigations, often involving new techniques that we have pioneered. 
Current efforts focus on (a) the occurrence and properties of CDW order in several families of 
quasi-two-dimensional compounds, including rare earth tritellurides and Kagome metals, and 
including investigations of novel broken symmetries, including ferroaxial order; (b) the inter-
relation of nematicity and superconductivity in Fe-based superconductors and related materials, 
and including investigation of self-organization at the mesoscale via DFXM; and (c) a more 
general investigation of the inter-relation of a variety of competing, coexisting and intertwined 
multi-component electronic orders (including in materials such as UTe2, Sr2RuO4 etc., and in 
appropriate physical models). A pervasive recent emphasis has been the use of symmetry-breaking 
strain as a probe of, and tuning parameter for, a variety of emergent electronic phases, and the 
development of suitable experimental means to achieve these goals and to develop an appropriate 
theoretical framework to understand results and guide ongoing experimental investigations.  

Recent Progress 

(1) Elastocaloric evidence for a multicomponent superconductor in Ba(Fe1−xCox)2As2: The iron-
based superconductors exhibit rich phase diagrams with intertwined phases, including magnetism,
nematicity and superconductivity. Here, we used the AC elastocaloric effect (ECE) to map out the
phase diagram of Ba(Fe1−xCox)2As2 near optimal doping. The ECE signature at Tc on the
overdoped side, where superconductivity condenses without any nematic order, is quantitatively
consistent with other thermodynamic probes that indicate a single-component superconducting
state. In contrast, on the slightly underdoped side, where superconductivity condenses within the
nematic phase, ECE reveals a second thermodynamic transition proximate to and below Tc. We
rule out magnetism and re-entrant tetragonality as the origin of this transition, and find that our
observations strongly suggest a phase transition into a multicomponent superconducting state. This
implies the existence of a sub-dominant pairing instability that competes strongly with the
dominant s ± instability. Our results motivate a re-examination of the pairing state and its interplay
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with nematicity in this extensively studied iron-based superconductor. They also indicate two 
crucial and previously unappreciated roles of the nematic order in affecting superconductivity. 
First, the nematic phase appears to be a key determinant for the SC pairing symmetry, rendering 
the SC order parameter different in the orthorhombic phase compared to the tetragonal phase. This 
suggests a possible scenario where the nematic transition ends in a line of first order transitions 
below the SC dome. Second, Tc appears to be maximized when the nematic transition line meets 
the superconducting dome, which defines the optimal doping point in the phase diagram. Thus 
nematic order seems to play an important role in terms of both determining the pairing symmetry 
at optimal doping, and in shaping the overall phase diagram. See ref (5).  

(2) Effect of disorder on the strain-tuned charge density wave multicriticality in PdxErTe3: 
We explored, through a combination of x-ray diffraction and elastoresistivity measurements, the 
effect of disorder on the strain-tuned charge density wave and associated multicriticality in 
PdxErTe3 (x = 0, 0.01, 0.02 and 0.026). We focused particularly on the behavior near the strain-
tuned bicritical point that occurs in pristine ErTe3 (x=0). Our study revealed that while Pd 
intercalation somewhat broadens the signatures of the CDW phase transitions, the line of first-
order transitions at which the CDW reorients as a function of applied strain persists in the presence 
of disorder and still seemingly terminates at a critical point. The critical point occurs at a lower 
temperature and a lower strain compared to pristine ErTe3. Similarly, the nematic elastoresistance 
of PdxErTe3, though suppressed in magnitude and broadened relative to that of ErTe3, has a 
markedly more symmetric response around the critical point. These observations point to disorder 
driving a reduction in the system's electronic orthorhombicity even while the material remains 
irrevocably orthorhombic due to the presence of a glide plane in the crystal structure. Disorder, it 
would appear, reinforces the emergence of a "pseudo-tetragonal" electronic response in this 
fundamentally orthorhombic material. See refs (1), (3) and (6).  

(3) Spin-glass state in nickelate superconductors: Despite six years of intense scrutiny, the 
magnetic ground state of superconducting infinite-layer nickelates is still unsettled. Our new 
studies use the Zero-area magneto-optic Sagnac interferometer with nanoradian-sensitivity to 
measure the magneto-optical Kerr effect in La₀․₈Sr₀․₂NiO₂ and Nd₀․₈₂₅Sr₀․₁₇₅NiO₂ thin films. We 
then demonstrate that these films enter a spin-glass phase at temperatures up to 80 K - well above 
their superconducting critical temperatures. This high-temperature glassiness, which is absent in 
copper oxides, now brings up the issue of to what level superconductivity and magnetism are 
mutually exclusive in layered d-electron materials. Equally striking, the magnitude and onset of 
the Kerr rotation in Nd₀․₈₂₅Sr₀․₁₇₅NiO₂ differ by an order of magnitude when the same film is grown 
on STO versus LSAT substrates. The result reveals a substrate “knob” that selectively tunes time-
reversal-odd order without perturbing pairing - an effect not anticipated in current theories. Our 
results (i) pin down the dominant magnetic coupling in infinite-layer nickelates, (ii) show that the 
ordered state is highly sensitive to growth conditions yet largely independent of the rare-earth ion, 
and (iii) impose stringent constraints on theories that still treat Ni spins as purely fluctuating and 
unfrustrated. See ref (7).  
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(4) Optical control of orbital magnetism in magic angle twisted bilayer graphene: Flat bands in
graphene-based moire structures host a wide range of emerging strongly correlated and topological
phenomena. Optically probing and controlling them can reveal important information such as
symmetry and dynamics, but have so far been challenging due to the small energy gap compared
to optical wavelengths. Here, we report near infrared optical control of orbital magnetism and
associated anomalous Hall effects (AHE) in a magic angle twisted bilayer graphene (MATBG) on
monolayer WSe2 device. We show that the properties of the AHE, such as hysteresis and
amplitude, can be controlled by light near integer Moire fillings, where spontaneous
ferromagnetism exists. By modulating the light helicity, we observe periodic modulation of the
transverse resistance in a wide range of fillings, indicating light induced orbital magnetization
through a large inverse Faraday effect. At the transition between metallic and AHE regimes, we
also reveal large and random switching of the Hall resistivity, which are attributed to optical
control of percolating cluster of magnetic domains. Our results open the door to optical
manipulation of correlation and topology in MATBG and related structures. See ref (9).

(5) Discovery of spontaneous mesoscopic strain waves in nematic domains using dark-field X-ray
microscopy: Electronic nematic order is a correlated phase of matter in which low-energy
electronic states spontaneously break a discrete rotational symmetry of a crystal lattice. Bilinear
coupling between the electronic nematic and strains of the same symmetry yields a single
pseudoproper ferroelastic phase transition at which both the nematic and lattice strain onset
concurrently. To minimize elastic energy, the crystal forms structural twin domains, each with a
distinct orientation of the nematic director (i.e. each with a specific sign of the induced shear
strain). While the effects of externally induced strains on these domains are well established, the
intrinsic behavior of spontaneous strain fields within individual domains has been hitherto
unexplored, largely due to the lack of appropriate experimental tools. Here, we report the discovery
of spontaneous mesoscopic strain waves within individual nematic domains of an underdoped
iron-based superconductor, observed using dark-field X-ray microscopy (DFXM). This technique
combines high spatial and reciprocal-space resolution with full-field, bulk-sensitive imaging,
enabling direct visualization of subdomain strain modulations emerging concurrently with the
onset of nematic order. The elastic compatibility relations that govern inhomogeneous strains in
continuous solids provide a natural mechanism for the emergent strain waves that we observe. This
work was performed in close collaboration with Z. Islam at the APS. See ref (10).

6) A Modified Interferrometer to Measure Anyonic Braiding Statistics:  In the last few years, it
has for the first time been possible to experimentally measure the braiding statistics of anyons in
a fractional quantum Hall fluid.  In addition to its fundamental interest, this has long been seen as
a first step in enabling various visionary proposals to use braiding for fault-tolerant quantum
information processing.  So far, existing quantum Hall interferometers measure twice the braiding
phase, ei2θ, of Abelian anyons, i.e. the phase accrued when one quasi-particle encircles another
clockwise. In Ref. (8), we propose a modified Fabry-Pérot or Mach-Zehnder interferometer that
can measure eiθ.
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Future Plans 

We will continue to explore the signatures and effects of subtle forms of broken symmetries in 
quantum materials, with a special focus on probing these states and their fluctuations via 
combinations of light, strain and magnetic fields using our uniquely appropriate set of 
experimental tools. By studying the evolution of the high-rank tensors that describe the response 
to mixed stimuli (including for example the magneto-elastocaloric effect; elasto-gyrotropy; non-
linear elastoresistivity, and the elasto-photogalvanic effect), we will be able to extract detailed 
information about various types of subtle symmetry-breaking.  Immediate plans for FY26 include: 

(1) Determine whether the CDW state in 1T-TiSe2 has a ferroaxial symmetry, and establish the 
extent to which ferroaxial fluctuations are present across the intercalation-tuned phase diagram in 
CuxTiSe2, and any roles they might play in the emergent superconducting state. Primary 
experiments include non-linear elastoresistivity.  

(2) Continue our investigations of ErTe3 and closely related materials with the goals to (a) 
Determine the nature, causes and consequences of the putative ferroaxial order in the CDW phase; 
and (b) Determine the extent to which Einstein relations are violated and understand the origin of 
this effect.  Primary experiments include (a) photogalvanic effect and elastoresistivity and (b) 
thermal diffusivity measurements. From a theoretical perspective, we will also carry out studies of 
a microscopically reasonable model of electron-phonon interactions in ErTe3  in order to  explore 
the  origin of the CDW state, what determines its pattern of spontaneously broken symmetries, and 
the extent to which the proposed ferroaxial order is theoretically plausible.   

(3) Continue our study of CsV3Sb5 with the goal of establishing the symmetry of the CDW state, 
and understanding in detail how this interacts with light to yield the observed training effects. 
Primary experiments include photogalvanic effect and thermal diffusivity.  

(4) We have begun a preliminary study of several altermagents, drawing on our collective 
experience of combining strain and magnetic fields to study emergent properties and broken 
symmetries.  

(5) We have also begun a study exploring how strain derivatives of transport and thermodynamic 
quantities, such as elastoresistance and elastocaloric effect measurements, can be used to directly 
reveal strain derivatives of fundamental electronic properties (including the effective mass and the 
Fermi surface area) in quantum materials via quantum oscillations.   

(6) We will continue our collaborative work with Z. Islam at the APS using DFXM to probe local 
structural modulations in a variety of quantum materials.  

(7) We will likely revisit ideas concerning the relationship between nematic quantum criticality 
and superconductivity, especially in the context of increasing (although still far from conclusive) 
evidence that one can zoom in on the quantum critical regime in FeSe1-xAx where A is S or Te. 
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Cuprate strange metals as a quantum critical phase with linearly running power law 
exponent 

Dan Dessau, University of Colorado Boulder 

Keywords: Electronic Structure, Superconductivity, Quasiparticles and Collective Excitations, 
Transport Phenomena, Topological Phases of Matter 

Research Scope 

The broader scope of research of our long-running DOE-ECMP program is 
electronic correlations, which take multiple guises in quantum materials. These can be 
broadly classified as: (a) The generation of flat (high mass) bands, which are especially 
important when they are at the Fermi energy as these give a high density of states at EF 
that can make an electronic system susceptible to superconductivity, density waves, 
strange metal physics, etc.  The direct detection of such flat bands with ARPES as well 
as strong connections to theoretical efforts to understand the generation of these flat bands 
forms an important component of our effort [pubs 2,3,4]. (b) Electronic scattering rates 
or band-broadenings and the associated ideas of non-Fermi liquid states, “unparticles”, 
strange metals, non-Planckian dissipation, etc. Since the concept of quasiparticles 
(originating with Landau’s Fermi Liquid theory) has formed the backbone for almost all 
of our understanding of quantum condensed matter physics, progress along these lines is 
especially critical. This is the main subject of this Extended Abstract [pub 1] as well as 
our other work in [refs 1,3]. 

Both the generation of flat bands (a, above) and electronic scattering rates/band 
broadenings (b, above) are described in quantum many-body language by the electronic 
self-energy, which contains all the details of the electronic interactions or correlations.  
The real part of the self-energy is responsible for the band renormalizations/flattening 
while the imaginary part is responsible for the band broadening. Both the real and 
imaginary parts are often directly accessible by ARPES and are also related via the 
Kramers-Kronig relations. One of the major goals of our program through the years has 
been developing ARPES into a truly quantitative probe of the self-energy, i.e. turning it 
into a “self-energy spectroscopy” [refs 1,3; pub 4]. 

 The extended abstract discussed here focusses on the self-energies/scattering rates 
of the cuprate high temperature superconductors. Next year will mark the 40th anniversary 
of the discovery of these materials, with the mechanism of the superconductivity as well 
as many other aspects of the physics remaining unsolved. It is worthwhile to ask “Why 
has it been such a struggle to solve this problem?” The general consensus is that this is 
because the "normal" state out of which the superconductivity is borne is anything but 
“normal”, being termed the “strange-metal” state that is prevalent in cuprates but also 
more recently observed in other correlated electronic materials. The key characteristic of 
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the strange metal is that it 
deviates from the Landau 
quasiparticle paradigm that 
has sharp quasiparticle 
excitations – without such 
quasiparticle excitations much 
of the machinery our 
community has developed to 
describe and understand the 
electronic structure and 
electronic interactions is no 
longer applicable.  

One of our prior DOE-
supported papers on the 
cuprates used ARPES to study 
the strange metal state (T>Tc) 
of the cuprates, focusing on 
the nodal states that have the 
largest velocity and thus 
dominate the transport. To 
explain the data we made an ansatz for the scattering rate (or Σ” = imaginary part of self-
energy) where the key parameter is a power law exponent α – we term this the Power Law 
Liquid or PLL form. All other parameters are either constant (for example the coupling 
parameter λ) or largely irrelevant. The key finding is that the exponent α linearly runs 
with doping (Fig 1c).  Recent experimental work from Amsterdam on a different class of 
cuprates that are more naturally overdoped fall on exactly the same trend lines that we 
predict from our ansatz [ref 2], 
strengthening the case that this 
ansatz is realistic and 
powerful. 

Recent Progress 

Building upon the PLL 
ansatz of [ref 1] (Fig 1), we 
studied the electrical resistivity 
of a wide range of cuprate 
superconductors across the 
strange metal phase, bringing a 
clarification of the doping 
phase diagram of the cuprates. 

Fig 1. Our prior ARPES results from the strange metal state of 
Bi2Sr2CaCu2O8 cuprates that introduced the Power Law Liquid (PLL) 
scattering rate (Σ” = imaginary part of self-energy) phenomenology as 
an ansatz. The most important parameter is the power law exponent 
α which we found to linearly run as a function of doping (red circles in 
b).  From ref [1]. 

Fig 2. Four representative examples of the phase diagram of hole-doped 
cuprates showing confusion in the nature of the states above the 
superconducting dome and whether or not a quantum critical point 
(QCP) exists under the dome. 
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As shown in Fig 2, there is strong confusion as to the nature of the states above the 
superconducting dome and whether or not a quantum critical point (QCP) exists under the dome.  
In this work we developed a new unbiased method to fit the electrical resistivity data to 
various models as well as to determine the bottom of the range of good fitting for each of 
the models.  We applied this to the resistivity of a wide range of hole-doped cuprates, 
finding a few key universalities: (a) The PLL model ρPLL~ρ0+AT2α originally derived for 
our ARPES data fits the resistivity data better than the typical model ρQuad~ρ0+AT +BT2 
(b) The fits to the PLL model show that the α parameter also runs linearly with hole
doping, with almost exactly the same
parameters as obtained from ARPES (Fig 3a).
Here we must exclude some of the most
underdoped transport samples that deviate
strongly from the general trend line (grey
shaded region) that we argue are affected by
localization physics.  The same fits also
return the lower temperature scale at which
the fits start to deviate from the PLL model,
which we label T* and plot in Fig 3b.

The phase diagram of Fig 3b is 
quantitatively similar to the phase diagram of Fig 
2c (after scaling energy to temperature) which was 
compiled largely from antinodal spectroscopies, 
but it is qualitatively different from the majority 
of other published phase diagrams which were 
dominated by transport studies, though our 
analysis includes both transport and spectroscopy. 
Our diagram is also inconsistent with the QCP-
under-the-dome scenario that is a key feature of 
many phase diagrams, with expectations that the 
strange metal phase (and potentially superconducting phase as well) originates from the QCP and 
the proposed “fan” above it. 

Both the ARPES and the new transport analysis show that the electronic coupling strengths 
are essentially constant across the entire doping range (for example the λ parameter in Fig 1c, with 
a related parameter extracted from transport), even though the scattering rates vary dramatically 
across doping – this non-intuitive result is due to the effect of the varying α term, which dominates 
the physics.  We also note that the scattering rates can all be considered to be in the “Planckian” 
regime and that these states deviate strongly from the Landau Fermi Liquid regime – so much so 
that the quasiparticle residue formally goes to zero for all samples with α<0.5 (all underdoped 
samples), i.e. the electronic states could be called “unparticles”.  

Fig 3 (a) The scattering rate of both nodal ARPES 
(blue) and transport experiments in the strange 
metal phase follow the identical power law scaling 
T2α. (b) The bottom of the strange metal meets the 
pseudogap phase, with no quantum critical point 
under the dome. From [pub 1]. 
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Future Plans 

Seeing the great power of the self-energy analysis from ARPES for determining the 
intrinsic properties of the cuprates, it is imperative to extend this as much as possible. The analysis 
discussed here began with temperature-dependent and energy-dependent ARPES data from the 
nodal lines where the d-wave superconducting gap is zero, so it is actually only a small portion of 
what can be carried out. Our plans for the near future will be to: 

a) Extend this type of analysis away from the nodes, where the transport is less sensitive (due
to the reduced Fermi velocities of those states) but the ARPES is still very sensitive. These
states also of course directly participate in (or drive) the superconductivity, with both the
states themselves and the self-energies being strongly modified at low temperatures as the
superconducting gap and pseudogap open. With prior DOE support we have already made
major advances in our understanding of the evolution of the self-energies in this regime,
including through the normal to pseudogap to SC states [ref 3], though this was only one
doping and a limited k-space range.

b) Utilize the experimentally determined spectral function to calculate other properties of the
cuprates. The resistivity/phase diagram shown above is one great example, but other
properties such as thermodynamics, optics, magnetic susceptibility etc. can also be
calculated and compared.

c) Apply a similar analysis to other correlated electron and “strange metal” systems.  Our
initial work on nickelates indicates that the PLL phenomenology from the cuprates works
quite well there, albeit with different coupling strengths than the cuprates [pub 6]. It will
be important to know general this phenomenology is.

d) Work to determine, or at least heavily constrain, the origin of the PLL phenomenology.

Outside of work on cuprates, strange metals, and related compounds, we will continue ARPES and 
spin-ARPES studies of other interesting superconductors, topological superconductors, magnetic 
topological and altermagnetic materials, etc.  
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Research Scope 

This program is aimed at studying electronic structure, low-energy excitations, and many-body 
effects in novel quantum materials via high-field magneto-optical spectroscopy. The current 
research is mostly focused on the spectroscopy of the exotic quantum states and excitations in 
quantum magnetic systems. 

Recent Progress  

Tilting Effect in Coupled Weyl Bands: A Case Study of Weyl Semimetal Niobium Phosphide 
(Moon et al. Nano Lett. 25, 2858 (2025))  

Weyl semimetals are characterized by unique band structures in which the conduction and valence 
bands intersect at discrete points known as Weyl points (WPs). These points, possessing specific 
chirality, are of great interest in quantum material research and quantum information science. WPs 
always appear in pairs and are typically situated away from high-symmetry points in the Brillouin 
zone, giving rise to the commonly observed phenomenon of band tilting. The tilting effect is 
considered a solid-state realization of Lorentz violation, significantly influencing the transport and 
optical properties of Weyl semimetals. It leads to intriguing phenomena such as chiral 
photocurrents and the anisotropic chiral magnetic effect. Although band tilting has been confirmed 
via angle-resolved photoemission spectroscopy, most research has focused on large tilting angles 
(type-II tilting), which result in open Fermi surfaces and the co-existence of electrons and holes. 
By contrast, smaller tilting angles (type-I tilting) cause less pronounced Fermi surface 
reconstructions, making experimental identification much more challenging. 

In our work, we demonstrate that magneto-infrared spectroscopy is an effective tool for probing 
the tilting effect in electronic band structures. This effect relaxes optical selection rules, allowing 
for transitions that would otherwise be forbidden in the non-tilt case, even for relatively small 
tilting angles. Using the well-established Weyl semimetal NbP, where type-I tilting is 
expected  [1–3] , we measure its magneto-reflectance spectra. The second derivative of the 
measured spectra is presented in Fig. 1(a). By comparing the experimental results with a four-band 
coupled WP model, we identify numerous LL transitions that cannot be explained by the non-tilt 
model. However, these transitions are well captured by the coupled tilted WP model, especially at 
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low energies as shown in Fig. 1(c), providing clear spectroscopic evidence of the tilting effect in 
this material.  

Moreover, we observe unconventional interband transitions characterized by flat and negative 
magnetic field dispersions (i.e., red modes in Fig. 1(a)). These transitions highlight the critical role 
of Weyl band coupling, which leads to distinct magnetic field dispersions between the upper 
valence/conduction bands and the lower valence/conduction bands, resulting in these 
unconventional behaviors. In the absence of coupling between the Weyl bands, all interband and 
intraband LL transitions would exhibit positive magnetic field dispersions, which cannot account 
for the observed unconventional transitions. Overall, our experimental findings shed light on the 
universal behavior of the tilting effect in Weyl semimetals, offering valuable insights into their 
electronic and optical properties. 

Sharp spectroscopic fingerprints of disorder in an incompressible magnetic state 
(Kim et al. arXiv:2506.08112v1, 2025) 

Disorder significantly impacts the electronic properties of metallic quantum materials by inducing 
electron localization and thus altering the local density of states and electric transport. In insulating 
quantum magnetic materials, the effects of disorder are less understood and can drastically impact 
fluctuating spin states like quantum spin liquids (QSLs). In the absence of transport tools, disorder 
is typically characterized using chemical methods or by semi-classical modeling of spin dynamics. 
This requires high magnetic fields that may not always be accessible. Here, we show that 
magnetization plateaus—incompressible states found in many quantum magnets—provide an 
exquisite platform to uncover otherwise undetectable amounts of disorder, regardless of the origin 
of the plateau.  

Figure 6: (a) False-color plot of the second derivative, −𝒅𝒅𝟐𝟐𝑹𝑹/𝒅𝒅𝒅𝒅𝟐𝟐, of the normalized magneto-reflectance 
spectra, 𝑹𝑹(𝑩𝑩)/𝑹𝑹(𝑩𝑩 = 𝟎𝟎𝟎𝟎), of NbP, measured at 5 K. Symbols represent extracted transition energies, grouped 
into four sets and color-coded accordingly. (b,c) Calculated magneto-absorption spectra of NbP from a non-tilt 
model (b) and a tilt model (c). Symbols correspond to the transition energies plotted in (a). 
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To demonstrate this spectacular effect, we focus on the Heisenberg-Ising (or XXZ) triangular-
lattice antiferromagnet K2Co(SeO3)2 (KCSO). It features a robust up-up-down (UUD) phase 
associated with a 1/3 magnetization plateau that spans an extraordinarily wide field range, from 2 
to 17 T  [4] , and is flanked by compressible spin supersolid phases at low temperatures  [4–6] . 
Here, we utilize far-infrared magneto-optical spectroscopy (FIRMS) and thermomagnetic 
measurements to investigate the behavior of KCSO near and within the 1/3 magnetization plateau. 
The FIRMS measurements in the UUD phase reveal: (i) two dominant modes that can be naturally 
attributed to single spin-flip excitations, and (ii) three satellite modes (Fig. 2a) that cannot be 
explained by clean system models. Through analytical and numerical modeling, we show that the 
satellite modes are unique spectroscopic fingerprints of disorder and identify their nature as dilute 
spin vacancies (Fig. 2b, when the disorder-induced bonding reduction 𝑑𝑑𝑧𝑧𝑧𝑧 → 100%). Remarkably, 
this model explains all details of the thermomagnetic response of our system, including the 
existence of multiple plateaus. Our findings provide a new approach to identifying disorder in 
quantum magnets. 

Future Plans 

In the next three years, we plan to continue applying high-field optical magneto-spectroscopy to 
probe and understand emerging unconventional quantum phases and properties driven by magnetic 
interactions in quantum magnetic systems. Our goal is to establish strong connections between 
quantum magnetism and the optical responses of materials. The current efforts are focused on 
quasi-two-dimensional Co-based magnets, aiming at understanding of (i) competing magnetic 
interactions in candidate QSL material Na3Co2SbO6, and (ii) chiral phonon interactions with 
magnetic fields in Na3Co2SbO6 and K2Co(SeO3)2. 
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Figure 2: (a) Energy and magnetic field dependence of the normalized magneto-transmission spectra 
of KCSO measured in Faraday geometry at 𝑇𝑇 = 5 K with the magnetic field direction 𝑧𝑧 along the 𝑐𝑐-
axis. (b) Schematic interpretation of magnetic excitations in the UUD phase of KCSO. 
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Research Scope 

The research pursued under this project is dedicated to understanding and manipulating the 
properties of magnetic materials when restricted to the nanoscale in a variety of dimensions and 
when are in proximity to dissimilar materials. In this fashion, new properties can be engineered 
into materials which do not exist in nature. A particularly interesting class of magnetic materials 
are antiferromagnets (AFMs) which have compensated spin structure that turns on or order at the 
so-called Néel temperature (TN) or blocking temperature (TB).  Antiferromagnets have received 
renewed attention recently because of their basic research properties and potential applications in 
fault-tolerant, high frequency spintronic applications. Moreover, it is worth noting that AFMs 
serve as magnetic anchors or pinning layers and thus are the basic constituents in Giant 
Magnetoresistance based devices. 

Detecting bulk antiferromagnetism at the atomic scale is practically impossible using 
laboratory-based techniques. However, at the nanoscale the surface of AFMs reflect their bulk 
magnetic configuration and can be detected using a variety of technique. In particular, an AFM in 
proximity to a ferromagnet (FM), under the proper conditions, shifts the FM hysteresis curve along 
the field axis by a quantity now known as the Exchange Bias (EB). We have developed (under 
DOE sponsorship) a thorough understanding of this phenomenon under all experimental 
conditions: field, temperature, interfacial roughness, crystallographic orientation, conductivity etc. 
So, EB is a very effective tool that can be used as a diagnostic of the surface spin structure of an 
AFM.  

Manipulation of the AFM spins is a much more challenging task. The reason for this is that 
since the spin structure of the AFM is fully compensated, the application of a small magnetic field 
has little effect on the AFM order. This is a double-edged sword. While the fact that the spins are 
compensated, makes the AFM impervious to external disturbances, it also makes it very difficult 
to manipulate. So more creative ways of changing and affecting their order should be invented and 
used. In this project we aim to address precisely this issue.    

Recent Progress 

During the last two years of this DOE funded project, we have developed and investigated 
three different ways of manipulating the spin structure of an AFM device. The way we 
accomplished this is by incorporating the AFM thin film into a heterostructure and by applying 3 
types of external stimuli: voltage, current or temperature. Particular classes of AFMs are affected 
differently by these 3 different types of stimuli. Extensive studies as a function of relevant 
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parameter have been pursued and published. Here we show just some iconic examples which 
illustrate the effects and ideas pursued recently. 

V2O3 is a strongly correlated AFM which exhibits an insulator-metal transition (IMT) 
which coincides with a magnetic and structural transition that occurs at the same temperature. 
Below the TIMT (Fig. a)) when the AFM V2O3 is subject to a voltage above a certain threshold the 
material undergoes the IMT and also an AFM-paramagnetic transition as shown in Fig. b). As a 
consequence, the EB and the coercivity (HC) enhancement of the FM turn off at the same 
temperature as the IMT (see Fig. c)). So, this method for manipulating the AFM order could be 
applied to many other similar systems that exhibit IMT which coincides with an antiferromagnetic 
order. [1] 

Antiferromagnets controlled through voltage-triggered magnetic order (a-c), charge current generated 
spin current (d, e) and temperature-triggered spin reorientation (f-h). 

𝐕𝐕𝟐𝟐𝐎𝐎𝟑𝟑 𝐅𝐅𝐅𝐅𝐅𝐅𝟐𝟐 𝛂𝛂-𝐅𝐅𝐞𝐞𝟐𝟐𝐎𝐎𝟑𝟑 
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FeF2 is an insulating AFM that exhibits large EB. We incorporated this AFM into a 
heterostructure with a nonmagnetic heavy (W or Pt) or normal (Au) metals. When a current is 
passed through the nonmagnetic (W, Pt) metal a spin torque develops at the interface which 
produces a pure spin current in the perpendicular direction (Fig. d)). This pure spin current is able 
to apply a torque on the AFM thereby shifting its blocking temperature (TB) as shown in Fig. e). 
Very interestingly a large shift is observed as a function of current for Pt and W while the Au 
control experiment shows no shift. This implies that this effect is related to the large spin-orbit 
coupling present in W and Pt but not in the Au. These types of effects should be observable in 
whole classes of insulating AFMs. [2] 

 α-Fe2O3 is an AFM which exhibits a Morin transition (TM), in which the spins undergo a 
rotation of their orientation from perpendicular to the surface (Fig. f)) at high temperature, to 
parallel to the surface at low temperature (Fig. g)). This change in orientation has a major effect 
on the properties of a FM in close proximity incorporated into a heterostructure. Below TM, when 
the AFM spins are perpendicular to the FM spins, the EB is null and the HC is small as in the FM. 
Interestingly, at the TM a large negative EB develops which again disappears at low T, whereas the 
hysteresis curve shows a substantially enhanced HC at the TM (Fig. h)). [3]   

Future Plans 

One of the key issues which needs to be addressed experimentally is the role that thermal 
effects play in these types of nanostructured materials. In many cases the current densities and 
voltages that are applied are small in absolute values but are very large when normalized to the 
size of the devices. In general, control experiments or modelling are used to assure that thermal 
effects are minimized. However, it would be desirable to perform direct local thermal 
measurements to evaluate experimentally the role of thermal effects in magnetic devices. We are 
quite excited to report that we have developed such a thermal measurement apparatus that is able 
to measure local temperature in-situ, in-operando. This is done by measuring the IR emission or 
the thermo-reflectance, in-situ, at the submicron scale, as a function of time. The instrument is 
tested and functional awaiting application to AFM materials, among many others. 

In the future we will expand on the recent accomplishments outlined above by developing 
novel detection mechanisms. Until now the detection of the AFM state was done essentially using 
magneto Kerr effect for the magnetization measurements.  In order to make the detection more 
versatile in a device, it would be desirable to incorporate magneto-transport measurements.  The 
new detection mechanisms for antiferromagnetism that we will explore in an integrated device will 
include: anomalous magnetoresistance, inverse spin Hall effect and longitudinal Spin Seebeck 
effect. All these method have been used in our laboratory in some form or another so we have 
confidence that some will be successful. 

To add additional functionalities to some of the antiferromagnetism based devices 
mentioned above, we will explore new potential methods which already have been tested to some 
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level in our laboratory. A potentially interesting method to add new device functionalities is by 
adding local stress. We have shown earlier that large changes in the magnetic properties of FMs 
can be accomplished by incorporating them into a heterostructure with an oxide which undergoes 
a structural phase transition. Another method to change the local stress is to use local ion beam 
modification and /or implantation [4]. We have some experience of both methods in different 
contexts and so we are confident that they can be applied successfully to AFMs.  

To explore potential optical methods to affect the AFM state we will incorporate them into 
a heterostructure with a photo sensitive material such as CdS. Application of light to the 
photosensitive material changes its properties and consequently it may change the properties of an 
adjacent material by the injection of nonequilibrium charge carriers. We have already implemented 
this idea in a CdS/V2O3 heterostructure and have shown that the transport properties can be 
modified in this fashion [5]. This implies that the AFM properties may also change when exposed 
to light and therefore this looks like a promising avenue for exploration. 
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Research Scope 

The scope of the research is to achieve ferroelectric polarization control of 
magnetotransport properties and induce metal-insulator transition and magnetism in 5d iridate 
SrIrO3 (SIO). SrIrO3 is a correlated semi-metal with strong spin-orbit coupling (SOC), which 
competes with the electron itinerancy, crystal field splitting, and on-site Coulomb interaction in 
determining the electronic and magnetic states.1,2 For epitaxial SIO thin films, the dimensionality, 
charge density, lattice distortion, and SOC can be individually manipulated or collectively 
controlled via quantum confinement, electric field effect doping, strain modulation, symmetry 
breaking, and interfacial orbital design. Leveraging the nonvolatile polarization of an interfacial 
ferroelectric layer, we aim to design emergent phenomena such as reversible quantum phase 
transitions and chiral spin textures (Fig. 1a) and identify interfacial coupling mechanisms mediated 
by charge, lattice, and polar symmetry. The objectives include: 1) achieving metal-insulator 
transition in SrIrO3 via the ferroelectric field effect 
combined with the interfacial lattice coupling; 2) 
modulating quantum transport such as weak 
localization and weak antilocalization; and 3) 
assessing ferroelectric control of magnetism and 
topological spin textures in ultrathin SrIrO3. 

The results can shed light on the important 
energy and length scales and underlying 
mechanisms for driving the electronic and magnetic 
phase transitions, which can be further utilized to 
design more exotic topological states and 
superconductivity in correlated oxides. 

Recent Progress 

We fabricated epitaxial heterostructures 
composed of ferroelectric PbZr0.2Ti0.8O3 (PZT) 
gates and 3-5 unit cell (uc) SrIrO3 channels, where 

Fig. 1. (a) Sample schematic. (b) HRSTEM 
image of PZT/SIO deposited on SrTiO3 (STO). 
(c) 𝑅𝑅□(𝑇𝑇), (d) ∆𝜎𝜎(𝐵𝐵), and (e) 𝜏𝜏𝑖𝑖−1(𝑇𝑇) for a 5 uc
SrIrO3 in the Pup and Pdown states of PZT.
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the interfacial PZT can not only induce charge density modulation in ultrathin SrIrO3 but also 
enhance the Rashba SOC. In collaboration with Yimei Zhu group at Brookhaven National Lab, we 
performed high resolution transmission electron microscopy (HRTEM) studies on these samples, 
which reveal high crystallinity and atomically sharp interfaces (Fig. 1b). In 5 uc SrIrO3, switching 
PZT polarization induces nonvolatile modulation of resistance (Fig. 1c) and magnetoconductance 
(Fig. 1d). Ultrathin SrIrO3 is in the two-dimensional limit, which exhibit weak localization and 
weak antilocalization at low temperatures.3 By fitting the magnetic field dependence of 
conductance change ∆𝜎𝜎(𝐵𝐵) to the Maekawa-Fukuyama model (Fig. 1d), we deduced the inelastic 
scattering time and spin-orbit scattering time. The inelastic scattering rate (𝜏𝜏𝑖𝑖−1) exhibits an unusual 
saturation at low temperatures (Fig. 1e), which suggests possible spin-flip scattering due to 
emergence of magnetic moments. 

In bulk, the ground state of orthorhombic SrIrO3 is paramagnetic.2 Due to the strong SOC, 
SrIrO3 thin films provide a promising platform for achieving electrical control of chiral spin 
textures such as the skyrmion state if SrIrO3 can host a magnetic order. By switching PZT 
polarization, we induced reversible metal-insulator transition in 3-4 uc SrIrO3 thin films (Fig. 2a). 
Close to the metal-insulator transition, SrIrO3 exhibits anomalous Hall effect, signaling emergent 
magnetic order (Fig. 2b). It also shows topological Hall effect, which can be related to chiral spin 
textures. To understand the origins of magnetism and possible induced Dzyaloshinskii-Moriya 
interaction (DMI), we performed density 
functional theory modeling (DFT+LDA) 
of symmetric heterostructures of PbTiO3 
(PTO)/SIO/STO/SIO/PTO. Reversing 
the polarization of PTO shifts the Ir d-
bands at the Fermi level and therefore 
alters the charge compensations at the 
interface. It further induces lattice 
distortion in the interfacial layers of 
SrIrO3 (Fig. 2c), corroborating the 
polarization-dependent  SOC  and DMI. 
Our study presents a new venue to 
explore quantum phase transitions and 
design emergent spin phenomena. 

Future Plans 

 Based on our current progress, we plan to carry out research in the following directions.  

1) Carry out comprehensive magnetotransport studies of PZT/SrIrO3 heterostructures, 
including weak (anti)localization, anomalous Hall effect, topological Hall effect, 
anisotropic magnetoresistance, and planar Hall effect, to evaluate the SOC,3 magnetic 
transition, and magnetic anisotropy.4 

 
Fig. 2. (a) 𝑅𝑅□(𝑇𝑇), and (b) 𝑅𝑅𝑥𝑥𝑥𝑥(𝐵𝐵) for a 4 uc SrIrO3 in the Pup 
and Pdown states of PZT. (c) DFT modeling of off-center 
displacement of interfacial B-site atoms in PTO/SIO 
heterostructures with 3, 4, 5 uc SIO. 
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2) Assess the magnetic/spin states in SrIrO3 using techniques such as magnetometry, Lorentz
TEM, and nitrogen-vacancy microscopy/spectroscopy.

3) Perform theoretical modelling of electronic and magnetic phases in SrIrO3 controlled by
SOC, electron correlation, and lattice distortion at the interface.

4) Apply the ferroelectric polarization control to other types of 5d Ruddlesden-Popper iridates
(Sr2IrO4 and Sr3Ir2O7) to understand the effects of doping control versus bandwidth control
in inducing the electronic and magnetic phase transitions.

References 

1. W. Witczak-Krempa, G. Chen, Y. B. Kim, and L. Balents, Correlated Quantum Phenomena in the Strong Spin-
Orbit Regime, Annual Review of Condensed Matter Physics 5, 57 (2014).

2. L. Zhang, B. Pang, Y. B. Chen, and Y. Chen, Review of Spin–Orbit Coupled Semimetal SrIrO3 in Thin Film Form,
Critical Reviews in Solid State and Materials Sciences 43, 367 (2018).

3. L. Zhang, X. Jiang, X. Xu, and X. Hong, Abrupt Enhancement of Spin–Orbit Scattering Time in Ultrathin
Semimetallic SrIrO3 Close to the Metal–Insulator Transition, APL Materials 8, 051108 (2020).

4. Y. Zhang, Q. Wu, Y. Hao, and X. Hong, Ferroelectric Control of Anisotropic Magnetoresistance in Ultrathin
Sr2IrO4 Films toward 2D Metallic Limit, Advanced Physics Research 4, 2400208 (2025).



125 

Probing ice-rule-breaking transition in Dy2Ti2O7 thin film by proximitized transport and 
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Research Scope 

The overarching goal of our project is to address the grand challenge of “metallizing 
quantum magnets”, where emergent electronic phenomena are induced as quantum mechanical 
consequences of exotic spin states and excitations in insulating magnets. Our approach in this 
investigation focuses on (i) materials synthesis by both single crystal and epitaxial growth, and 
(ii) transport characterizations complemented by other necessary analysis. The specific directions
include (i) synthesizing geometrically frustrated quantum magnets with strong quantum spin
fluctuations and topological magnons, (ii) identifying the proximitized electronic response to
these collective spin dynamics with various external controls; (iii) materials discovery of new
quantum magnets in forms of crystals, films, and heterostructures.

Recent Progress 

Anomalous proximitized transport in metal/quantum magnet heterostructure Bi2Ir2O7/Yb2Ti2O7 
We completed the studies on the Bi2Ir2O7/Yb2Ti2O7 (BIO/YbTO) heterostructure, in which we 
show that the quantum fluctuations of a localized frustrated magnet induce strong proximitized 
charge transport of the conduction electrons in an epitaxial BIO ultrathin film deposited on a 
single crystal of YbTO. The proximity effects are evidenced by the scaling behavior of the BIO 
resistance in correspondence with the dynamic scaling of the dynamic spin correlation function 
of YbTO, which is a result of quantum fluctuations near a multiphase quantum critical point. The 
proximitized transport in BIO can be effectively tuned by a magnetic field through suppressing 
the quantum spin fluctuations (QSFs) as well as inducing transitions via magnetic anisotropy in 
YbTO. In this work, we establish a pathway for harnessing QSFs in magnetic insulators with 
electric transport, offering exciting prospects for potential applications in the realm of quantum 
spintronics. Our work was published in Physical Review Materials (PRM 8, 114407 (2024)) and 
selected as the Editor’s highlight. 

Probing ice-rule-breaking transition in Dy2Ti2O7 thin film by proximitized transport and 
magnetic torque We completed the proximitized transport study on the Bi2Ir2O7/Dy2Ti2O7 
(BIO/DTO) heterostructure grown on (111)-oriented YSZ substrate. The motivation is to extend 
the approach of proximitized transport to thin films of insulating quantum magnets. This 
approach was recently established by our work [1] on BIO thin films grown on DTO single 
crystals, which together with Ho2Ti2O7 are the bulk pyrochlore prototypes of spin ice physics 
with unique degenerate ground states and emergent monopole excitation [2, 3]. However, 
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whether the spin ice state survives in the two-dimensional (2D) limit or generally in the thin film 
form remains a mystery. In addition to the presence of the substrate, the limited volume of thin 
film samples is the main challenge to study the intrinsic magnetic properties. Here, we 
synthesized 18nm-thick DTO thin film on YSZ substrate and capped it by a thin conductive BIO 
epilayer, and performed the proximitized magnetoresistance measurement, which clearly 
resolves the ice rule-breaking phase transition. The observation was confirmed by 
simultaneously measuring capacitive torque magnetometry on the DTO film. The results 
demonstrated that the spin ice state survives in the DTO thin film but with a modified effective 
nearest-neighbor interaction compared to the bulk crystal. Our study shows that proximitized 
transport is an effective probe to study the exotic magnetism in epitaxially engineered thin layers 
of insulating frustrated magnets. The manuscript of this work has been submitted for peer-
review. 

Figure 1. (a): Schematic diagram of the BIO/DTO bilayer 
on the YSZ substrate and the proximitized transport 
measurement configuration. (b): Scanning transmission 
electron microscopy image with [1-10] being the lamella 
surface normal shows the epitaxial growth and sharp 
interfaces. (c) The field dependence results at 0.03 K 
with the magnetic field along different directions around 
[111] axis in the (1-10) plane. The θc values are denoted 
in the middle panel. Top panel: Effective magnetic 
moment vs. magnetic field. Middle panel: Derivative of 
effective magnetic moment vs. magnetic field. Bottom 
panel: Magnetoresistance (MR) vs. magnetic field 
(vertical offsets are applied on the curves for clarity). The 
black curve is the results when the magnetic field is 
applied along [111] axis. The vertical lines represent 
peaks/dips of effective magnetic moment derivatives for 
comparison with the MR anomaly. 

(c) 
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Bi2Ru2O7 thin film We have performed a systematic study about the epitaxial synthesis of 
Bi2Ru2O7 (BRO) thin films, which paves the way to extend the proximitized transport method by 
using BRO thin films. Our studies explored a wide range of temperature and oxygen partial 
pressure for the deposition. The results show that the epitaxial growth requires a minimal 
temperature about 500C and must be lower than a maximal temperature about 650C. Within this 
temperature window, epitaxial films can be stabilized in all pressures from 10-1 to 10-6 mbar. 
However, we found the cation stoichiometry varies significantly within such a wide pressure 
range and is still sensitive to temperature. A manuscript is under preparation to report these 
findings. 

Local distortion driven magnetic phase switching in pyrochlore Yb2(Ti1−xSnx)2O7 We completed 
the studies of magnetic phase diagram of Yb2(Ti1−xSnx)2O7. While it is commonly accepted that 
the disorder induced by magnetic ion doping in quantum magnets usually generates a rugged 
free-energy landscape resulting in slow or glassy spin dynamics, the disorder/distortion effects 
associated with nonmagnetic ion sites doping are still illusive. Here, using AC susceptibility 
measurements, we show that the mixture of Sn/Ti on the nonmagnetic ion sites of pyrochlore 
Yb2(Ti1−xSnx)2O7 induces an antiferromagnetic ground state despite both parent compounds, 
Yb2Ti2O7 and Yb2Sn2O7, order ferromagnetically. Local structure studies through neutron total 
scattering reveals the local distortion in the nonmagnetic ion sites and its strong correlation with 
the magnetic phase switching. Our study demonstrates the local distortion as induced by the 
nonmagnetic ion site mixture could be a new path to achieve magnetic phase switching, which 
has been traditionally obtained by external stimuli such as temperature, magnetic field, pressure, 
strain, light, etc. Our results also help us to better understanding the disorder effects in Yb2Ti2O7, 
and the related proximitized transport in the BIO/YbTO heterostructure. Our work was published 
in Physical Review B (PRB 109, 144407 (2024)). 

Figure 2 Magnetic phase 
diagram. (a) The field 
dependence of magnetic ordering 
temperature T∗ for Yb2 (Ti1-

xSnx)2 O7 and Yb2(Ti1−xGex)2O7 
with different doping 
concentration. (b) Magnetic 
phase diagram as a function of 
the doping concentration x, 
temperature T, and external DC 
field. Red and blue regions 
represent the ferromagnetic and 

antiferromagnetic phases, respectively. 

Universal dynamics of a pair condensate in Na2BaNi(PO4)2 We completed the magnetic property 
studies of Na2BaNi(PO4)2. Pair condensates appear in multiple branches of physics, always 
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introducing exotic phenomena [4, 5]. The pair condensate in quantum magnetism is the spin 
nematic, whose static (quadrupolar) order is difficult to access, favoring dynamical probes. 
While we search for suitable quantum magnets for heterostructure studies, we paid attention to 
Na2BaNi(PO4)2, a triangular lattice antiferromagnet. We performed high-resolution neutron 
spectroscopy to obtain direct evidence for the presence of two spin-nematic phases induced in 
Na2BaNi(PO4)2 by controlling the applied magnetic field. By combining precise experiments 
with quantitative theoretical and numerical analysis, we identify universal dynamics arising from 
the pair condensate. We show explicitly how the gapless Goldstone mode influences the 
dispersion and induces Cherenkov-like velocity-selective decay of the gapped single-
quasiparticle band. These common spectral features shed new light on spin-nematic dynamics 
and underline the universal phenomenology shared by pair condensates across different physical 
systems. The manuscript of this work (arXiv:2503.13609v1) has been submitted for peer-review. 

Future Plans 

We will move forward on the directions we have embarked on and continue leveraging 
our capabilities of synthesizing and characterizing novel materials. In particular, our main focus 
will be (i) testing and extending the proximitized transport method to other non-magnetic metals 
grown on Dy2Ti2O7 and Yb2Ti2O7 in order to identifying the materials design principle; (ii) 
exploring proximitized transport behaviors in the transverse channel driven by topological 
properties of the insulating quantum magnets; (iii) synthesis of other frustrated magnets to 
explore the possibility of new heterostructures. We also plan establish micro-fabrication 
capability to make devices on our heterostructures, which is crucial for measuring Hall effect and 
other delicate transport properties at ultralow temperatures. 
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Research Scope 

The research in our project seeks to understand relationships among different emergent degrees of 
freedom in strongly interacting quantum magnets, in particular the role of singlets for correlated 
phenomena. In the course of studying contributions to thermal conductivity in the rare-earth ortho-
ferrites, we surveyed several adjacent ferrimagnets, including manganites and chromites, and some 
outside the orthorhombic structure type. A useful way of categorizing these ferrimagnets is the 
notion of fire and ice. Rare-earths ions typically possess small interaction strengths compared to 
3d transition metals such as Cr, Fe, and Mn and thus are typically in a paramagnetic (“fire”) state 
when the 3d ions are ordered (“ice”). We note that the rare-earths can be polarized by the exchange 
field of the 3d ions, but are not ordered by virtue of their mutual interactions and are, thus, in a 
paramagnetic phase.  This is of importance for single-spin relaxation processes, as sought for next-
generation information storage technologies, because uncorrelated spins can switch faster than 
clusters of correlated spins. 

Recent Progress  

In surveying various fire/ice systems, we found resonance phenomena in many of them, usually 
associated with domain wall relaxation around a spin-reorientation transition. Such effects are not 
uncommon in low-transition temperature ferromagnets, and are typically described by Debye-like 
relaxation with attempt frequencies in the MHz regime. A contrasting set of systems are the single-
molecule magnets (SMMs) typically employing Ising-type ions such as Dy3+.1 Here the relaxation 
process is of a single Dy spin, separated from its Dy neighbors by residing at the center of a large 
organic molecule. While the observed single-spin relaxation effects in such systems demonstrate 
possible utility in storage devices, their incorporation of organic molecules presents challenges for 
device fabrication. 

Our main result is the observation of a large resonance signal in ac-susceptibility measurements 
on the layered material SmMn2Ge2 (ThCr2Si2 structure) in the temperature range 30 – 50 K. This 
system possesses a unique (to our knowledge) phase diagram in which a re-entrant ferromagnetic 
phase appears below 100 K.2 The peaks seen in the frequency dependence of the loss signal (𝜒𝜒′′) 
occurs below 50 K, likely as a result of our limited excitation frequency range (0.1 – 1000 Hz). 
These resonances were analyzed using a modified Debye relaxation process model and 
demonstrate high-fidelity Arrhenius behavior. To our surprise, we found an attempt frequency in 
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the THz range, and an activation barrier that 
corresponds well with a low-lying Sm3+ 
crystal field level. Because the Mn spins are 
responsible for the ferromagnetism, and 
because domain wall processes typically 
exhibit attempt frequencies in the MHz 
regime, they are an unlikely origin for the 
resonance. Instead, both the energy barrier 
and the fact that the Sm3+ spins are non-
interacting but polarized by the exchange 
field of the Mn subsystem, strongly 
suggest that the relaxation phenomenon 
is that of single Sm3+spins. 

The physical picture for this effect is 
shown in Fig. 1. The Sm spins reside in 
layers sandwiched between Mn layers with twice the density as the Sm layer spins. The domain 
walls formed when the Mn system orders will, thus have a small fraction, estimated to be ~ 1%, 
of Sm spins in the wall’s vicinity. Those outside the wall will be exchange-field polarized. When 
an oscillating magnetic field is applied, the domain walls move back and forth and thus modulate 
the exchange field at the oscillation frequency. It is thus possible that ~ 1% of the Sm spins are 
being switched at audio frequencies between magnetic fields the order of a few Tesla. We are not 
aware of the phenomenon of fast high-field switching, being discussed previously, but our results 
suggest a new way to perform spin resonance experiments. The special geometry presented by the 
ThCr2Si2 structure has likely variations achievable via atomic layer deposition, which may also 
provide routes for realizing similar effects at room temperature.      

Future Plans 

We are presently exploring relaxation effect in the rare-earth ortho-chromites and in particular, 
how the domain wall resonance changes through a spin-reorientation transition. This work is in 
addition to the proposed characterization of the order parameter in the eminuscent phase of 
geometrically frustrated magnets, which is ongoing. 

References 
1. J-L. Wu et al, Switching the anisotropy barrier of a single-ion magnet by symmetry change from quasi-D5h to
quasi-Oh, Chemical Science, 4, 3310 (2013).

2. H. Fujii et al., Reentrant ferromagnetism observed in SmMn2Ge2, Solid St. Comm., 53, 715 (1985).

Publications 
1. M. L. McLanahan, D. Lederman, and A. P. Ramirez, Quantum spin relaxation with THz attempt frequency in the
1/3-fire, 2/3-ice ferrimagnet SmMn2Ge2, Physical Review Materials, 9, L051402 (2025).

Fig. 1 Interpretation of the relaxation process in which 
domain wall motion flips the Sm spins. The layers in the left 
hand side of the diagram correspond to domain wall motion 
in successive time segments of the Mn ferromagnet. The right 
hand drawing shows how this domain wall motion can flip a 
Sm spin.
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Research Scope: This project aims to elucidate how interfaces and dimensionality govern novel 
transport phenomena by manipulating correlated electronic, magnetic, and lattice interactions 
within heterostructured quantum materials. Central to this effort is the development of new 
material paradigms via molecular beam epitaxy (MBE) that will enable the creation of high-
quality, epitaxial systems that exhibit emergent properties, which centers on one-dimensional (1D) 
topological channels, emergent interfacial magnetism, and unconventional superconductivity. We 
pursue the three specific research directions: (1) creating and controlling 1D states through step-
edge and defect engineering in topological insulators like Bi2Se3, with ongoing extension to 
magnetic systems such as MnBi2Te4, (2) understanding and integrating spin-polarized 
altermagnets (e.g., MnTe) with topological insulators and superconductors (e.g., Fe(Te,Se)), and 
(3) modifying correlated properties in high-conductivity metals such as PdCoO2 via helium
implantation to reversibly control magnetic states and study their interaction when interfaced with
superconductors. These efforts are benchmarked by low-temperature transport, spectroscopy,
scanning probe microscopy, and neutron/x-ray scattering, which enables us to directly link
emergent phenomena with interfacial structure and designer properties.

Recent Progress: Our recent work has revealed critical insights into the fundamental physics of 
several epitaxial systems. Seeking to understand the physics of altermagnetism, we have 
undertaken work on MnTe, a leading altermagnetic candidate with high Néel temperature (~310 
K). We found that substrate surface termination acts as a hair-pin trigger to program the crystalline 
phase during MBE growth [1]. Specifically, MnTe films grown on lattice-matched InP(111) 
exhibited a novel polymorph selection dictated by surface chemistry: indium termination stabilizes 
the ground-state altermagnetic NiAs structure, while phosphorus termination favors the ZnS phase. 
Modeling efforts revealed that these phases are nearly degenerate in energy, yet slighty different 
surface energies selectively favors a particular phase. Both polymorphs possess compelling 
functionalities—the NiAs phase supports altermagnetism, while ZnS is a metastable phase that 
exhibits a large band gap, is magnetic, and is non-centrosymmetric which together made it a 
potential new candidate for revealing new physics related to piezo- and ferroelectric and magnetic 
cross-coupling. Detailed characterization of the altermagnetic phase enabled us to show that small 
stoichiometric variation in MnTe significantly influences electronic and magnetic behavior [2]. 
This results not only provides clear insight into the fundamental properties this new phase of matter 
but also highlights new pathways to control altermagnetic properties for spintronic applications.  
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We have demonstrated how step-terminated 
structures can be used to assemble novel 1D 
states, offering new opportunities for 
engineering low-dimensional quantum phases 
[3,4]. This work lays the foundation for future 
studies on how highly anisotropic two-
dimensional (2D) materials assemble at step 
edges, the associated defect formation, and the 
implications for new topological properties. 
These efforts have focused on Bi2Se3 but will 
extend to more complex magnetic topological 
systems such as MnBi2Te4. This study 
surprisingly revealed a solution to a long-
standing problem for Bi2Se3 specifically and 2D 
materials in general, since the step-terminated 
Al2O3 substrates with high miscut angles (3°) 
effectively suppress antiphase twin defects by 
promoting twin-selective nucleation at atomic 
step edges. First-principles calculations support 
a significant energy barrier for twin formation 
at the steps edges, as well as novel 1D defect 
state arises due to the unique local bonding at 
the steps. Experiments, however, have revealed 
that the 2D layers exchange the disordered bonding environment for continuous, yet, strained 
layers. Together, these two motifs offer new physical systems to study new 1D states that arise in 
a topological system and underscore the critical role nucleation dynamics play in controlling defect 
landscapes in 2D materials, providing essential insights for advancing quantum and electronic 
device platforms. 

We have revealed a complex interplay of superconductivity and magnetism at heterointerfaces 
between topological insulators (Bi2Te3, Bi4Te3) and unconventional superconductors (Fe(Te,Se)) 
[5]. Open questions persist regarding the origin of superconductivity and its interaction with 
magnetic states arising from excess Fe or residual antiferromagnetism. Using neutron 
reflectometry, we have mapped the depth-resolved magnetic and chemical profiles across these 
interfaces, observing Meissner screening and vortex formation at low fields (~5–10 Oe) and 
emergent high-field magnetism (4.5 T), confirmed by low-energy muon spectroscopy. These 
results, combined with ongoing high-field (up to 30 T) transport measurements, will enable the 
first comprehensive model linking interfacial superconductivity, magnetism, and chemistry to the 
macroscopic transport behavior of this novel topological system. 

The coexistence of ferromagnetism (right) and 
altermagnetism (left) in MnTe offers a novel pathway 
to exploit spin–momentum locking for next-
generation spintronic information technologies. From 
Ref. 2 
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Future Plans: Our ongoing research spans several interconnected efforts focused on emergent 
quantum states at interfaces and in low-dimensional materials. First, we are finalizing a study 
showing how step-terminated structures offer a solution to longstanding challenges in 2D materials 
synthesis by enabling the controlled formation of novel 1D states at step edges. This foundational 
work will be expanded in the coming year to explore how highly anisotropic 2D materials assemble 
at these step features, the resulting defects, and their implications for topological behavior—using 
scanning tunneling microscopy, electron microscopy, and transport measurements—with future 
extensions into complex magnetic topological systems like MnBi2Te4. Second, we will synthesis 
and probe MnTe, both the altermagnetic and non-centrosymmetric polymorphs, with the 
unconventional superconductors Fe(Te,Se) to understand how the novel spin-textures interplay 
with the superconductivity at the interfacial behavior. This will combine detailed spectroscopy, 
scanning probe microscopy and detail high-field transport measurements. Over the past year, we 
performed extensive neutron, muon, and high-field transport experiments to resolve how 
superconductivity and magnetism emerge at the Bi-Te/Fe(Te,Se) interfaces, and will continue 
integrating and modeling these results. Lastly, we are finalizing a study on PdCoO₂ that clarifies 
the mechanisms and length scales of emergent magnetism in this highly conductive metal. With 
this understanding, we will pursue nanoscale magnetic patterning and explore the integration of 
these tunable magnetic elements with superconductors for future quantum device architectures. 
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Weyl fermions meet magnetic monopoles: a quantum encounter 

Jak Chakhalian Rutgers University 

Keywords: Magnetic Weyl semimetals, spin ice, correlated electron interfaces, pyrochlores 

Research Scope 

Quantum materials with pyrochlore structures exhibit multiple interesting magnetic and 
topological phases; however, realizing their interfaces has been severely limited by issues in thin-
film synthesis. In my talk, I will introduce a new materials growth strategy that combines ultra-
high supersaturation and IR-laser–driven thermal gradients to convert amorphous ionic networks 
into atomically sharp, chemically ideal heterointerfaces. Based on this approach, I will discuss the 
implementation of a novel heterointerface 
between the classic spin-ice material 
Dy2Ti2O7 and the antiferromagnetic Weyl 
semimetal Eu2Ir2O7. The resulting 
artificial quantum structure under applied 
high magnetic fields exhibits a sixfold 
anisotropic transport response linked to a 
Kondo-coupled interface, where field-tuned spin-ice magnetic texture scatters relativistic carriers 
of the Weyl Fermi-arc states. Upon application of a higher magnetic field, the structure undergoes 
another transformation into an exotic, two-fold symmetry-broken many-body state akin to a 
quantum electronic nematic state.  

These results demonstrate a strong coupling between relativistic Weyl fermions and the emergent 
magnetic states, including magnetic monopoles, and offer a general approach for engineering 
correlated topological interfacial states in frustrated oxide heterostructures [1]. 

 Recent Progress 

We have developed a new way to grow magnetic pyrochlore heterointerfaces based on the 
hybrid near-continuous UV laser-based deposition, followed by planar wave IR laser heating 
which converts covalent amorphous layer into stoichiometry perfect and atomically sharp 
interface. For the first time we have synthesized a novel hetero junction between spin ice Dy2Ti2O7 
and Weyl semimetal Eu2Ir2O7 [2]. 

Based on the technology we have also grown a series of [111] oriented ultra-thin films of Eu2Ir2O7 
and Y2Ir2O7.   

In the ultra-thin limit, our RIXS measurements revealed the presence of a new chiral spin liquid 
states [3].  
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Upon increasing the film thickness beyond 20 nm, by  combining state-of-the-art thin-film 
synthesis, RIXS, spin wave analysis, and dynamical spin susceptibility calculations, we have 
revealed the presence of spectrally sharp, gapped magnetic excitations in Y2Ir2O7 that surprisingly 
persist far above the Néel transition temperature, signaling the presence of a quasi-universal 
regime connected to fluctuations on frustrated lattices. This finding implies the existence of a 
highly unusual cooperative paramagnetic phase above the ordering temperature and explains the 
puzzling high-temperature magnetic behavior observed across the family of metallic pyrochlore 
crystals [4]. 

Future Plans 

1. Preliminary results with Thz based MOKE shows large Faraday rotation angle in
Eu2Ir2O7 due to the Weyl topological states. Since the pyrochlore iridates belong to the
novel class of altermagnets they may show mesoscopic domain and domain walls
structures.

2. Preliminary ultra-fast pump probe measurements on Eu2Ir2O7 films show very rich and
unusual dynamics below the magnetic transition temperature, signaling for the
presence of novel Mott-Hubbard excitons.
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Synthesis and Characterization of 2D Weyl Semimetals in Epitaxial Bismuthene  

Guang Bian, University of Missouri, Columbia 

Keywords:  
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Research Scope 

2D Weyl semimetal is a topological matter with topologically protected boundary states-
Fermi string edge states. It is a solid-state realization of Weyl fermion states in 2D space with 
exotic topological features such as chiral anomaly 
and charge fractionalization [1]. It also provides an 
ideal platform for exploring spin-valley locking, 
topological quantum criticality, and nonlinear 
electromagnetic properties of 2D Weyl fermion 
states. In this project, we explore the synthesis and 
characterization of 2D Weyl semimetals in epitaxial 
atomic layers. 

 Recent Progress 

We have successfully synthesized a 2D Weyl 
semimetal in bismuthene monolayer on SnSe 
substrate [1]. Our spin- and angle-resolved 
photoemission spectroscopy (spin-ARPES) experiments clearly demonstrated the linear band 
dispersion and spin texture of 2D Weyl fermion states. The scanning tunneling microscopy (STM) 
and quasiparticle interference (QPI) measurements showed enhanced local density of states 
(LDOS) at Fermi level near the edge of samples, suggesting the existence of Fermi arc edge states, 
a new type of topologically protected boundary modes. 

Future Plans 

We will search for 2D Weyl semimetals in different epitaxial atomic layers, build 2D Weyl 
semimetal/superconductor heterostructures, and perform transport measurements. To achieve our 
research goal, we are constructing an MBE-ARPES-STM-Transport 4-in-1 vacuum system. The 
equipment will be tested and operated in 2025 winter.   
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Investigating the Interplay of Quantum Geometry, Magnetism, and Superconductivity in 
Topological Materials 

Ni Ni 

University of California, Los Angeles 

Keywords: topological crystalline insulator, fermiology, quantum oscillation, magnetic topological 
insulator, incommensurate noncollinear magnetic structure 

Program Scope 

The overarching goal of this proposal is to addressing the grand challenge of basic energy science 
by discovering new intrinsic magnetic/superconducting topological materials, and characterizing 
them through thermodynamic, transport, X-ray, and neutron measurements. The focus of our 
proposed research program is to investigate the role of the geometric properties of electron 
wavefunctions in emergent quantum phenomena in condensed matter systems, including Berry 
curvature and quantum metric. Of particular interest in this research is to probe the interplay of 
band topology, structure, electronic and spin degrees of freedom in these materials through 
chemical doping, external pressure and uniaxial strains. The proposed research will accelerate the 
discovery of these materials and advance our understanding of the interplay of the topology and 
magnetism, potentially enabling us to manipulate the emergent phenomena arising from the 
interplay. 

Recent Progress 

During the funding period from 09/01/2023 to 08/15/2025, we have 12 papers published or under 
review. In this session, I will report the related progress. 

1) We discovered a new topological crystalline insulator SrAg4Sb2[1]. Compared to time-reversal
symmetry-protected Z2 topological 
insulators and Dirac/Weyl 
semimetals, there are significantly 
fewer candidates for topological 
crystalline insulators. SrAg4Sb2 is 
predicted to exhibit topological 
crystalline insulator behavior when 
considering spin-orbit coupling. In 
this study, we systematically 
investigate single crystals of 

SrAg4Sb2 using electrical transport and magnetic torque measurements, along with first-principles 
calculations. Our transport data reveals its compensated semimetal nature with a 
magnetoresistance up to around 700% at 2 K and 9 T. Analysis of de Haas-van Alphen oscillations 
uncovers a Fermi surface consisting of three distinct Fermi pockets with light effective masses. 

Figure 1. The angular-dependent quantum oscillation contour plot 
and Fermi surfaces of SrAg4Sb2 [1]. 
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Comparison between the three-dimensional fermiology obtained from our oscillation data and the 
first-principles calculations demonstrates excellent agreement. This confirms the accuracy of the 
calculations, which indicate a band inversion centered at the Gamma point and identify the 
existence of nontrivial tube and needle hole Fermi pockets at Gamma, alongside one trivial 
diamond electron pocket at the T point in the Brillouin zone. Furthermore, symmetry and topology 
analysis results in two potential sets of topological invariants, suggesting the emergence of two-
dimensional gapless Dirac surface states either on the ab planes or on both the ab planes and mirror 
planes, protected by crystal symmetries. Therefore, SrAg4Sb2 emerges as a promising candidate 
topological crystalline insulator. This work has been published on Physical Review Materials and 
selected as Editors’ selection. 

2) Magnetic topological insulators provide a platform for emergent phenomena arising from the
interplay between magnetism and band topology. Here we report the single crystal growth, crystal
structure, magnetic and transport properties, as well as the neutron scattering studies of topological

insulator series (Ge1−δ−xMnx)2Bi2Te5 (x ≤ 0.47, 0.11 ≤ δ 
≤ 0.20)[2]. Upon doping up to x = 0.47, the lattice 
parameter c decreases by 0.8%, while the lattice 
parameter a remains nearly unchanged. Significant Ge 
vacancies and Ge/Bi site mixing are revealed via 
elemental analysis as well as refinements of the neutron 
and X-ray diffraction data, resulting in holes dominating 
the charge transport. At x = 0.47, below 10.8 K, a bilayer 
A-type antiferromagnetic ordered state emerges,
featuring an ordered moment of 3.0(3) μB /Mn at 5 K,
with the c axis as the easy axis. Magnetization data unveil
a much stronger interlayer antiferromagnetic exchange
interaction and a much smaller uniaxial anisotropy
compared to MnBi2Te4. We attribute the former to the

shorter superexchange path and the latter to the smaller ligand-field splitting in 
(Ge1−δ−xMnx)2Bi2Te5. Our study demonstrates that this series of materials holds promise for the 
investigation of the Layer Hall effect and quantum metric nonlinear Hall effect. The work has 
published in Physical Review Materials and selected as Editors’ selection. 

3) We have uncovered the three dimensional fermiology of the triangular antiferromagnet
EuAg4Sb2[3]. This compound was of particular interest as it is the magnetic sister compound to
the Topological Crystalline Insulator candidate SrAg4Sb2, which we discovered in 20241. In this
study we present the temperature-field phase diagram when an external magnetic field is applied
along the c and a axis as well as systematically investigate the three-dimensional fermiology,
utilizing quantum oscillation measurements, angle-resolved photoemission spectroscopy, and
first-principles calculations. The complex magnetic phase diagram of EuAg4Sb2 highlights many
transitions through nontrivial AFM states. Shubnikov-de Haas and de Haas-van Alphen

Figure 2. The neutron scattering data and 
magnetic structure of GeMn225 [2]. 
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oscillations were observed in the polarized ferromagnetic state of EuAg4Sb2, revealing three pairs 
of distinct spin-split frequency branches with small effective masses. A comparison of the angle-
dependent oscillation data with first-principles 
calculations in the ferromagnetic state and angle-resolved 
photoemission spectra shows good agreement, 
identifying tubular hole pockets and hourglass-shaped 
hole pockets at the Brillouin zone center, as well as 
diamond-shaped electron pockets at the zone boundary. 
As the temperature increases, the frequency branches of 
the tiny hourglass pockets evolve into a more cylindrical 
shape, while the larger pockets remain unchanged. This 
highlights that variations in exchange splitting, driven by 
changes in the magnetic moment, primarily impact the 
small Fermi pockets without significantly altering the 
overall band structure. This is consistent with first 
principles calculations, which show minimal changes 
near the Fermi level across ferromagnetic and simple 
antiferromagnetic states or under varying on-site 
Coulomb repulsion. This work has been published on 
Physical Review B and selected as Editors’ selection. 

4) Electronic commensuration arising from a spin moiré superlattice (SMS) was proposed for
EuAg4Sb2, being realized as double-q spin modulation when the system is subject to applied

magnetic fields. To investigate the tunability of 
this SMS, we first reveal an incommensurate 
noncollinear cycloidal magnetic ground state, 
through the utilization of single crystal neutron 
diffraction measurements. We then applied an 
in-plane magnetic field at various tilt angles and 
resolved the complex temperature-field phase 
diagrams at each angle using magnetic and 
transport measurements. The resultant 
temperature-field phase diagrams uncover 
multiple spin-reoriented pdhases, suggesting 
the critical role of in-plane field components in 
driving magnetic transitions. Despite 
substantial spin reorientation of the double-q 
phase, we observe a persistent gap opening, 

evidenced by strong suppression in both Hall and longitudinal conductivities. Model calculations 
attribute this robustness to the stability of SMS under tilting fields. Our results establish EuAg4Sb2 
as a tunable platform for exploring spin-texture-driven superzone gap opening in electronic states. 

Figure 3. The angular-dependent quantum 
oscillation contour plot and Fermi 
surfaces of EuAg4Sb2 [3].  

Figure 4. The temperature-field phase diagrams of 
and polar plot of the change of Hall conductivity 
and longitudinal conductivity of EuAg4Sb2 [4]. 
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This work is in press at Nano Letters [4]. 

5) We have reviewed the recent progress of crystal growth, magnetism and chemical disorder in
MnBi2nTe3n+1 intrinsic magnetic topological insulators. The search for magnetic topological
materials has been at the forefront of condensed matter research for their potential to host exotic
states such as axion insulators, magnetic Weyl semimetals, Chern insulators, etc. To date, the
MnBi2nTe3n+1 family is the only group of materials showcasing van der Waals-layered
structures, intrinsic magnetism and non-trivial band topology without trivial bands at the Fermi
level. In this review, we provide a comprehensive review of the research progress in this intrinsic
magnetic topological insulator family, with a focus on single-crystal growth, characterization of
chemical disorder, manipulation of magnetism through chemical substitution and external
pressure, and important questions that remain to be conclusively answered. The review paper was
published on National Science Review [5].

Future Plans  

We will explore various tuning on the SMS in EuAg4Sb2, including pressure and strain effect, 
doping effect. We will further investigate the potential SMS state in EuAg4As2, where large 
magnetoresistance was also observed. We will investigate new magnetic topological or 
superconducting materials we have grown. 
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Harnessing Topological Surface States in Dirac Semimetal α-Sn Thin Films 

Mingzhong Wu, Department of Physics and Department of Electrical and Computer Engineering, 
Northeastern University 

Keywords: Topological Dirac semimetal, topological surface states, quantum oscillations, 

Research Scope 

This project will take advantage of topological surface states in Dirac semimetal α-Sn thin 
films to explore new fundamental physics and develop novel materials and devices.  In particular, 
we will study: (1) New strategies for growth of high-quality α-Sn thin films, (2) quantum 
oscillations of second-order electric transport, (3) single-element topological superconductors, and 
(4) manipulation of magnetization via topological surface states in α-Sn.  The basic work under
Topic (1) will lay the groundwork for the specific experiments under Topics (2)-(4).  Topic (2)
targets new fundamental physics - quantization of second-order electric transport. We discovered
this effect very recently, and we will fully explore it in this new program.  Under Topic (3), we
will develop a Sn-based single-element topological superconductor that will offer a unique
platform for the realization of Majorana zero modes for topological quantum computing.  Topic
(4) serves as a model example to establish the high potential of α-Sn in spintronics applications.
Topics (2)-(4) will all leverage the topological surface states in α-Sn thin films.

 Recent Progress 

We recently completed our study on quantum oscillations of nonlinear electrical transport. 
When a material is exposed to a magnetic field, its electrical resistance varies periodically with 
field strength—a phenomenon known as quantum oscillations. These oscillations are powerful 
tools for probing key aspects of the Fermi surface in solids through electrical transport 
measurements. Until now, however, such studies have focused on linear electrical transport. We 
recently observed experimental evidence for quantum oscillations in nonlinear electrical transport, 
revealing entirely new insights into the Fermi surface—specifically its geometry and spin 
orientations—that conventional linear-transport quantum-oscillation measurements cannot access. 
Using α-Sn, a topological Dirac semimetal known to exhibit both linear and nonlinear electrical 
transport, it is shown that nonlinear-transport quantum oscillations are uniquely sensitive to the 
shape and spin texture of the Fermi contour. Moreover, these oscillations exhibit distinct 
dependencies on magnetic field strength and temperature compared to their linear-transport 
counterparts. These differences establish nonlinear-transport quantum oscillations as a 
transformative tool for investigating Fermi surface physics in solid-state systems, extending 
beyond the reach of conventional linear-transport quantum-oscillation studies. By opening a new 
frontier in electrical transport research, this work lays the foundation for discovering exotic states 
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of matter—mirroring the role of conventional quantum oscillations in the discoveries of high-
temperature superconductors and topological insulators. 

 Figure 1 presents the main results.  The 
first row shows quantum oscillations of the first-
harmonic resistance 𝑅𝑅1𝜔𝜔 (i.e., linear transport) for 
currents applied along three distinct directions, as 
indicated by the diagrams at the top. The second 
row presents the quantum oscillations of the 
second-harmonic resistance 𝑅𝑅2𝜔𝜔  (i.e., nonlinear 
transport) for the same current configurations. All 
data are normalized to their non-oscillating 
backgrounds. 

 Two major results are evident in Fig. 3. 
First, as the current direction transitions from Γ�M�  
to Γ�K� and then to Γ�M�′, the quantum oscillations 
(e.g., oscillation amplitude |∆𝑅𝑅1𝜔𝜔| and oscillation 
frequency 𝑓𝑓 ) of the linear electrical transport 
remain almost unchanged, while those of the 
nonlinear transport vary significantlyfrom 
strong oscillations in Fig. 1d to no oscillations in 
Fig. 1e, and back to strong oscillations in Fig. 1f.  
This indicates that linear-transport oscillations are 
insensitive to the hexagonal geometry of the 
Fermi contour, while nonlinear-transport 
oscillations are highly sensitive.  In other words, measurements of quantum oscillations of 𝑅𝑅2𝜔𝜔 
can distinguish whether the current points from the Γ� point to the middle point of a hexagonal side 
or to a vertex of the contour.  However, measurements of quantum oscillations of 𝑅𝑅1𝜔𝜔 cannot. 

Second, the oscillations of 𝑅𝑅2𝜔𝜔  are out of phase for currents along the Γ�M�  and Γ�M�′ 
directions, as shown in Figs. 1d and 1f.  This is because the sign of 𝑅𝑅2𝜔𝜔 depends on the orientation 
of the out-of-plane spin component (𝑠𝑠⊥) of the topological surface states (TSS) at the Fermi level. 
If one denotes 𝜙𝜙𝑘𝑘  as the angle of the current relative to the Γ�M�  direction as shown in the top 
diagrams, 𝑠𝑠⊥ can be expressed as1

𝑠𝑠⊥ = cos(3𝜙𝜙𝑘𝑘)

�[cos(3𝜙𝜙𝑘𝑘)]2+�ℏ𝑣𝑣𝐹𝐹
𝜉𝜉𝑘𝑘𝐹𝐹
2�

2
, (1) 

where 𝑣𝑣𝐹𝐹  is the Fermi velocity and 𝜉𝜉 characterizes the strength of the hexagonal warping. 
According to Eq. (1), one has 𝑠𝑠⊥(𝜙𝜙𝑘𝑘 = 0) = −𝑠𝑠⊥(𝜙𝜙𝑘𝑘 = 𝜋𝜋

6
), which means that 𝑠𝑠⊥ has opposite

signs at the M�  and M�′ points of the Fermi contour, as shown schematically in the top diagrams.  

Fig. 1. Quantum oscillations of electrical transport 
in α-Sn for currents applied along different 
directions in the momentum space.  a-c, 
oscillations of normalized first-harmonic 
resistance.  d-f, oscillations of normalized second-
harmonic resistance.  The top diagrams indicate the 
directions of the currents relative to the Γ�M�  line in 
the reciprocal space.  The green arrows indicate 
spin orientations at the Fermi contour.  The data 
were measured with a magnetic field (B) applied 
perpendicular to the α-Sn film.    
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This analysis demonstrates that nonlinear-transport oscillations provide access to the spin texture 
along the Fermi contourinformation unattainable through linear-transport oscillation studies. 

Future Plans 

We plan to focus on single-element topological superconductors in the next reporting 
period.  Specifically, we will grow a bi-layered heterostructure that consists of a thin film of 
topological Dirac semimetal α-Sn and a thin film of superconducting metal β-Sn.  We will 
experimentally confirm the topological nature of the α-Sn layer and the superconducting behavior 
of the β-Sn layer.  Afte that, we seek to confirm topological superconductivity in such Sn-based 
bilayers. 
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Impact of Electric Field and Crystal Structure on Anisotropic Superconductivity in Few-
Layer T′ Structured TMDs 

Daniel Rhodes, University of Wisconsin Madison, Co-PI: Xiaofeng Qian, Texas A&M University 

Keywords: superconductivity, 2D and layered crystals, ferroelectrics, transition metal dich 
alcogenide compounds, magnetotransport  

Research Scope 

Two years ago we demonstrated coupling between ferroelectricity and superconductivity 
(SC) in bilayer Td-MoTe2 [1]. Since then, we have focused on understanding the mechanisms that 
drive the coupling between FE and SC in this, and similar, material systems. This has led us to two 
experimental approaches: (i.) investigating the evolution of superconductivity throughout the 
ferroelectric (FE) hysteresis loop via electric-field and angle dependent magnetotransport 
measurements and (ii.) investigating the consequences of modifying the crystal structure – either 
through hydrostatic pressure or through preserving the inversion symmetry in similarly structured 
materials (the 2M structure), where FE behavior is forbidden. Leveraging our theory effort, we 
have connected our experimental observations to changes in the electronic band structure, as well 
as verified new electronic phenomena. In i., we have shown that despite the dramatic changes in 
the superconducting critical temperatures and upper critical fields, the anisotropy of the 
superconducting state remains locked to the mirror plane, following a type II tilted Ising enhanced 
property. This behavior is confirmed through rigorous angular-dependent in-plane magnetic field 
magnetotransport measurements and further verified via calculations of the spin texture for the 
electron and hole pockets near the Fermi level. In ii., we have applied hydrostatic pressures up to 
2.5 GPa and observed multiple superconducting domes that all coexist with ferroelectricity. 
Surprisingly, within this regime of pressure we observe no substantial change to the Curie 
temperature or the coercive fields for ferroelectric switching. In addition, we have explored the 
consequences of preserving centrosymmetry in a similar material, 2M-WSe2. In this material, we 
verify verified the topological nature of the bulk crystal via comparison between theoretical 
calculations and transport measurements of the Fermiology. In the few-layer limit, we verify 
verified that 2M-WSe2 preserves its centrosymmetry and, within our experimental limitations, does 
not exhibit ferroelectric switching nor superconductivity, unlike few-layer WTe2 and MoTe2.  

Recent Progress 

Bilayer 𝑇𝑇𝑑𝑑-MoTe₂ exhibits a noncentrosymmetric, orthorhombic crystal structure with Mo 
chains along the 𝑏𝑏 axis and a mirror-plane symmetry in the 𝑎𝑎-𝑐𝑐 plane, as shown in Fig. 1a. This 
symmetry gives rise to strong spin-orbit coupling (SOC) with twofold in-plane rotational 
symmetry. To understand the electronic structure of bilayer 𝑇𝑇𝑑𝑑-MoTe₂ we performed systematic 
density functional theory (DFT) calculations and found two spin-split electron-like and two spin-
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split hole-like bands crossing the Fermi level, with hole pockets centered at Γ and electron pockets 
at Γ-±Y (Fig. 1b). The broken inversion symmetry and large SOC lead to distinct spin textures 
with anisotropic upper critical fields of ~15 and 27 T along the a and b axes, respectively (Fig. 1c). 
The system is a nearly compensated semimetal, with calculated carrier densities of ~2.2×10¹³ cm⁻², 
in agreement with values from Hall measurements [1]. The anisotropic spin texture has been 
verified by DFT: the Γ-centered hole pockets show weak SOC strength with nontrivial oscillating 
in- and out-of-plane spin texture similar to monolayer MoTe2 [2], while the electron pockets 
exhibit strong out-of-plane polarization.  Our experimental observations of the SOC (up to 16.4 
meV) agree with the spin texture and spin splitting from first-principles calculations, indicating 
that tilted Ising spin-orbit coupling is the dominant underlying mechanism. 

Furthermore, the rotational symmetry that results from the anisotropic spin texture can 
persist under large out-of-plane displacement fields of up to -1.9 V/nm and polarization switching 
along the ferroelectric transition pathway (Fig. 1e). To understand how such anisotropy can survive 
under these conditions, we conducted first-principles calculations with varying out-of-plane 
electric fields from −0.5 to 0.5 V/nm. Our results show only small band energy shifts (~2 meV) 
with no appreciable modification in spin splitting (Fig. 1f), Fermi pocket size, or spin texture 
symmetry (Fig. 1g), suggesting the out-of-plane electric field is strongly screened by the carriers 
in bilayer MoTe2 and thus any additional contribution to Rashba spin-orbit coupling is minimized. 

Fig. 1: a, Crystal structure of bilayer 𝑇𝑇𝑑𝑑-MoTe₂. b, Band structure. c, Critical current along a and b axes.  d, Spin 
textures for different components. e, Angle-dependent magnetoresistance along different regions of the ferroelectric 
hysteresis loop. f,g, Band structure and spin texture 𝑆𝑆𝑥𝑥 with applied out-of-plane electric field. 
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To investigate the impact of interlayer coupling on the 
ferroelectricity and superconductivity we applied hydrostatic 
pressure (Fig. 2a) to bilayer Td-MoTe2 from 0.3 to 2.4 GPa. 
Starting at 0.3 GPa, we observe a single dome-like behavior 
of superconductivity with respect to change in carrier density 
(Δn) similar to ambient pressures, but with Tc increased from 
2.5 to 5.0 K (Fig. 2b) [1]. Shown in Fig. 2c, increasing 
pressure to 1.3 GPa, we observe a monotonic shift of the 
superconducting dome towards higher hole carrier 
concentrations and a monotonic decrease in superconducting 
critical temperature (Tc). Further pushing to 2.4 GPa (Fig. 2d) 
shows a split in the superconducting dome into two separate 
domes. DFT calculations with pressure predict an initial 
increase in the density of states, in agreement with the 
enhanced Tc we observe at 0.3 GPa. However, more work is 
necessary to understand the behavior at higher pressure. 

Transition metal dichalcogenides (TMDs) with heavy chalcogens (e.g., Te) often 
crystallize in orthorhombic (Td) or monoclinic (T′) phases, exhibiting semimetallic behavior along 
with emergent phenomena like quantum spin Hall states, and superconductivity. While the Td and 
T′ phases of S- and Se-based TMDs are metastable, they can 

Fig. 2: a, Hydrostatic pressure setup for 
bilayer 𝑇𝑇𝑑𝑑-MoTe₂.b-d, Temperature vs 
change in carrier density maps for 0.3 
(b), 1.3 (c), and 2.4 GPa (d).   

Fig. 3: a, Band structure of 2M-WSe2. b, Calculated hole (magenta) and electron (blue) Fermi surfaces. c, 
Magnetotransport measurement. d, SdH frequencies with varying magnetic field orientation. e, Calculated Wannier 
charge center indicating 2M-WSe2 holds a weak Z2 topological invariant (0;110). f, Displacement field vs carrier 
density map of bilayer 2M-WSe2. g, h, Landau fan diagrams for bilayer 2M-WSe2 at 𝐷𝐷 = 0.25 and 0.50 Vnm-1.   



be stabilized in a 2M structure, which shares the monolayer building block of Td /T′ but adopts a 
centrosymmetric C2/m stacking with a 113.2° interlayer translation [3]. We performed first-
principles calculations for bulk 2M-WSe₂ which reveals a semimetallic band structure and Fermi 
surface with nearly compensated electron and hole concentrations at the Fermi level (Fig. 3a and 
3b), consistent with magnetotransport measurements (Fig. 3c). In addition, we calculated the 
Shubnikov-de Haas (SdH) oscillation frequencies as a function of magnetic field orientation 
(Fig. 3d). Comparison between theory and experiment shows good agreement: the lower-
frequency α, β, and γ pockets are hole-like, while the higher-frequency electron-like feature 
corresponds closely to the ϵ pocket. Owing to its anisotropic ellipsoidal shape, we assign this 
electron pocket to the δ pocket. However, our calculations do not reproduce the 2D Fermi 
surface features of the ϵ pocket with quantitative accuracy. Overall, our analysis indicates that α 
and β frequencies arise from hole pockets, whereas the δ frequency originates from an electron 
pocket. We further calculated the topology of bulk 2M-WSe₂ using the Wannier charge center 
method (Fig. 3e), yielding a Z₂ invariant of (0;110) and indicating a weak topological phase 
consistent with literature [4, 5]. These results are corroborated by surface state calculations using 
semi-infinite Green’s function, which show overlapping valence and conduction bands with band 
crossings near the Fermi level, suggesting the coexistence of semimetallicity and weak 
topological order. In summary, the nontrivial topology, semimetallicity, and SdH oscillations of 
bulk 2M-WSe₂ are consistent with the nontrivial Berry’s phase and angular-dependent SdH 
frequencies observed in experiment.  

With observations of topological states in the bulk in mind, we investigated bilayer 2M-
WSe₂. Surprisingly, we observed increased quantum lifetime as layer number was decreased and 
a gap opening (Fig. 3f) at a displacement field of D = 0 Vnm-1. This enabled us to observe well-
resolved Landau fan diagrams and investigate the electronic band structure of bilayer 2M-WSe₂. 
The multiple fans suggest multiple hole and electron pockets near the Fermi level, each with a 
two-fold degeneracy. As D increases, we see the Landau fan diagrams split, indicating a 
significant renormalization of the electronic band structure with applied electric field. The 
evolution of these fans and their origins are part of an ongoing study as part of our future plans. 
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Future Plans 

In the final year of our project, we plan to: (1) Continue to measure the impact of 
changes to the interlayer coupling via the application of pressure. These efforts will include 
diamond anvil approaches (in collaboration with Prof. Sheng Ran, WUSTL), enabling studies 
of up to 60 GPa. Our preliminary results up to 2.5 GPa have already shown significant 
changes to the superconductivity. Increased pressure may quench the polarization and will also 
have a significant impact on the lattice constants, changing the Fermi surface nesting and 
possibly the pairing mechanism of superconductivity in bilayer Td-MoTe2. We will also use 
these same devices for electric field-dependent low frequency Raman spectra, probing the 
shear modes in bilayer Td-MoTe2 related to the ferroelectric switching. Recent reports have 
also suggested that charged density waves (CDWs) exist in these materials. CDWs act as a 
super-potential, inducing band folding, and leading to correlated states at the Fermi level. 
Whether these CDWs exist and are related to the emergence and gate-tunability of 
bilayer Td-MoTe2 warrants exploration. Concomitant to the experimental efforts for (1), the 
evolution of the band structure under applied pressure, the phonon density of states and resulting 
vibrational modes, and the potential existence of CDWs will be theoretically calculated via DFT 
using either Quantum Espresso or VASP. (2) We will measure the polarization directly 
throughout the ferroelectric hysteresis loop using two approaches, using a graphene layer as a 
dual-gate and chemical potential monitoring layer and using a capacitive approach, combined 
with theoretical analysis of the electronic screening, to derive the polarization from the 
capacitance. This will allow us to accurately ascertain the value of polarization, when the 
polarization switches, and connect the changes in the electronic environment of bilayer 
Td-MoTe2 to the anomalous changes in the carrier density observed in ferroelectric hysteresis 
loop. (3) We will investigate the impact of Fermi surface nesting on the superconducting state 
via measurements of the band structure of few-layer Td-MoTe2. We will pursue nanoscale 
angle resolved photoemission spectroscopy in collaboration with Prof. Ming Yi (Rice 
University) and Dr. Aaron Bostwick (SLAC) and collaborate with Dr. Nathan Guisinger 
(ANL) for scanning tunneling spectroscopy and quasiparticle interference measurements. The 
connection between features of the band structure and superconductivity will be elucidated through 
local measurements of vortices via low-temperature STM integrated with applied magnetic field 
(Guisinger) and through NV spectroscopy in collaboration with Prof. Brian Zhou (BU). 
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Growth, Anisotropy and Unconventional Superconductivity of 2M-WS2 

Jifa Tian and Brian M. Leonard, University of Wyoming 

Keywords: topological superconductivity, intercalation, single crystal, Raman spectroscopy, 
quantum transport 

Research Scope 

Discovering and controlling nontrivial quantum phases in two-dimensional (2D) transition-
metal dichalcogenide (TMD) layers is one of the central goals in current condensed-matter physics 
community. Among their polymorphs, the metastable monoclinic 2M phase, recently realized in 
compounds such as 2M-WS21-5 and WSe26, has attracted particular interest. Notably, 2M-WS2 has 
been synthesized and shown to host topological surface states coexisting with robust bulk s-wave 
superconductivity, positioning it as a candidate 2D topological superconductor. This project aims 
to tackle a key question: how can we manipulate unconventional superconductivity in 2D 
topological materials? The goal of this project is to develop methods to grow high-quality intrinsic 
and doped 2M-WX2 (X = S, Se) and systematically tune their band topology and superconductivity 
down to the monolayer limit, advancing pathways toward topological quantum computing. 

Recent Progress 

1) New methods to grow intrinsic 2M-WS2 bulk crystals [1]. Since the growth of large,
high-quality crystals of the intercalated or 2M phase WS2 using our previously developed method4 
is quite difficult, we have been developing new methods to intercalate large 2H-WS2 crystals at 
low temperatures or room temperature followed by thermal annealing to facilitate the phase 
transition from 2H to 
2M. This method 
avoids the long (days 
to weeks) crystal 
growth phase with 
potassium or sodium 
present which allows 
us to convert the large 
crystals in hours 
resulting in large 
(centimeter-scale) 
2M WS2 bulk 
crystals. The 2M-
WS2 crystals showed 
high crystallinity 
through differential 
scanning calorimetry, 

Figure 1. (a) Reaction scheme for the process to convert 2H to 2M-WS2 via 
intercalation and thermal treatment. (b) XRD with optical images of 2H WS2 bulk 
crystals. Na intercalated WS2 followed by thermal treatment at 800 oC and 
deintercalation to yield 2M-WS2. (c) Magnetic susceptibility measurements for a 2M-
WS2 crystal. (d) TEM, SAED, and HRTEM of 2H WS2 (left) and 2M WS2 (right).    
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and robust superconductivity consistent with previous literature reports. This method was also 
found to be general to potassium and sodium intercalation. 

2) Anisotropic Raman Scattering and Lattice Orientation Identification of 2M-WS2

[2]. Anisotropic materials with low symmetries hold significant promises for next-generation 
electronic and quantum devices. 2M-WS2, which is a candidate for topological superconductivity, 
has garnered considerable interest. However, a comprehensive understanding of how its 
anisotropic features contribute 
to unconventional
superconductivity, along with a 
simple, reliable method to 
identify its crystal orientation, 
remains elusive. In this work, 
we employed experimental and 
theoretical approaches to 
systematically investigate the 
anisotropic Raman modes of 
2M-WS2 thin layers using 532 
and 638 nm excitation lasers. 
Employing first-principles 
calculations, we identify all 
observed Raman peaks of 2M-
WS2 corresponding to six Ag 
and three Bg modes. Angle-
dependent polarized Raman 
spectroscopy reveals distinct 
symmetries in these modes, 
demonstrating the material’s pronounced anisotropy. Furthermore, by coupling these findings with 
high-resolution transmission electron microscopy, we directly correlate the angle-dependent 
Raman spectra to the crystal orientation. This combination of experimental and theoretical 
methods allows us to demonstrate that polarized Raman spectroscopy can reliably determine the 
twist angle of 2M-WS2/2M-WS2 junctions. Our findings provide insights into the electron–phonon 
coupling and anisotropic properties of 2M-WS2, paving the way for the use of anisotropic materials 
in advanced electronic and quantum devices. 

3) Cross-over from conventional to unconventional superconductivity in 2M-WS2
thin layers [3]. Understanding how the numbers of layers affect the unconventional 
superconductivity in 2M-WS2 is an important task. To achieve this goal, we fabricated more than 
50 Hall-bar devices with 2M- WS2 layers ranging from 3 to 50 nm. We demonstrated the first 

Figure 2. (a) Optical image of a 2M-WS2/2M-WS2 junction. (b) The 
false-color plot of polarized Raman intensities under parallel 
configuration for the top flake (b) and bottom flake (c), using the 638 nm 
excitation laser. (d) The polar plot of the Ag Raman mode at 178 cm-1 for 
both the bottom flake (black) and the top flake (red). The twist angle, 
approximately 10o. 
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transport evidence of thickness-
induced crossover from 
conventional to unconventional 
superconductivity in 2M-WS2. 
As the sample thickness 
reduced, we saw a significant 
shift in key superconducting 
metrics, including critical 
temperature, critical current, 
and carrier density. We further 
observed that while thick 2M-
WS2 samples show 
conventional (s-wave) 
superconductivity, with an in-
plane upper critical field constrained by the Pauli limit, samples under 20 nm exhibit a pronounced 
in-plane critical field enhancement with values a few times higher than the Pauli limit, indicating 
the existence of unconventional superconductivity. Most importantly, the enhancement of the 
upper critical field is inversely correlated with 2D carrier density. This marks a distinct crossover 
to spin-orbit-parity coupled superconductivity. Our findings underscore the crucial role of 
dimensionality in accessing topological states in 2D topological superconductors, offering pivotal 
insights into the engineering of topological superconductivity.  

Future Plans 

We will continue to optimize the grow methods to obtain high quality Nb, Ta and Re doped 
(with controlled doping concentration) bulk crystals of 2M-WS2. Then, we will fabricate the hall 
bar device on the doped 2M-WS2 thin layers and study how doping concentration affects the 
topological and unconventional superconductivity of 2M-WS2.   

We will perform transport measurements on the fabricated twisted 2M-WS2 bilayers to 
explore how superconductivity varies with the twist angle. These measurements are expected to 
provide insights into angle-dependent quantum phenomena and potentially reveal novel quantum 
states unique to twisted bilayers.  
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Research Scope 

The scope of the project is to tailor inversion symmetry breaking (ISB) in three-dimensional and 
van-der-Waals superconducting chalcogenides to pinpoint signatures of Berry curvature that arise 
when this symmetry is broken. Non-centrosymmetric superconductors can host mixed even/odd 
pairing. They serve as interesting platforms to understand the fundamental experimental 
consequences of non-s-wave pairing.  

Our specific objective is to evidence the tuning of 
ISB in thin films of superconductors NbSe2, PdTe2 
and (Ge,In)Te. In a second stage, we aim to 
experimentally and theoretically investigate 
nanoscale tunneling as well macroscopic transport 
behaviors that emerge when ISB is broken, 
potentially linking them to Berry curvature.  

 Recent Progress 

The most common signature of ISB in 
superconductor thin films is the enhancement of 
their in-plane upper critical field beyond the Pauli limit [1]. This limit is determined by balancing 
the superconducting condensation energy with the magnetization energy. It is determined by the 
size of the superconducting gap, proportional to the critical temperature Tc and by the charge 
carrier g-factor [2]. In the weak coupling limit and for s-wave superconductors the Pauli limit is 
almost equal to 1.85Tc. 

In superconducting thin films of NbSe2 and PdTe2, below a critical thickness, we consistently 
observe an-plane upper critical field that exceeds 1.85Tc [3]. While NbSe2 is known to break 
inversion symmetry for specific thicknesses, PdTe2 is an established centrosymmetric 
superconductor. However, based on previous studies of its bulk band structure, others have 
identified quasi-linearly dispersing bands, with low effective masses and an effective g-factor 
exceeding 20. Interband interactions due to strong spin-orbit coupling are responsible for this 
behavior.  

FIG 1. (a) Temperature dependences of the upper 
critical of PdTe2 thin films of different thickness. 
(b) Thickness dependences of the Ising spin-orbit 
coupling and (c) the effective g-factor.
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Here, we relate the changing upper critical field versus thickness in PdTe2, to an enhanced g-factor 
in bulk, and its reduction under quantum confinement as PdTe2 is thinned down below 40nm. Our 
measurements are carried out on thin films grown by physical vapor deposition. The temperature 
dependence of the in-plane Hc2 is studied and fit by a model that includes Ising, spin Zeeman and 
orbital interactions (Fig. 1(a-c)). The model yields a g-factor changing by an order of magnitude 
as films are thinned down from 50nm to 19nm (Fig. 1(c)). This result is backed up by an analysis 
of the band structure of PdTe2 under quantum confinement using a k.p model. 

To our knowledge, the deviation of the g-factor from 2 is sometimes overlooked when studying 
the superconductivity of transition metal chalcogenides. While PdTe2 hosts a unique band structure 
where spin-orbit interactions cause a thickness dependent g, other chalcogenide superconductors 
could host enhanced or depressed g-factors due correlations or due to quantum geometric factors 
in the presence of a Moiré potential [3,4]. It is thus important to account for this aspect of their 
band structure when claiming unconventional superconductivity to explain the violation of the 
Pauli limit.  

Beyond centrosymmetric PdTe2, we have also successfully grown wafer-scale superconducting 
bilayers of MoTe2/PdTe2 which we intend to study in the future. 

Future Plans 

- Search for a Berry curvature induced Nernst effect in broken ISB systems: ultra-thin
PdTe2/MoTe2 bilayers and NbSe2 thin films.

- Study the phase diagram of (Sn,Ge,In)Te in search for a chemically tunable non-
centrosymmetric superconductor.

- Search for tunneling signature of broken inversion symmetry in NbSe2
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Good Plasmons in a Bad Metal 

D.N. Basov, Columbia University
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Research Scope 

Strongly correlated materials may exhibit unusually high resistivity increasing linearly in 
temperature, breaking through the Mott-Ioffe-Regel bound, above which coherent quasiparticles 
are destroyed. The fate of collective charge excitations, or plasmons, in these systems is a subject 
of debate. Several studies suggest plasmons are overdamped while others detect unrenormalized 
plasmons. The PI has carried out direct optical imaging of ultra-low-loss and renormalized 
hyperbolic plasmon polaritons (HPPs) in the correlated van der Waals metal MoOCl2. HPPs are 
plasmon-photon modes that waveguide through highly anisotropic media, and are found to be 
remarkably long-lived in MoOCl2. Many-body theory supported by photoemission results 
acquired at the Advanced Light Source, Lawrence Berkeley National Laboratory reveals that 
MoOCl2 experiences an orbital-selective Peierls distortion. Moreover, MoOCl2 hosts rich 
correlated physics: the Fermi surface is reconstructed and made partly incoherent by electronic 
interactions. These effects together enable long-lived, strongly-correlated HPPs, making MoOCl2

an ideal platform for plasmonics with interacting electrons. Ref.[1]. 

 Recent Progress 

Hyperbolic plasmon polaritons (HPPs) are deeply subdiffractional propagating modes 
occurring in anisotropic crystals. HPPs offer unique access to the electronic phenomena in the host 
material and hold promise for single-digit nanometer lithography. In order to investigate 
subdiffractional HPPs, the PI utilized a scattering-type scanning near-field optical microscope (s-
SNOM) and a tunable continuous-wave near-infrared lasers. Fig.1a shows a schematic of the 
experiment, where a metallic s-SNOM tip is illuminated by incident laser light with wavevector 
𝑘𝑘0. The tip launches waveguiding HPPs with wavevector 𝑘𝑘 in a metallic MoOCl2 slab that transmit 
through the sample edge and interfere with tip-scattered light, creating standing wave fringes in 
real-space scans. Fig. 1 shows a room-temperature s-SNOM image of a representative MoOCl2 
microcrystal. Subdiffractional interference fringes attributed to HPPs can be seen propagating 
unidirectionally along the a-axis across the entire span of the crystals, highlighting their ultra-low 
damping. An example line profile with HPP oscillations is shown in brown. A remarkable result 
seen in Fig.1 is that highly confined plasmonic wave packets travel through the bulk of a metallic 
system with a relatively low loss.  
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The PI demonstrated that HPPs are enabled by strong anisotropy of the dielectric function 
of MoOCl2. The PI investigated the anisotropic dielectric function of MoOCl2 by means of Fourier 
transform infrared (FTIR) spectroscopy. Nano-optical experiments in combination with FTIR data 
uncovered that the plasmonic response of MoOCl2 is strongly renormalized by interactions in the 
electronic system of this compound. To gain insight into microscopic mechanisms behind the 

Fig.1 Near-infrared nano-imaging of hyperbolic plasmon polaritons. a, room-temperature near-field 
amplitude image of a 32 nm MoOCl2 microcrystal showing ultra-low-loss propagation of hyperbolic plasmon 
polaritons (HPPs) along the a-axis. Black line is an averaged line profile. b, defect-launched hyperbolic 
wavefronts. c, near-field amplitude line profiles from MoOCl2 samples with thicknesses between d=9 nm and 
42 nm. HPP fringes show clear thickness dependence. d, fast Fourier transform (FFT) amplitude spectra of 
complex near-field line profiles with probe energies 𝜔𝜔=0.620-1.033 eV. Three dispersive peaks are observed 
corresponding to the fundamental (n=0) and higher-order (n=1,2) HPP modes. Top inset is a near-field phase 
image displaying ultra-confined higher-order modes in real-space. e, FFT spectrum at 𝜔𝜔=1.37 eV showing HPP 
and air mode peaks. Complex momenta are extracted from Lorentzian fits (dashed blue line). f, HPP quality 
factors reach ~10 at 1.37 eV and have strong energy dependence. Top inset, real-space image of highest-quality 
sample showing ten fringes. Scale bar is 1 μm. g, experimental and, h, simulated planar focusing of HPPs at a 
curved edge. 
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renormalization, we performed ARPES experiments at ALS in collaboration with Eli Rotenberg. 
The theoretical analysis and modeling in collaboration with Andrew Millis, Swagata Acharya and 
Mark van Schilfgaarde revealed that the unconventional electrodynamics of MoOCl2 originates in 
part from an orbital-selective Peierls distortion [1].  

Future Plans 

Current research in focused on the following directions. 1) The PI plans to perform nano-
imaging experiments for a new generation of MoOCl2 crystals synthesized in the laboratory of 
Prof. Xavier Roy at Columbia; 2) The PI embarked on nano-THz imaging/spectroscopy of 
MoOCl2 in order to fully unravel the interdependence between transport and plasmonic 
characteristics; 3) Detailed nano-THz experiments are enabled by a new nano-imaging modality 
that is being implemented by the PI: nano-optical space-time metrology [2]; 4) The PI is working 
on hybrid van der Waals structures introduced by the PI in [3] in which near-infrared emitters (eg. 
MoTe2) are coupled to hyperbolic modes of MoOCl2 to utilize theoretically predicted Purcell 
enhancement; 5) Previously, the PI demonstrated that a slab of a hyperbolic crystal acts as a 
subdiffractional imaging device (Fig.6a in Ref.[4]); new experiments are aimed at exploring 
opportunities for subdiffractional imaging in the context of single-digit nanometer lithography 
applications based on the common visible range lasers.  
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Indirect excitons in heterostructures 
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Program Scope 

A spatially indirect exciton (IX), also known as an interlayer exciton, is a bound pair of an electron 
and a hole confined in separated layers in a heterostructure (HS).   

- Due to the separation of electron and hole layers, IX have long lifetimes, orders of magnitude 
longer than direct excitons (DXs). Long IX lifetimes allow them to thermalize below the 
temperature of quantum degeneracy. This gives an opportunity to create quantum excitonic 
systems. 

- The long IX lifetimes also allow them to travel over long distances, orders of magnitude longer 
than for DXs. This gives an opportunity to study transport phenomena in quantum excitonic 
systems. 

- The built-in IX electric dipoles ed give an opportunity to effectively control IXs by voltage and, 
in particular, create tailored potential landscapes for IXs by voltage patterns (d is close to the 
distance between the centers of electron and hole layers). 

IXs give an opportunity to study quantum systems of bosons in semiconductor materials. We 
explore IXs in GaAs HS, which form the low-disorder platform for IXs, and in van der Waals HS 
composed of atomically thin layers of transition-metal dichalcogenides (TMD), which  were 
theoretically predicted to enable the realization of quantum IX phenomena at high temperatures. 

In this contribution, we present (1) finding of long-
range ballistic transport of IXs, (2) finding of long-
distance decay-less IX mediated spin transport, (3) 
finding of excitonic Bose polarons, and (4) finding 
of the Mott transition in excitonic Bose polarons. 

 

Recent Progress 

1. Efficient transport of IXs in van der Waals 
HS [1]. 

Exciton transport is fundamental for understanding 
transport phenomena in bosonic systems and for 
embracing excitation energy transfer in materials. 

 

Fig. 1. Temperature and excitation power 
dependence of IX diffusivity. From [1]. 
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Long IX lifetimes allow them to form quantum bosonic states and travel long distances. We 
measured IX transport in a MoSe2/WSe2 van der Waals HS by time-resolved photoluminescence 
imaging. These measurements probe the kinetics of IX cloud expansion and reveal the transport 
characteristics. We found IX transport with anomalously high diffusivity, orders of magnitude 
higher than for regular diffusive exciton transport in van der Waals heterostructures (Fig. 1). This 
efficient IX transport significantly deviates from diffusive transport and agrees with long-range 
ballistic transport, consistent with theoretically predicted superfluid [1]. 

2. Long-distance decay-less IX mediated spin
transport in van der Waals HS [2]. In addition
to its fundamental interest, the long-distance spin
transport is essential for spintronic devices.
However, the spin relaxation caused by scattering
of the particles carrying the spin limits spin
transport. We explored IXs as spin carries. We
observed in a MoSe2/WSe2 HS the IX-mediated
long-distance spin transport: the spin-polarized
IXs travel over the entire sample, ~10 μm away
from the excitation spot, with no spin density
decay. This transport is characterized by the 1/e
decay distances reaching 100 μm (Fig. 2). The
emergence of long-distance spin transport [2] is
observed at the densities and temperatures where
the IX transport decay distances and, in turn,
scattering times are strongly enhanced [3]. The
suppression of IX scattering suppresses the spin
relaxation and enables long-distance spin
transport. This mechanism of protection against
spin relaxation makes IXs a platform for the
realization of long-distance decay-less spin
transport [2].

3. Excitonic Bose Polarons in Electron-Hole
Bilayers [4]. Bose polarons are mobile particles of
one kind dressed by excitations of the surrounding
degenerate Bose gas of particles of another kind.
These many-body objects have been realized in
ultracold atomic gases and become a subject of
intensive studies. Excitons in electron-hole (e-h)

Fig. 2. The 1/e decay distance ds
1/e of IX mediated spin 

transport vs. temperature and excitation power. The 
data with diverging ds

1/e are presented by cyan color. 
From [2]. 

Fig. 3. (a) Electrons (e) and holes (h) are confined in 
separated HS layers. (b) Absorption (PLE) and 
emission (PL) in HS. IXs and DXs are shown by the 
ovals. (c) Free DXs (left) and DX-IX bound states 
(right) interact with surrounding IXs and form 
repulsive and attractive Bose polarons. From [4]. 
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bilayers offer new opportunities for exploring polarons in strongly interacting bosonic systems. 
We found that Bose polarons are formed by spatially direct excitons (DXs) immersed in degenerate 
Bose gases of IXs (Fig. 3). We detected both attractive and repulsive Bose polarons by measuring 
photoluminescence excitation (PLE) spectra. We controlled the density of IX Bose gas by optical 
excitation and observed an enhancement of the energy splitting between attractive and repulsive 
Bose polarons with increasing IX density, in agreement with our theoretical calculations [4].  

4. Mott transition in excitonic Bose polarons 
[5]. For a neutral system of positive and negative 
charges, such as atoms in a crystal, increasing the 
density causes the Mott transition from bound 
electrons to free electrons. The density of optically 
generated e-h systems can be controlled in situ by 
the power of optical excitation that enables the 
Mott transition from excitons, the bound pairs of 
electrons and holes, to free electrons and holes 
with increasing density. These Mott transitions 
occur in systems of pairs of the same kind, such as 
atoms or excitons. However, a different type of the 
Mott transition can occur for Bose polarons. A 
Bose polaron is a mobile particle of one kind 

surrounded by a Bose gas of particles of another kind. For the Mott transition in polarons, the 
polaron states vanish with increasing density of the surrounding gas. We found this type of the 
Mott transition (Fig. 4) and measured the Mott transition parameter in excitonic Bose polarons [5]. 

Future Plans 

GaAs HS form the lowest-disorder platform for studying IXs. We plan to study quantum transport 
of IXs in quantum point contacts in GaAs HS and search for the new transport quantization, 
predicted theoretically. 

IXs in van der Waals HS based on single-atomic-layers of TMD are characterized by high binding 
energies, significantly higher than in GaAs HS. Due to this property, theoretical predictions 
indicate that TMD HS can bring the IX quantum phenomena studied in GaAs HS at low 
temperatures, such as condensation and superfluidity, to high temperatures. Furthermore, IXs in 
moiré superlattices provide the experimental realization of the 2D Bose-Hubbard model. We plan 
to study Bose-Hubbard model physics with IXs in moiré potentials in TMD HS and search for IX 
high-temperature superfluidity, predicted theoretically. 
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Research Scope 

The current program focuses on investigating the interfacial superconductivity in molecular beam 
epitaxy (MBE)-grown (Bi,Sb)2Te3/FeTe and Cr-doped (Bi,Sb)2Te3/FeTe [i.e., quantum anomalous 
Hall (QAH)/FeTe] heterostructures. These systems will then be used to explore topological 
interfacial superconductivity and Majorana physics, with the ultimate goal of advancing 
topological quantum computation. 

Recent Progress  

Over the past two years, with the support from the DOE grant (DE-SC0023113, 09/01/2022 ~ 
08/31/2025), Chang has published 8 high-profile papers and has 4 manuscripts under review (see 
Publications). Published papers include 1 in Science, 1 in Review of Modern Physics, 2 in Nature 
Communications, 1 in Physical Review Letters, 1 in Advanced Materials, and 2 in Nano Letters. 
The accomplishments with primary DOE support include the realization of the interface-induced 
superconductivity in magnetic TI films (Science 2024, #1 in Publications), the Dirac-fermion-
assisted interfacial superconductivity in (Bi,Sb)2Te3/FeTe heterostructures (Nature 
Communications 2023, #2 in Publications), and the coexistence of superconductivity and 
antiferromagnetism in MnBi2Te4 films (Nano Letters 2024, #3 in Publications). In the following, 
I will focus on these three works with primary DOE support and describe their intellectual merits 
and scientific impacts. 

1. Interface-induced superconductivity in magnetic TI films (Science  2024) 

To date, QAH/superconductor hybrid structures have been fabricated by sputtering a thick s-wave 
superconductor (e.g., ~100 nm Nb) layer on magnetic TI films 1. These superconducting films are 
usually polycrystalline, which weakens their proximity effect across the QAH/superconductor 
interface. QAH/superconductor heterostructures with atomically sharp interfaces are highly 
desirable for the exploration of chiral topological superconductivity (TSC) and chiral Majorana 
physics 2. In this work, we employed MBE to synthesize heterostructures formed by two magnetic 
materials, a ferromagnetic TI Cr-doped (Bi, Sb)2Te3 with the QAH state and an AFM FeTe (Figs. 
1a and 1b). We observed an emergent and, at first sight, unexpected phenomenon, interface-
induced superconductivity. We showed evidence that this interface-induced superconductivity is 
robust, and the Cr-doped (Bi, Sb)2Te3/FeTe heterostructures possess the requisite properties of the 
much sought-after chiral TSC. 

By performing reflective magnetic circular dichroism (RMCD), scanning transmission electron 
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microscopy (STEM), low-energy muon spin relaxation (LE-µSR), magnetic force microscopy 
(MFM), scanning tunneling microscopy and spectroscopy (STM/S), electrical transport, and 
angle-resolved photoemission spectroscopy (ARPES) measurements, we demonstrated the trifecta 
occurrence of superconductivity, ferromagnetism, and topological order in the Cr-doped 
(Bi,Sb)2Te3 layer (Figs. 1c to 1e). We found the upper critical magnetic field µ0Hc2 of the emergent 
superconductivity to be very high (>40 T), which may be responsible for the robust 
superconductivity in Cr-doped (Bi,Sb)2Te3/FeTe heterostructures. The QAH/FeTe heterostructures 
will serve as the model material system for investigating chiral TSC and chiral Majorana physics. 

Fig. 1| Interface-induced superconductivity in Cr-doped (Bi, Sb)2Te3/FeTe heterostructures. a, Schematic lattice 
structure of the Cr-doped (Bi, Sb)2Te3/FeTe heterostructure. b, Cross-sectional STEM image of the (8,50) 
heterostructures grown on heat-treated SrTiO3(100) substrate. c, T dependence of the sheet longitudinal resistance R 
of the (8,50) heterostructure. d, µ0H dependence of the Hall resistance Ryx at T=10 K (black), T=12 K (red), and T=14 
K (blue). e, m dependence of the dI/dV spectra on the surface of the (m,38) heterostructure (setpoint: VB=+10 mV, 
It=300 pA, T=310 mK) (Chang, from #1 in Publications). 

2. Dirac-fermion-assisted interfacial superconductivity in TI/FeTe heterostructures (Nature
Communications 2023)

Fig. 2| Interface-induced superconductivity in (Bi, Sb)2Te3/FeTe and MnBi2Te4/FeTe heterostructures. a, Cross-
sectional STEM image of the 8 QL (Bi,Sb)2Te3/50 unit cell (UC) FeTe heterostructure on SrTiO3(100). b, T-dependent 
R of 50 UC FeTe (black), 8 QL Bi2Te3/50 UC FeTe (red), and 8 QL Sb2Te3/50 UC FeTe (blue) heterostructures (Chang, 
from Ref. 38). c, Cross-sectional STEM image of the 7 septuple layer (SL) MnBi2Te4/35 UC FeTe heterostructure on 
SrTiO3 (100). d, T-dependent R of the 7 SL MnBi2Te4/35 UC FeTe heterostructure (Chang, from #2 and #3 in 
Publications). 
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      Interface-induced superconductivity has been observed in both Bi₂Te₃/FeTe and Sb₂Te₃/FeTe 
heterostructures 3,4, where Bi₂Te₃ and Sb₂Te₃ are well-established 3D topological insulators (Ref. 
5). In this work, we used MBE to synthesize (Bi,Sb)2Te3/FeTe heterostructures with an atomically 
sharp interface (Fig. 2a), in which the chemical potential of (Bi,Sb)2Te3 can be tuned by varying 
the Bi/Sb ratio. By performing in situ ARPES and ex situ electrical transport measurements, we 
found that the superconducting transition temperature Tc and the upper critical magnetic field µ0Hc2 

are suppressed when the chemical potential approaches the Dirac point (Fig. 2b). This observation 
suggests a direct link between the interface-induced superconductivity and the Dirac electrons in 
the TI layer. We provided a scenario to understand the chemical potential dependence of interface-
induced superconductivity as the complex competition between bicollinear AFM order in the FeTe 
layer and the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction mediated by surface Dirac 
electrons of the TI layer. Our experimental results strongly support the Dirac-fermion-assisted 
interfacial superconductivity in (Bi,Sb)2Te3/FeTe heterostructures. The (Bi,Sb)2Te3/FeTe 
heterostructures with atomically sharp interfaces provide a promising platform for investigating 
Majorana physics and the moiré-modulated Cooper-pair density. 

3. Coexistence of superconductivity and antiferromagnetism in MnBi2Te4 films (Nano Letters 
2024) 

      Motivated by observing interface-induced superconductivity in Cr-doped (Bi,Sb)2Te3/FeTe 
heterostructures, we employed MBE to grow heterostructures by stacking AFM MnBi2Te4 and 
AFM FeTe films (Fig. 2c). By performing in situ STM/S and ex situ electrical transport and LE-
µSR measurements, we discovered interface-induced superconductivity in MnBi2Te4/FeTe 
heterostructures (Fig. 2d). We demonstrated the coexistence of superconductivity and 
antiferromagnetism in the MnBi2Te4 layer. Moreover, we found that the upper critical magnetic 
field µ0Hc2 of the emergent superconductivity is exceptionally high (>39.5 T) and nearly isotropic 
at T=1.5 K, closely resembling the behavior observed in Cr-doped (Bi, Sb)2Te3/FeTe 
heterostructures.  

Future Plans 

Based on our recent progress, we will pursue the following projects: 

1. Explore the superconducting mechanism of FeTe films and heterostructures. 
2. Explore Majorana physics and moiré-modulated Cooper-pair density in (Bi,Sb)2Te3/FeTe 

and Cr-doped (Bi,Sb)2Te3/FeTe heterostructures.. 
3. Explore selective area growth of Cr-doped (Bi,Sb)2Te3 and FeTe materials and demonstrate 

chiral TSC and Majorana physics in in situ-fabricated QAH/FeTe Josephson junction, 
superconducting quantum interference device (SQUID), and interferometer devices.   
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Figure 1. Pathways to controlling topological transport in quantum materials: (a) The creation of photon-dressed 
Floquet states and (b) the optical generation of coherent phonons can manipulate electronic topology. c) Femtosecond 
optoelectronic circuitry captures ultrafast topological transport responses on their characteristic timescales. 

Research Scope 

This program advances the optical control of topological transport through two complementary 
mechanistic approaches. The first thrust develops protocols for creating coherent light-matter 
hybrid states via Floquet-Bloch band engineering in Dirac/Weyl semimetals. Key achievements 
include the demonstration of a magnetic Floquet-Weyl semimetal state through circularly 
polarized light-induced time-reversal symmetry breaking (completed), complemented by 
microstructured cavity approaches [1,2] that extend light-matter hybridization beyond mid-
infrared frequencies. Current efforts focus on Thrust 1-2's development of bi-chromatic drives with 
tunable polarizations to access diverse symmetry-broken Floquet states, while Thrust 1-3 will 
probe magnetic-field-induced topological axial transport in these engineered systems. 

The second thrust pursues topological control through excitation of coherent phonons and cavity 
plasmons. Thrust 2-1 (underway) has already uncovered direct evidence of phonon-Berry 
curvature coupling through nonlinear Hall measurements. Building on this, Thrust 2-2 aims to 
dynamically steer semimetals across topological phases using symmetry-matched polarizations or 
cavity plasmon modes, while Thrust 2-3 (underway) explores pathways to persistent, switchable 
topological metastability. Together these approaches establish multiple routes for non-equilibrium 
control of quantum materials' topological properties. 

Recent Progress 

Thrust 1-1: Through controlled illumination with circularly polarized 10 µm light, we 
demonstrated the ability to dynamically reconfigure the topological phase of bulk Td-MoTe₂ [3]. 
Ultrafast transport measurements reveal the emergence of a novel nonequilibrium state, a Floquet 
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magnetic Weyl semimetal characterized by broken time-reversal and inversion symmetries (Fig. 
2). The signature of this Floquet-engineered states is the nonperturbative scaling of a putatively 
second-order injection currents, and the presence of a light-induced Hall effect whose strength is 
equivalent to a 30 Tesla magnetic field. We interpret the formation of this large effective magnetic 
field as light-induced Berry curvature engineered in the photon-dressed system. Our results 
establishing a new paradigm for controlling three-dimensional quantum materials with ultrafast 
pulses. 

Building on our initial demonstration of Floquet-Bloch state formation under mid-infrared 
illumination, recent theoretical advances by Zhou et al. proposed that microstructured optical 
cavities (like those developed within our group) could dramatically enhance light-matter 
interactions [1,2], potentially extending Floquet control beyond the mid-infrared regime. 

To experimentally test this concept, we adapted our near-field optoelectronic platform to 
incorporate the Weyl semimetal Td-WTe₂ within microstructured cavities to enhance the light-
matter interaction. When driven with 515 nm femtosecond pulses, the system exhibited clear 
signatures of topological shift currents. Most strikingly, the THz emission displayed characteristic 
nonperturbative scaling with excitation field strength (Fig. 2), mirroring the behavior we 
previously observed in the mid-infrared regime and providing compelling evidence for the 
formation of visible-frequency Floquet-Bloch states. These findings, published in Optical 
Materials Express [4], represent a significant expansion of the Floquet engineering toolkit and 
suggest that a much broader range of quantum phenomena may be amenable to optical control than 
previously realized. 

Fig. 1 a: Nonperturbative 
injection currents excited within 
the photon-dressed bandstructure 
scales in-line with Floquet 
theory. b. The source of the 
nonperturbative scaling is the 
result of stimulated emission 
from the photon-dressed bands. 
c,d A light-induced Hall effect is 
present at the peak of the 
ultrafast photocurrent signal. A 
majority of the Hall signal can be 
accounted for when examining 
the light-induced Berry curvature 
in the photon-dressed states. e 
The photon-dressed 
bandstructure along the cut 
connecting the two Weyl nodes, 
showing node displacement and 
ultrastrong light-matter coupling. 
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Thrust 2-1 and 2-2: Under the aegis of our progress in cavity-based Floquet engineering, we 
recognized an opportunity to explore phonon-mediated topological control by precisely matching 
cavity resonance frequencies to the interlayer shear phonon mode (~200 GHz) through careful 
thickness engineering of WTe₂ flakes. We fabricated specialized plasmonic cavities and probed 
their response using the same shift current mechanism demonstrated in our earlier work. While 
these experiments did not reveal the anticipated enhancement of the phase-transition-relevant 
phonon mode, they yielded an important secondary discovery: a clear Purcell enhancement of the 
cavity mode itself. This unexpected finding prompted us to systematically investigate the 
phenomenon across multiple cavity geometries with varying dimensions and resonance 
characteristics. The comprehensive results of this study, demonstrating robust Purcell 
enhancement of photocurrents currents in 2D plasmonic cavities, have been compiled in a 
manuscript titled "Purcell Enhancement of Photogalvanic Currents in WTe₂ Plasmonic Cavities," 
which has been submitted to Nature Communications. 

Thrust 2-3: Our investigation of photoinduced phase transitions in Td-MoTe₂ has revealed a 
remarkable degree of optical control over its topological state. By employing single-pulsed near-
infrared excitation and monitoring the nonlinear Hall effect at fixed bias, we have established a 
direct experimental probe of optically induced changes of the material's topological phase. The 
presence of this nonlinear transport signature serves as a definitive marker of the type-II Weyl 
phase, while its absence indicates transition to a trivial phase. Key findings demonstrate that 
individual optical pulses can reversibly switch the material between topological and non-
topological phases (Fig. 3). Systematic variation of pulse power and sample temperature will allow 
us to reconstruct the free energy landscape under nonequilibrium driving conditions. Notably, 
when maintained at the structural phase transition temperature without illumination, the system 
spontaneously samples all three characteristic states of the nonlinear Hall response (positive, 
negative, and zero), reflecting thermal exploration of competing topological phases (Fig. 3). 
Current efforts focus on reproducing these measurements across two additional device 
configurations to ensure statistical robustness. The ability to optically toggle between distinct 

Fig. 2 a: Evidence for THz 
emission from Floquet-Bloch 
states in Td-WTe₂. The time-
resolved THz emission 
possesses signal symmetries 
consistent with shift currents. b 
Nonperturbative scaling of the 
peak of the time-resolved 
emission bears emission 
fingerprints of shift currents 
excited within photon-dressed 
states.    
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topological orders on ultrafast timescales, while simultaneously mapping the underlying energy 
landscape, opens new possibilities for dynamic control of quantum phases in solid-state systems. 

Future Plans 

Our plans are to primarily finish the development and measurements constituting Thrust 1. The 
top priority is to finalize the development of symmetry-tailored multi-frequency pump pulses to 
generate novel, symmetry-broken Floquet states reached by breaking spatial symmetries in 
addition to temporal symmetries. This is urgently needed because this is a qualitatively unique 
capability that enables the imposition of symmetries on materials which are outside of their crystal 
family, opening new avenues for photon-dressed control over material topology. Additionally, in 
the next funding period, we will finish data collection and interpretation for both Thrusts 2-1 and 
2-3, for which we are completing experimental results currently.
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Fig. 3: Single-shot resolved changes in the nonlinear Hall effect. a Low- temperature polarization dependent 
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thermally, evidenced by a trimodal distribution of nonlinear Hall effect values over time. 
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Research Scope 

The project aims to realize a comprehensive study of anti-ferro-magnons’ BEC (at 
microwave frequencies ranging from GHz to THz) and related phenomena in a range of 
antiferromagnetic (AFM) materials in a wide range of temperatures from ambient to the quantum 
limit. To realize this ambitious project, both growth and measurement techniques need to be 
developed. In this abstract, we present the most recent results of the growth and characterization 
of thin-film fluoride and synthetic multilayer AFMs. Optical characterization of these materials at 
ultra-low temperatures is impossible without the development of a low-noise, vibration-free 
method of light delivery to and from the cryogenic environment. The ultra-low-noise fiber 
technology presented here enables over three orders of magnitude enhancement over the existing 
fiber-based waveguides for Brillouin Light Scattering (BLS) applications. Additionally, we 
developed a range of cryogenic methods to precisely control magnon-photon coupling to enable 
coherent manipulation and interfacing with superconducting circuits. 

Recent Progress 

Recently, we achieved particular advancements in the growth and characterization of thin 
films of KMnF3 – the perspective fluoride AFM with perovskite structure grown on MgO, which 
very well matches the lattice constants of these AFMs (see Fig. 1a). The magnetometry of KMnF3 
films grown on an MgO (001) substrate is challenging due to the difference in thicknesses (250 nm 

Figure 1. (a) RHEED image of KMnF3 film grown on the MgO (001) substrate taken along [110] direction 
(electron energy up to 15 keV). (b) Magnetic moment vs. temperature of KMnF3 films measured at 125 Oe. 
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vs. 500000 nm) and a relatively weak moment of the antiferromagnetic film. Nevertheless, 
anomalies can be observed in the measurements of the magnetic moment as a function of 
temperature. Figure 1b depicts measurements of the magnetic moment vs temperature of the 
KMnF3 film in 125 Oe field. A characteristic dip in data can be associated with the transition to 
the antiferromagnetic state at 88 K. This is the identical temperature at which the transition is 
observed in bulk material, indicating a stochiometric film. More clean and sensitive measurements 
could be enabled by BLS, which for decades has remained the primary spectroscopic probe of 
magnon and phonon dispersion [1], as well as their collective dynamics [2]. The quality and 
reliability of BLS measurements depend significantly on the performance of the optical 
components used in the setup. Typical BLS experiments [1,2] are being performed using free-
space optics, but in some applications (e.g., in cryogenics), it could be much more convenient, or 
even necessary, to use optical fibers. However, conventional silica fibers introduce substantial 
spontaneous Brillouin background due to phonon scattering in the core and cladding, increasing 
background noise in the GHz frequency range and thus limiting the signal-to-noise ratio or even 
making measurements impossible. Recently, anti-resonant hollow core fibers (AR-HCFs) [3] have 
gained attention as a promising solution for low-noise photonic applications [4]. 

Here, we compare the performance of AR-HCFs to conventional fused silica fibers in the 
context of spontaneous BLS spectroscopy at GHz frequencies. The optical setup used for our study 
of the BLS in optical fibers is shown in Fig. 2a. The experimental arrangement allows convenient 
coupling of the light to different fibers with different numerical apertures and simultaneous control 
of the power and quality of the transmitted beam, which are necessary for the proper spectra 
normalization for different fibers. Figure 2b shows the SEM image of the AR-HCF. The frequency 
distribution of the photon count from the inelastically scattered light reflected from different 
optical fibers is shown in Fig. 3. In the case of the solid-core PM fiber (blue curve), it is possible 
to identify three peaks which correspond to specific phononic modes, namely longitudinal acoustic 
(LA 32.6GHz) and two transverse acoustic (TA, 19.8GHz and 18.3GHz) modes. The pronounced 
feature of the collected spectrum is the broadband optical noise, spanning over the whole range of 

Figure 2. (a) Experimental setup for BLS spectroscopy of optical fibers. (b) Anti-resonant hollow core fiber 
cross-section imaged using SEM. 
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measured frequencies. The most plausible 
explanation of the origins of this noise is a 
glassy and strained structure of the fiber, 
resulting in a broad manifold of 
indistinguishable phononic modes. The 
Brillouin spectrum collected from the AR-
HCF is shown in Fig. 3 as a green curve. The 
spectrum contains substantially more peaks 
than the solid core fiber. However, except for 
just one peak at 27.81GHz, the intensity of 
spectral features is consistently below that of 
the solid core fiber (up to 3 orders of 
magnitude, for example, at 32.6GHz), making 
AR-HCF a good choice for low-noise BLS experiments requiring fibers. However, the Brillouin 
spectrum of AR-HCF still contains plenty of well-defined peaks. We were able to identify their 
nature by performing a set of additional measurements and finite-element simulations. 

In Fig. 4a, the BLS anti-Stokes part of the spectrum from the AR-HCF is shown for two 
different alignments and compared with that from a sample of bulk acrylate taken from the outer 
coating of the fiber. Comparing those spectra, we can conclude that below 17 GHz, the only 
contributor to the BLS signal is the coating with a broad peak centered at about 14 GHz. In our 
setup, variations in the probing beam alignment have caused differences in coupling to several of 
these modes, making the relative peak intensities vary. As evidenced by Fig. 4a, the frequencies 
at which modes occur are repeatable for different alignments, since they are determined by the 
boundary conditions and elastic properties of the material itself. These frequencies do not match 
exactly the dispersion for bulk TA and LA modes in fused silica, but it can be reasonably argued 

Figure 3. Normalized spontaneous Brillouin spectra 
of the PM fiber (Thorlabs PM-S405-XP) (blue) and 
the AR-HCF (green). The peak at zero frequency 
shift corresponds to the reference laser line. 

Figure 4. (a) Normalized BLS spectra of the AR-HCF 
recorded for different alignments (orange and green 
traces). The red trace corresponds to a spectrum 
collected from a piece of a pure acrylate coating 
separated from the fiber. (b) Numerically simulated 
dispersion of acoustic modes in a rectangular silica 
slab. The largest wavenumber in the simulation 
corresponds to the probed wavevector in the BLS 
experiments.
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that they originate from thickness modes within the thin capillary structures surrounding the 
hollow core. To reveal the role of confinement on the dispersion relations for the observed acoustic 
modes in the fused silica substructure, we performed a finite-element simulation of the system 
using COMSOL Multiphysics. The eigenfrequency study was performed using a simplified 
geometry of a quasi-infinite slab of 200 nm thickness with periodic boundary conditions over the 
other two dimensions. The results shown in Fig. 4b match perfectly the experimentally measured 
positions of the peaks.  

Our findings establish AR-HCFs as highly suitable candidates for low-noise photonic 
applications. In particular, integration of AR-HCFs into light scattering experimental setups could 
open new avenues in fiber-based sensing, precision metrology, quantum communications, and the 
study of quasiparticle dynamics under extreme conditions, particularly in environments where 
free-space optics are impractical, such as cryogenic or integrated setups. Furthermore, tailoring the 
capillary wall geometry and material composition may enable engineered phonon responses, 
offering a path toward customizable acoustic backgrounds for light-matter interaction studies. 

Future Plans 

Upgrades to the 300 mK cryostat will be installed and tested, including home-built 
superconducting coils, precision temperature control of the sample stage, and an optical fiber 
scanning confocal Brillouin microscope. The nanostructures fabricated at Argonne National Lab 
this Summer will be tested both above and below TN, and the attempts to achieve BEC using both 
rapid cooling and electromagnetic pumping will be performed. Also, we plan to continue 
fabrication, characterization, and nanofabrication of synthetic AFMs (Fe/Cu/Fe, Fe/Cr/Fe) 
structures. 
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Two-dimensional moiré and multilayer graphene systems provide an extraordinary platform for 
studying correlated and topological electronic phases. Rhombohedral-stacked multilayer graphene 
(RSG) exhibits a wide array of emergent states, including fractional and integer quantum 
anomalous Hall effects[1], correlated insulators, and unconventional superconductivity[2]. 
Capacitance and penetration field measurements are uniquely sensitive to these phases, as they 
probe thermodynamic compressibility rather than transport (and bulk transport vs edge transport 
in quantum Hall regimes). Using this approach, we have studied features that transport cannot 
access such as negative compressibility, bulk conductivity, and the ability to directly measure 
energy gaps. Figure 1 shows the schematic of our capacitance bridge setup, which enables 
independent tuning of carrier density and displacement field. Our work involves a close 
collaboration with samples from Long Ju’s group at MIT. 

Flat-band conditions in RSG allow for 
electronic interactions to dominate over 
kinetic energy, leading to the stabilization of 
highly non-trivial correlated states. These 
include Wigner crystals, charge density 
waves, and Hall crystals. The ability to 
manipulate carrier density and displacement 
field in RSG provides a widely tunable 
environment for exploring these phases 
systematically. Our approach combines 
traditional capacitance techniques with novel 
pulsed and high-frequency probes, thereby 
offering both equilibrium and dynamic 
perspectives. This dual approach allows us to 
build a comprehensive understanding of 
correlated electronic matter and its phase 
transitions in these emerging two-
dimensional materials. 

Figure 1: Schematic of the bridge sample-arm in the 
penetration capacitance measurement setup with 
pentalayer rhombohedrally stacked graphene (RSG). 
An ac excitation Vexc is applied to the bottom gate, 
and the penetrating signal is measured on the top 
gate. A moiré superlattice forms at the interface 
between the top layer of graphene and the aligned 
hBN. Pictured here is the setup that we used to take 
the data shown. This setup allows full and 
independent control of the electron density and the 
displacement field. Note that we can also measure 
direct capacitance of the sample by instead attaching 
the input of the amplifier to the RSG and connecting 
the battery Vgr to the sample using a very high 
resistance resistor to avoid shunting the capacitance 
signal to ground. 
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Recent Progress 

Transport measurements on 
pentalayer RSG reveal the 
existence of a valley-polarized 
multiferroic state near charge 
neutrality.[3] As shown in 
Figure 2, capacitance 
uncovers incompressible 
states and negative 
compressibility not visible in 
transport, suggesting valley-
ordered multiferroicity. These 
measurements show 
thermodynamic signatures of 
transitions that transport 
measurements miss,
especially in regimes of high 
resistance. Boundaries that 
appear featureless in transport 
data correspond to sharp 
transitions in capacitance, 
hinting at isospin or Fermi 
surface reconstructions. 

Additionally, in moiré 
RSG/hBN systems we identify 
clear signatures of generalized charge density waves (CDWs) at fractional fillings (ν = 1/3, 2/3) as 
well as incommensurate Wigner crystal states away from commensurate fillings. Figure 3 
highlights how capacitance distinguishes between CDW and Wigner solid phases with negative 
compressibility, where transport merely shows a band of high resistance. This demonstrates that 
capacitance can directly detect the compressibility signatures of crystalline order[4]. By combining 
capacitance with transport, we obtain a much more complete picture of correlated electronic 
phases, identifying both localized and delocalized electronic behaviors. 

Our experiments also reveal negative compressibility in regimes associated with strong 
interactions, consistent with overscreening effects. Such behavior suggests that electrons can lower 
their energy by increasing local density, a hallmark of correlated crystalline phases. The sharp 
phase boundaries can show transitions between valley-polarized, multiferroic, and crystalline 

Figure 2: a) 300 mK transport (transport work is from Long Ju’s 
group[3]) and b) capacitance measurements of the valley-polarized 
multiferroic bubble in pentalayer RSG near zero displacement field. 
The capacitance data shows a ring of incompressibility and negative 
compressibility surrounding the bubble that is not apparent in 
transport. c) Transport[9] and d) capacitance of the same region, now 
at a field of 2T. The three resistive lines inside the bubble seen in the 
transport data look strikingly different in capacitance; one appears 
incompressible, while the other two exhibit negative compressibility. 
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states can be tuned with external fields. These findings set the stage for the next generation of 
experiments involving pulsed and high-frequency probes. 

 
Figure 3: Comparison of charge density waves and the potential Wigner crystal in moiré pentalayer 
RSG between filling factors ν = 0 and 1. While both states have a high resistance in 
transport, the WC displays negative compressibility in the capacitance data. 

Future Plans 

We are extending our methods with pulsed and high-frequency measurements to probe dynamic 
behaviors of correlated states. Noise spectroscopy will search for narrowband noise from sliding 
Wigner crystals and CDWs at frequencies up to the GHz range. This will address the question of 
whether crystalline electronic phases in 2D systems exhibit coherent sliding dynamics analogous 
to those observed in one-dimensional charge density wave systems. By developing cryogenic 
broadband amplifiers with wide frequency response, we aim to directly measure these long-
predicted yet unobserved signals. 

 
Pulsed I–V techniques will mitigate Joule heating and enable measurement of intrinsic non-linear 
transport, including the search for Shapiro-like steps under RF drive. These steps, if observed, 
would provide definitive evidence of coherent sliding states. Pulsed methods also allow us to 
resolve the onset of conduction before heating suppresses correlation effects, offering a clear 
window into the intrinsic non-linearities of these systems. This capability will help us disentangle 
whether non-linear transport arises from disorder pinning, collective sliding, or other mechanisms. 
 
Future directions include disentangling compressibility and polarizability with dual-excitation 
capacitance methods, which will allow us to separate the roles of density and displacement field 
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in driving transitions. We also plan to probe unconventional superconductivity in RSG, where 
strongly coupled superconductors may display negative compressibility, enabling them to be 
distinguished thermodynamically from surrounding metallic states. Ultimately, our goal is to map 
complete phase diagrams that include crystalline, superconducting, and topological states, thereby 
providing a comprehensive framework for correlated flat-band states in RSG. 
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Research Scope 

Our current research aims to understand and control properties derived from topologically 
protected phases, molecular arrangement and Moiré patterns in low dimensional materials that 
present a long-range magnetic order. Research efforts are organized into two thrusts. The first 
thrust focuses on two-dimensional Dirac semimetals such as PtTe2 and PdTe2 that when substituted 
with a magnetic element like Cr, become high transition temperature ferromagnets (Tc up to 220 
K). These materials have the important property of keeping the air-stability of their transition metal 
dichalcogenide (and topological) parent crystals. This effort intents to bring light on the intriguing 
interplay between magnetism and Dirac fermion physics in two dimensional materials but also, 
should provide details on the electronic structure of exfoliatable, metallic, air-stable ferromagnets. 
Our results characterizing the parent type-II Dirac semimetals PtTe2 and PdTe2 through 
photoemission experiments set a strong ground to understand the Cr alloys. Additionally, this 
thrust has developed efforts to measure through specialized transport methods, quantum materials 
that are highly insulating, and that present magnetically ordered ground states as well as more 
thrilling states such as spin liquids, which is the case of α-RuCl3. Our transport results are cited in 
an invited review currently in preparation.  

A second thrust of our research is centered on molecular solids made of C60 or metal-
Phthalocyanines (MPc). MPc are versatile planar molecules that can host almost any transition 
metal from the periodic table, some of which transform these molecules into magnetic building 
blocks. C60 and MPc can form thin films on two-dimensional materials where molecular 
arrangements and Moiré patterns may have a profound impact on their electronic structure. Such 
patterns may result from a periodical variation of the orientation of the molecules on the substrate 
or simply from the non-commensurability of the molecular thin film unit cell with the one of the 
substrate. Specialized 4D Scanning Transmission Electron Microscopy (4D-STEM) has provided 
us information about the molecular arrangement of CuPc on graphene/h-BN. We have performed 
electronic transport studies in the quantum coherent regime of a similar heterostructure of 
CuPc/bilayer-graphene/h-BN, finding a restoration of weak localization in bilayer-graphene/h-BN 
by the presence of the Cu-phthalocyanine (CuPc) molecules. Additionally, we have performed 
ARPES measurements on a thin film of KxC60 on hexagonal layered Bi2Se3, demonstrating the 
existence of a quantum phase transition induced by intercalation doping.  
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Recent Progress  

Three-dimensional dispersion in the type-II Dirac semimetals PtTe2 and PdTe2 revealed 
through Angle Resolved Photoemission Spectroscopy (ARPES) 

PtTe2 and PdTe2 are among the transition metal dichalcogenides that were first predicted to 
recreate type-II Dirac fermions, exotic particles prohibited in free space [1]. These materials are 
layered and air-stable, which makes them suitable for different technological applications. Most 

importantly, they have the particularity of not 
only hosting type-II Dirac particles at the bulk 
but also topologically protected chiral states at 
the surface. In this work, we provide a careful 
characterization of the electronic structure of 
PtTe2 and PdTe2 through Angle Resolved 
Photoemission Spectroscopy ARPES and 
Density Functional Theory DFT calculations, 
stressing the important role played by the 
different symmetries associated to their 
crystallographic space group, discernible in 
our data. We offer an alternative interpretation 
for one of the Dirac-like dispersions in these 
materials. Using circularly polarized light, we 

report a different behavior of such dispersion in PdTe2 compared to PtTe2, that we relate to a 
symmetry analysis of the dipole matrix element. Such analysis reveals a link between the observed 
circular dichroism and the different momentum-dependent terms in the dispersion of these two 
compounds, despite their close similarity in crystal structure. Additionally, our data show a clear 
difference in the circular dichroic signal for the type-II Dirac cones characteristic of these 
materials, compared to their topologically protected surface states. Our paper provides a useful 
reference for the ARPES characterization of other transition metal dichalcogenides with 
topological properties and illustrates the use of circular dichroism as a guide to identify the 
topological character and attributes of two otherwise equivalent band dispersions. 

Restauration of weak localization in bilayer graphene by a molecular thin film 

By using mesoscopic transport, we have found that CuPc molecules have the remarkable effect of 
restoring weak localization effects in bilayer graphene. Weak localization is a quantum correction 
to the conductance in metals and doped semiconductors, outcome of the interference of the charge 
carriers’ electronic wave functions. In graphene, this interference process is highly influenced by 
the π Berry phase of its carriers, that leads to a destructive interference when the carriers follow 
time-reversed trajectories, leading to a suppression of backscattering and a positive correction to 
the conductivity, known as weak antilocalization. In the case of bilayer graphene, the Berry phase 
is 2π, leading instead to a constructive interference for time-reversed trajectories, and a negative 

Figure 1: High resolution ARPES band structure of 
PtTe2 (a) and PdTe2 (b) along the K-Γ-K direction 
showing the type-II Dirac cone (red arrow), surface 
state cone (black arrow) and 3D-like Dirac dispersion 
for which we offer a new interpretation (blue arrow).  
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correction to the conductivity, known as weak 
localization. The presence of weak localization (weak 
antilocalization) in bilayer (monolayer) graphene is 
linked to the geometrical phase of its carriers, that is 
related to their chirality [2,3].  

In bilayer graphene, there is a special type of scattering 
mechanism that tends to destroy weak localization, 
called trigonal warping [3,4]. At low energies, trigonal 
warping is consequence of a skew interlayer hopping 
between carbon atoms that manifest itself as a threefold 
deformation of the Fermi surface. Trigonal warping has 
the effect of destroying the manifestation of the chirality 
of the carriers in localization effects in bilayer graphene. 
We have found, by comparing magnetoresistance 

measurements in our samples to the known theory of weak localization in bilayer graphene, that 
the presence of the CuPc molecules has tendency to revivify weak localization, and therefore the 
manifestation of the chiral character of the carriers in the localization properties of bilayer 
graphene. We have characterized the arrangement of the CuPc molecules in our transport sample 
using a control sample compatible with a sophisticated tunneling microscopy technique, 4D-
STEM, that provides a high-resolution imaging while minimizing the radiation damage to the 
molecules. 

Our work puts in evidence the potential of mesoscopic transport revealing important effects in van 
der Waals heterostructures. In particular, in the case of a molecular thin film on bilayer graphene, 
restoring the quantum interference effect of weak localization and imposing an important charge 
transfer while preserving the mobility of the original bilayer graphene / h-BN device.  

Topological properties and Lifshitz transition in the CrxPt1-xTe2 family of ferromagnets 

Having fully characterized the type-II Dirac semimetals PtTe2 and PdTe2, we have studied 
different magnetic alloys of PtTe2 using ARPES and a symmetry analysis of the Dirac 
Hamiltonian. To a first approximation, one would think that the introduction of a magnetic element 
such as Cr breaks time reversal symmetry, pulling apart the individual Weyl modes in momentum 
space [5].Our preliminary ARPES measurements show that instead of an antagonist role, Cr 
benefits the experimental reach of the type-II Dirac cone characteristic of the parent crystal, by 
introducing electron doping and bringing the type-II cone closer to the Fermi level. We have found 
that while the magnetic element substitution breaks space-time inversion symmetry and mirror 
symmetries, it preserves their combination. This creates a splitting of the type-II cone of the PtTe2 
into two Weyl cones, without the creation of an energy gap. The 3-dimensional Dirac cone is 
therefore resilient to the presence of magnetism. On the other hand, the breaking of time-reversal 
summetry has a detrimental effect on the topologically protected surface states also characteristic 

Figure 2: Top: Schematics of the 
CuPc/BLG/h-BN device. Bottom: Crystal 
structure of CuPc. The angle θ defines the 
different existing polymorphs.
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of PtTe2, creating an energy gap. Our ARPES measurements have confirmed that the type-II Dirac 
dispersion comes closer to the Fermi level as we increase the Cr substitution, which is very 

interesting, as it opens the possibility of having in the same 
material a ferromagnetic order at relatively high 
temperatures (220K for Cr0.45Pt0.55Te2) and access to Dirac 
fermions. 

Future Plans 

Proximity effects in graphene by a ferromagnetic 
phthalocyanine 

With the experience gained in the study of CuPc/bilayer-
graphene/h-BN heterostrcutures, we plan to explore 
ferromagnetic phthalocyanines such as MnPc and FePc. A 
new dilution refrigerator will allow us to reach lower 
temperatures and explore possible proximity effects on 
graphene, visible in weak localization experiments and 
universal conductance fluctuations. 

Effect of Ir on the CrxPt1-xTe2 family of ferromagnets   

After having studied the CrxPt1-xTe2 family of materials, 
the following interesting question to address is what 
happens when both Cr and Ir are substituted into the Pt 
site of PtTe2. It is known that IrTe2 can host 
superconductivity when a structural phase transition is 
suppressed. This structural transition is accompanied by a 
jump in resistance, and it is associated to a charge density 
wave (CDW) anomaly. Superconductivity competes 

therefore with CDW in this compound [6]. It has been shown that suppression of the CDW phase 
can be achieved with Pt substitution [7], leading to a superconducting transition at 3K [8, 9]. Now, 
the additional substitution of Cr into the Pt site, will likely help with the tuning of the type-II Dirac 
point to the Fermi level, as we have observed for the CrxPt1-xTe2 family of materials. Most 
importantly, despite breaking time-reversal symmetry, the presence of Cr might allow the 
superconducting state to prevail. It has been shown by Cho, Lu, Moore et al. that in a doped Weyl 
semimetal where time-reversal symmetry is broken, one can have upon slight doping, a finite-
momentum displacement of the Weyl nodes, that in combination with the non-trivial winding 
numbers of these nodes, can potentially lead to even- and also odd-parity superconductivity [10]. 
Our ARPES measurements on the CrxPt1-x-yIryTe2 family of materials will probe the resilience of 
both the three-dimensional Dirac cone as well as the topologically protected surface state to the 
presence of Ir and Cr.   

Figure 3: ARPES measurements of PtTe2 
and the different Cr alloys CrxPt1-xTe2 
(x=0, 0.15, 0.25, 0.35 and 0.45) 
compared to DFT calculations. The 
horizontal line shows the location of the 
type-II cone. 
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Research Scope 

This program aims to exploit extraordinary new scientific opportunities enabled by 
designing van der Waals (vdW) heterostructures that allow creation of novel functional materials 
with unprecedented flexibility and control. The key innovation here is that van der Waal bonded 
materials with different dimensionality and wide-ranging properties can be integrated together to 
form a new class of materials – vdW-bonded heterostructures (vdW heterostructures) - in which 
each constituent can be engineered separately. In this program, we will design and create novel 
vdW heterostructures with in-situ twist angle and strain control. We will elucidate new electronic 
quantum phases, including anisotropic Wigner crystals, 1D Luttinger liquid arrays, non-
conventional superconductors, and generalized Wigner crystals, in a variety of vdW 
heterostructures. We will gain microscopic understanding of emerging magnetic phenomena in 
2D materials. We will further characterize and control excited states in 2D vdW heterostructures, 
including visualizing individual moiré excitons and probing dynamic transport of exciton, 
energy, and spin.   

Recent Progress: 

We have made important progress in exploring a variety of novel quantum phenomena that can 
arise in van der Waals heterostructures. Here we highlight three studies. (1) Observation of 
Wigner molecular crystals. (2) Imaging tunable Luttinger liquid systems in vdW 
heterostructures. (3) Imaging quantum melting of 2D Wigner solids. 

Wigner molecular crystals from multi-electron moiré artificial atoms 

Semiconductor moiré 
superlattices provide a 
versatile platform to engineer 
quantum electron solids 
composed of artificial atoms 
on moiré sites. Previous 
studies have focused on the 
simplest correlated quantum 
solid—the Fermi-Hubbard 
model—where intra-atom 

Fig. 1: STM images demonstrating the emergence of Wigner molecular 
crystals when multiple holes are present in a twisted WS2 moiré superlattice. 
(a) One hole per moiré unit cell. (b) Two holes per moiré unit cell. (c) Three
holes per moiré unit cell. (d) Four holes per moiré unit cell.
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interactions are simplified to a single onsite repulsion energy U. These studies have revealed novel 
quantum phases ranging from Mott insulators to quantum anomalous Hall insulators at the filling 
of one electron per moiré unit cell. In a collaborative work between Wang, Crommie and Zettl, 
we developed a non-invasive STM imaging technique to image Wigner molecular crystals for the 
first time 1. Figure 1a-d show STM images of carrier distribution when one, two, three, and four 
holes are present in one moiré unit cell in twisted bilayer WS2. Charge distribution characteristic 
of Wigner molecules can be observed when there are multiple holes per moiré unit cell: Three-
hole Wigner molecules, for example, exhibit a striking trimer pattern. The array of Wigner 
molecules in a moiré superlattice comprises a new crystalline phase of electrons: the Wigner 
molecular crystal. These Wigner molecular crystals are highly tunable through mechanical strain, 
moiré period, and carrier charge type. Such Wigner molecular crystals could exhibit strongly 
correlated quantum phenomena distinctly different from other known electronic phases. 

Imaging tunable Luttinger liquid systems in van der Waals heterostructures 

One-dimensional interacting electrons are often described as a Luttinger liquid having properties 
that are intrinsically different from those of Fermi liquids in higher dimensions. The behaviors of 
Luttinger liquids are predicted to change strongly with varying intra- and inter-1D-chain electronic 
interactions, but their experimental characterization can be challenging. In a collaborative research 
led by Wang, Crommie, Zaletel, and Louie, we demonstrate that layer-stacking domain walls 
(DWs) in van der Waals heterostructures provide a broadly tunable Luttinger liquid system that 
includes both isolated and coupled arrays2. We were able to image the evolution of the DW 
Luttinger liquids as a function of electron density using the non-invasive STM technique. In 
isolated DWs, we observe tunable 1D Wigner crystal at low electron densities (Fig. 2a) wehre  

Fig. 2:  (a) STM images of 1D Wigner crystal in an isolated domain at low electron densities  (b) At increased 
electron densities, the 1D Wigner crystal dimerizes due to magneto-elastic coupling between strongly interacting 
1D electrons.  (3) 1D Wigner crystals in adjacent domain walls are phased locked with each other at low electron 
desnity, giving rise to a 2D electron lattice. (d) 1D Wigner crystals in different chains have random phases at 
increased electron densities, corresponding to an electronic smectic liquid crystal phase. states (d), and the Mott 
insulator state (e), respectively.  
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electrons are added one by one. At intermediate electron density, we reveal an unusual, dimerized 
Wigner crystal driven by the magneto-elastic coupling (Fig. 2b). At even higher densities, the 
electrons form a weakly interacting Luttinger liquid. 

For periodic arrays of DWs the interplay between intra- and inter-chain interactions gives rise to 
new quantum phases. At low electron densities inter-chain interactions are dominant and induce a 
2D electron crystal composed of phased-locked 1D Wigner crystal in a staggered configuration 
(Fig. 2c). Increased electron density causes intra-chain fluctuation potentials dominate, leading to 
an electronic smectic liquid crystal phase where electrons are algebraically ordered along the chain 
direction but disordered between chains. (Fig. 2d). This study establishes layer-stacking DWs in 
2D heterostructures as an exciting new platform to realize tunable Luttinger liquid systems. 

Imaging quantum melting of 2D Wigner solids 

The two-dimensional electron 
gas (2DEG) at very high 
densities is well-described by a 
weakly interacting Fermi liquid 
theory, whereas in the low-
density limit electrons solidify 
into a Wigner crystal where 
Coulomb energy dominates over 
kinetic energy. At intermediate 
densities, however, the 
competition between Coulomb 
energy and kinetic energy is 
more pronounced and drives the 
emergence of exotic strongly 

correlated phases. Understanding the quantum melting behavior of a 2D Wigner solid remains an 
outstanding challenge after decades of research. In a collaboration between Wang, Crommie, and 
Louie, we use non-invasive STM imaging technique to visualize for the first time a Wigner solid 
of holes, including its densification and quantum melting, in bilayer MoSe2 at zero magnetic field 
3. At low hole density, we observe a disordered Wigner solid that exhibits a local triangular lattice
but no long-range crystalline order owing to point defects that pin the Wigner solid and induce
nanocrystalline domains (Fig. 3a). The Wigner solid exhibits an unusual densification behavior as
the hole density is increased: instead of a continuous contraction of the lattice constant as expected
for a perfect Wigner crystal, the holes appear to evolve via a quantum superposition state. Above
a critical hole density, the Wigner solid starts to melt and enters a mixed phase with coexisting
solid and liquid regions (Fig. 3b). The liquid regions continue to expand and form a percolation
pattern with further increase of charge density (Fig. 3c and 3d).

 

Fig. 3: (a) A disordered Wigner solid at low hole densities in bilayer 
MoSe2. (b) A solid-liquid mixture phase starts to emerge above a 
critical hole density. The red lines outline the liquid region. (c) and (d): 
The liquid regions expand and form a percolation network with further 
increased hole densities.  

a b c d
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Future Plans 

We propose to push the frontiers of vdW heterostructure research with unique and collaborative 
efforts of our team members. Specifically, we will design and create a new class of artificial 
quantum materials that are enabled by integrating vdW materials with widely varying properties 
into vdW heterostructures. Using these artificial quantum materials, we will advance vdW 
heterostructure research in three closely connected directions. 

(1) Design and control novel correlated electronic quantum phases in vdW
heterostructures:  Many fascinating correlated electronic quantum phases, ranging from
correlated insulators and superconductors to Wigner crystals and Luttinger liquids, have been
observed in van der Waals heterostructures. However, the explored materials represent only a
small phase space within the vast synthetic quantum system enabled by van der Waals
heterostructures. In addition, microscopic understanding of the emerging correlated phases is still
lacking. Here we will explore completely new electronic quantum phases, such as anisotropic
Wigner crystals and 1D Luttinger liquid arrays. We will also gain fundamental understanding of
existing moiré physics by combining ab initio theory, in-situ twist angle control, and advanced
experimental characterizations.

(2) Microscopic understanding of emerging magnetic phenomena in 2D materials: Beyond
novel electronic quantum phases in vdW heterostructures, we will also gain fundamental
understanding of emerging magnetic phenomena in 2D materials, including fractional Chern
insulators and altermagnets.

(3) Understanding and control of non-equilibrium excited states and quantum transport in
vdW heterostructures. In addition to novel quantum phases in the ground state, vdW
heterostructures can also host fascinating non-equilibrium phenomena that are distinct from
those in conventional materials. We will discover and control non-equilibrium excited states and
quantum exciton, energy, and spin transport in 2D vdW heterostructures, ranging from probing
invidual moiré excitons to focusing hydrodynamic energy waves in vdW materials.
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Research Scope 

 This project focuses on the study and control of collective electronic and excitonic phases 
that emerge in 2D heterostructures due to the interplay between quantum fluctuations and strong 
correlation effects. In the past year, we have made significant progress in demonstrating (1) 
quantum anomalous Hall effect in twisted WSe2 [1], (2) quantum confinement of excitons by 
twisted hBN interface [2], and (3) optical sensing and control of Wigner crystals (WC) in WSe2 
[3].  Here, we primarily focus on the third part regarding recent progress regarding the WCs.  

Wigner crystals (WCs) are prototypical correlated electron states that provide a platform 
to explore how the interplay between electron correlations and quantum fluctuations drives 
quantum phase transitions. Despite their significance, studies of zero-(magnetic)-field WCs have 
remained limited, with notable recent advances primarily in MoSe2 [4-6]. Here, we not only 
introduce a new material system for investigating WCs but also reveal fundamentally new 
approaches to control their quantum phase transitions through optical excitation. 

 Recent Progress  

 Over the past year, we have successfully investigated the formation and melting of Wigner 
crystals (WC) in monolayer WSe2 at zero magnetic field. Remarkably, we also demonstrate the 
control of the spins in WCs and the melting of WCs via optical excitation. Our study provides 
crucial insights into the fundamental physics of strongly correlated electronic states in 2D 
materials, representing a significant advancement in the optical detection and manipulation of 
these elusive phases. 

We fabricate a device consisting of a monolayer WSe2 encapsulated inside hBN with 
graphite serving as the gate electrode. We then vary the gate voltage to induce both electrons and 
holes, and investigate the possible formation of WCs by detecting the Umklapp scattering of 
excitons. In particular, the WC induces a periodic potential for excitons that folds high-momentum 
dark excitons into the light cone and produces an additional bright exciton resonance. This 
Umklapp process produces distinct spectral features that can be directly observed in the reflectance 
contrast spectra and in their voltage and energy derivatives. Figure 1 shows the voltage derivative 
of the reflectance contrast, where a clear secondary resonance is observed at higher energies above 
the RP peak. This feature exhibits a pronounced blueshift with increasing doping density and 
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becomes indiscernible at carrier densities 
above nc > 1012 cm−2 where the WC melts 
via the quantum phase transition. 

Remarkably, in addition to the 
Umklapp resonance of RP, we observe for 
the first time the Umklapp replicas of 
attractive polarons. Specifically, two 
higher-energy resonances appear above the 
T− and S− states, which we denote as UT and 
US, respectively. These Umklapp features shift 
almost linearly with density, albeit with a 
smaller slope compared to URP. In the limit of 
weak exciton–electron interactions, ∆𝐸𝐸𝑈𝑈 is set 
by the exciton kinetic energy ℏ2𝑘𝑘𝑊𝑊

2/(2𝑚𝑚𝑋𝑋) 
where ℏ is reduced Planck constant and 𝑚𝑚𝑋𝑋 is 
the exciton mass. This allows us to directly 
measure the mass of repulsive and attractive polarons, which we find to be one-third larger than 
the exciton mass, for the first time. 

Optical spin polarization of WC 

The ground state of WC can host magnetic ordering, which would have a profound impact 
on the interactions between WC and excitons. However, the expected magnetic ordering 
temperatures of WC are extremely low, making it difficult to directly probe exciton–WC 
interactions in a spin-ordered phase without applying an external magnetic field. 

Here, we demonstrate the optical control of WC spin polarization and explore how excitons 
interact with spin-ordered electron arrays (Fig. 2a). To do this, we excite the system using 
circularly polarized light and measure the reflectance spectra under different polarization 
configurations. We find that such circular pumping can induce strong spin polarization in electron-
doped WSe2, possibly due to distinct scattering dynamics between inter-valley and intra-valley 
processes, although the exact mechanism remains under investigation. 

As shown in Fig. 2b, under co-circular polarization, the reflectance is dominated by the 
triplet feature, while under cross-circular polarization, the singlet feature becomes dominant (Fig. 
2c). This behavior indicates that electrons become strongly spin-polarized in the -K valley when 
excitons are continuously pumped into the K valley under co-polarization and -K valley under 
cross-polarization. Remarkably, the Umklapp feature also displays strong spin selectivity: with 

Figure 1. Umklapp of excitons and polarons in 
WSe2. a, The voltage derivative of the reflectance 
contrast (dRC/dV) in the low-density electron-doped 
regime. S- and T- donate singlet and triplet, 
respectively. The weak, higher energy resonance above 
the repulsive polaron RP1s is due to Umklapp scattering 
of the excitons off the WC. b, Energy splitting ∆𝐸𝐸𝑈𝑈 
between attractive polaron and Umklapp peak 
determined as a function of doping density. 
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electrons polarized in the -K valley, excitons in the 
K valley can scatter only via inter-valley processes, 
resulting in a single Umklapp peak UT under co-
polarization. 

Interestingly, this valley- and spin-
dependent scattering behavior differs markedly 
between the AP and RP branches. Figure 2d 
presents line cuts of the dRC/dV spectra, comparing 
spin-polarized and unpolarized WCs at a fixed 
doping level. While the AP branches exhibit 
distinct changes in scattering under spin-polarized 
conditions (stronger T−/UT under co-polarization 
and stronger S−/US under cross-polarization), the 
Umklapp scattering of the RP branch remains 
largely unaffected. 

Optical melting of WC 

Finally, we demonstrate the optical 
melting of the Wigner crystal by tuning the 
exciton density. To achieve this, we excite the 
system using a pulsed supercontinuum laser with 
a pulse duration of approximately 100 ps and a 
repetition rate of 40 MHz. The laser energy is 
spectrally filtered to lie below the free-carrier bandgap of WSe2, while still covering the exciton 
resonance. This approach allows us to selectively excite excitons without generating a significant 
number of free carriers, while simultaneously measuring their reflectance spectrum. 

Figure 3a and 3b show the dRC/dV maps of monolayer WSe2 under increasing laser pump 
powers. As shown, the Umklapp resonance of RP state becomes significantly weaker under a pump 
power of 1000 nW. A complete disappearance of the URP resonance is observed when the pump 
power is increased over 4000 nW, indicating the melting of the Wigner crystal. 

The melting of the Wigner crystal observed under optical pumping cannot be attributed 
solely to laser-induced heating or carrier injection. Instead, our results suggest that excitons 
themselves can destabilize the Wigner crystal by screening the Coulomb potential and weakening 
electron correlations. To quantify this effect, we convert the optical pump power into an estimated 
exciton density and examine how the critical electron density for Wigner crystallization, 𝑛𝑛∗ , 
evolves as a function of exciton density (Fig. 3c). We estimate that bright exciton densities near 
the optical pump threshold reach ~109 cm⁻2—far below the Wigner crystallization threshold, 
indicating they alone cannot melt the Wigner crystal. 

However, strong spin–orbit coupling in monolayer WSe₂ leads to a high population 
(~1012 cm⁻2) of long-lived, spin-forbidden dark excitons, whose density is comparable to critical 
densities of WC. These dark excitons effectively screen electron–electron interactions, 

Figure 2. Optical control of WC spin. a, A 
schematic of optical control of WC spin 
polarization via circular pumping. b, c, The voltage 
derivative of the reflectance contrast (dRC/dV) 
under b, co-circular and c, cross-circular 
polarization configuration. d, Representative line 
cuts of the dRC/dV spectra, comparing spin-
polarized (blue and orange lines) and unpolarized 
(yellow line) WCs at a fixed doping level. 
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significantly weakening correlations and triggering Wigner crystal melting, even at low 
temperatures and without thermal effects—offering a new, optically driven pathway for quantum 
phase transitions. 

 

Future Plans 

 The optical probing and manipulation of zero-field Wigner crystals open exciting avenues 
for developing novel optoelectronic and quantum devices that leverage valleytronics and 
spintronics in spontaneously formed electron lattices. Currently, we are coupling Wigner crystals 
in bilayer structures composed of materials with distinct carrier types and effective masses, such 
as MoSe2 and WSe2, to study the formation of novel collective WC lattices, exciton condenstes, 
and supersolids. 
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Tuning Magnetic Symmetries in a Moiré Magnet 
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Research Scope 

 Moiré magnetic superlattices, formed by vertically stacking two lattice- or angular-
mismatched two-dimensional (2D) magnetic crystals, have been theoretically predicted to realize 
novel magnetic phases and furthermore topological electronic phases. Recently, there have been 
exciting experimental progress made in moiré magnets including twisted CrI3 and twisted CrSBr, 
including the work from the PI’s group [1,2]. Yet, despite these experimental advances, tuning 
symmetry breaking and therefore designing desired moiré magnetic phases remain limited, 
because twisted 2D magnets, such as rhombohedral (R)-stacked twisted CrI3, largely inherit the 
magnetic properties and symmetries from their constituent layers.  

 This current work aims to approach the identified challenge above by studying hexagonal 
(H)-stacked twisted double bilayer (tDB) CrI3. Due to the presence of ligand I atoms, individual 
layer CrI3 only possess three-fold rotational (C3) symmetry, rather than six-fold one (C6) that the 
Cr lattice seemingly has. As a result, stacking CrI3 around 0 degree (R-stack) is fundamentally 
different from doing that around 180 degrees (H-stack), and the atomic registry for I at the interface 
of two CrI3 layers is clearly different between R- and H-stacked twisted CrI3. These further lead 
to distinct mechanical, electronic, and magnetic properties between these two types of twisted CrI3. 

 In this current work, we fabricated H-stacked tDB CrI3 at a range of twist angles from 180o 
to 190o, and then, used a suite of experimental techniques, in combination of first-principles and 
continuum model theory, to understand their structural and magnetic properties (Figure 1) [3].  

Structurally, we used selected area electron diffraction (SAED) to show the presence of sharp, 
well-defined moiré superlattice peaks surviving up to the high orders, proving a much higher moiré 
crystalline quality than the R-stacked counterpart. Our first-principles calculations identify the sole 
low energy stacking site (i.e., monoclinic) in H-stacked tDB CrI3 to be the origin for this 
improvement in moiré superlattice quality, which contrasts with two low energy stacking sites 
(i.e., rhombohedral and monoclinic) in the R-stacked case.  

Magnetically, we used a combination of scanning magnetic circular dichroism (MCD) microscopy 
and scanning NV magnetometry to show a homogeneous magnetic ground state with nearly zero 
net magnetization in H-stacked tDB CrI3 of twist angle between 181o and 185o while exhibiting 
features that make them different from two decoupled CrI3. We then focused on magnetic 
symmetry analysis with linearly polarized and circularly-polarized micro-Raman spectroscopy. 
From the linear basis Raman spectra, we observed broken rotational and mirror symmetries; and 
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from the circular basis Raman spectra, we detected broken time-reversal symmetry, below the 
magnetic phase transition. All these broken symmetries in the magnetic phase were detected over 
a twist angle range of 181o – 185o but no longer observed for angles greater than 185o. 

To understand the cause of these surprising broken symmetries in H-stacked tDB CrI3, we used 
continuum model to build a magnetic phase diagram as parameters of twist angle and magnetic 
anisotropy for the interfacial layers, while the other parameters are fed in with first-principles and 
experimental values. For a low twist angle with reduced magnetic anisotropy, we identify a moiré 
magnetic phase that exhibits all the broken symmetries and has nearly zero total magnetization. 
We reason the reduction in magnetic anisotropy from the interfacial I ligand cage distortion.  

In summary, this current work shows H-stacked tDB CrI3 as a promising platform for moiré 
magnetism that are substantially distinct from their composing 2D magnets. 

Recent Progress 

The PI’s group is working on two more projects on the topic of optical spectroscopy studies 
of moiré and 2D magnetism.  

1. Moiré magnons in H-tDB CrI3.

Spin waves, or magnons, are collective excitations of ordered magnetic phases, and have 
characteristic momentum-dependent energy dispersion, namely, magnon band structure. 
Similar as the moiré electronic potential folding the electronic bands to modify the electronic 
band dispersion, the moiré magnetic exchange coupling is expected to create folded magnon 
bands and renormalize magnon band dispersion. However, moiré magnons have not been 
experimentally realized in any studied moiré magnets, primarily due to the incoherence of the 
moiré superlattices and the weakness of the moiré exchange coupling.  

In H-tDB CrI3, we have shown the high moiré crystalline quality and provided evidence of 
strong impact of moiré exchange coupling in the magnetic ground state. Building upon this, 

T
<

T 
> 

Figure 1. In hexagonal-stacked twisted 
double bilayer (H-tDB) CrI3 whose twist 
angle is 180o+, the moiré superlattice 
quality is exceptionally high (right, 
electron diffraction patterns present up to 
multiple orders), and consequently, the 
moiré magnetic phase feature a whole 
series of broken symmetry that are absent 
in both natural bilayer/four-layer CrI3 and 
rhombohedral (R)-stacked tDB CrI3 at 0o+ 
(left, Raman spectroscopy in circular 
Raman spectroscopy).  
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we reason that H-tDB CrI3 is a promising platform to realize and investigate moiré magnon. 
Using circularly polarized Raman spectroscopy, we have seen multiple additional magnon 
modes in 181o H-tDB CrI3, both at 0T and 3T, as compared to Raman spectra of bilayer and 
four-layer CrI3. Magnetic field dependence of these modes further confirms their magnon 
nature via their Zeeman shift and reveal differences between these magnon modes.  

Same magnon spectra have been taken in H-tDB CrI3 over a twist angle range of 180o – 
190o. Ongoing analysis and calculations are made to understand these extra magnon modes 
and investigate their relationship with the moiré superlattices.  

 

2. Tuning magnetic toroidicity and electric polarity in bilayer CrSBr.  

In this project, we are interested in understanding the magnetic state of bilayer CrSBr 
under magnetic fields. Without any magnetic field, bilayer CrSB realizes a layered 
antiferromagnetic (AFM) order where the spins algin ferromagnetically (FM) along the b-
axis within layers, and antiferromagnetically between adjacent layers. Interestingly, this 
layered AFM order exhibits a magnetic toroidal moment that is a pseudovector along the a-
axis. With the magnetic field applied along the c-axis, the spins in both layers cant towards 
the field direction, reducing the AFM order and equivalently the magnetic toroidicity but 
introducing an electric polarization along the b-axis according to the Katsura–Nagaosa–
Balatsky mechanism. 

We set up to measure the magnetic field dependent rotation anisotropy (RA) second 
harmonic generation (SHG) for bilayer CrSBr. We manage to extract the SHG susceptibility 
tensor elements, and furthermore, group them into two sets – one scales with the magnetic 
toroidal order parameter (equivalent, AFM order parameter), and the other is proportional to 

Figure 2. Raman spectroscopy 
for the magnon modes taken in 
181.1o tDB CrI3, bilayer (2L), and 
four-layer (4L) CrI3, respectively, 
at both 0T (left) and 3T (middle), 
reveal additional magnon modes 
in 181.1o tDB CrI3. Additionally, 
the magnetic field dependence of 
the magnon modes in 181.1o tDB 
CrI3, for increasing and 
decreasing fields (right) confirms 
their magnon nature and show the 
differences and similarities 
between the four identified 
magnon modes.  
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the electric polarization order parameter (Figure 3). While the toroidal order parameter shows 
a monotonic decrease, the electric polarization order parameter maximizes at the field where 
the spins in the two layers are 90o rotated from each other. Their field dependencies are 
nicely explained by a simple model assuming the out-of-plane magnetization scales linearly 
with the applied out-of-plane magnetic field [4].  

Future Plans 

In the coming year, we plan to (1) resolve the origin of the extra magnons observed in H-
tDB CrI3; (2) study 90o twisted CrSBr bilayers. We have preliminary results showing that 90o 
twisted CrSBr bilayer is multiferroic. We plan to investigate it and its collective excitations. 
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Coherent Exciton-Magnon-Photon interaction in van der Waals magnet CrSBr 

Vinod Menon, City College of New York  
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Research Scope 

van der Waals (vdW) magnetic semiconductors that host excitons that show a strong correlation 
to underlying magnetic order present a unique opportunity to realize strong interaction between 
magnons, excitons and photons. Furthermore, these systems facilitate the optical control of 
electronic and spin degrees of freedom. Under this project, we are investigating the vdW magnetic 
semiconductor CrSBr which is a layered antiferromagnet below 132K hosting magnons in the GHz 
frequency range and excitons in the near infrared.1 In addition, owing to the large dielectric 
constant, the excitons in CrSBr are dressed by photons creating self-hybridized polariton states.2 
This aspect allows the control of magneto-optical response by tuning the photon fraction of the 
polariton states as well as the signature of coherent magnon oscillations imprinted on them. More 
recently, we investigated the role of magnons on nonlinear exciton-exciton interaction in CrSBr.3 
Unusually large nonlinear exciton and polariton interaction was observed when the exciton-
magnon coupling was strongest.  

Ongoing work includes the investigation of polariton condensation in CrSBr cavities under optical 
excitation and microwave spectroscopy of magnons in CrSBr. 

Recent Progress  

Magnon mediated exciton-exciton interaction: (Nature Materials 2025) 

Recently we demonstrated the role of magnons in the interaction between excitons in CrSBr as 
shown schematically in Fig. 1a. The work started with our discovery of a higher energy exciton 
(XH) at 1.7 eV compared to the more commonly studied 1.3 eV lower energy exciton (XL). This 
exciton was found to have stronger correlation to magnetic order owing to its more Wannier-like 
character. Resonant nonlinear experiments were carried out to establish the nonlinear exciton-
exciton interaction. At zero magnetic field, both the XL and XH did not show much nonlinearity 
indicative of the small Bohr radius of the excitons. However, upon application of finite magnetic 
field, it was found that the higher energy exciton (XH) shows significant energy shift under optical 
excitation upon application of intermediate magnetic field as shown in Fig. 1b. This indicates that 
the canted spins where the magnon oscillation amplitude is largest shows the higher nonlinear 
interaction. Transient pump-probe measurements also showed the larger magnon oscillation 
amplitude at these intermediate magnetic fields indicating the stronger exciton-magnon coupling. 
These results show the role of magnons in the exciton-exciton interaction.   
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As a follow up to this work, we are currently investigating the nonlinearity of magnons and their 
dynamics as well as the integration of the CrSBr films into high quality factor cavities with the 
goal to realize polariton condensation. Shown in Fig. 1c is the magnon dynamics probed via 
excitons and polaritons in CrSBr. The polariton states show higher signal to noise ratio for the 
magnon oscillations observed in transient spectroscopy. 

Future Plans 

(i) Integration of CrSBr into high Q cavities to study nonlinear effects in the weak pump
limit.

(ii) Microwave spectroscopy of magnons in CrSBr embedded in microwave resonators.

Fig. 1. a) Schematic of exciton–exciton interactions in CrSBr mediated by magnons under a perpendicular 
magnetic field along with cartoon showing the mechanism of fluence dependence on interlayer spin angle 
modification. (b) Fluence-dependent energy shift vs. magnetic field showing large shifts for intermediate B 
fields where the canting angle is largest. (c) Magnon dynamics investigated via polaritons. The dashed lines 
indicate the energies of the bare excitons.   
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Exotic Transport Phenomena in Layered Topological Materials 

Jin Hu, University of Arkansas 
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Research Scope 

 Recent breakthroughs in topological quantum materials have transformed our 
understanding of quantum states of matter. These emergent systems hold enormous potential for 
identifying, engineering, and controlling a wide range of physical properties, enabling the 
foundation for next-generation technologies. Electronic correlations drive remarkable phenomena 
such as high-temperature superconductivity, heavy fermion behavior, and metal-to-insulator 
transitions. Extending topological quantum physics into the regime of strongly interacting 
electronic systems is therefore expected to produce entirely new quantum states and exotic 
physical responses. This project aims to realize this vision by developing novel material platforms 
and exploring their unconventional electronic states and properties. 

Recent Progress  

Over the past two years we have made significant progress in discovering exotic electronic 
transport and understanding the mechanisms in three topological materials and related systems: (1) 
Field-induced insulator-to-metal transition in GdPS and tuning [1,2]; (2) Large magnetoresistance 
(MR) arising from coupled degrees of freedom in off-stoichiometric topological materials LnSbTe 
(Ln = Pr, Nd) [3-5]; and (3) Possible Anderson localization in doped Weyl semimetal WTe2. 

(1) Field-induced insulator-to-metal transition in GdPS and tuning 

 
Figure 1 (a) Crystal structure of GdPS. (b) Resistivity measured under various magnetic fields, showing non-metallic 
behavior at zero field and metallic behavior above 7 T. (c) Multiple metal-insulator-metal transitions in GdPS. (d-f): 
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Temperature-dependent resistivity under various magnetic fields for substituted GdP(S1-xSex) [2]. (g) Se substitution 
effect on structure. 

GdPS is a layered compound consisting of phosphorus planes sandwiched by Gd-S bilayers 
(Fig. 1a). Our earlier work [1] established the first observation of a field-induced insulator-to-metal 
transition, accompanied by a gigantic, isotropic negative magnetoresistance (MR) (Fig. 1b). In 
GdPS, distortion of the P-layer breaks the mirror symmetry protecting the Dirac nodal-line point, 
leading to a gapped insulating/semiconducting ground state (Fig. 1c). Applying a magnetic field 
generates strong on-site d–f exchange interactions in Gd, shifting the spin-split Gd d-band toward 
the Fermi level and eventually closes the bandgap (Fig. 1c). This drives a field-induced metallic 
state and produces gigantic negative MR (Fig. 1b). Notably, such phenomenon is isotropic with 
respect to field orientation, due to vanishing spin-orbit coupling of the half-filled Gd3+ f-orbitals. 

The combination of isotropic and giant MR is rarely observed and holds promise for 
technology applications such as omnidirectional sensing. We further investigated the effect of Se 
substitution in GdPS [2]. As shown in Figs. 1d-f, replacing S with Se enhances the insulating 
behavior and progressively suppresses the field-induced metallic transition, which disappears 
entirely at 35% Se substitution. Our structural analysis (Fig. 1g) reveals that those observations 
are because that Se increases lattice distortion, enlarging the bandgap beyond what can be closed 
by d–f exchange splitting. Thus, lattice symmetry engineering via Se substitution provides a 
powerful approach to tuning transport and magnetic-field responses in this material system. 

(2) Large MR arising from coupled degrees of freedom in off-stoichiometric topological 
materials LnSbTe (Ln = Pr, Nd) 

 
Figure 2 (a-d): Properties of NdSbxTe2-x [3-4]. (a) Evolution of lattice with composition. (b) Evolution of magnetism. 
(c) Angular dependent magnetization for the x = 0 and 0.6 samples. (d) Normalized MR for the x = 0.05 and 0.34 
samples. (e-h): Properties of PrSbxTe2-x [5]. (e) Evolution of lattice with composition. (f) Magnetotransport for x = 
0.30. (g) Angular dependent magnetization for the x = 0.30 sample. (h) Angular dependent MR for the x = 0.30 sample. 
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LnSbTe compounds share structural similarities with GdPS, with Sb layers sandwiched 
between Ln-Te bilayers. Unlike the scenario in GdPS, the Sb-layers retain mirror symmetry, 
preserving Dirac nodal-line states and giving rise to a topological semimetal state. We successfully 
synthesized single crystals of NdSbxTe2-x and PrSbxTe2-x and characterized their structural, 
electronic, magnetic, and transport properties. 

NdSbxTe2-x displays composition dependent crystal structure, showing tetragonal phase 
(space group P4/nmm) for low- (x < 0.2) and high-Sb (x > 0.7) samples, and orthorhombic (space 
group Pmmn) phase in the intermediate composition range (Figs. 2a). Despite maintaining an 
antiferromagnetic (AFM) ground state across all compositions, magnetic moment orientation 
varies: out-of-plane (AFMc) for low-Sb and in-plane (AFMab) for high-Sb contents, while a canted 
state (cAFM) for intermediate composition range (Fig. 2b). This leads to composition-dependent 
magnetic anisotropy (Fig. 2c) [1]. Magnetotransport studies [2] reveal correspondingly strong 
composition-dependent MR, approaching nearly -100% for x = 0.05 and 0.34 samples. The angular 
dependence of MR (Fig. 2d) agrees well with magnetic anisotropy, underscoring the strong 
coupling between magnetism and transport. Similarly, PrSbxTe2-x [3] also exhibits a tetragonal-
orthorhombic-tetragonal structure evolution (Fig. 2e) with large negative MR up to -50% for the x 
= 0.05 sample and -97% for the x = 0.30 samples. The agreement between MR and magnetism is 
reflected by their similar anisotropies (Figs. 2g & 2h). 

Our studies [4,5] reveal that the large negative MR in these off-stoichiometric LnSbTe 
compounds shares a similar mechanism with GdPS. While stoichiometric LnSbTe remains gapless 
due to preserved symmetry, off-stoichiometric structure distortions induce charge density wave 
(CDW) that gaps or partially gaps the electronic states. The type and strength of the CDW depend 
sensitively on composition, leading to variable bandgaps. Therefore, with appropriate bandgap in 
certain compositions, field-induced electronic structure engineering can effectively reduce the 
bandgap, enhancing conductivity and thereby giving rise to large negative MR. 

(3) Possible Anderson localization in doped Weyl semimetal WTe2 
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Figure 3 (a) STM observation for the x = 0.39 sample, showing coexistence of substitution and intercalation. (b) 
Temperature-dependent normalized resistivity of doped WTe2, revealing a crossover from metallic to localized 
behavior. (c) Doping dependent Sommerfeld coefficient. (d) Schematic of doping-induced localization. 

Another exciting discovery is the possible 3D Anderson localization in Weyl semimetal 
WTe2. While Anderson localization has been widely studied in 2D system, examples in 3D 
crystalline systems are rare. Though Fe-doping, we observed transport signatures consistent with 
3D Anderson localization in a Weyl semimetal. We found two doping regimes of Fe-doping in 
WTe2: substitutional doping at low-Fe content (< 3%) and coexistence with intercalation for high-
Fe levels (> 3%, Fig. 3a). As shown in Fig. 3b, for low Fe content, the system remains metallic at 
high temperatures and exhibits a low-temperature Kondo effect, characteristic of dilute magnetic 
doping. In contrast, high Fe content completely suppresses metallicity, with resistivity increasing 
continuously upon cooling across the entire temperature range. Heat capacity measurements 
further reveal gradual increase of Sommerfeld coefficient in the low-Fe Kondo region but gradual 
reduction in the high-Fe region (Fig. 3c). Combined with ARPES measurements, these results 
indicate that the suppression of metallicity with high-Fe content cannot be caused by significant 
reconstruction of electronic structure such as gap opening. rule out electronic band reconstruction 
(e.g., gap opening) as the cause of suppressed metallicity. Instead, the doping-driven metal-to-
nonmetal crossover around ~3% Fe, together with variable-range hopping behavior in resistivity, 
strongly supports the presence of Anderson localization in three dimensions (Fig. 3d). This 
provides a rare platform to investigate Anderson localization in topological materials. 

Future Plans 

 We will continue to explore novel material systems and uncover exotic transport 
phenomena arising from coupled degrees of freedom, particularly in the presence of strong 
electronic interactions. For LnPS, we will extend studies to other rare-earth compounds such as 
SmPS and NdPS, where different f-electron configurations are expected to produce diverse 
phenomena. For LnSbTe, we will focus on the effect of chalcogen substitution to further tune 
lattice symmetry, magnetism, and transport. For doped WTe2, we will deepen our investigation of 
Anderson localization and its impact on topological fermions, and explore other dopants to reveal 
additional emergent phenomena. 
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Discovery and Synthesis of New Altermagnets for Quantum Geometric Properties 

Sheng Ran, Washington University  

Keywords: altermagnet, anomalous Hall, nonlinear Hall, single crystal 

Research Scope 

 Altermagnets represent a newly discovered class of magnetic materials that challenge the 
traditional dichotomy between ferromagnets and antiferromagnets. Combining zero net 
magnetization with spin-split electronic bands arising from unconventional magnetic symmetries, 
altermagnets provide a promising platform for novel spintronic functionalities without relying on 
spin–orbit coupling. Despite their potential, the quantum geometric properties of altermagnets—
particularly Berry curvature and quantum metric—remain largely unexplored. This project aims 
to discover and synthesize new altermagnets and to systematically investigate how their unique 
magnetic symmetries give rise to enhanced quantum geometric responses and associated transport 
phenomena. 

The project is guided by the hypothesis that symmetry-protected band crossings in altermagnets, 
which are spin-degenerate in the absence of spin–orbit coupling, become weakly gapped when 
spin–orbit interaction is introduced. These avoided crossings lead to sharply concentrated Berry 
curvature and quantum metric features—key ingredients for anomalous and nonlinear transport. 
We will synthesize high-quality single crystals of altermagnetic candidates with diverse magnetic 
symmetries and characterize their electronic and magnetic properties. Anomalous Hall, elasto-
Hall, and nonlinear transport measurements will be used to probe Berry curvature and quantum 
metric effects. The project will not only provide critical insights into an emerging area of 
condensed matter physics but also disseminate well-characterized crystals to the broader 
community, enabling advances in spintronics, low-dissipation electronics, and quantum 
information science. 

Recent Progress  

 We have synthesized single crystals of two promising 
new candidates for altermagnetism: UCr₂Si₂C and NiS. 
Previous neutron diffraction studies indicate that UCr₂Si₂C is 
an antiferromagnet with a Néel temperature above room 
temperature [1], and its magnetic structure is consistent with 
the requirements for altermagnetism. NiS, meanwhile, 
crystallizes in the same structure as the prototype 
altermagnets MnTe and CrSb, and prior neutron diffraction 
results suggest that it, too, could host altermagnetism [2]. 
However, to date, no investigations have been carried out on 
single crystals of either UCr₂Si₂C or NiS. In this work, we 

Fig. 1 Xray diffraction pattern on the 
single crystals of NiS and UCr2Si2C 
that we synthesized. 
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successfully synthesized NiS single crystals using chemical vapor transport, while UCr₂Si₂C 
crystals were obtained via arc melting, with single crystals forming on the surface of the arced 
sample. X-ray diffraction from single crystals oriented along the c-axis is shown in Fig. 1. 

Future Plans 

 We will synthesize high-quality single crystals of the potential candidates for altermagnets, 
including NiS family and CuMP2X6 van der Waals materials (M = Cr, Mo, W; X = S, Se). A 
variety of synthesis techniques will be employed, including the high-temperature molten flux 
method and chemical vapor transport. To confirm the crystal structure, we will perform X-ray 
diffraction. The bulk single crystals will be further characterized using electric transport, magnetic, 
and specific heat measurements. These measurements will be conducted using a Quantum Design 
PPMS, covering a temperature range of 2–400 K and magnetic fields up to 9 T, as well as a 
Bluefors dilution refrigerator for lower temperatures. 

We will perform DFT calculations to gain an initial understanding of the magnetic and electronic 
structures of the target materials through collaboration. To experimentally determine the magnetic 
structure, we will conduct neutron diffraction measurements. To probe the electronic band 
structure, we will perform ARPES measurements on bulk single crystals through collaboration. 
The neutron diffraction and ARPES results will be directly compared with DFT predictions to 
achieve a comprehensive understanding of the material systems. If a target material is confirmed 
to be an altermagnet, we will further investigate magnetic properties of the material using tuning 
knobs, including chemical doping and hydrostatic pressure, to provide rich information about 
control and manipulate altermagnetism.  

Once an altermagnet is fully confirmed, we will continue to measure anomalous transport to probe 
the effect of the Berry curvature. Certain altermagnets are expected to exhibit anomalous transport 
properties under ambient conditions, depending on their specific magnetic and crystallographic 
symmetries [3]. For such materials, we will measure the anomalous Hall effect, as well as the 
anomalous thermal Hall effect and the anomalous Nernst effect. These measurements will be 
carried out using the electric and thermal transport options of the Quantum Design PPMS system. 
To distinguish between intrinsic contributions from Berry curvature and extrinsic contributions 
from scattering mechanisms, we will perform scaling analyses. 

In altermagnets that do not exhibit AHE under ambient condition, applying uniaxial strain can 
break the rotational symmetry, and lead to a finite anomalous Hall conductivity, a phenomenon 
often referred to as elasto-conductivity [4]. To probe this effect, we will employ a commercial 
strain cell from Razorbill Instruments to apply precise, controlled strain. The samples will be glued 
to the strain cell using black Stycast epoxy. The Hall effect measurements will primarily be 
conducted in our Bluefors dilution refrigerator, using a specially designed insert compatible with 
the strain cell. Coaxial wires will be used to apply voltage to the strain cell and measure capacitance 
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at a frequency of a few hundred Hz, which is optimal for minimizing noise and ensuring accurate 
measurements.  

We will also use nonlinear transport as a probe for the quantum metric part of the quantum 
geometry. It has been theoretically shown that both the quantum metric and the Berry curvature 
contribute to the nonlinear transport in altermagnets, and their respective contributions can be 
distinguished by measuring both longitudinal and transverse component and performing scaling 
analysis [5]. Nonlinear transport in altermagnets is expected to emerge at the third order, providing 
a distinct and definitive signature of altermagnetism. However, this also indicates that the signal 
will be small. We will fabricate micron-scale Hall bars from bulk materials using a focused ion 
beam. The small dimensions will significantly enhance current density, amplifying nonlinear 
responses that would otherwise be difficult to detect. The nonlinear transport J ~ En will lead to 
higher order harmonic voltage, which can be easily measured with lock-in technique. To get linear 
and nonlinear responses, we will measure electrical conductivity at fundamental, second-order, 
and third-order harmonics. By simultaneously measuring longitudinal and transverse responses, 
we will perform scaling analysis to systematically separate and quantify the quantum metric and 
Berry curvature contributions. We will collaborate to theoretically calculate the 3rd order transport 
response and compare with our experimental data to fully understand the quantum geometry of 
these materials.  
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Anomalous transport in a Spin Textured Altermagnet 

Linda Ye, California Institute of Technology 

Keywords: Altermagnetism, antiferromagnetism, anomalous transport, spin texture, Berry 
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Research Scope 

Altermagnetism [1] is a recently discovered form of magnetic order, characterized by large spin 
splittings in momentum space—an effect conventionally associated only with ferromagnets. This 
embedded spin texture opens exciting opportunities, both as a platform for diverse spintronic 
functionalities and as a potential modular building block for unconventional superconductivity. 
The development of altermagnetic materials is therefore of fundamental significance while also 
holding strong prospects for technological applications. Although substantial spin splitting has 
been firmly established through both theoretical predictions and experimental observations in 
several altermagnetic systems, a central challenge remains: realizing emergent electronic 
responses that transcend the spin splitting itself. Such responses are often suppressed, or outright 
forbidden, by the symmetries intrinsic to altermagnetic states. A case in point is the collinear g-
wave altermagnetic order with 
out-of-plane magnetic 
moments (Fig. 1a), observed in 
prototypical compounds such 
as CrSb [2] and CoNb4Se8 [3], 
where symmetry constraints 
strictly prohibit a finite 
anomalous Hall effect. In this 
work, we demonstrate that the 
superposition of a non-
collinear spin texture onto the 
g-wave collinear 
altermagnetic background 
can unlock a large anomalous 
Hall response (Fig. 1b). This 
approach highlights a new 
pathway to deliberately 
“break” the delicate balance 
between symmetry and 
magnetic order, thereby 
engineering emergent electronic functionalities in altermagnetic materials. 

 Recent Progress  

Fig. 1 (a,b) Schematic of a collinear g-wave altermagnet with out of plane 
moments (a) and a g-wave altermagnet with out of plane moments 
superimposed with a non-coplanar spin texture. The former forbids an 
anomalous Hall effect while the latter allows it. (c) Schematic of the magnetic 
sites in a crystallographic unit cell of CrSe. The two inequivalent sites are 
connected by C2 rotation symmetry. (d) Cross section of transmission electron 
microscopy of our CrSe crystals overlaid with the anticipated crystal structure. 
(e-g) Magnetic structure of CrSe. (h) In-plane superlattice peaks in neutron 
scattering characteristic of the spin structure shown in (e-g).  
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In this context, we introduce CrSe [4] as a new altermagnetic material that uniquely combines a g-
wave altermagnetic order with a non-coplanar spin texture. The crystallographic unit cell of CrSe 
is depicted in Fig. 1(c), highlighting two inequivalent magnetic sites related by a C₂ symmetry 
operation. A transmission electron microscopy (TEM) image of our high-quality single crystals, 
obtained in collaboration with Dr. Yu-Tsun Shao at the University of Southern California, is shown 
in Fig. 1(d). The TEM image reveals the vertically stacked Cr atoms (blue) alongside the zig-zag 
stacked Se atoms (green), which modulate the local environment of the Cr sites and play a key role 
in stabilizing the altermagnetic order in the system. Figures 1(e–g) provide a detailed illustration 
of the magnetic structure: panel (e) shows the antiferromagnetic arrangement of spins between 
adjacent layers, which forms the basis of the g-wave altermagnetic order, while panels (f) and (g) 

present top views of the non-collinear spin components 
residing on the A and B layers, respectively. This spin state 
has been experimentally confirmed through neutron 
scattering measurements carried out in collaboration with 
Dr. Huibo Cao at Oak Ridge National Laboratory, where 
the in-plane superlattice peaks associated with the non-
collinear spin component are clearly resolved, as 
displayed in Fig. 1(g). 

We note that the magnetic order in CrSe is fully consistent 
with a g-wave altermagnetic state (Fig. 1e), and the 
corresponding momentum-dependent spin splitting is 
clearly resolved in the electronic band structure (Fig. 2a). 
Along the Γ–M direction, this spin splitting reaches values 
as large as 0.5 eV, underscoring the robustness of the 
underlying altermagnetic order. Importantly, when this 
collinear g-wave order is superimposed with the non-
collinear spin texture identified in CrSe, it enables a finite 
anomalous Hall conductivity that would otherwise be 
strictly forbidden in a pure collinear g-wave 
antiferromagnet with out-of-plane moments. 
Experimentally, we observe a sizable anomalous Hall 
effect of approximately 100 Ω⁻¹cm⁻¹ at 2 K (Fig. 2b). This 
magnitude is on par with that of canonical ferromagnetic 

metals known to host strong Berry curvature sources. Furthermore, the combination of longitudinal 
and Hall conductivities places CrSe squarely in the intrinsic regime of the universal anomalous 
Hall effect diagram [5], strongly suggesting that the observed Hall response originates from Berry 
curvature hot spots induced by the non-coplanar spin structure.  

Our findings demonstrate that symmetry modification through spin textures provides a powerful 
and broadly applicable strategy for engineering emergent electronic phenomena in altermagnets. 

Fig. 2 (a) DFT band structure of CrSe 
without spin-orbit coupling. A g-wave 
pattern of spin splitting can be 
identified. (b) Anomalous Hall effect 
in CrSe and the magnetic structure 
extracted from neutron scattering at 
ORNL are shown as inset. 
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By deliberately tailoring the interplay between magnetic order and symmetry, it becomes possible 
to realize responses that are otherwise forbidden in purely collinear states. This approach not only 
deepens the fundamental understanding of how to engineer emergent transport properties from 
altermagnets, but also lays the groundwork for exploiting altermagnets in practical contexts with 
symmetry-tunable electronic properties. 

Future Plans 

We are currently pursuing theoretical symmetry analysis, effective modeling, and density 
functional theory calculations of the Berry curvature to further solidify the connection between the 
observed spin texture and the measured anomalous Hall effect. These efforts aim to provide a 
microscopic understanding of how non-collinear components in CrSe interplay with the 
altermagnetic spin splitting to generate Berry curvature hot spots and drive emergent transport 
responses. Looking forward, an especially exciting direction will be to extend this concept of spin-
structure modification to d-wave altermagnets with simpler spin splitting in the momentum space. 
In parallel, we will continue the experimental search for new altermagnetic candidates stabilized 
by non-symmorphic symmetries with CrSe being one successful example for designing new spin 
splitting patterns and electronic responses. 
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Quantum Fluctuations in Narrow Band Systems – Thrust 1 
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Research Scope 

 Coherence and topologically protected modes in quantum matter arise from highly 
entangled spin, charge, lattice, and orbital degrees of freedom. Narrow band systems, whose 
renormalized electronic bandwidth is comparable to other relevant energy scales in the material, 
inherently have strong interactions and a proliferation of quantum fluctuations. 4f- and especially 
5f-materials possess strong Coulomb repulsion, large spin-orbit coupling, and multiple competing 
energy scales, which generate coherent narrow bands and topologically non-trivial states of matter. 
This complexity provides a rich environment for discovering new states of matter, as well as 
providing ideal representatives that enable the understanding of quantum matter that arises across 
the periodic table more generally. In thrust 1 we address how quantum fluctuations renormalize 
excitations in topologically trivial and non-trivial matter and will develop conceptual frameworks 
for understanding and controlling the consequences of quantum fluctuations in classes of 
electronically correlated systems. Currently, we are focusing on the role of magnetic frustration in 
renormalizing the electronic structure and generating instabilities towards new states of matter.  

Recent Progress 

 f-based materials contain localized magnetic moments due to the strong Coulomb 
interaction and weak hybridization with neighboring atoms. The finite hybridization, however, 
leads to a quantum entanglement of the local moments with the conduction electron sea at low 
temperatures through the Kondo effect. As the temperature is lowered, incoherent scattering 
evolves to a lattice coherent state at T* (also often labeled Tcoh or TK), in which an emergent narrow 
f-band electronic structure is heavily renormalized from the non-interacting state found at high 
temperatures. Understanding the resulting narrow band renormalized electronic structure is key to 
unlocking the power of quantum materials. By comparing spectroscopic results with dynamical 
mean field theory calculations, we determine whether the electron self-energy Σ(k,ω) is 
momentum independent or not, reflecting the range of the interactions responsible for the 
electronic renormalization. Following previous work on cubic CePd3, we recently performed 
optical spectroscopy on CeRhSn and CeIr3B2 whose reduced dimensionality and increased 
magnetic fluctuations lead to stronger quantum fluctuations [1]. Even in these systems we found 
good agreement with theory validating a local interaction picture, despite the proximity to 
magnetic instabilities in these compounds. 
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On the magnetically ordered side of the phase diagram we have performed careful investigation 
into the low energy magnetic excitations of CeIn3 using inelastic neutron scattering and heat 
capacity measurements. CeIn3 is a prototypical Kondo-lattice antiferromagnet (TN = 10 K) at 
ambient pressure and transforms to a superconductor at the antiferromagnetic quantum critical 
pressure of 2.6 GPa. As we previously proposed, our inelastic neutron scattering measurements on 
CeIn3 have validated a powerful approach to determine all necessary parameters of a minimal (3-
band) Kondo lattice model from first principles calculations that is material specific and expected 
to capture the quantum critical, non-Fermi liquid, and unconventional superconductivity that 
occurs in cerium and ytterbium-based systems [2]. Additionally, by analyzing the derivation of the 
low energy spin model, we identified the conditions necessary to produce an anisotropic exchange 
interaction in cerium and ytterbium compounds. Notably, it is essential to have strong charge 
fluctuations to the 2-electron 4f2 or 2-hole 4f12 configurations with magnetic bonds that lack 
inversion symmetry to generate anisotropic exchange interactions. This result has a broad impact 
on understanding magnetic anisotropy in rare-earth magnets. 

Another striking consequence of our inelastic neutron scattering work was the realization that the 
magnon dispersion has a high spin wave velocity (due to the RKKY interaction) [2]. As shown in 
Fig. 2, our measured spin wave velocity (v = 600 m/s) predicts a T3 term of the heat capacity (α 
1/v3) that is two orders of magnitude 
lower than the measured T3 contribution 
[3]. This implies that there is either a 
missing excitation (beyond phonons, 
electrons, or transverse magnons) or 
more likely, that the spin, lattice, and/or 
charge degrees of freedom are highly 
entangled in CeIn3. We further examined 
five other cerium-based systems for 
which inelastic neutron scattering had 
been measured and found a similar 
discrepancy [3]. This poses a 
fundamental conundrum that forms the 
basis for a significant effort of our 
planned work.  

We have continued our materials discovery effort, with a focus on the intersection between strong 
correlations and enhanced quantum fluctuations through magnetic frustration and/or reduced 
dimensionality [4]. This led to the discoveries of CeLiBi2, KU2Te6, UPd0.65Bi2, UV6Sn6, and 
UNb6Sn6, and the investigation of CeLi3Bi2 and β-UTe3 enabled by our synthesis of sizable single 
crystals. The uranium-based Kagome materials provide a platform to investigate the interplay 
between Kondo physics of the uranium lattice with a flat band density of states generated by the 
Kagome lattice of the transition metal that introduces frustration as a tuning parameter. Finally, 

Fig. 1: Heat capacity of CeIn3 (left) compared to inelastic 
neutron scattering measurements of the transverse magnons 
(right). Solid black lines give the magnon contribution as 
expected from the T3 term of C, while the dashed lines are the 
magnon contribution from a fit to the spin wave dispersion as 
measured by neutrons. 
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following up on the colossal negative magneto resistance we found in Eu5In2Sb6, we demonstrated 
using transport, thermodynamic, and spectroscopic measurements that this behavior, common to 
many Eu-based compounds, is consistent with magnetic polaron formation. Additionally, we 
showed that the magnetic structure of Eu5In2Sb6 permits a finite Ising ferromagnetic component, 
which is consistent with the possibility that Eu5In2Sb6 hosts an axionic insulator state. 

Future Plans 

Our prior work on cubic CeIn3 validated a protocol for deriving a materials-specific low 
energy spin Hamiltonian from first principles. It also illustrated a discrepancy between the 
magnetic excitations observed by inelastic neutron scattering and the low temperature density of 
states inferred from heat capacity (see Fig. 1). To determine the origin of this behavior we will 
investigate a set of compounds in a similar fashion to determine how this discrepancy correlates 
with other material properties. We have begun inelastic neutron scattering measurements on the 
tetragonal antiferromagnet CePd2Si2, which shows many similarities to CeIn3. We will also 
perform measurements in magnetic fields up to 9 T, which is expected to gap the magnon spectrum, 
and thereby can confirm whether the excess heat capacity is in any way related to transverse spin 
excitations. As we hypothesize that the excess heat capacity arises from longitudinal spin 
fluctuations associated with the Kondo effect, we will also perform measurements on more 
localized magnets, for which we anticipate better agreement between heat capacity and inelastic 
neutron scattering if our hypothesis is correct.  

Our prior work on cubic CePd3, CeRhSn, and CeIr3B2 show that the electronic 
renormalization of cerium-based compounds can be well described by single-site DMFT 
calculations with a momentum independent self-energy indicative of the dominance of local 
interactions in the renormalization. Extending these studies, we will explore whether the more 
extended wave functions of 5f-orbitals cause a breakdown of the dominance of the local 
interactions. The breakdown of single parameter scaling of the Kondo scale measured by heat 
capacity, magnetic susceptibility, and inelastic neutron scattering in the mixed valent regime for 
uranium-based compounds in fact suggests this to be a likely possibility. To test this hypothesis, 
we will perform ARPES, optical spectroscopy, RIXS, and inelastic neutron scattering on UAl3, a 
cubic mixed valent compound with energy scales similar to CePd3 and YbAl3. Similar work will 
be performed on β-UTe3 (see below). 

Reduced dimensional systems, and in particular quasi-1D systems, have enhanced quantum 
fluctuations and provide an ideal platform to compare experiment and theory. Additionally, as 
demonstrated in 2D transition metal dichalcogenides and few layer graphene, 2D systems can be 
highly tunable via exfoliation and gating and a source for discovering new states of matter such as 
superconductivity and fractional Chern insulators. We have recently synthesized the 2D van der 
Waals bonded f-electron systems Ce2Te5 and β-UTe3. β-UTe3 orders ferromagnetically with a 
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Sommerfeld coefficient of the heat 
capacity of 130 mJ/molK2, revealing the 
presence of strong electronic correlations. 
Excitingly, we have already been able to 
exfoliate β-UTe3 to a thickness of a single 
bilayer (½ unit cell) [5]. Remarkably, in 
this limit our Kerr rotation measurements 
have demonstrated that the bulk 
ferromagnetic transition is enhanced from 
15 K to 35 K (see Fig. 2). A small 
anomaly is seen in the bulk at 35 K with 
the opposite Kerr rotation further 
suggesting anomalous behavior at the 
surface of the crystal. A large 
enhancement of the ordering temperature in the 2D limit is highly unusual, though not unheard of 
as in the case of superconductivity of FeSe on SrTiO3. We will understand this behavior through 
the full suite of transport, thermodynamic, and spectroscopic probes available to us. To enable 
NQR/NMR measurements on air sensitive samples such as this, we will develop printed circuit 
boards with RF coils that will enable easier encapsulation.  
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Research Scope 

The question to be addressed by the Complex States, Emergent Phenomena, and Superconductivity 
in Intermetallic and Metal-like Compounds FWP is: how can we develop, discover, understand, 
and ultimately control and predictably modify new and extreme examples of complex states, 
emergent phenomena, and superconductivity? Over the next review period, we will study materials 
manifesting specifically clear or compelling examples of superconductivity, strongly correlated 
electrons, novel electronic topology, quantum criticality, and exotic, bulk magnetism because of 
their potential to lead to revolutionary steps forward in our understanding of their complex, and 
potentially energy-relevant, properties. For example, the FWP proposes to design and utilize novel 
synthetic routes to enable the discovery of new magnetic and superconducting systems that will 
be tuned by substitution and pressure through quantum critical points and study superconductivity 
in the fullness of its diverse manifestations, ranging from FeAs-based systems to the spin-triplet 
system UTe2, to the unconventional superconductor Rh17S15, to pressure-stabilized 
superconductivity. This work will be leveraged via highly collaborative interactions between the 
scientists within this FWP, as well as through extensive collaborations with other Ames Laboratory 
FWPs, other DOE laboratories, and other universities and labs throughout the world. Experiment 
and theory will be implemented synergistically. The experimental work will consist of new 
materials development and crystal growth, combined with detailed and advanced measurements 
of microscopic, thermodynamic, transport, and spectroscopic properties, as well as electronic 
structure, at extremes of pressure, temperature, magnetic field and resolution. The theoretical work 
focuses on understanding and modeling transport, thermodynamic and spectroscopic properties 
using world-leading and advanced phenomenological approaches to superconductors and 
electronic band structure.  For this ECMP PI meeting we will present recent work on controlling 
the collapsed tetragonal phase transition with the aim of discovering new moment bearing 
compounds focusing on the Sr(Ni1-xCox)2P2 doping series as well as SrCo2P2 under applied 
pressures. [1,2] 
 

 Recent Progress  

 The Complex States FWP has made recent progress in the discovery and characterization 
of Rh17S15 (synthetic Miassite) [3], finding unusual superconducting gap symmetries; it has found 
a new type of spin-textured, surface band splitting in RBi and RSb compounds;[4] it has developed 
new materials search and synthesis strategies based on immiscible pairs of elements (referred to 
as the antagonistic pairs approach) and developed multiple innovations and improvement to the 
solution growth of single crystals using frit-disc crucible sets (Canfield Crucible Sets or CCS);[5] 
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and it has discovered new, magnetic states in proximity to collapsed tetragonal phase transitions 
induced either by substitution or application of hydrostatic pressure.  It is the last topic that will be 
highlighted for this ECMP meeting. 

 

 

 Pressure and temperature dependence of electronic, magnetic and structural 
properties on SrCo2P2 from both experiments and theoretical calculations. [2] 
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Future Plans 

 We propose to continue our efforts directed toward the development and understanding of 
model systems of complex states, emergent phenomena, topologically protected states, fragile 
magnetic systems and SC combined with agile and flexible responses to, and leadership in, a 
rapidly changing materials landscape. We will accomplish this by creating, testing, and ultimately 
understanding systems that exhibit compelling physical properties and ground states. We will 
examine outstanding issues in superconductivity, across a breadth of systems; understand 
magnetism across the spectrum from local moments to fragile and tunable systems and examine 
the role of magnetic frustration. We will examine quantum phase transitions and tunable systems, 
that allow deeper understanding of competing behaviors. And, as always, we will continue to 
explore new materials design, discovery, and growth of systems that may be model systems for 
revealing focused, basic questions about complex behaviors. We will create new materials and 
model systems to allow for the study of emergent states in proximity to suppressed, fragile 
magnetism; we will examine how new spin textured states can be discovered and controlled in rare 
earth and transition metal based systems; we will use controlled substitution and defect creation to 
discover and understand new examples of exotic superconducting, magnetic and topological states 
and we create and utilize new synthetic routes and algorithms to discover new, low dimensional 
(often magnetic) systems. 
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Research Scope 

This project investigates the interplay between local-moment magnetism and topological 
electronic structure in rare-earth intermetallics through an integrated experimental–computational 
approach. By combining Hall transport, neutron scattering, heat capacity, and thermal transport 
measurements with density functional theory (DFT), we aim to determine how magnetic ordering, 
magnetic anisotropy, and lattice tuning can generate and control Weyl points in correlated metals. 
Broken time-reversal symmetry from ferromagnetic or noncollinear magnetic states and/or broken 
inversion symmetry can create Berry curvature hot spots that strongly influence transport 
phenomena such as the anomalous Hall effect (AHE). Through systematic chemical substitution, 
chemical and uniaxial pressure, and broad exploration of rare-earth compounds, we seek to 
establish design principles for manipulating Weyl node positions, Berry curvature distributions, 
and quasiparticle dynamics via magnetic and structural control. 

Recent Progress 
 
Our initial focus has been on NdGaSi, where field- and temperature-dependent Hall transport 
measurements reveal a robust anomalous Hall effect below the ferromagnetic transition 
temperature. The magnitude of the AHE scales with magnetization, consistent with an intrinsic 
origin linked to the Berry curvature from the Weyl nodes. Single-crystal neutron diffraction has 
confirmed a collinear ferromagnetic ground state with moments aligned along the crystallographic 
c-axis, thereby breaking time-reversal symmetry in a centrosymmetric lattice—an essential 
condition for Weyl physics. Complementary DFT calculations using the experimental magnetic 
configuration identify multiple Weyl nodes near the Fermi level, with the calculated Berry 
curvature distribution reproducing the sign, magnitude, and temperature evolution of the observed 
AHE. Thermodynamic measurements further support this picture: heat capacity data reveal a low-
temperature Schottky anomaly and a gapped magnon spectrum with a gap of 6.7 K, while the 
recovered magnetic entropy approaches Rln10 by 60 K, consistent with the full crystal-field-split 
J = 9/2 multiplet of Nd³⁺. Together, these results demonstrate a coherent link between magnetic 
order, Berry curvature, and topological transport in NdGaSi. 
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Figure 1: Structural, transport, and thermodynamic properties of NdGaSi. 
(a) Crystal and magnetic structure, highlighting Nd (orange), Ga (blue), and Si (green) atoms with ferromagnetic 
ordering along the c-axis. (b) Temperature dependence of ∣R0∣ and ∣Rs∣, showing a sharp suppression of ∣Rs∣ above TC 

=11.5 K. (c) Calculated Berry curvature Ωz(k) in the Brillouin zone, revealing hot spots near Weyl nodes. (d) Magnetic 
entropy S(T) from heat capacity at 0 T and 7 T, approaching Rln10 at high T, consistent with the full Nd³⁺ multiplet. 

Future Plans 

Building on these findings, we plan to expand our studies to a broader family of rare-earth 
intermetallics, including DyAgGe, ErAgGe, PrGaSi, NdGaGe, and PrGaGe, to examine how 4f 
configuration, exchange interactions, and spin–orbit coupling influence Weyl physics. Chemical 
pressure tuning will be pursued through synthesis of RAgGe₁₋ₓSiₓ and RGaSi₁₋ₓGeₓ (R = rare 
earth), allowing lattice constants to be varied without carrier doping and providing controlled 
pathways to modify exchange interactions, crystal fields, and Weyl node positions. Field–
temperature phase diagrams will be constructed by combining magnetization, Hall effect, and 
neutron scattering measurements to identify Berry curvature–enhanced regimes and detect field-
induced magnetic transitions. Low-temperature thermal conductivity experiments will probe 
phonon, magnon, and potential Weyl fermion contributions, as well as magnon–phonon coupling. 
Finally, uniaxial strain will be applied in situ during transport to directly tune magnetic anisotropy 
and lattice symmetry, enabling exploration of strain-driven topological phase transitions. 
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Overall, this project seeks to establish rare-earth intermetallics as a tunable platform for 
magnetically induced topological states, providing fundamental insight and strategies for 
designing correlated Weyl metals and controlling Berry curvature–driven transport in quantum 
materials. 

Publications 

Publications from this project are currently in progress. Manuscripts under preparation focus on 
the large anomalous Hall effect and Berry curvature origin in NdGaSi, the magnetic structure and 
anisotropy of rare-earth intermetallics probed via neutron scattering, and the tunability of 
topological transport properties through chemical substitution and lattice control. These studies 
will collectively establish the experimental–theoretical framework for engineering Weyl physics 
in correlated rare-earth materials. 
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Geometry and frustration-induced phenomena in nanomagnet arrays 

Principal Investigator: Peter Schiffer, Princeton University 

Keywords: Magnetism, Nanostructures, Spin models, Topology 

Research Scope 

 This program studies lithographically fabricated “artificial spin ice” arrays of nanometer-
scale single-domain ferromagnetic islands. The physics of artificial spin ice offers intersects with 
a range of important topics, including the effects of frustration and topology. Since the arrays are 
created lithographically, we can easily vary the array characteristics, including the geometry of the 
lattice, the nature of the moments, and the level and type of lattice disorder. We can probe the local 
properties of the arrays by imaging individual moments, and we can also probe thousands of 
moments simultaneously, allowing us to gain insight into the collective properties of the system 
and observe novel phenomena that are not accessible in other systems.  

This research program focuses on the properties of these systems, probing the collective behavior 
of different geometries, and exploring arrays of more complex nanomagnet shapes. Specific thrusts 
include examinations of new lattice geometries, low-frequency dynamics of the moments, finite 
size effects in smaller arrays, and magnetic moments that are not simple dipoles. The research 
program uses permalloy as the ferromagnetic material, taking advantage of its well-understood 
magnetic properties and low magnetocrystalline anisotropy. 

 Recent Progress  

While experimental progress has been slightly impacted by the move from Yale to Princeton in 
late 2023, and the need to reconstruct the laboratory at Princeton, there have been a number of 
recent accomplishments. This includes some simulations based on earlier studies of topological 
strings in Sante Fe ice [1] and a final paper on mobile excitations studied through noise 
measurements in tetris ice [2]. Other areas of recent activity include the following studies: 

Topologically-induced fractional charges in a finite size artificial spin ice array: We have 
designed and studied a finite nanomagnet array based on the well-studied square ice structure, but 
with the intentional insertion of a topological defect known as a disclination. This system 
demonstrates how topological defects in the structure of a collective system influence the magnetic 
ensemble's global behavior [4].  

Within square ice, the moments have a well-ordered ground state, and excitations above the ground 
state can be characterized as effective magnetic charges. By introducing a disclination into a square 
ice array, we force the trapping of a fractional charge with effects on the collective behavior of the 
entire array. While the concept of a fractional charge is more commonly associated with exotic 
quantum materials, our research reveals a parallel occurrence in the classical nanomagnet 
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ensemble of artificial spin ice. The induced charge is truly fractional: it has ground state values of 
±1, whereas magnetic charges in square ice without such a defect are constrained to values of ±2 
or ±4. 

Furthermore, according to Gauss' theorem, the existence of a fractional charge within the bulk 
necessitates a corresponding net flux at the boundary, equivalent in magnitude to the charge. 
Previous theoretical work on artificial spin ice has established that, at the lowest energy state, this 
flux must be carried by a singular entity known as a "Faraday Line." In square ice with no defects, 
Faraday lines cannot terminate or originate within the system's bulk. Rather, they must form loops 
or enter and exit from the boundaries. However, the trapping of the fractional charge ±1 compels 
the existence of a Faraday line ending in it, fundamentally altering the expected behavior within 
the system. 

Our results demonstrate how a topological defect affects the global physics of the ensemble. A 
related and equally compelling issue we address is the direct visualization, within a geometrically 
intuitive system, of the so-called bulk-to-edge correspondence. We show that trapping of a 
fractional charge in the bulk implies a line of excited vertices extending all the way to the system's 
edges. Furthermore, by engineering the geometry of the array, we can tune the energy landscape 
through which the flux lines travel, demonstrating an interesting nexus of geometrical and 
topological effects. 

Example disclination array configuration 
and vertex types. A) Magnetic force 
microscopy (MFM) image and B) 
moment map of a disclination array. The 
lines show the flow of magnetic flux 
through the sample, notably the line 
coming from the central topological 
defect. Reproduced from [4]. 

The cut-and-glue procedure used to form a 
disclination array. (A) A square ice array 
with size N = 7. (B and C) Illustration of 
the removal of a quadrant of the square ice 
array and the reconnection of the 
remainingislands. (D) The resulting 
disclination array. (E and F). Scanning 
electron microscope images of square ice 
and disclination arrays with N = 19. 
Reproduced from [4]. 



 

238 
 

Collective behavior of magnetic tripods: Previous studies of artificial spin ice have focused on 
stadium-shaped islands or nanowires whose magnetization can be described by Ising-like binary 
moments. A few studies have looked at effective XY and quadrupolar moments by altering the 
island shape – but always staying within paradigms of types of moments that have been studied in 
atomic magnetic systems. In our group’s recent work, we created a new object, a magnetic tripod, 
that has three-fold symmetry with six possible magnetic states [3]. We explore its collective 
behavior by realizing interacting triangular arrays of these objects which individually map well 
onto theoretical models for Potts or clock states. To our knowledge there has been no prior 
experimental realization of a 6-state object of this nature, and certainly no realization of interacting 
arrays of such objects. After thermalizing these arrays, which we have named “magnetic tripod 
ice”, we demonstrate collective ferromagnetic behavior that has qualitative differences with the 
well-studied kagome ice system of similar geometry. We thus demonstrate the importance of the 
tripod moment as an emergent variable and we are now exploring a range of new lattices in which 
we anticipate finding new physical phenomena associated with these unusual structures. 

 

Micromagnetic study of nanomagnet shape in artificial spin ice: Artificial spin ice studies often 
treat the nanomagnets as simple Ising moments, when their finite size actually leads to internal 
magnetic textures. These textures can affect the physics of interacting arrays, and we investigated 
how varying the shape of elongated nanomagnets, from rectangular to elliptical geometries, 
influences the magnetic reversal process in artificial spin ice square arrays. While previous studies 
have emphasized the effects of island size and lattice geometry, how the end geometry of 
nanomagnets impacts both internal magnetic textures and inter-island coupling has not been well-
explored. Using micromagnetic simulations [5], we address this gap, providing new insights into 
fundamental magnetic phenomena and highlighting opportunities to tailor magnetic behavior 
through island shape. 

Magnetic tripod ice. (a) Scanning electron microscopy image 
of triangular lattice of interacting tripods as an example of 
magnetic tripod ice (b) Magnetic force microscopy (MFM) 
image of the same sample. (c) Map of the moments of the 
individual legs from the MFM image. (d) Map of the tripod 
moments from the MFM image. Reproduced from [3] 
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Future Plans 

The research program has a number of ongoing activities such as ongoing studies of the physics 
of other lattices of magnetic tripods in which we expect to encounter new behavior. We also are 
looking at the low frequency dynamics of artificial spin ice through AC susceptibility 
measurements that were delayed because of the move to Princeton. Finally, we expect to continue 
investigations of novel finite systems, especially in the context of topological effects of the sort 
seen with disclinations and the Santa Fe lattice.  
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Magnetization maps of nanomagnets in square ice with 
length 180 nm and varying pointiness ranging from 
elliptical to rectangular and lattice spacings of 280, 400 
and 1024 nm. The magnetization map at remanence 
and at the simulation step in the hysteresis loop prior to 
and after the coercivity inflection point. Arrows within 
the maps indicate the local direction of the 
magnetization. Color coding of the moment direction is 
based on the color wheel to the bottom right. 
Reproduced from [5]. 
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Unconventional superconductivity in strongly correlated triangular adatom lattices 

Hanno H. Weitering and Ruixing Zhang 

Keywords: Superconductivity, strong correlated electron systems, topology, molecular beam 
epitaxy, scanning tunneling microscopy. 

Research Scope 

This new BES/ECMP project seeks to explore chiral superconductivity in artificially 
structured semiconductor platforms and develop novel machine learning protocols to extract the 
pairing symmetry from quasi-particle interference patterns. Semiconductor templates represent 
ideal model systems for elucidating the role of electron correlations and magnetic frustration in 
establishing unconventional superconductivity and may pave the way for integrating topological 
superconducting architectures with 21st century silicon technology. 

 

Recent Progress  

We recently demonstrated that a �√3 × √3�R30° Sn adatom 
layer on a heavily-doped p-type Si(111) substrate (Fig. 1) is 
superconducting with a critical temperature 𝑇𝑇𝐶𝐶  as high as 9 
K.This result is truly remarkable: It only takes 1/3 monolayer 
of Sn to create a 2D superconductor on bulk Si with 𝑇𝑇𝑐𝑐 rivaling 
that of Nb and exceeding those of all other elements in the 
Periodic Table. In this lattice, there is one half-filled dangling-
bond orbital per site (Fig. 1a) and, accordingly, the undoped 
system is a single-band antiferromagnetic Mott insulator with 
a Hubbard U of about 0.6 eV and band width of 0.5 eV. Hole 
doping metallizes the Mott surface state which allows the 
system to become superconducting. Because of the strong 
correlations and triangular lattice symmetry, a chiral d-wave 
scenario seems likely. Experimental evidence in support of 
chiral d-wave pairing includes the observation of (i) a hard gap 
in the tunneling spectrum, (ii) time-reversal symmetry 
breaking in quasi-particle interference (QPI) imaging, (iii) in-
gap bound states at each defect, and (iv) existence of edge 
states at domain boundaries. However, these criteria represent 
a necessary but insufficient condition for demonstrating chiral 
superconductivity.  

Very recently, we identified a microscopic fingerprint of chiral Cooper pairing from high-quality 
real-space QPI data centered at atomic-scale point defects in the Sn layer. Remarkably, the 

Fig. 1. (a) Side and (b) top view of 
the Sn/Si(111) interface. The Sn 
atoms (yellow) adsorb right above 
the second-layer Si atoms (small 
gray spheres). The Sn-Sn adatom 
spacing is 6.65 Å. The dangling 
bonds are half-filled, producing a 
single-band Mott insulator. 
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scattering potential at these defects is extremely 
simple, well described by a delta function, while 
electrons tunnel directly into the active layer. The 
observed anisotropic interference patterns are 
almost perfectly reproduced theoretically without 
parameter fine-tuning. Specifically, we detected 
symmetry-locked nodal and antinodal points in the 
Bogoliubov quasiparticle wavefunction, tightly 
bound to atomic point defects in the tin lattice (Fig. 
2). These nodal features, along with their 
surrounding texture, form a distinct real-space 
pattern exhibiting a clear and exclusive hallmark of 
chiral superconductivity. 

The definitive identification of chiral 
superconductivity presented here is made possible 
by the structural simplicity of the Sn/Si(111) 
system, which permits unambiguous detection of 
atomic-scale point defects that preserve the 
underlying C6 symmetry and facilitates modeling of 
the corresponding scattering potentials. In contrast, 
more complex or disordered defect configurations 
tend to obliterate the characteristic chiral LDOS 
signature due to symmetry breaking and the 
increased complexity of the scattering potential. 

Future Plans 

1. Electronic phase diagram. Our investigations 
of Sn triangular adatom system suggest the presence of a superconducting dome on the hole-doped 
side, which possibly emerges from antiferromagnetic spin correlations. The maximum 𝑇𝑇𝑐𝑐 reached 
so far is 9 K, but the doping range was very limited. We will expand our doping range and explore 
the electron-doped side of the phase diagram as well. We aim to establish the pairing symmetry in 
different parts of the phase diagram and investigate the nature of the normal state. Extended 
Hubbard models indicate that the chiral d-wave order parameter is favored close to half filling, 
while triplet 𝑝𝑝𝑥𝑥 ± 𝑖𝑖𝑝𝑝𝑦𝑦 pairing would be preferred with increased hole-doping; f-wave pairing 
should be observed with electron doping. The possibility of accessing these exotic pairing 
symmetries within this model system would be most fascinating and a powerful test of modern 
theories of superconductivity. 

2. Pairing symmetry. We will study real-space and momentum-space interference patterns of 
Bogoliubov quasi-particles with STM. Bogoliubov quasi-particles live inside the superconducting 

Fig. 2 (a) and (b) Experimental dI/dV maps of a 
substitutional Si defect, Data were collected at 400 
mK. (c) and (d) Theoretical LDOS maps. Notice the 
pronounced dark spot at the center of panels (a) and 
(c), indicated by blue arrows, which is a key 
signature of a chiral superconducting order 
parameter. (e) and (f) dI/dV line scans along the 
atom rows from (a) and (b), showing the strong node 
or antinode at the defect site, respectively. 
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gap, scatter off lattice defects, and carry information about the pairing symmetry. Experimental 
QPI images are usually compared to theoretical 𝑇𝑇-matrix simulations for various order parameters. 
Such comparisons are rarely conclusive because the patterns often look similar. We will develop 
a convolutional neural network (CNN) decoder to efficiently and accurately decrypt the pairing 
symmetry from the QPI images. Conventional CNNs typically function as black boxes with limited 
interpretability. To address this challenge, we plan to integrate advanced deep-learning techniques 
into our network design. With this update, the decoder will generate interpretable maps that 
highlight the key differentiating features in the QPI spectra, elucidating the basis of its 
classification decisions. This interpretability not only provides clarity in understanding the 
network’s decision process but also offers insights into the underlying physics of the Sn/Si system. 

3. Other materials platforms. We will expand these investigations to related model systems such 
as Pb and Sn on Ge(111) and SiC(0001) as well as Kagome adatom lattices. The use of Pb is 
expected to enhance spin-orbit coupling, which in conjunction with Zeeman splitting could 
produce Majorana states at the edges of the defect lattices and superconducting domains. Not all 
systems may become superconducting but understanding these differences will also be an 
important part of the investigations. 
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Crystal electric-field effect under magnetic field and uncovering field-induced magnetic 
phase transition in triangular rare-earth magnet CsErSe2 

Minhyea Lee, University of Colorado Boulder 

Keywords: Magnetism, Rare-earth compounds, Crystal electric field, Optical spectroscopy 

Research Scope  

Unconventional magnetic phases in condensed matter systems lie at the forefront of 
advances in spintronics and quantum information processing. Applications in these fields are 
firmly rooted in utilizing novel functional materials; hence, they require a complete understanding 
of the properties of magnetic states that are characterized by ordering, spin excitations, or exotic 
ground states, as well as of the nature of the interaction between spin and lattice degrees of freedom. 
This project aims to capture the interactions between spin and lattice by examining the rare-earth 
insulating magnetics system, where the strong spin-orbit coupling dictates fundamental magnetic 
properties like anisotropy and crystal electric field (CEF) effect, but also creates a diverse energy 
hierarchy that can lead to magnetic frustration. We leverage intense magnetic fields and inherent 
magnetic anisotropies to investigate how the CEF level splitting under a magnetic field manifests 
the multi-faceted natures of the coupling between spin and lattice degrees of freedom within a 
single-ion description. Furthermore, we explore the possibilities to utilize the lattice degrees of 
freedom as a direct probe for magnetic degrees of freedom, via thermal conductivity and the CEF-
level-hybridization with phonons. This, in turn, offers novel insights and clues for pinning down 
highly sought-after entangled and unconventional magnetic states.    

Recent Progress  

We use the RE-based insulating triangular delafossites, AREX2 (A = alkali ions of Cs, Na, 
K, RE = rare-earth ions, X = chalcogen of O, S, Se) as a model system to explore the scope 
described above. RE-based delafossites have been shown to host a range of novel quantum 
phenomena due to the interplay and competition between spin-orbit coupling, crystal electric fields, 
and exchange interactions of spins in the presence of geometric frustration inherent to the 
triangular lattice [1,2,3]. In particular, the crystal electric field (CEF) interactions of RE ions play 
a crucial role in determining the system's magnetic ground state and anisotropy. The localized 4f 
electrons bring down the typical CEF energy range to 10-1-101 meV, much smaller than their 3d 
counterparts, which can be easily manipulated with a moderate magnetic field via Zeeman splitting. 
With Kramer’s ions, each CEF level is doubly degenerate and becomes split into two states under 
a magnetic field. At sufficiently low temperatures, where the energy of the first excited state lies 
beyond thermal excitation, the dynamics of spin degrees of freedom are restricted to the lowest 
such doublet and invoked to justify using an effective pseudospin-1/2 model. My group’s research 
efforts have been centered on various aspects of these insulating RE magnets with a range of 
experimental probes, including cantilever-based magnetometry [2], thermal transport [3], and AC 
magnetic susceptibility and magnetooptical spectroscopy [4].  
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For the last two-year 
period, we have focused on 
CeErSe2 and its magnetic 
field dependence of the CEF 
level splitting.  Since the 
Er3+ ion has the total angular 
momentum J = 15/2, when 
the Er ion is placed in the 
octahedral environment, i.e., 
surrounded by six anion Se2- 
(D3d site symmetry) [Fig. 
1(a)], its 16 eigenstates 
rearrange into eight doublets 
at zero field (ZF). Each 
doublet splits under a 
magnetic field. 
Interestingly, due to the 
narrow energy spacing 
among adjacent levels, the 
CEF levels of CeSeEr2 

inevitably exhibit multiple 
crossings as a function of 
field,  as shown in Fig. 1(b). 
In addition to the intricate 
myriad of the level 
crossings, it unequivocally 
illustrates the magnetic 
anisotropies with distinct spectra for B || ab and B || c.   

Our recent progress on this project involves directly measuring the CEF splitting using 
magneto-optical spectroscopy, as shown in Fig. 1(c), and obtaining the CEF parameters from the 
spectroscopy results with high fidelity, which enables us to create Fig. 1(b).  These single-ion 
properties play a crucial role as a guide reveling unusual magnetic properties; (i) the quadratic 
Zeeman splitting [2] which is essential to understanding the low temperature magnetic 
susceptibility, (ii) the g-factor for the CsErSe2  in B || c is found to have strong B dependence due 
to non-monotonic field dependences of the low energies levels in Fig. 1(b), (iii) the pseudospin-
1/2 approximation should be treated with extreme care due to the level crossings. (iv) Most 
importantly, we uncovered the ground state crossing at BC = 5.4 T as marked with the pink arrow 
on the right panel of Fig. 1(b).  Due to the change of the wave function across BC, the calculated 
magnetization displays a step-like increase in MC as shown in Fig. 1(d), exhibiting the first-order 
transition.  We emphasize that this feature originates solely from the CEF physics, as the spin 

Figure 7  The CEF physics of CeErSe2 : (a) Crystal structure of 
CsErSe2 (upper) and the triangular lattice on the ab plane consisting of edge-
sharing ErSe6 octahedra(lower) (b) The calculated CEF splitting’s depending on 
the field directions of B || b (left) and B || c (right). The CEF parameters (c) The 
magnetization of CeErSe2 based on the CEF parameter at T = 25 mK and 2 K 
(inset) (d) A direct measurements of the CEF splitting under magnetic field using 
the magneto-optical spectroscopies are plotted in color maps (upper panels) and 
peak position read off from the data (lower panels). FIR results in B || b (left-most) 
and in B || c (middle) and Raman in B || c (right-most) are shown. (e) AC magnetic 
susceptibility as a function of applied field to track out the level crossing of the 
ground state, marked by the pronounced peaks at B = BC = 5.4 T (dotted and solid 
lines for data and calculation, respectively, which exhibits a strong temperature 
dependence thanks to the Boltzmann factor.  
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exchange energy scale is much smaller. To experimentally verify the magnetic behavior near BC, 
we measured the ac magnetic susceptibility at low temperatures as a function of applied magnetic 
field, and we displayed it in Fig. 1(e) with solid lines at various temperatures in comparison with 
calculations in dotted lines. The sharp features at BC quickly smear out with increasing 
temperature due to the changes in population of the levels subject to the Boltzmann factor.   

Our work unambiguously demonstrates the essential role of single-ion physics in driving 
collective magnetic phenomena under intense magnetic fields, as well as rich physics involving 
the low-energy excitations, offering a new route to the emergence of magnetic frustration. We will 
outline the future directions devised based on this work [4].  

 
Future Plans 

Our progress offers critical perspectives not only for advancing the understanding of 
magnetism unique to rare-earth triangular systems, but also for generating new approaches 
to spin–lattice interactions starting from the viewpoint of the single magnetic ion. Moreover, 
the insights gained here can be extended to other rare-earth magnetic compounds, enabling 
informed and effective predictions involving the field evolution of the CEF levels as 
demonstrated in this work. Here we list our plans, which we have already been working on 
or plan to implement in the very near future.  
(1) Determining the accurate magnetic anisotropy of a single ion is an indispensable step toward 
understanding any magnetic phenomena in rare-earth magnets. We find that the magneto-optical 
spectroscopy is a superb experimental method to obtain the CEF parameters with unprecedented 
precision. Similar magneto-optical spectroscopy on a couple of other RE compounds is underway. 
(2)  The CEF parameters determined with sufficient precision lead to uncovering the field-induced 
transition like the one in Fig. 1(b).  Although we used the Weiss mean field approximation, this 
can be treated with more sophisticated spin models, for example, including diagonal terms in the 
XXZ model, which was found to be cancelled out in the mean field theory.  Although this transition 
in CsErSe2 has manifested as a straightforward first-order like transition because of a 
discontinuous transition of the wave of CsErSe2 function with very little contribution from the spin 
Hamiltonian, however, this can turn into a very large degeneracy when the involving RE ions 
exhibit strong interaction with each other, potentially leading to strong quantum fluctuation, a 
prerequisite for a quantum spin liquid state.  
(3) Most importantly, the well-characterized CEF levels are also used to investigate the 
hybridization between the phonon energy spectrum and the CEF levels, of which hybridized 
quasiparticles are responsible for the physical properties such as specific heats and other 
thermodynamic quantities and thermal conductivities [3,5].  We are actively investigating the heat 
transport carried out by these hybridized quasiparticles. 
(4) Finally, we have extended our study to rare-earth-based magnets containing non-Kramers ions 
(i.e., ions with integer total spin). This effort is motivated by preliminary measurements on 
CsTbSe₂, where the zero-field ground state is a singlet, yet level crossings play a crucial role in 
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producing the unusual field-dependent magnetization. Building on this, we have recently initiated 
investigations of additional rare-earth insulating magnets to test these ideas further. 
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Nuclear Magnetic Resonance Resolves Charge Order Structure in Kagome Metals 

Xiaoling Wang, California State University, East Bay 
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Research Scope 

 We apply orientation‑resolved nuclear magnetic resonance (NMR) and high‑field, 
multi‑frequency electron magnetic resonance (EMR) to investigate how charge order and 
magnetism develop across kagome metals of AV3Sb5 (A = K, Rb, Cs), ScV6Sn6, and rare‑earth 
LnTi3Bi4. (This abstract focuses on NMR results, with EMR efforts noted for scope.) Our work 
addresses three objectives. First, in AV3Sb5 we constrain the site‑specific charge density wave 
(CDW) microstructure and characterize a low‑temperature first‑order instability in the CDW state 
using 51V NMR. Second, in ScV6Sn6 we distinguish competing c‑axis charge‑order modulations 
and establish 119Sn and 45Sc NMR observables to track their evolution across the transition. Third, 
we extend high‑field, angle‑resolved EMR to LnTi3Bi4 to quantify local anisotropy and magnetic 
correlations. Collectively, these efforts define the current scope of the project: an integrated 
magnetic-resonance approach that provides isotope- and site-specific observables of charge order 
and magnetism in kagome metals, and develops methods transferable to related quantum materials.  

 Recent Progress  

 Angle‑resolved 51V (I = 7/2) NMR tracks 
changes in the Knight‑shift tensor across TCDW in 
RbV3Sb5 and CsV3Sb5. In CsV3Sb5, the central 
transition splits into four components whose 
field‑linear separation indicates a Knight‑shift origin, 
consistent with four inequivalent V environments in 
the CDW state (Fig.2a). The pairwise sums of 
component intensities evolve together while the total 
intensity is conserved (Fig. 2b-d); the redistribution 
from V2 to V2′ on cooling is consistent with the 
growth of a period-4 registry. These observations, 
combined with the Knight-shift anisotropy shown in 
Fig. 1, are compatible with an interlayer‑modulated 
3q CDW with 2×2×4 domains that could involve 
mixing of trihexagonal (TrH) and Star-of-David 
(SoD) layers in CsV3Sb5. By contrast, RbV3Sb5 

Figure.1 51V Knight-shift tensor through the CDW 
transition in RbV3Sb5 and CsV3Sb5. (a) Definition 
of principal components with respect to crystal 
axes. (b)&(c) Temperature dependence of tensor 
components in RbV3Sb5 across TCDW = 104 K and 
for CsV3Sb5 across TCDW = 94 K.  
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remains consistent with uniform TrH 2×2×2 stacking within our resolution. Together, Figs. 1 and 
2 provide site‑resolved constraints on the AV3Sb5 CDW microstructure targeted in this project. 

 Building on the interlayer‑modulated 3q CDW microstructure in CsV3Sb5 (Figs. 1-2), we 
probe the 51V quadrupolar satellites with H0∥c across the intermediate‑temperature regime near 
TCO ≈ 65 K (Fig. 3). On cooling through TCO, two well‑resolved electric field gradient (EFG) 
manifolds appear and coexist over a finite interval; their relative spectral weights shift from the 
high‑T manifold to the low‑T manifold while the sum of integrated satellite intensity is conserved 
within experimental uncertainty (Fig. 3b-d). The sustained coexistence of two EFG environments 
without critical broadening, together with the nearly temperature‑independent νQ within each 
manifold, provides bulk evidence consistent with a first‑order charge order transition near TCO. 
Although the ~65 K transition is often discussed as distinct from the primary CDW at 94 K, our 
measurements do not resolve that relationship; rather, they delineate this window by providing 

Figure.2 Temperature evolution of 51V central transition (CT) and component intensities in CsV3Sb5 (H0 // c). (a) 
Stacked CT spectra measured at 16.5 T for selected temperatures. (b) Boltzmann-corrected integration areas I(T)T 
for the four fitted components (V1,V1′,V2,V2′). (c) Pairwise sums I(T)T for V1+V1′ and V2+V2′. (d) Total I(T)T. 

 

Figure.3 Evolution of 51V satellite transition (ST) in CsV3Sb5 across the intermediate transition (H0 // 
c). (a) Static spectrum acquired at 55 K and 10 T. (b) Temperature series of the ST manifolds 
showing the emergence of two sets of EFG on cooling. (c) Temperature dependence of the inter-
manifold splitting. (d) Relative spectral weights of the two EFG manifolds. 

Travisn
Stamp

Travisn
Stamp



 

249 
 

bulk evidence for first‑order behavior, whereas prior optical, Raman, and STM studies reported 
anomalies or stripe‑like order without demonstrating a bulk thermodynamic phase transition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Extending our site‑resolved approach beyond AV3Sb5, we examine ScV6Sn6, a 
phonon‑driven CDW with competing c‑axis stacking modes, in contrast to the VHS‑centered 
electronic instabilities emphasized for AV3Sb5. In Fig. 4, 119Sn (I = 1/2) NMR of the Sn1-Sc-Sn1 
chains resolves two Sn1 sites at both 90 K and 4 K, with intensities evolving from 1:1 at 90 K to 
2:1 at 4 K (Fig. 4b-h). These observations are consistent with chain distortions where a qc = 1/2 

Figure.4 (a) Crystal structure of ScV6Sn6. (b) 119Sn NMR spectra above and below TCDW = 
92 K. (c)(d) Illustrations of the proposed lattice distortion patterns (Ref). (e)(f) 119Sn NMR 
resonances and multiplicities at 90 K and 4 K of Sn1-Sc-Sn1 sites. (g)(h) Charge density 
modulation 𝜌𝜌(𝑥𝑥) = 𝜌𝜌0 + ∆𝜌𝜌 𝑐𝑐𝑐𝑐𝑐𝑐 (𝑞𝑞 ∙ 𝑥𝑥 + 𝜙𝜙) with propagating wave vectors 𝑞𝑞 = 1/2 and 
𝑞𝑞 = 1/3 along c-axis. Grey dots of different sizes depict atoms with varying charge density. 
Colored bars mark positive and negative CDW amplitude the atomic positions of Sn1 sites. 
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dimerization would alternate short and long Sn1-Sc-Sn1 bonds in equal numbers (two sites, 1:1; 
Fig. 4e), whereas a qc = 1/3 trimer would render ‘up’/‘down’ equivalent and ‘stationary’ distinct 
(two sites, 2:1; Fig. 4f), consistent with rattling-chain and frustrated-stacking models. A 
complementary charge-modulation framework likewise yields equal weights for qc = 1/2 and a 2:1 
ratio for qc = 1/3, providing an internal cross‑check based solely on Knight-shift sensitivity to local 
charge density (Fig. 4g-h). Thus, NMR supplies bulk, site-resolved constraints, capturing the 
distinct Sn1-chain environments and their temperature evolution that diffraction averages over, 
while remaining consistent with scattering-based proposals for competing CDW stackings in 
ScV6Sn6. 

Future Plans 

 Building on the site‑resolved results above, we will advance three tightly focused thrusts. 
(i) AV3Sb5: Which broken symmetries are bulk at low temperature and how do they couple to 
superconductivity? We will combine angle‑resolved 51V NMR with 121/123Sb Nuclear Quadrupole 
Resonance (NQR), using field and angle control and strain bias to distinguish domain selection 
from intrinsic symmetry breaking – addressing specific open questions highlighted by recent 
surveys of AV3Sb5 phenomenology. (ii) ScV6Sn6: What is the microscopic origin and timescale of 
the competition between the q = 1/2 and q = 1/3 c‑axis orders? In collaboration with ORNL, we 
will integrate 119Sn Mössbauer spectroscopy (isomer shift and quadrupole splitting) with our 119Sn 
and 45Sc NMR to quantify Sn1 site populations and hyperfine fields across TCDW, discriminate 
static from slowly fluctuating distortions via Mössbauer linewidths, and correlate these with 
element‑specific phonon signatures from nuclear resonant inelastic scattering on Sn (and Tm in 
isostructural LnNb6Sn6 reference compounds) to test the rattling‑chain and soft‑phonon 
mechanism that couples to the out‑of‑plane CDW. (iii) Rare‑earth kagome magnets (LnTi3Bi4): 
What crystal‑field anisotropy and exchange scales govern the kagome‑derived magnetism? We 
will carry out multi‑frequency, high‑field EMR with angle control to resolve magnetic resonances, 
extract magnetic interactions as a function of temperature and external magnetic field, constraining 
single‑ion anisotropy and exchange and providing benchmarks for microscopic spin Hamiltonians; 
this work leverages established high‑field EMR infrastructure and collaborations.   
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Research Scope 

 In support of secure critical mineral and materials supply chains, there is great interest in 
developing strong permanent magnets that contain minimal or no constrained elements for 
technological applications underlying the DOE mission. In particular, atomically ordered FeNi, 
known by its meteoritic mineralogic name tetrataenite, shows promise as a robust, rare-earth-free 
permanent. However, it is extraordinarily challenging to create and validate atomic order in this 
alloy: extremely slow kinetics and unfavorable thermodynamic driving forces restrict tetrataenite's 
formation to meteorites that have been cooled over hundreds of millions of years. Here, 
processing-induced atomic order in FeNi is examined and quantified using experimental and 
computational approaches. Outcomes furnish atomic-scale insight into the extent and mechanisms 
of the resultant atomic order, strengthening the proposition that tetrataenite can indeed play an 
important role in a comprehensive critical materials strategy.   

Recent Progress 

 Equiatomic FeNi is known to undergo a first-order 
phase transition from the disordered fcc phase to form an 
atomically ordered L10-structured (AuCu-I type) phase upon 
cooling through an equilibrium transformation temperature of 
320 K. The formation of the L10 superstructure is accompanied by strongly enhanced 
magnetocrystalline anisotropy, with an easy axis of spontaneous magnetization oriented along the 
tetragonal c-axis, Figure 1.[1] In this study, FeNi-based specimens were solidified from the melt 
and subjected to severe mechanical deformation (𝜖𝜖 ~ 85–95%) by cold-rolling. The resultant 
deformed strips were thermally treated for 6 weeks under either conventional, field-free conditions 
or combined stress and mild magnetic fields.[2] Recent investigation of these stress-/magnetic-
field-annealed samples employing simultaneous conversion X-ray and backscattered γ-ray 57Fe 
Mössbauer spectroscopy confirmed production of up to 22 vol% locally atomically ordered FeNi 
with the remainder identified as the cubic FeNi alloy. In contrast, all precursor samples consist 
only of the cubic FeNi alloy.[3] However, details of the location and degree of atomic order of these 

Figure 1. a) atomically disordered 
cubic (A1) structure; b) atomically 
ordered tetragonal L10 structure. 
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induced L10 regions is not available from Mössbauer spectroscopy. Continuing such inquiries, 
time-of-flight neutron diffraction and high-resolution transmission electron microscopy have 
successfully quantified the size, extent and locations of regions of the induced atomic order in 
these specimens.[4] Complementing these investigations, exploration of the mobility of both Fe 
and Ni atoms in ferromagnetic FexNi1−x alloys (0.4 ≤ x ≤ 0.6) within the framework of ab initio 
electronic structure calculations has successfully quantified energetic barriers to lattice vacancy 
migration, as well as offered a phenomenological explanation of the long-standing issue of highly 
sluggish diffusion of Ni in ferrous alloys.[5] 

Time-of-flight neutron diffraction data conducted on isotopically pure Fe62Ni show clear and broad 
L10-type superlattice Bragg reflections at low q but not at higher q/d-spacings, consistent with the 
existence of short-range, but not long-range, L10-type atomic order, Figure 2. Data are consistent 

with the existence of discrete re-
gions of short-range L10-type 
atomic order with an estimated co-
herency length of ~ 40 nm, residing 
within a crystalline fcc FeNi matrix. 
The neutron diffraction results are 
augmented and deepened by assess-
ment of complementary TEM data, 
Figure 3. At low magnification, a 
quasi-uniform microstructure of 
elongated FeNi crystallites is noted. 
At higher magnification, high-angle 
annular dark-field imaging and ac-
companying selected area electron 
diffraction (SAED) confirm the ex-
istence of a large number of very 
small L10- ordered regions concen-

trated largely at the boundaries of the elongated crystallites. These crystallites are located within 
deformed lattice planes arranged along the crystallite peripheries parallel to the direction of elon-
gation. Fourier-transformed data permits visualization and quantification of the extent and locality 
of the L10-type regions. The atomic layering signature of the L10 regions reveals that atomic order 
develops more extensively within a given layer than between the layers; the atomic stacking 
extends approximately 5 nm along the c-axis direction, creating a magnetic easy axis that is in the 
plane of the specimens but perpendicular to the direction of rolling. The |q|-discriminated images 
permit quantification of the L10 regions at approximately 19 %, in very good agreement with the 
value reported in the earlier Mössbauer spectroscopy study conducted on this specimen.  

Figure 2: Neutron diffraction data from Fe62Ni field-stress-
annealed sample, with main fcc peaks identified by their Miller 
indice plane designations. The data fit is shown in orange with the 
residual in purple below. The nominal Bragg peak positions for the 
A1 (fcc) and L10 phases are shown in green and red, respectively. 
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Ab initio electronic structure calculations were conducted using the nudged elastic band (NEB) 
method to accurately quantify energetic barriers to lattice vacancy migration. Both the atomically 
disordered (A1) fcc phase, as well as the atomically ordered, tetragonal L10 phase were investi-

gated. Across an ensemble of NEB 
calculations performed on super-
cell configurations spanning a 
range of compositions and contain-
ing disordered, partially ordered, 
and fully ordered structures, it is 
found that Fe atoms are consist-
ently significantly more mobile 
than Ni atoms, Figure 4. These 
findings may be interpreted in 
terms of the ferromagnetic alloy’s 
underlying spin-polarized elec-
tronic structure. Specifically, cou-
pling between the magnitude of the 
local electronic spin polarization 
and the size of local lattice distor-
tions around vacancies causes Fe 
atoms to relax significantly into 
lattice vacancies, while Ni atoms 
remain much more rigidly fixed to 
their original lattice positions. The 
relaxation of Fe bond length rela-
tive to Ni bond length is proposed 

to underlie the significant difference in diffusional energy barrier heights. This effect plays a key 
role in determining the reduced mobility of Ni atoms compared to that of Fe atoms, providing an 
explanation of the longstanding experimental observation that Ni exhibits remarkably slow atomic 
diffusion in Fe-Ni alloys. 

 

 

Figure 3: TEM micrographs and analyses of the field-stress-annealed 
FeNi specimen. (a) Crystallites are elongated along the rolling direc-
tion, which is also the direction of applied stress and magnetic field. 
(b) High-magnification image that incorporates a region of an elong-
ated crystallite (center portion of the image) sandwiched between two 
adjacent regions of lattice slippage. (c) Color-enhanced image con-
structed from the real part of a Fourier transformation of the image in 
(b) that allowed disambiguation of the L10 regions (red) from fcc re-
gions (blue). (d) |q|-filtered image, showing the locus of L10 local 
order, with a selected region enlarged in (e) highlighting L10 atomic 
layering and orientation. (f) |q|-discriminated image that allows visu-
alization of the scale, distribution and arrangement of L10-crystall-
ized regions (white contrast) within the fcc matrix (black contrast).  

Figure 4. Histograms of lattice vacancy migration barriers 
across the ensemble of considered Fe-Ni alloy supercell 
configurations in this study. Results are compared for swaps 
where Fe atoms are switched with vacancies (red) versus 
swaps where Ni atoms are switched into vacancies (grey). 
Across the ensemble of 188 considered barriers, it can be seen 
that barriers for Fe-vacancy swaps are significantly lower than 
for Ni-vacancy swaps, suggesting Fe atoms are significantly 
more mobile in these alloys. 
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Future Plans 

Overall, these results provide fundamental information concerning factors that impact the 
rate of formation and the arrangement of tetrataenite crystallites in nominally equiatomic FeNi 
alloys. For example, as the first-order A1-L10 equilibrium phase transformation in FeNi is reported 
to occur at the fairly low temperature of 320 °C, it is expected that slight compositional 
modifications that raise this transition temperature, even by a modest amount, will exponentially 
increase the rate of transformation by increasing the thermodynamic driving force for phase 
formation. To that end, To that end, preliminary calculations predict that minor additions to FeNi 
(less than 15 at%) of Ru, Pd, Pt as well as Al and P can increase the order-disorder temperature 
and thereby drastically increase the propensity for atomic order. Continuing, the application of a 
magnetic field during thermal treatment has been determined to be key to realizing the L10 phase 
in FeNi.[3] However, as was discussed recently in paper examining the transition of the 
ferromagnetic L10 analog, MnAl, very large magnetic fields are found to be not only ineffective 
in promoting atomic order, they may actually oppose it. Future efforts will seek to determine 
origins of these effects and how combined magnetic and strain energies alter the Fe-Ni 
thermodynamic landscape. 
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Research Scope 

Over the past few decades there is has been an intense search for topological superconductors 
(TSs). Some of the interest in realizing and exploring these materials stems from the possibility 
of realizing exotic particles such as Majorana fermions. But even beyond this, there are many 
experimental and theoretical unknowns about these new phases. Our goal is to investigate TSs 
with low temperature scanning tunneling microscopy (STM) and spectroscopy (STS). We are 
deploying a variety of tuning knobs such magnetic fields and temperature to obtain answers to 
fundamental questions on the nature of superconductivity and the low energy excitations of these 
systems. 

 
Our overarching goals are to investigate new classes of unconventional superconductors which 
break time-reversal or additional crystalline symmetries and find new paths to realizing 
topological superconductivity. We will experimentally determine the answers to questions about 
the order parameter and the topological nature of superconductivity in UTe2; the presence of a 
parent pair density wave state on the surface of UTe2; and the nature of the superconducting 
phase in the parent and doped Kagome compounds.   
 
Recent Progress 
  
In the ongoing search for new phases of matter, the recently discovered heavy fermion 
superconductor UTe2, which combines triplet-superconductivity and non-trivial topology with 
strong correlations, is a unique and extremely promising system. It exhibits a very rich phase 
diagram at low temperatures in both magnetic field and pressure arising from competing electronic 
and magnetic interactions.  

 
In our previous work we used scanning tunneling microscopy and spectroscopy at 300 mK to 
uncover the existence of an unusual incommensurate charge density wave order (CDW) which is 
suppressed by an external magnetic field and vanishes at the upper critical field Hc2 of the 
superconducting order. A CDW which is suppressed with magnetic field in a manner similar to 
superconductivity has never been observed before and implies that the CDW and superconducting 
order parameters in UTe2 are not merely coexisting but are in fact strongly intertwined.  There are 
very few explanations for a CDW that is sensitive to magnetic fields and disappears at Hc2. To 
explain our data, we constructed a Ginzburg-Landau theory for a uniform triplet superconductor 
coexisting with triplet pair density wave (PDW) state. While many papers have been written about 
singlet PDW states, triplet PDWs have not been considered before by theory or observed in 
experiments. This theory shows that the PDW gives rise to daughter CDWs which would be 
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sensitive to magnetic field due to their origin in a triplet PDW state and naturally explains our 
data.   

 
Over the last year we have carried out extensive studies on UTe2 using quasiparticle interference 
and by studying the response of the system to a vector magnetic field.  Our latest results are 
described below. 
 
1)  While the (0-11) facet of UTe2is the most heavily studied, the fermiology of this surface that 
gives rise to exotic phenomena such as a triplet PDW is still lacking and continues to be an area 
of active interest. We employed spectroscopic imaging to reveal the Fermi surface of UTe2 through 
quasiparticle interference. We find scattering originating from the uranium-derived bands that play 
a major role in the formation of the CDW and the PDW phases. Additionally, we detect the spectral 
fingerprints of the CDW gap through tunneling spectroscopy that matches with the onset 
temperature of the CDW. Suppressing the CDW with a magnetic field, highlights the presence of 
small, circular Fermi pockets that disperse strongly near the Fermi energy. A paper based on this 
work is ready for submission.  
 
2) By studying clean areas of UTe2 we identified a second CDW phase on at 300mK, which also 
consists of three ordering vectors and displays hexagonal modulation in real space. For clarity 
we designate the previously known phase qi and the newly discovered phase ci. The magnitude 
of the c1 wave vector is approximately 
one‐half that of the qi. This 
relationship is energy‐independent in 
a wide energy range. Detailed 
temperature‐dependent measurements 
show that c1 intensity almost vanishes 
near 2.5 K, close to our sample’s 
Tc=2.1K, implicating a strong 
coupling between 1Q‐M and the 
superconducting order parameter. 
Notably, the qi orders remain robust 
at 4 K but are almost suppressed at 4.8K. The two CDW orders are further disentangled under 
vector magnetic field at different temperatures. We find that c1 is suppressed after applying fields 
nearly along the crystallographic a, b, and c axes at 300 mK and simultaneously generates 
additional peaks that are absent at 4.2 K, implying that this extra peak is a field‐induced 
descendant of qi. In contrast, the qi order is robust against the largest accessible fields at 300 mK, 
but is completely suppressed at 4 K. The critical field required to extinguish qi is highly 
anisotropic, smallest for H||a, intermediate for H||c, and largest for H||b—in quantitative accord 
with the established anisotropy of Hc2 in UTe2. These observations demonstrate that qi stability 
depends on both temperature and crystal orientation, whereas c1 is intimately tied to 
superconductivity and exhibits a distinctive field‐induced evolution. These studies have allowed 
us to further refine our theories on the PDW order in this system. Our data suggest that the c1 

order is associated with the PDW while the qi order is an intertwined CDW. A paper based on 
this work is currently in preparation.  
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3)  Ultra‐clean single crystals of UTe2grown recently by a molten‐salt–flux technique show an 
elevated Tc≈2.1 K together with an almost vanishing residual DOS in specific heat. Utilizing a 
scanning‐tunnelling microscope with vector field, we investigate ultra‐clean crystals at 300 mK. 
We find that even in the higher Tc samples, the superconducting gap displays a substantial zero 
bias DOS. When a magnetic field of 0.8 T is applied nearly along the b axis (close to the surface 
normal), an asymmetric out‐of plane vortex appears whose right flank exhibits a locally 
deepened gap and sharpened coherence peaks. A field of comparable magnitude along the c axis 
generates a symmetric in‐plane vortex; the global gap remains essentially unchanged on either 
side of the core. In contrast, a field of 0.8T along the a axis, shows no vortices within a region 
where at least one vortex would be expected from vortex‐density considerations. Instead, it 
induces a spatially uniform enhancement of superconductivity over a wide area, which saturates 
near 0.8 T. Defining the gap height as the energy difference between the coherence peak and the 
gap minimum, we find that spatial average gap height increases steadily with field and is roughly 
twice its zero‐field value at 0.8 T. These observations provide clues to the superconducting 
pairing symmetry in UTe2. A paper based on this work is currently in preparation.  
 
Future Plans 
We plan to publish our findings on UTe2 in four distinct papers, one focused on the PDW state 
and the other three on the order parameter and topology. In addition, we will continue working 
on the doping dependence of the superconducting phase in the Kagome compound RbV3Sb5 and 
study the response of the CDW and superconductivity to in plane magnetic fields.  

Publications    

1. Nina Bielinski, e.al., Revealing the Hidden Dirac Gap in a Topological Antiferromagnet 
Using Floquet-Bloch Manipulation Nat. Phys. 21, 458-463 (2025). 
2. Anuva Aishwarya, Julian May-Mann, Sheng Ran, Shanta R. Saha, Johnpierre Paglione, 
Nicholas P. Butch, Eduardo Fradkin, Vidya Madhavan, Melting of the Charge Density Wave 
by Generation of Pairs of Topological Defects in UTe2, Nat. Phys. 20, 964-969 (2024). 
3.  Caitlin S. Kengle, Dipanjan Chaudhuri, Xuefei Guo, Thomas A. Johnson, Simon Bettler, 
Wolfgang Simeth, Matthew J. Krogstad, Zahir Islam, Sheng Ran, Shanta R. Saha, Johnpierre 
Paglione, Nicholas P. Butch, Eduardo Fradkin, Vidya Madhavan, Peter Abbamonte, Absence 
of a Bulk Signature of a Charge Density Wave in Hard X-Ray Measurements of UTe2, Phys. 
Rev. B 110, 145101 (2024) (Editors’ Suggestion). 
4.  Aishwarya, A., May-Mann, J., Raghavan, A. et al. Magnetic-field-sensitive charge 
density waves in the superconductor UTe2, Nature 618, 928–933 (2023).  

 
  



 

260 
 

Superconductivity and magnetism in d- and f-electron quantum materials  
PI: M. Brian Maple 
Department of Physics, University of California, San Diego, La Jolla, California 92093 
Email: mbmaple@ucsd.edu  
Keywords: magnetism, superconductivity, single crystals, semiconductors, magnetotransport 
Research Scope 
The general theme of this research program is the investigation of emergent phenomena in correlated 
electron and topological quantum materials. Emergent phenomena of interest include unconventional spin-
singlet and spin-triplet superconductivity (SC), high temperature SC, charge and spin ordered phases, 
“hidden order”, topological Kondo insulator (TKI) behavior, heavy fermion behavior, non-Fermi liquid 
behavior, etc. A combination of materials synthesis and physical properties measurements are employed to 
characterize these phenomena, map out complex phase diagrams in which they reside, determine how 
different phases are related to one another, probe the underlying physics, and, when possible, test relevant 
theoretical models.  We are also interested in studying quantum matter under extreme conditions of 
pressure, P (megabar range), magnetic field, B (65 T), and temperature, T (mK region). In the following, 
we briefly describe progress in studies of the physical properties of several correlated electron materials 
currently underway in our lab: (1) The heavy fermion f-electron compound UTe2 which is widely believed 
to exhibit spin-triplet SC [1,2], (2) the nickelate compound La3Ni2O7 in which application of pressure 
suppresses a charge density wave and induces SC with a SCing critical temperature (Tc) ≈ 80 K at a critical 
pressure (Pc) ≈ 14 GPa [3], and (3) the d-electron narrow gap semiconductor FeSi which is a candidate for 
a TKI [4]. We also describe progress in the development of a nitrogen vacancy (NV) microscope for 
magnetization measurements at ambient and high pressure [5].  

Recent Progress 
Experiments probing the unconventional superconductivity of UTe2 single crystals  
Experiments on UTe2 have yielded evidence for unconventional SC that is widely suspected to involve 
spin-triplet pairing of electrons [1]. During the past five years, we have worked with collaborators on several 
experiments designed to probe the unconventional SC of UTe2 single crystals prepared in our lab. Inelastic 
neutron scattering (INS) experiments [P1] on UTe2 revealed the surprising presence of antiferromagnetic 
(AFM) fluctuations coupled to SC. X‐ray diffraction (XRD) and resonant inelastic x‐ray scattering (RIXS) 
measurements under pressure to 30 GPa at room temperature (RT) [P5] uncovered a structural transition 
from body-centered orthorhombic to body-centered tetragonal at ~5-7 GPa, with a large volume collapse 
of nearly 11% and an increase in nearest U‐U distance by about 4%. The RIXS spectra at the U Lα1 edge 
reveals a U valence of +3.74 at 1.8 GPa and RT, which shifts towards 4+ with increasing P, passes through 
a peak at 2.8 GPa, and then decreases towards 3+, settling down to a nearly constant value above 15 GPa. 
The selection rule in the orientation dependence of the Josephson coupling between In, an s‐wave SCor, 
and UTe2 in Josephson junction experiments [P7] suggests that UTe2 has an odd‐parity pairing state of B1u 
symmetry in near zero magnetic fields, and thereby exhibits spin‐triplet SC. 

High‐Magnetic Field Phases in U1‐xThxTe2     

Recent experiments by Moir et al. [P9] have explored the effect of Th substitution for U on the remarkable 
high field SCing phases observed in UTe2 [1]. These effects may, in turn, provide clues to the origin and 
nature of SC in UTe2. Thorium substituents are expected to perturb UTe2 in several ways – increase 
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disorder, and, in turn, scattering of electrons, increase the electron concentration, and interrupt the U-dimers 
that some researchers believe are involved in the SC. 

At temperatures much lower than its Tc of 2.1 K, UTe2 has a unique phase diagram of magnetic field H vs. 
φ and θ, angles H is tilted from the b‐axis toward the a‐ and c‐axes, respectively (see Fig. 1(a)). The phase 
diagram contains three distinct superconducting phases: SC1 in which φ and θ extend from 0 to 90o and H 
≤ ~15 T; SC2 for φ ≤ ~7o, θ ≤ ~4o and ~15 T ≤ H ≤ Hm = ~35 T, the onset of the magnetic field polarized 
(FP) phase; and SCFP which resides entirely within the FP phase in a pocket of SC extending from θ ≈ 20o 
to 40o and H ≈ 40 T to above 60 T. We studied the evolution of the H vs θ phase diagram for Th 
concentrations 0.005 ≤ x ≤ 0.047 in the U1‐xThxTe2 system at ~0.6 K in a series of experiments on U1‐

xThxTe2 single crystals in high magnetic fields to 60 T at the Pulsed Field Facility at LANL. Within this 
range of x values, SC1 extends over 0 ≤ θ ≤ 90o and H ≤ ~10 T for x = 0.047, while SC2 is suppressed. The 
SCFP and FP phases are unaffected to x = 0.02 but are completely suppressed in the region x = 0.025 to 
0.047 where the residual resistance ratio RRR ~3 indicates a significant amount of disorder. These results 
complement recent studies on non‐SCing disordered UTe2 single crystals in which the SC1 and SC2 phases 
are absent, but the FP and so‐called “orphan” SCFP phases are retained [2]. These results suggest that the 
SC1 and SC2 phases are distinct SCing phases with different types of pairing symmetry and/or mechanisms. 
The SCFP phase that emerges from the FP phase in a SCing pocket for 20o ≤ θ ≤ 40o in fields above 40 T 
could be produced by electron pairing interactions associated with the FP phase or be restored from the SC1 
phase by the interplay of the FP phase and the magnetic field H such as the exchange field compensation 
effect. These experiments will provide information that may yield insight into the origin of the high field 
SCing phases in UTe2.  

 

 

     

 

 

Fig. 1. (a) High field phase diagram ref. [1], (b) At x = 0.02, SC2 is suppressed and there is a minimum in the upper 
critical field Hc2-SC1 at the same angle as the maximum in Hc2-SCFP; (c) At x = 0.04, the field polarized (FP) phase 
and SCFP are completely suppressed (inset: Fig. 1 (c) data zoomed in). 

 

Pressure-induced suppression of charge density wave order and emergence of superconductivity in La3-

xLnxNi2O7 compounds 

The bilayer Ruddlesden-Popper nickelate La3Ni2O7 is a newly discovered SCor under high pressure, with 
an onset of SC at Pc ≈ 14 GPa and a Tc of about 80 K [3]. Enormous effort has been expended to study its 
SCing mechanism and whether chemical substitution and oxygen annealing could reduce Pc. To study how 
substitution of Ln ions with magnetic moments for La changes the properties of La3Ni2O7, we prepared 
powdered samples of La2PrNi2O7, La2.7Eu0.3Ni2O7, La2.7Gd0.3Ni2O7, La2.7Tb0.3Ni2O7, and La2.7Dy0.3Ni2O7 

b c 
a
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and made electrical transport and magnetization measurements on 
the samples before and after high-pressure high-temperature oxygen 
annealing. Density-wave transitions were found in these heavy 
lanthanide (Ln) doped samples whether they were annealed or not, 
and apparent AFM transitions below 5 K were revealed in 
La2.7Tb0.3Ni2O7 (see Fig. 2) and La2.7Dy0.3Ni2O7 which vanished after 
oxygen annealing. This distinguishes Tb and Dy from those 
lanthanide substituents (e.g., Pr, Nd, Sm) that do not order 
magnetically or modify SC in the La3Ni2O7 host. Despite the fact that 
our experimental results indicate that local magnetic moments and 
itinerant electrons are separately responsible for magnetism and 
electrical conductivity at ambient pressure, the coexistence of 
density wave and magnetic order in Tb and Dy substituted nickelates 
could still provide an interesting platform to test whether the 
magnetic ordering can perturb the SC in the nickelates, since a 
possible superexchange interaction between Tb (Dy) ions via O or 
Ni sites of La3Ni2O7 could affect nickelate SC.  

Influence of various fluxes on morphology and electrical resistivity of FeSi 

Recent studies of the d-electron narrow gap semiconductor FeSi revealed the presence of a conducting 
surface state [4] and evidence for 
a ferro-magnetic surface state 
[P4], suggesting that FeSi could 
be a candidate for a topological 
Kondo insulator. Previous 
electrical resistivity measure-
ments have shown strong sample 
dependence, empha-sizing the 
need to explore synthesis 
conditions to ensure 
reproducibility and consis-tency 
in producing high-quality FeSi 
single crystals. Motivated by this issue, we synthesized and characterized FeSi single crystals using various 
molten metal fluxes, including Sn, Te, and Ga [P10]. The types of flux significantly influenced the 
crystalline morphology (see Fig. 3), yielding crystals shaped like needles, triangular prisms, and polyhedra 
for Sn, Te, and Ga, respectively. Electrical resistivity measurements revealed two distinct Arrhenius-like 
regions below 200 K for Sn- and Te-flux-grown FeSi crystals, but only one for Ga-flux-grown FeSi crystals. 
Additionally, measurements of the residual resistivity ratio (RRR) between 2 and 300 K yield values of 
4 × 103, 2 × 104,  and ~10 for Sn-, Te-, and Ga-flux samples, respectively. Moreover, measurements of 
the temperature-dependent electrical resistivity reveal distinct features at lower temperatures – a peak at 
around 20 K for Sn-flux, a plateau around 5 K for Te-flux, and a peak near 30 K for Ga-flux.  

Development of a nitrogen vacancy microscope for magnetization measurements at ambient and high 
pressures  

Fig. 2. La2.7Tb0.3Ni2O7 showing AFM 
and density wave transitions. High-P 
– high-T annealing in O2 metallizes 
the sample and destroys the magnetic 
order. 

 
Fig. 3. Microscope images of FeSi single 
crystals grown using three different 
fluxes: (a,b) Te flux, (c,d) Sn flux, and 
(e,f) Ga flux. Panels (a,c,e) show crystals 
grown with Fe and Si as starting materials, 
while panels (b,d,f) display crystals grown 
with FeSi polycrystal as the starting 
material. For reference, the distance 
between adjacent lines in panels (a, b, d-f) 
is 1 mm.  
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Nitrogen vacancy optically detected magnetic resonance (NV ODMR) spectroscopy is a robust technique 
that is sensitive to lattice strain, magnetic fields, and electric fields at extreme conditions of high pressure 
and low temperature – making it ideally suited to study hydrostatic pressure induced phase transitions in 
correlated electron materials [5]. Recent NV ODMR research has mostly been used to study materials that 
are mechanically easy to integrate with NV’s, primarily to reduce NV to sample distances to increase 
resolution [5]. An advantage of high-pressure NV ODMR is using pressure to reduce the sample to NV 
distance and increase detection sensitivity, while also allowing ODMR spectroscopy to investigate 
pressure-induced phase transitions. Additionally, recent advances in ion implantation of <111> oriented 
diamonds have raised the upper pressure limit for NV ODMR in DACs [5]. Progress for our own custom 
NV widefield microscope for ODMR spectroscopy has moved forward. Stress testing at temperatures as 
low as 2 K and magnetic fields as high as 75 G in a standard Quantum Design Dynacool Physical Property 
Measurement System (PPMS) have been completed. Current experiments are on-going with initial focus 
on imaging the ferromagnetic heavy fermion compound URu2-xRexSi2 (x = 0.3) and the unconventional 
superconductor Y1-xPrxBa2Cu3O7 (x = 0.3) at ambient pressure. Our collaboration with Dr. Andy Mounce 
at Sandia National Laboratory has also progressed, with ion implantation of <111> diamond anvils with 
300 μm and 500 μm culet sizes expected to ready by September for future NV high pressure measurements 
in our custom NV widefield PPMS probe.  

Future Plans 

• Electrical resistivity measurements at high pressure on UTe2 and U1-xThxTe2 single crystals to determine 
the T vs P phase diagrams and search for other emergent phases.   

• Continue studies of UTe2-based single crystals; e.g., INS with Prof. Dai’s group, Josephson junction 
coupling with Prof. Liu’s group, PDO measurement at high fields at LANL PFF.  

• Conduct low temperature neutron diffraction experiments on Tb- and Dy- substituted La3Ni2O7 

nickelates to determine their magnetic structures; synthesize post-Dy Ln-substituted La3Ni2O7 samples 
to search for magnetic order and density wave transitions. 

• Attempt molten salt flux methods to grow La3-xLnxNi2O7 single crystals for more advanced 
characterization methods (anisotropy of physical properties, ARPES, etc.) at ambient pressure.  

• Collaborate with groups at the University of British Columbia and Stanford University on MOKE and 
ARPES measurements on FeSi single crystals to study surface magnetism and surface/bulk electronic 
structures. 

• Perform magnetization measurements with NV microscope to study SCing and magnetically ordered 
phases at ambient and high pressure on pure and chemically-substituted UTe2, La3Ni2O7, URu2Si2, 
YBa2Cu3O7 compounds      
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Research Scope 

This program aims to elucidate the fundamental nature of superconductivity in topological 
materials with strong spin-orbit coupling using a joint experimental and theoretical effort to focus 
on understanding the topological superconductivity found in materials lacking inversion symmetry 
and hosting odd-parity pairing states. Our focus lies on three specific systems of interest: the 
noncentrosymmetric cubic half-Heusler family of compounds, the multiple superconducting 
phases of spin-triplet superconductor UTe2, and novel 5d-based materials exhibiting indications of 
topological superconductivity.  This program is designed to explore these materials using an 
established in-house synthesis and characterization program and an extensive collaboration 
network in order to elucidate the potential of these materials to form the next generation platform 
for quantum technologies. We utilize an extensive set of experimental facilities for the study of 
normal state topology using transport, magnetic and thermodynamic properties measurements, and 
of multi-component, multi-phase superconductivity using spectroscopic, phase-sensitive probes of 
tunneling and Josephson spectroscopy. We also explore ground state tuning using chemical 
manipulation, applied pressure and high magnetic fields to map the relevant phase spaces of these 
systems. With collaborators, current research 
focuses on exploring tunneling phenomena, 
ultrasound signatures and high-pressure techniques 
to achieve our goals. Together, our studies of these 
systems have strong potential for leading the 
development, understanding and potential of a new 
generation of topological superconductors. 

 

Recent Progress 

Our discovery of superconductivity in nearly–
ferromagnetic UTe2 in 2018 is one of our surprising 
but grand accomplishments in the last few years. 
This superconductor is a strong candidate for spin-
triplet pairing, based on an extremely large, 
anisotropic upper critical field Hc2; temperature-
independent nuclear magnetic resonance (NMR) 
Knight shift; and power law behavior of electronic 
specific heat and nuclear spin-lattice relaxation rate 
in the superconducting state. In addition, UTe2 
closely resembles ferromagnetic superconductors, 

Figure 1:  Variation of the a-axis thermal conductivity of UTe2 
with disorder. The measured thermal conductivity of three 
samples of UTe2 with varying RRRs and superconducting 
transition temperatures are presented as a function of the 
temperature. The overall shape of the curves is similar for all 
three samples, but with noticeably stronger peaks below Tc 
in the higher RRR samples. The inset shows the very low-
temperature portion of the data.[Hayes, PRX (2025)].  
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but in this case having a paramagnetic normal state that harbors spin fluctuations that drive the 
superconductivity. Our discovery launched an intense race with several groups worldwide now 
investigating various aspects of this material, producing upwards of nearly 200 papers to date. 
Our work has focused on elucidating both the superconducting state, and the normal state from 
which this exotic superconductivity arises. In addition to several papers where collaborators have 
been the main drivers of the experimental results using our supplied samples, the projects below 
reflect experiments where a significant component was performed by the PI’s team: 

a) Thermal conductivity studies of superconducting state:  Our primary work in the last reporting 
period has been to elucidate the superconducting order parameter symmetry (or symmetries, 
considering the presence of multiple superconducting states), and one of the key experiments has 
been our comprehensive study of the influence of disorder on the thermal transport in the 
superconducting state of UTe2. Through detailed measurements of the magnetic field dependence 
of the thermal conductivity in the zero-temperature limit, we obtained clear evidence for the 
presence of point nodes in the superconducting gap for all 
samples with transition temperatures ranging from 1.6~K to 
2.1~K obtained by different synthesis methods, including a 
refined self-flux method. This robustness implies the 
presence of symmetry-imposed nodes throughout the range 
studied, further confirmed via disorder-dependent 
calculations of the thermal transport achieved in close 
collaboration with Peter Hirschfeld at U Florida. This work 
is currently in press and will appear soon:  I. Hayes et al., 
"Robust nodal behavior in the thermal conductivity of 
superconducting UTe2" Physical Review X – to appear 
(2025). b) High pressure studies of magnetic tuning and non-
Fermi liquid behavior: Following our previous work on 
electrical resistivity anisotropy [Eo et al, PRB 2022], which 
found that the ab-plane resistivity is consistent with typical 
incoherent-to-coherent crossover phenomena, whereas a 
qualitatively different behavior in the c-axis transport 
exhibits a pronounced local maximum around 12 K, we have 
probed the pressure dependence of the c-axis transport in this 
recently reported study. We found the tuning of a magnetic 
energy scale in UTe2, previously identified with a peak in the 
c-axis electrical transport temperature dependence, using 
applied hydrostatic pressures and a-axis-oriented magnetic 
fields as complementary (and opposing) tuning parameters: 
the characteristic peak in c-axis resistivity decreases in 
temperature with applied pressure before vanishing near the critical pressure of 15 kbar, while the 
application of field shifts the peak to a higher temperature and broadens it under all studied 
pressures. At the critical pressure, the transport behavior deviates from Fermi liquid behavior, 
exhibiting a nearly linear temperature dependence of resistivity with an enhanced pre-factor. Our 
results shed light on the microscopic origin of the c-axis resistivity peak and provide a clear picture 
of magnetic energy scale evolution relevant to quantum criticality in UTe2. This work was recently 
published: H. Kim et al., "Tuning a magnetic energy scale with pressure in UTe2", Nature Comm. 
Mat. (2025).  

Figure 2:  Normalized differential conductance 
spectra (blue) and fits (magenta) of UTe2 
junctions at 300 mK. Fits are performed using a p-
wave BTK model, yielding fit parameter values for 
gap energy Δ, scattering rate Γ, impedance Z, and 
temperature T as noted. [Yoon, npj Quantum 
Materials (2024)]. 
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c) Spectroscopic studies of gap structure:  We have been pursuing point contact Andreev reflection 
(PCAR) spectroscopy to probe superconductivity in UTe2, and have had some success in 
fabricating and measuring point contact spectra of single-crystal based devices. We measured 
conductance through point-contact junctions formed by metallic contacts on different crystalline 
facets down to 250 mK and up to 18 T. Fitting a range of qualitatively varying spectra with a 
Blonder-Tinkham-Klapwijk (BTK) model for p-wave pairing together with collaborator P. Brydon 
(Otago University), we extracted gap amplitude and interface barrier strength for each junction. 
We find good agreement with the data for a dominant p-wave gap function with amplitude 0.26 ± 
0.06 meV. Our work provides spectroscopic evidence for a gap structure consistent with the 
proposed spin-triplet pairing in the superconducting state of UTe2, and is consistent with recent 
work with STM collaborators. The PCAR work was recently published:  H. Yoon et al., "Probing 
p-wave superconductivity in UTe2 via point-contact junctions" npj Quantum Materials (2024).  

d) Ultrasound studies at ambient and high pressures:  Working closely with the group of 
B. Ramshaw (Cornell), including several on-site visits by UMD students to help develop the 
experiments, we have made great progress in using ultrasound to probe the superconducting state 
in UTe2. Recent work published with the Ramshaw group have found results in studying the 
behavior of elastic moduli through Tc more consistent with a single-component order parameter 
in both single- and double-Tc samples. The strictest interpretation of this result is that it rules out 
all multi-component order parameters that have a bilinear coupling to strain. However, there is no 
dispute about the fact that the superconducting transition splits into two well-defined 
thermodynamic transitions under applied pressures, so we have pursued an ultrasound experiment 
to probe the symmetry of the distinct superconducting transitions under pressure that will establish 
the exact order parameter symmetries of the superconducting states of UTe2, both at low and high 
fields. In preparation, the PI has recently sent a graduate student to Cornell for repeated visits, 
bringing our pressure apparatus to set up sound velocity and attenuation experiments under 
pressure. Preliminary measurements are extremely successful, and work is under way to analyze 
the velocity and attenuation data as a function of pressure. Previous work studying ambient 
pressure response is now published in these works: F. Theuss et al., "Single-Component 
Superconductivity in UTe2 at Ambient Pressure", Nature Physics (2024). 

 

Future Plans 

The main effort is focused on elucidating the superconductivity of UTe2, including continued work 
on thermodynamic and spectroscopic measurements aimed at identifying the exact pairing 
symmetry of this superconductor as well as the opportunities to observe, isolate and manipulate 
Majorana fermions to establish a platform for future quantum technologies. We are also working 
very closely with the groups of V. Madhavan (UIUC) and J.C.S. Davis (Oxford/Cornell) on STM 
studies of a newly discovered charge ordered phase in UTe2 that may have implications for both 
normal and superconducting states of this material. Ongoing experiments are probing the sample 
dependence and correlation with experiments our group at Maryland are conducting on the normal 
state properties. Continued work on the RPtBi series is aimed in the same direction, with projects 
focused on further elucidating this exotic superconducting phase and its implications. We continue 
to probe further substitution series including both magnetic ion and heavy fermion mixing of the 
j=3/2 superconducting state, and are collaborating with the group of C. Felser (Max Planck).  
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Correlated Topological Quantum Heterostructures 
Ho Nyung Lee (PI), Matt Brahlek, Gyula Eres, Hu Miao, and T. Zac Ward; Oak Ridge National 
Laboratory, Oak Ridge, TN 37831 

Keywords: Thin film heterostructure, transition metal compounds, pulsed laser deposition, molecular beam 
epitaxy 

Research Scope 

 A material's combination of correlation and topology is predicted to realize novel quantum states 
of matter. Despite various attempts to realize correlated topological materials with intertwined charge, spin, 
and orbital degrees of freedom, only a handful of materials have been experimentally identified. 
Furthermore, while intriguing topological quantum phenomena are realized, such as, the quantum 
anomalous Hall effect, for instance, their reproduction remains limited and challenging, and the origin of 
such remarkable properties is still under debate. Thus, the overarching goal of this project is to understand 
and discover correlated and topological states of matter by exploiting the interplay between symmetry, 
correlation, and topology in oxide- and chalcogenide-based quantum heterostructures. To achieve this goal, 
we focus on three specific aims: (1) Create and control topological phases in correlated perovskite oxide 
thin films and 2D membranes by interrogating the role of oxygen octahedral symmetry and strain; (2) 
Understand complex magnetism in kagome metals and altermagnets as well as their heterostructures; and 
(3) Unveil how to control topological wavefunctions in magnetic topological insulators and their 
heterostructures by manipulating magnetic orders and disorder. Underpinning this work combines expertise 
and experimental capabilities based on precision synthesis by pulsed-laser deposition (PLD) and molecular-
beam epitaxy (MBE) with advanced characterization tools. The latter include spin- and angle-resolved 
photoemission spectroscopy, inelastic x-ray scattering, neutron reflectometry, optical spectroscopy, and 
milli-Kelvin quantum transport. The fundamental knowledge obtained in this proposed work will provide 
useful information to advance next-generation information and energy technologies, thereby supporting the 
DOE missions to achieve the vision of a secure and sustainable energy future. 

Recent Progress 

The research in this project is focused on the discovery of new correlated and topological materials and 
their emergent phenomena arising from well-controlled, functionally cross-coupled interfaces. Special 
emphasis was on understanding and controlling the interplay between correlation and spin-orbit coupling 
in 4d correlated oxide heterostructures grown by PLD and their physical property control by deliberately 
manipulating the degree of epitaxial strain. This project has also developed a novel synthesis route for 
growing high-quality delafossite thin films on triangular substrates mediated by an interfacial sacrificial 
layer. This rational design of the interfacial layer allowed tailoring of magnetism and transport properties. 
The interface between magnetic materials and topological insulators in thin films grown by MBE was also 
studied to understand the formation of exotic phases of matter that enable functionality through 
manipulation of strong spin polarized transport. The use of wide range of characterization methods, 
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including microstructural imaging, local spectroscopy, neutron scattering, optical and soft x-ray 
spectroscopy, in combination with theory plays a key role in performing this research. A few research 
accomplishments achieved over the last two years are highlighted as follows: 

Strain-induced nonsymmorphic symmetry creates a novel topological phase in a 4d correlated oxide 
 
The collective rotations of oxygen 
octahedra play an important role in 
determining the physical properties of 
functional perovskite oxides. The 
epitaxial strain can serve as an effective 
means to modify the oxygen octahedral 
symmetry (OOS), i.e., oxygen 
octahedral rotation or tilt (OOR/OOT). 
However, the strain-OOS coupling that 
may alter the details of the OOS, thereby 
the physical properties, has not been 
fully understood. In a recent study [1], 
we demonstrated that epitaxial strain 
can not only induce a structural phase 
transition but also precisely tune the 
degree of OOR. The correlated metal 
CaNbO3, which is orthorhombic, is 
studied by growing as epitaxial thin films. By imposing epitaxial strain, it is found that the film undergoes 
a structural phase transition from orthorhombic to tetragonal upon fully straining (i.e., from a+b−b− to 
a0a0c−). In unstrained films, the octahedral rotation along the c-axis is as large as 15.7° that can be tuned to 
6.6° by strain. This finding offers a rationa design approach to manipulating OOR/OOT via strain 
engineering in complex oxide heterostructures. Such an OOR is also found to induce a Dirac state, yielding 
a correlated topological quantum material.  

Light-matter interactions reveal an unprecedented spontaneous chirality flipping 

 

Fig.1. Precision synthesis of quantum heterostructures. An 
example of cross-sectional scanning transmission electron 
microscopy images that reveal a clear oxygen octahedral rotation 
(ORR) in a CaNbO3 film grown on a cubic SrTiO3 substrate. The 
ORR controlled by epitaxial strain can induce a nonsymmorphic 
symmetry that yields Dirac band crossing. The inset shows a 
h i l l  di i  h   h d l i  l  
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The asymmetric distribution of chiral objects with 
opposite chirality is of great fundamental interest ranging 
from molecular biology to particle physics. In quantum 
materials, chiral states can build on inversion-symmetry-
breaking lattice structures or emerge from spontaneous 
magnetic ordering induced by competing interactions. 
Although the handedness of a chiral state can be changed 
through external fields, a spontaneous chirality flipping 
has yet to be discovered. We discovered experimental 
evidence of chirality flipping via changing temperature in 
a topological magnet EuAl4, which features orthogonal 
spin density waves (SDW) and charge density waves 
(CDW) [2]. Using circular dichroism of Bragg peaks in the resonant magnetic x-ray scattering, we find that 
the chirality of the helical SDW flips through a first-order phase transition with modified SDW wavelength. 
Intriguingly, we observe that the CDW couples strongly with the SDW and displays a rare commensurate-
to-incommensurate transition at the chirality flipping temperature. Combining with first-principles 
calculations and angle-resolved photoemission spectroscopy, our results support a Fermi surface origin of 
the helical SDW with intertwined spin, charge, and lattice degrees of freedom in EuAl4. Our results reveal 
an unprecedented spontaneous chirality flipping and lay the groundwork for a new functional manipulation 
of chirality through momentum-dependent spin-charge-
lattice interactions. This work ultimately highlights 
EuAl4 as a new platform for emergent chiral interactions 
and open a new avenue for chiral microelectronic 
applications. 

Angular momentum of chiral phonons is experimentally 
probed  

In condensed matter, angular momentum is 
intimately related to the emergence of topological 
quantum states, including chiral superconductivity, 
quantum spin liquids and various chiral 
quasiparticles. Recently, it has been predicted that 
microscopic lattice excitations, known as phonons, 
can carry finite angular momentum (AM), leading to 
specific physical properties of materials. However, 
phonon angular momentum has not yet been 
observed directly. In this work, we showed that due 
to AM conservation, applying a time-reversal 
symmetry breaking thermal gradient along the chiral 
axis of single crystal Te results in a macroscopic 

 

Fig. 2. A schematic of orthogonal spin-charge 
ordered topological magnet EuAl4. The 
Ruderman-Kittel-Kasuya-Yosida interaction-
driven chiral SDW intertwines with the CDW 

   h  b f  
   

 

 

 

 

 

Fig. 3. Heat flowing through a crystal with a 
chiral structure (a-d) is carried by lattice 
vibrations (phonons) that also carry angular 
momentum. To conserve angular momentum, 
the crystal itself rotates. This rotation is 
measured by sensitive cantilevers (e), 
confirming the phonons indeed have non-zero 
angular momentum [3]. 
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mechanical torque that can be observed using a cantilever-based device [3]. We probe this torque 
using a cantilever-based device and establish that it changes sign by flipping the chirality or 
thermal gradient. This behavior disappears in polycrystalline samples that lack a preferred 
chirality. Our results uncover phonon-AM and pave the way for phonon-AM enabled quantum 
states for microelectronic applications.  

Future Plans 

This project will advance our understanding on (1) correlated topological phenomena, (2) altermagnetism 
in oxide thin films, and (3) emergent phenomena in freestanding and twisted oxide membranes. For 
correlated topological phenomena, we will unveil the electronic structure transition from Dirac nodal line 
semimetal to Dirac semimetal in correlated CaNbO3 thin films. Quantum transport properties will be studied 
at extremely low temperature and high-magnetic fields to understanding the details of the electronic and 
transport properties. We will also focus on 1H and 1T stacked transition metal dichalcogenides. The 1H 
layer hosts superconductivity whereas the 1T layer features charge ordered Mott insulator. For 
altermagnetism in oxide thin films, we will establish the epitaxy of high-quality thin films by PLD to enable 
the studies of altermagnetism in oxide materials, including RuO2, ReO2, and LaVO3. The basic properties 
will be also characterized by magneto-transport measurements, and the electronic structure will be 
characterized by spin-ARPES. The magnetic structure will be studied using resonant x-ray scattering. For 
emergent phenomena in freestanding and twisted oxide membranes, we will establish the synthesis 
conditions using sacrificial layer lift-off to study emergent physical properties in artificial heterostructures 
by fabricating freestanding oxide membranes. The focus will be on dielectrics and ferroelectrics as well as 
correlated oxides for strain control, interfacial coupling, and twisting.  
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Definitive Majorana Zero Modes in Optimized Hybrid Nanowires 

 
Sergey Frolov, University of Pittsburgh 
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Research Scope 

 The goals of this project are to establish Majorana Zero Modes in superconductor-
semiconductor hybrid nanowire devices, as well as to search for induced triplet superconductivity. 

 The first objective is to develop and optimize improved nanowires. They come with two shells: a 
large bandgap semiconductor inner shell and a metallic superconductor outer shell. The inner shell 
is ZnTe and is from another family of materials (group II-VI rather than III-V), however its lattice 
constant is close to InAs, and this facilitates defect-free combinations.  For the superconductor 
shell, we focus on beta-Sn (tin).  

With optimized nanowires, we shall perform three-terminal transport experiments. Looking at the 
two ends of a nanowire and observing correlated signals is thus the most robust and 
straightforward way to separate topological and trivial states.  In the three-terminal device setup, 
we can correlate zero-bias resonances across the two ends of the nanowire, inferring proof of their 
non-local nature that more uniquely identifies Majorana modes. At the same time, we shall pursue 
the observation of all other predicted Majorana signatures (Majorana oscillations, topological 
phase diagram) simultaneously on both ends of the same nanowire to exclude alternative 
explanations more reliably. 

The interplay of magnetism, spin-orbit coupling and superconducting correlations is a 
fertile ground for exploration of exotic superconductivity more broadly. Beyond and besides 
topological effects, we are interested in exploring the triplet and odd-triplet superconducting 
phases that may arise when integrating semiconductor and superconducting materials. We shall 
focus on hybrid interfaces where symmetry is broken by adding an interlayer of a chiral material. 

 

 Recent Progress  

 1. Optimized Nanowires. 

During the first reporting period of this renewal of the project, we focused on binary combinations 
of nanowires, specifically on InAs-Sn and InAs-ZnTe core-shell nanowires. These experiments 
have laid ground and informed the development of two-shell InAs-ZnTe-Sn nanowires. 

1.a. InAs-Sn nanowire growth. With our materials science collaborators Palmstrom and Hocevar, 
we demonstrated the growth and performed transport measurements on novel InAs-Sn nanowires. 
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We previously studied Sn shells on InSb 
nanowires, where Sn-shells grew in a mixture of 
alpha- and beta- phases. Only the beta phase is 
superconducting thus for our project it is desired 
to grow pure beta-Sn shells. However, InSb is 
lattice-matched to alpha-Sn which promotes the 
growth of alpha grains. By switching to InAs, we 
achieved purely beta-Sn shells that exhibit an 
epitxial relationship to the InAs core.  

1.b. Transport experiments on InAs-Sn 
nanowires. Using improved InAs-Sn nanowires, 
we have obtained a set of outstanding 
superconductor properties. These results are 
under review at Nano Letters. In particular, the 
Josephson critical currents in single wires 
approach 0.5 microampere. The critical magnetic fields exceed 1.7 Tesla. The developed wires are 
also used in applications of quantum devices such as transmon qubit with coherence time T1 = 27 
microseconds, which is state-of-the-art for hybrd transmons and in parametric amplifiers. These 
applications are beyond the scope of this project, but they benefit from nanowire characterization 
performed here.  

1.c. ZnTe-InAs nanowires. For the ultimate Majorana devices we are interested in controlling the 
superconductor-semiconductor coupling and we intend to do this through the intermediate ZnTe 
shell which would act as a tunnel barrier. Towards this end, we have perfected the growth on ZnTe 
shells of various thickness, in situ, on InAs nanowires. The growth is carried out in the lab of 
collaborator Hocevar. Transport characterization is performed within this project. We demonstrate 
that the shell of ZnTe does not degrade the transport characteristics of the InAs core, which retains 
high mobility and low gate hysteresis. Transport measurement indirectly confirm DOE-supported 
DFT calculations that predict that ZnTe is a tunnel barrier based on the band alignment. Indeed, 
for thicker shells the nanowires do not conduct at low bias even after surface oxide cleaning. These 
results are in preparation for publication. 

2. Tunneling signatures of Majorana Modes. 

In this funding cycle, we maintained focus on false-positives in Majorana identification protocols. 
It remains as important as ever to have the ability to clearly delineate instances of trivial states 
from potential observations of topological superconductivity. In this context, our work on 
'Smoking gun signatures of topological phenomena' has been further advanced, and is currently 
unofficially accepted to Science. The delay with publication is caused by the need to create a new 
article category to accommodate this new type of effort. Within the work, supercurrent signatures 
of triplet superconductivity are scrutinized for alternative explanations. 
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3. Chiral materials and phenomena. 

Interested in triplet superconductivity more broadly, we are exploring combinations of both 
semiconductors and superconductors with layers of self-assembled molecules (SAM) of different 
chirality. This work is done in collaboration with Waldeck at the University of Pittsburgh. Within 
this effort, we have deposited SAM on InAs. SAM exhibit surface passivation, replacing the 
oxygen peak in XPS. The layers are uniform as revealed by AFM.  

We have coated thin films of superconductor NbTiN with SAM. In 5nm thick films, we have 
observed a considerable reducing in superconductor critical temperature Tc in films coated with 
SAM. In thicker films, no effect on Tc is observed. We are investigating the origins of these effects 
and its potential relation with chirality which is premature to discuss at this stage. We have 
determined that superconductors such as Al and Sn may not be suitable for coating with SAM 
because of the oxide layers. We shall continue exploring the possibilities for selectively removing 
the oxide prior to SAM deposition. 

 

Future Plans 

 In the next funding cycle, we shall develop two shell InAs-ZnTe-Sn nanowires, combining 
the knowledge we gained from developing the binary combinations. This is facilitated by the 
installation of the cryogenic evaporators in both Pittsburgh and Grenoble. 

With two-sell nanowires, we shall perform two- and three-terminal tunneling experiments. An 
important element for tunneling experiments in the creatioin of a longer shadow in the Sn shell. 
Our wires are currently produced by nanowire shadows which are 100 nm in diameter. This works 
for Josephson junction devices, but for tunnel junctions we need 500 nm shadows. This will be 
accomplished by templated nanowire growth, as well as by shadow wall fabrication. Both 
techniques are already developed in Pittsburgh. 

We shall explore the origins of the effect of SAM layers on the critical temperature of thin 
superconductor films. We shall experiment with chiral and non-chiral molecules and obtain 
additional information from XPS, AFM and EDS. 
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Research Scope 

MXenes, which are derived from selective etching of the A element in layered MAX phases 
(Mn+1AXn, where M = early transition metal, A = group IIIA or IVA element, and X = C and/or 
N), offer a unique combination of metallic conductivity,  hydrophilicity, magnetism, good 
dispersion ability in solvents, mechanical stability, and structural diversity, making them promising 
for applications in catalysis, sensing, electrochemical energy storage, spintronics, and 
optoelectronics1-5. In the last two years, we synthesized several MXenes with different synthetic 
routes and investigated their magnetic, optical, and electrochemical properties. Here, we report the 
intercalation of polyacrylonitrile (PAN) nanoparticles in Ti3C2Tx MXene layers through simple 
sonication. In this work, a composite consisting of MXene and PAN was successfully synthesized 
and assessed for supercapacitor applications using electrochemical tests. We also developed 
bifunctional electrodes from the combination of rare earth metal selenides (Ce2Se3 and Er2Se3) 
with a Ti3C2Tx/S-doped graphitic carbon nitride (CN) heterostructure for bifunctional application 
in flexible supercapacitors and oxygen evolution reactions (OER).   

 Recent Progress  

In this work, MXene (Ti3C2Tx) was derived from its parent MAX phase (Ti3AlC2) using LiF/HCl 
as an etchant to remove aluminum, while PAN was synthesized via radical polymerization. The 
MXene-PAN composite was subsequently produced using a straightforward sonication technique. 
Utilizing a solvent dimethyl sulfoxide (DMSO) that solubilizes PAN but disperses MXene, the 
PAN nanoparticles were effectively intercalated into the interlayer spaces of MXene sheets, 
causing subsequent delamination of the layers. X-ray diffraction analysis showed an increase in 
the c-lattice parameter from 22.31 Å for the pristine MXene to 37.73 Å for the MXene-PAN 
composite, indicating an expanded interlayer spacing between the multilayer MXene sheets. This  
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intercalation of PAN 
nanoparticles and the resulting 
increase in interlayer gaps 
proved beneficial in 
preventing MXene sheet 
restacking, thereby exposing 
more surface area, which is 
crucial for energy storage 
applications. The rising trend 
in the specific capacitance (Cs) 
among the samples (Cs,MAX < 
Cs,MXene < Cs,MXene-DMSO < Cs,MXene-PAN-DMSO) just mirrored the increasing trend in the c-lattice 
parameter (c-LPMAX < c-LPMXene < c-LPMXene-DMSO < c-LPMXene-PAN-DMSO). Electrochemical tests 
showed that the composite had the best performance in capacitance, resistance, and conductivity. 
These findings highlight the crucial role of PAN intercalation in MXene, providing new design 
strategies for high-performance, 
electrochemically active materials for energy 
storage and related applications. 

The ternary composite of MXene/S-CN (MCN) 
and cerium-erbium-selenide (MCN/CESe) was 
prepared via a facile hydrothermal 
method. The incorporation of S-
doped graphitic carbon nitride in MXenes 
reduced the layer stacking tendency of both two-
dimensional sheets and eliminated volume 
expansion by forming a heterostructure. Cerium 
and erbium rare earth metal centers induce 
reactive surface sites, whereas binary layers of 
Ti3C2Tx/S-doped graphitic carbon nitride provide 
a conducting matrix for the homogeneous growth 
of the metal selenides. This work is the first to 
investigate the bifunctional energy efficiency of 
rare earth metal selenides grown over MXene 
materials. This study reports the successful 
hydrothermal fabrication of Ce2Se3 and Er2Se3-
grown MCN nanohybrids and the investigation of 
their bifunctional efficiency toward flexible All 
Solid-State Asymmetric Supercapacitor 
(ASSASC) as well as the OER. Among the fabricated nanohybrids, MCN/ CESe-5:1 delivered the 
optimum electrochemical performance for both flexible supercapacitors and the OER. 

 
Figure. 1. Graphical illustration of the synthesis of PAN intercalation in 
MXene layers.  

  
 

Figure 2. Combination of rare earth metal selenides 
(Ce2Se3 and Er2Se3) with a Ti3C2Tx/S-doped graphitic 
carbon nitride heterostructure for bifunctional 
application in flexible supercapacitors and oxygen 
evolution reactions. 
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Future Plans 

We will complete the ongoing projects and disseminate results for publication. We will continue 
our study (both experimentally and computationally) in electronic, optical, magnetic, and 
electrochemical properties of functionalized MXenes. We will continue mentoring student 
researchers throughout the year and also train them through SRNL and NC A&T’s intern 
programs.  
For the coming year, we are planning to work on the following projects.  

Plans for thrust 1 (Magnetic Properties of 2D MXenes): 

(1) We will continue the study of pristine, and gamma irradiated rare earth i-MAX and MXene 
materials using resources at SRNL, DOE user facilities, and partner universities. 

(2) Neutron diffraction beamtime will be submitted at DOE user’s facilities to study 
microstructures and magnetic properties of pristine and gamma irradiated materials.  

(3) We will continue magnetic measurements at SRNL on MAX and MXene samples obtained 
from FSU and NC A&T utilizing PPMS and Electronic Paramagnetic Resonance.  
 
Plans for thrust 2 (MXenes for Electrochemical Energy Storage): 

(1) We will explore other materials to combine with MXene, aiming to achieve a nanocomposite 
with high porosity, a large surface area, and high conductivity, and to test these materials for 
use in supercapacitors. 

(2) Conductive polymer will be incorporated into MXene layers through in-situ polymerization 
to enhance the overall electrochemical performance of MXene. 

(3) We will focus on MQD optimization, functionalization, biosensor stability, and method 
validation. We will optimize hydrothermal synthesis parameters to control MQD size, surface 
chemistry, and batch-to-batch reproducibility.  

(4) We will further explore the incorporation of redox-active materials and conductive polymers 
into MXene to enhance its electrochemical performance. 
 
Plans for thrust 3 (Optoelectronic Properties of 2D MXenes): 

(1) We plan to investigate the impact of dimensionality and stoichiometry of functionalized 
MXenes in photon absorption and charge generation and charge transfer. 

(2) Density functional theory (DFT) calculations will be used to study the optical and dielectric 
properties of functionalized MXenes. 

(3) We plan to use thin films of MXenes as substrates for the sensing of analytes and study the 
effect of gamma radiation on SERS enhancement. DFT calculations will be performed for the 
optimization of SERS sensitivity in MXene-based substrates. 

(4) We plan to study the energy transfer process between MXene quantum dots and conjugated 
polymers for ratiometric fluorescent detection. 
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Research Scope 

 Achieving breakthroughs in materials essential to extending U.S. leadership in AI and 
quantum information science requires a fundamental understanding of new paradigms in electronic 
matter. This depends on discoveries at the frontier of condensed matter physics, where highly 
entangled correlated electron states, low dimensionality, and topological effects yield novel 
emergent phenomena, such as neutral quasiparticles, unconventional spin-triplet and/or high-
temperature superconductivity, robust topological surface states, and composite excitons. 
Understanding these phenomena is critical as a foundation for future quantum computing, 
photovoltaics, resilient microelectronics for extreme environments, and high-field magnet 
technologies. High magnetic fields offer a uniquely powerful means to address this grand 
challenge. Our research program leverages the unparalleled capabilities of the Pulsed Field Facility 
to generate non-destructive pulsed magnetic fields (~100 T) aimed at three interrelated research 
thrusts: (one) Orbital Effects in Metals and Insulators: studying fundamental changes in electronic 
properties induced by orbital quantization in strongly interacting electron systems under high 
magnetic fields; (two) Magnetic Field-Tuned States in Correlated Matter: probing the suppression 
and emergence of novel electronic phases by coupling extreme magnetic fields to spin degrees of 
freedom; (three) Magnetic Field Effects on Quantum Critical Fluctuations in Strange Metals: 
examining the coupling of extreme magnetic fields to highly entangled quantum critical states 
hypothesized to underlie strange metallic behavior. 

 Recent Progress  

 Excitonic insulators [1], fractional quantum Hall states [2], and similar unconventional 
electronic phases are more than a curiosity. These phases are experimental platforms to critically 
examine our theoretical understanding of condensed-matter systems, making them instrumental in 
pushing the limits of our basic scientific knowledge. Such electronic phases are expected to readily 
arise in metals under large magnetic fields and should be more likely to occur if the electrons 
exhibit strong correlations. This is because large magnetic fields force electrons in metals into a 
single state, a highly unstable configuration often called the “quantum limit”. However, other 
competing effects tend to win out in metals with strongly correlated electrons making these phases 
difficult to experimentally realize. 
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Fig 1. Quantum oscillations in the Kondo insulator YbB12 using high magnetic field measurements supported by the 
Science of 100T BES project. 

We have discovered that the quantum-limit-physics expected to occur in strongly-correlated metals 
under high magnetic fields, can instead be realized in strongly-correlated insulators [3]. We call 
this phenomenon the “reverse quantum limit” because it is a direct analogue to the conventional 
quantum limit occurring in metals, with the important distinction that magnetic fields cause 
electronic states in insulators to move in a manner that is opposite to electronic states in metals. 
This suggests that strongly-correlated insulators are the foremost platform to explore the rich array 
of unconventional electronic phases expected to arise in the (reverse) quantum limit.  

Beyond developing the concept of the reverse quantum limit, we show it explains many 
extraordinary observations in the strongly-correlated insulator YbB12. In particular, our reverse 
quantum limit proposal suggests that the recent paradoxical observation of quantum oscillations 
in the insulating state of YbB12 (see Fig. 1), an observation which seems to challenge the most 
basic notions differentiating metals from insulators and represents one of the outstanding puzzles 
in condensed-matter physics, are possibly manifestations of electronic instabilities associated with 
the quantum limit.  

This specific work utilized ultrahigh quality single crystals of the Kondo insulator YbB12 grown 
at Johns Hopkins University using the synthesis capabilities of the Platform for the Accelerated 
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Realization, Analysis, and Discovery of Interface Materials (PARADIM). The crystal structure of 
the material, as well as its physical properties, were characterized at Los Alamos National 
Laboratory. 

Central to this work were the unique pulsed magnet capabilities at the National High Magnetic 
Field Laboratory’s Pulsed Field Facility located within Los Alamos National Laboratory. High 
field data for this paper utilized two magnet systems: the 65T short-pulse magnet and 75T duplex 
magnet. 

Future Plans 

 As Fig. 2 illustrates, the reverse quantum limit scenario occurs in insulators when the 
product of the effective mass enhancement and the effective g-factor is greater than 2. This also 
sets the conditions for an insulator-to-metal transition occurring in a Kondo insulator under a 
magnetic field. The large value of the effective mass in this scenario means that the electronic 
correlations are much stronger than in conventional quantum limit scenarios, which increases the 
likelihood of an instability to a broken symmetry phase, such as an excitonic insulator [1]. One of 
the aims of ongoing experiments will be to look for evidence for a transition into such a phase 
close to the boundary of the magnetic field-induced insulator-to-metal transition. Another 
implication of the above inequality is that the anisotropy of the insulator-to-metal transition is 
determined primarily by that of the g-factor and also that of the effective mass on the Fermi surface. 
This means that pockets of Fermi surface situated at lower symmetry positions on the Fermi 
surface can have different 
critical fields depending on 
the relative orientations with 
respect to the magnetic field, 
providing a novel opportunity 
to map out the Fermi surface 
geometry.  

The finding that the reverse 
quantum limit scenario 
occurs in insulators when the 
product of the effective mass 
enhancement and the 
effective g-factor is greater 
than 2 implies that similar 
physics could potentially 
occur in other types of 
insulator, including 
topological insulators if the 
effective g-factor is strongly 

Fig. 2. Schematic of the conditions under which the quantum limit is 
realized in orbitally quantized system. The conventional quantum limit 
corresponds to the upper left-hand quadrant. The reverse quantum limit 
corresponds to the lower right-hand quadrant. Other scenarios include a 
magnetic field-polarized metal, or a magnetic field-enhanced insulator.  
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renormalized by, for example, spin-orbit interactions. This is potentially the case in ZrTe5 [4] and 
related systems. We are planning further experiments to determine whether this could be 
responsible for the apparent log B behavior of the reported quantum oscillations in this system [5]. 
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Prediction, Design, and Synthesis of New Magnetic Nitrides 
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Keywords: ferromagnets, polycrystalline materials, materials discovery, metastability 

Research Scope: Magnetic Materials Discovery 
This program seeks to discover new magnetic materials toward lanthanide-free permanent magnet 
applications. Inspired by examples of sub-nitrides with high magnetic performance, we elected to focus on 
similar chemical spaces. The underlying hypothesis is that nitrogen’s intermediate electronegativity enables 
strong magnetic exchange and structural distortions that enhance magnetocrystalline anisotropy energy 
without driving metals into highly oxidized states. Over the period of this program, we have integrated 
high-throughput prediction, computationally guided synthesis, and advanced characterization to identify 
and realize several new magnetic nitrides. 

Recent Progress 
Materials discovery efforts often begin with prediction of candidate phases using ionic substitution-based 
strategies (the underlying assumption being two metals with the same preferred oxidation state are likely 
to substitute).1,2 Such approaches often fail for intermetallic or anion-lean systems where oxidation states 
are ambiguous. To map the stability of metal-rich ternary nitrides, we instead developed and employed a 
new strategy where substitutions are performed based on the number of shared structural prototypes 
between metals. This approach generated 1800 new candidate nitrides, and follow-on thermochemical 
calculations revealed many of the candidate structures to be stable. In total, 70 new ternary chemical 
systems with no previously known nitride phases were identified. Of these new predictions, 49 contain two 
non-alkaline metals plus nitrogen, making many of them promising candidates for magnetic behavior. Fig 
1 shows some of the predicted materials containing ferrous 3d elements, where each colored swatch 
represents a unique ternary chemical space and swatches with a border are spaces where stable nitrides are 
predicted but none are currently known. 

 

Fig 1: Snippet of a larger map of 
calculated ternary nitride stability. 
Chemical spaces with a cyan border 
were identified using our beyond-ionic 
substitution “chemical family” 
algorithm and are less likely to be anion 
rich than spaces identified using ionic 
substitution (magenta). 

The row of Co-containing nitrides contains 5 compounds predicted to be stable using our updated prediction 
algorithm. From left to right these are: Co3ZnN, Hf4Co2N, Ti4Co2N, Co3PtN, Co3PdN, and CoFeN2. 
Previous ionic substitution efforts also identified new compositions, including MnCoN2.1 To demonstrate 
the efficacy of these predictions, several of the predicted nitrides were synthesized in the lab. 
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Antiperovskite Co3PdN 
Although Co3PdN has been repeatedly flagged by computation3,4—including our novel beyond ionic 
algorithm—its synthesis and stability had never been experimentally verified. Using reactive sputtering, we 
achieved the first experimental realization of Co3PdN5 (Fig 2a), verifying its antiperovskite crystal structure 
through both laboratory and synchrotron x-ray scattering. Importantly, we established the compound’s 
thermal stability to 600 K (persisting even to ~700 K under inert atmosphere), showing its practical viability 
in the use environment. 

 

Fig 2: Characterization of 
Co3PdN. (a) X-ray diffraction 
confirming antiperovskite 
structure. (b) Magnetic 
hysteresis loops from this 
ferromagnetic material. (c) 
Hall resistivity showing 
saturation of the anomalous 
signal. 

Magnetometry demonstrated that Co3PdN is a soft ferromagnet (Fig 2b) with a Curie temperature of Tc = 
560 ± 5 K, well above room temperature and squarely within the range needed for applications. The 
measured saturation magnetization (1.2 μB/Co) is close to—but slightly below—the theoretical expectation 
(1.7 μB/Co), reflecting subtle electronic effects. A narrow hysteresis loop with a coercive field of 100 Oe at 
low temperature highlights potential for fast magnetic switching, relevant to electronic and spintronic 
applications. A clear anomalous Hall effect (Fig 2c) further confirms Co3PdN’s ferromagnetism. 

We also resolved conflicting reports on its electronic structure. Prior predictions suggested a gapped state, 
but we demonstrated that this arose from incomplete Brillouin-zone sampling. Our calculations and 
transport measurements confirm metallic behavior with a sizable anomalous Hall effect, reinforcing 
Co3PdN as both a scientifically and technologically intriguing magnetic nitride. 

Together, these results establish Co3PdN as a benchmark for predictive nitride discovery, demonstrating 
the transition from theory to experiment while opening the door to a broader family of unexplored 
antiperovskites. A similar suite of experiments on other predicted antiperovskites, Co3ZnN and Co3PtN, 
including through epitaxial stabilization, showed that Co3ZnN can be synthesized using very similar 
methods to Co3PdN, but Co3PtN cannot; an ongoing scientific question is why this is the case. 

Disordered Rocksalt MnCoN2 

MnCoN2 represents one of the few ternary nitrides composed exclusively of transition metals that were 
predicted by ionic substitution, making it a compelling discovery target. Although originally proposed in a 
zincblende-derived structure with tetrahedral coordination,1 our follow-on calculations revealed a more 
stable rocksalt-derived polymorph with octahedral coordination (Fig 3a, 3b). We realized this phase 
experimentally as thin films synthesized by reactive sputtering within a narrow growth window just above 
ambient temperature, demonstrating that careful kinetic control can stabilize MnCoN2 over competing 
binaries and amorphous products.6 
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Laboratory and synchrotron diffraction confirm that MnCoN2 adopts a cation-disordered rocksalt structure 
(Fig 3c). X-ray absorption spectroscopy further verifies octahedral coordination of Mn³⁺ and Co³⁺. 
Importantly, MnCoN2 cannot be described as a simple mixture of binary nitrides but instead represents a 
genuinely new ternary phase space. 

Magnetometry (Fig 3d) reveals a canted antiferromagnetic ground state below ~10 K, with a Weiss 
temperature of –50 K indicating strong AFM correlations. This contrasts sharply with the high-TN 
antiferromagnetism of MnN and the paramagnetism of CoN, clear evidence that the ternary chemistry 
drives emergent magnetic behavior not present in the binaries. At the last ECMP program meeting we 
showed with Monte Carlo + DFT calculations that similar behavior in MnSnN2 arises from cation disorder.7 
A small net moment and coercivity at 2 K suggest weak canting or ferrimagnetic clusters within the 
disordered rocksalt lattice. 

Fig 3: Discovery of MnCoN2. (a) Calculated formation enthalpy of MnCoN2 in various space groups and magnetic 
configurations. (b) Lowest-energy zincblende- and rocksalt-derived structures. (c) X-ray diffraction providing 
experimental confirmation of rocksalt MnCoN2. (d) Small hysteresis at low temperature suggests canted 
antiferromagnetic order. 

Altogether, MnCoN2 expands the library of known ternary nitrides and establishes a blueprint for 
discovering other transition-metal–only compounds that may have structures that appear very similar to 
binary parent compounds when using global structure probes. It highlights how cation disorder, 
metastability, and multi-metal chemistries can combine to produce exotic magnetic ground states, offering 
fertile ground for both predictive design and future synthesis efforts. 

η-nitride Hf4Co2N 
An unexpected materials family identified by our substitution algorithm was compounds in the Fe3W3C 
prototype (space group 227), often associated with η-carbide superalloys. New Mn, Ni, Fe, and Co 
compositions were identified in subsets of this structure. To test the predictions, we elected to prepare 
Hf4Co2N, guiding our approach by also preparing Fe4W2N, which is known.  

We found that direct growth of either phase was not possible because the requisite nitrogen chemical 
potential μ(N) is lower than can be supplied by a synthesis tool and an fcc phase forms at elevated deposition 
temperatures. However, we found that Fe4W2N can be prepared by post-annealing amorphous Fe-W-N thin 
films in a low μ(N) environment. Because of the very low μ(N) required for Hf4Co2N and strong 
competition from HfN (Fig 4a), even this approach was found intractable for Hf4Co2N. Instead, we 
designed a synthetic route consisting of depositing intermetallic Hf2Co thin films, which have a very similar 
structure to Hf4Co2N, and then post-annealing in nitrogen-containing environments. This approach readily 
yields Hf4Co2N over HfN (Fig 4b), surprisingly even when μ(N) is high (NH3 environment at 500 °C). We 
hypothesize that kinetic barriers to restructuring the Hf2Co intermetallic lattice prevent conversion, enabling 
the stabilization of Hf4Co2N even at high μ(N). 
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Fig 4: Synthesis of “η-nitride” 
Hf4Co2N. (a) Calculated phase 
diagram in mixed nitrogen chemical 
potential (y) and metal composition 
(x) axes, which was used to guide 
synthesis. (b) XRD of Hf4Co2N 
synthesized from Hf4Co2 intermetallic 
and nitrided in NH3. 

Future Plans 
While we have demonstrated effective rational discovery of new magnetic compounds, there are currently 
no prescriptive design principles to navigate the structure-chemistry-bonding-property relationships of 
ferromagnets. For this reason, we lack a conceptual framework on how to navigate the bewilderingly high-
dimensional “crystal chemistry” space for permanent magnet design. 

However, we are now positioned to remedy this. Through our ECMP funding, we unveiled innovative new 
computational tools to extract real space bonding-magnetism relationships directly from spin-polarized 
electronic structure calculations,8 and we have also refined our ability to selectively synthesize metastable 
magnetic sub-nitride powders9 and thin films5 with targeted structures and compositions. From this 
platform, our next stage will be to establish the first quantitative set of design principles to connect magnetic 
moment and magnetocrystalline anisotropy energies to the underlying bonding, structure, and stability of 
inorganic solids. 
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Controlled electronic coupling to graphene-based heterostructure materials: towards 
atomically precise two-probe STM transport 

Marek Kolmer, Ames National Laboratory, Ames, Iowa 50011 

Keywords: Scanning tunneling microscopy and spectroscopy, graphene heterostructures, edge 
states, transport, multi-probe STM 

Research Scope 

Recent scientific developments in synthesizing low-dimensional materials in hierarchical 
heterostructures enable the realization of emerging properties that derive from controlling their 
exact atomic-level architectures. Their transport characterization requires locally confined 
electronic states, i.e., one- or zero-dimensional edge states, to be coupled with mesoscale, multi-
terminal averaging device interconnects. As these two 
aspects are typically performed in separate experimental 
setups, there exists an understanding gap between 
mesoscale transport information obtained from fabricated 
external contact leads and local, less-invasive electronic 
properties determined with techniques commonly based 
on scanning probe setups. This problem is particularly 
critical for atomically precise structures, where the 
external contact leads cannot be treated separately but are 
an integral part of the active nanoscale system and 
therefore influence its output. 

The program's overarching goal is to address this gap and 
propose a rational approach to understand functionality in 
low-dimensional graphene-based quantum materials. The 
program combines atomically precise on-surface 
synthesis strategies and in situ advanced scanning probe 
microscopy-based methods to reveal the origins of their 
mesoscale characteristics. These complementary activities 
are based on (1) atomically precise synthesis of graphene-
based heterostructures, i.e., on substrates providing 
electronic decoupling, and (2) developing scanning 
tunneling microscopy (STM)-based techniques, including 
atomically precise multi-probe scanning tunneling 
microscopy and spectroscopy (MP-STM/S). 

The primary two scientific aims of the project are: Aim I: 
Realizing the emergent designer magnetic and 
topologically non-trivial ground states in graphene-based 

Fig.1. a) Constant-STS dI/dV data 
obtained at ~4.5 K for various graphene 
heterostructures on SiC(0001). Red, 
blue, and green color shaded regions 
reflect energy locations around the Γ 
point for interface resonance bands 
registered in the low energy electron 
microscopy reflectivity experiment [2] 
for MLG, BLG, and TLG, respectively. 
Dotted lines present corresponding 
dI/dV zero intensities. Insets present 
schematics of the heterostructures. 
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nanostructures, which is dedicated to experimental verification of the envisioned properties. Aim 
II: Establish novel, state-of-the-art techniques for non-local detection of quasiparticle excitations 
via their addressing with multi-probe scanning tunneling microscopy and spectroscopy operating 
in single-atom-contact, tunneling, or coherent field emission regimes. This approach will remove 
the limitations between probing of local properties and mesoscale transport characteristics in 
nanoscale devices by providing STM-based contacts to the low-dimensional quantum systems 
developed under the first aim. 

Recent Progress 

Addressing high-energy 
unoccupied interface states 
in graphene-based 
heterostructures. The low-
temperature STM operating 
in the high-sample bias 
voltages reaching ~40 V was 
used to study the interaction 
between graphene interface 
states within the unoccupied 
electronic band regime and 
high-bias resonances formed 
within the triangular 
potential in the tip-sample 
gap. We developed the 
methodology of identifying 
the intrinsic electronic 
density of states of unoccupied bands located above the vacuum level as a function of graphene 
thickness and Gd intercalated phases from high-bias scanning tunneling spectroscopy (STS) 
experiments [1]. Due to the graphene heterostructures' two-dimensional (2D) nature, their high-
bias STS spectra show pronounced features in the 5-15 eV range above the Fermi level, which 
strongly depend on the interlayer couplings within the heterostructure [2]. 

We studied systematically how the 2D interface structure and related electronic states interact with 
the field emission resonances (FER). The systems studied involve buffer layer (BL), monolayer 
(MLG), bilayer (BLG), and trilayer (TLG) graphene prepared on silicon carbide SiC(0001) 
surface, as well as intercalated phases of gadolinium under graphene (Fig.1). With increasing 
tunneling current for the same tip-sample voltage, the potential well becomes progressively steeper 
and narrower, and the confined energy levels of the resonances shift (Fig.2). The alignment 
between the resonance's energy and the intrinsic interface electronic states is a unique way to map 
the unoccupied bands in the different types of heterostructures and selectively study specific 

Fig.2. a) Schematics presenting tip-sample distance (z) control of coupling 
between FER and interface states. b) Constant-current STS dI/dV data 
obtained for two effective tip-sample distances demonstrating the concept. 
Once the energy of FERs and the interface state match, the dI/dV resonance 
broadens and its intensity drops. Inset: schematic presentation of the high-
energy interface state parabolic band (red) on top of MLG band structure 
(blue). Vertical dotted lines mark the corresponding FER resonances. 
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interface states. The work opens possibilities to access transport properties of high-energy 
electronic states in a MP-STM configuration as in ref. [3]. 

Controlling electronic properties of buried graphene-SiC interface. In the previous work [4], we 
showed that the covalent bonds between the first epitaxial graphene buffer layer (Cbuffer) and the 
silicon carbide substrate may be reversibly broken and restored using the polarity of the electric 
field from the STM tip, generating protrusions at the interface of slightly higher amplitude. This 
buried interface manipulation allowed us to pattern the epitaxial graphene with lateral precision, 
reaching the dimension of a single 1.8 nm unit cell of the graphene-SiC interface moiré lattice. We 
propose to apply this local patterning of the epitaxial graphene heterostructures from the bottom 
interface for synthesizing metastable interface configurations, which affect the pristine or 
intercalated epitaxial graphene layer(s). The decoupled interface could be locally arranged in 
ordered superstructures of nanoprotrusions, creating a new 2D phase with a long-range periodic 
potential for the Dirac electrons, as currently done in the artificially arranged atomic or molecular 
adsorbates. 

Now, we have extended these measurements by using low-temperature STM/S. We discovered 
direct evidence of silicon vacancies at the interface and provided their distribution at the topmost 
reconstructed SiC(0001) layer [5]. Bias-voltage and epitaxial graphene thickness dependent 
characterization of the collective Cbuffer-SiC interface showed that ‘Si’ vacancy sites beneath Cbuffer 
provide stable, non-switching behavior of the nanoprotrusions under STM electric fields. 
Moreover, the vacancies introduce localized electronic states below the Fermi level, thereby 
enhancing the n-type charge-transfer doping phenomenon across the interface. Our experimental 
results directly elucidate the atomic-scale interface, atomic and bonding configuration influence 
on the local density of states for different thicknesses of graphene on SiC(0001). 

Future Plans 

Electronic transport properties of bilayer graphene edge states determined by multiprobe 
scanning probe spectroscopy. Under symmetry-breaking conditions, the bilayer configuration of 
graphene (BLG) is expected to host chiral edge states within its Dirac bands' hybridization gap. 
However, creating such edge states is challenging. One strategy is to use a differing lattice stacking 
from regular AB Bernal stacked graphene bilayer to a BA stacking that produces an AA stacked 
domain wall, which is expected to host a topologically protected 1D electronic (edge) state in the 
gapped BLG electronic structure. Based on our initial measurements on a model system of 
epitaxial BLG on SiC(0001) and the observed formation of electronically different behavior of 
BLG domain walls, we plan to use this BLG-based system to directly probe the relation between 
the local signatures of the edge state, i.e., energy-dependent local density of states from the STM/S 
experiment, and its transport properties determined in the two-probe STM configuration. Part of 
the work will be performed as a user proposal at the Center for Nanophase Materials Sciences 
(Oak Ridge National Laboratory). 
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Novel electronic phases in rare-earth-graphene heterostructures. We plan to study metastable 
phases of rare-earth (Gd, Dy) intercalated epitaxial graphene on SiC(0001), which, in contrast to 
our previous works [6-8], are obtained at lower temperatures and for lower coverages of initial 
rare-earth metal deposition. This kinetically controlled processing stabilizes the rare earth elements 
in-between the graphene layers. Due to similar chemical activity given by the valence sp orbitals 
that controls their sub-surface bonding, we observe the same structural phases for both Gd and Dy 
after intercalation. However, the difference in their non-valence 4f electron configuration is 
expected to vary the magnetic anisotropy in their confined 2D phases significantly. Low-
temperature STM/S will test this hypothesis, and if confirmed, further experiments will continue 
in the magnetic field STM facilities available at the DOE User Centers. 
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Multidimensional Optical Probes of Quantum Materials 

Albert Liu (Brookhaven National Laboratory) 

Keywords: Nonlinear Spectroscopy, Coupling, Disorder 

 

Research Scope 

A complex interplay of electronic, lattice, 
and spin properties give rise to numerous novel and 
functional properties in quantum materials. Yet this 
very complexity that gives rise to the spectacular 
properties of quantum materials presents a 
formidable challenge to understand. This Early 
Career program exploits recent advances in optical 
analogues of nuclear magnetic resonance, termed 
multidimensional optical spectroscopy [1], to probe 
the many degrees of freedom of quantum materials 
at their intrinsic energy scales. These 
multidimensional optical probes will be 
implemented across the electromagnetic spectrum to 
probe the full gamut of quantum materials of interest 
to the Department of Energy, ranging from three-
dimensional correlated electron systems (hosting 
collective excitations at terahertz frequencies) to defect centers in diamond (hosting electronic 
transitions at optical frequencies). The goal of the program is to address two outstanding challenges 
in quantum materials both in- and out-of-equilibrium, namely interacting degrees of freedom 
and disorder (shown in Figure 1). The understanding of such physics is a vital step towards the 
rational design of quantum material platforms for future quantum technologies and next-generation 
microelectronics. 

 Recent Progress  

 As this Early Career program has just been awarded, here we detail two recent studies that 
demonstrate the unique capabilities of multidimensional optical spectroscopy in resolving 
coupling and disorder in quantum materials. 

 While disorder is difficult to study using conventional spectroscopic techniques, a 
homogeneous and disordered optical resonance each result in a distinct multidimensional 
spectrum. As shown in Figure 2a, the degree of asymmetry in the two-dimensional lineshape can 
be used to directly infer the presence of disorder. In a recent experiment [2] we implemented 

Figure 1:  Among the numerous physics of 
quantum materials, this program focuses on the 
essential aspects of coupling between varied 
degrees of freedom and disorder. 
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multidimensional spectroscopy at terahertz frequencies to 
study collective excitations in a high-temperature 
superconductor La2-xSrxCuO4 (LSCO). In particular, we 
implemented multidimensional terahertz spectroscopy 
(MDTS) [3] in a novel non-collinear excitation geometry 
(shown in Figure 2b) to probe Josephson plasmons in LSCO, 
collective excitations arising from Josephson tunneling 
between adjacent superconducting copper-oxygen planes. 
Two-dimensional spectra were acquired temperatures 
approaching the phase transition (shown in Figure 2c), 
which reveal lineshapes with different degrees of 
asymmetry. At temperatures well-below the transition 
temperature (T = 0.15Tc), an asymmetric lineshape is 
observed that reveals a disordered superconducting state. At 
temperatures approaching the phase transition (T = 0.7Tc), 
however, the peak broadens and becomes more symmetric, 
indicating that intrinsic scattering of the Josephson plasmons 
begins to dominate over the effects of disorder. We have 
since developed a complete theory for MDTS of a disordered 
many-body system [4], and have corroborated our optical 
measurements of superconducting disorder with previous 
local measurements of superconducting gap disorder. This 
confirms that MDTS is indeed a complementary method to 
conventional local probes of disorder and, due to its all-optical nature, may further be applied at 
far higher temperatures. 

 Coupling between different degrees of freedom gives rise to among the most intriguing 
properties of quantum materials, but often results in ambiguous signatures in conventional spectra. 
Multidimensional spectroscopy resolves these ambiguities, however, by correlating the 
frequencies of initial optical absorption and final optical 
emission in a two-dimensional spectrum. In a recent 
study [5] we applied multidimensional spectroscopy at 
optical frequencies to study coupling between exciton-
polaritons in a semiconductor microcavity. A schematic 
of our device is shown in Figure 3a, which consists of 
distributed Bragg reflectors and a sub-wavelength 
grating (SWG) mirror that form the cavity. The lateral 
dimensions of the SWG are exceeded by the coherence 
length of the exciton-polaritons, which result in 
quantum-confined exciton-polariton wavefunctions that 
can be seen in their photoluminescence (Figure 3b). 

Figure 2:  (a) Asymmetry in a two-
dimensional spectrum indicates 
disorder. (b) Non-collinear MDTS 
probes Josephson plasmons in LSCO. 
(c) MDTS spectra of LSCO reveal a 
disordered superconducting state. 

Figure 3: (a) Hybrid cavity device consisting 
of quantum wells (QWs) between distributed 
Bragg reflectors and a sub-wavelength 
grating (SWG) mirror. (b) Lateral 
dimensions of the SWG results in quantum-
confined exciton-polariton wavefunctions 
visualized in photoluminescence. 
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To probe these confined exciton-polariton 
wavefunctions at their intrinsic length scales, we 
applied multidimensional optical spectroscopy 
(MDOS) in a collinear geometry (shown in Figure 
4a), allowing us to perform these experiments near 
the optical diffraction limit (~1 um).  We first 
performed experiments in which all three 
excitation pulses excite the same location on the 
sample (shown in Figure 4b). In this case, local 
nonlinearities are observed that correspond to 
absorption and emission from the same exciton-
polariton state. Notably, only one of the two states 
was excited at once, indicating a locally-distinct 
nonlinear optical response. Subsequently, we 
performed measurements in which the different 
excitation pulses are displaced from each other and 
excite distinct spatial locations on the sample 
(shown in Figure 4c). In this case, the dominant 
features become ‘off-diagonal’ peaks in which 
absorption and emission occur from different 
exciton-polariton states. These spectra therefore 
represent a direct observation of nonlocal coupling 
between different confined exciton-polariton 
wavefunctions, in which excitation at one spatial 
location coherently modulates emission stimulated 
at a different location in space. We note that these 
nonlocal optical nonlinearities are distinctly 
quantum in nature, and differ from previous observations of nonlocal optical nonlinearities that 
have almost all derived from transport effects. 

Future Plans 

 In the course of this Early Career program, we plan to apply MDTS and MDOS to study a 
variety of quantum materials in which disorder and coupling play primary roles. In particular, we 
will apply MDTS toward elucidating disordered quantum phases such as quantum paraelectricity 
and quantum spin liquidity, as well as coupling between lattice and magnetic degrees of freedom 
in complex oxides. We will also apply MDOS toward defect center systems in diamond and hBN 
toward elucidating their disorder across microscopic and macroscopic length scales as well as 
characterizing coupling between individual defect centers, both crucial steps toward realizing 
defect centers as scalable material platforms for quantum technologies. 

Figure 4: (a) Multidimensional optical 
spectroscopy in a collinear geometry. (b) When all 
excitation beams excite the same location on the 
sample, local nonlinearities are observed from the 
same exciton-polariton state. (c) When the 
excitation beams excite different locations, 
nonlocal nonlinearities are observed from 
coupling between different exciton-polariton 
states. 
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Light-driven proximity control of designer moiré nanomaterials 

Kyle Seyler, University of Arizona 

Keywords: moiré physics, magnetism, light-matter phenomena, 2D and layered crystals, optical 
spectroscopy 

Research Scope 

 The overarching goal of this program is to develop and deploy novel ultrafast driving 
protocols to realize nonequilibrium electronic and magnetic phases in two-dimensional (2D) 
semiconductor moiré nanomaterials. Moiré nanomaterials host flat bands with a wide variety of 
strongly correlated states that have been heavily explored in equilibrium and are exquisitely 
sensitive to tuning parameters such as doping, dielectric screening, and magnetic field. We seek to 
demonstrate simultaneous equilibrium and nonequilibrium control over such parameters to study 
the dynamics of correlated states in moiré bilayer devices. In particular, we are developing 
strategies to modify moiré bilayers in a non-local fashion using light-induced phenomena in 
neighboring heterostructured 2D materials, leading to ultrafast control of carrier doping, Coulomb 
screening, and magnetic exchange fields. 

Recent Progress  

 The semiconductor moiré 
bilayers WS2/WSe2 and twisted MoTe2 
have served as exemplary highly tunable 
systems for strongly correlated states 
including Mott insulators, frustrated 
magnetism, and fractional Chern 
insulators [1]. While most studies have 
been performed under equilibrium 
conditions, recent studies have begun to 
reveal interesting phenomena when 
these systems are driven out of 
equilibrium by optical excitation [2-
4]. This program encompasses three 
distinct objectives that work towards 
generating ultrafast doping, ultrafast 
screening, and ultrafast magnetic 
exchange fields to dynamically control WS2/WSe2 and twisted MoTe2 bilayer devices (Fig. 1). 
Recently, progress has been focused towards three ends: (1) establishing ultrafast pump-probe 
setups and instrument control routines; (2) fabricating and studying dual-gated WS2/WSe2 devices 
to better understand the transient magnetic properties of the light-induced ferromagnetic state; and 
(3) developing the ultrafast screening protocol.  

Fig. 1 | A semiconductor moiré heterostructure is modified through 
different ultrafast control routes. Tailored photoexcitation of 
proximitized 2D materials can generate unique changes in the 
moiré through ultrafast light-induced effects. 
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Systematic exploration over both the equilibrium and nonequilibrium moiré phase 
diagrams requires simultaneous control and scanning over a wide variety of experimental 
parameters including temperature, doping, electric field, magnetic field, pump intensity, 
pump/probe wavelengths, pump/probe polarizations, pump/probe positions, and pump-probe time 
delay. Developing robust data acquisition code is therefore crucial for these complex experiments. 
Most data acquisition code in smaller labs is custom-built for very specific experiments. Re-
engineering code as project requirements evolve and new equipment is added therefore requires 
significant effort. To enable efficient and reproducible control in our experiments, we have adopted 
the Bluesky Project data acquisition and analysis framework, which provides a standardized, 
flexible, and extensible platform using open Python libraries that is successfully deployed in 
national labs [5]. We have developed an intuitive interface for benchtop Bluesky experiments and 
integrated all instruments into the Ophyd hardware abstraction layer, which then straightforwardly 
work together within Bluesky for experiment orchestration, including multi-dimensional scans 
over any number of instrument control variables with detailed metadata. We are currently working 
towards gate- and field-dependent, time-resolved magneto-optical measurements on WS2/WSe2 
devices to study the formation, stability, melting, and switching of light-induced ferromagnetism. 
On a separate front, we have fabricated BN-separated 2L-MoSe2/1L-WSe2 samples for the ultrafast 
screening objective. We are using time-resolved excited exciton sensing spectroscopy to better 
understand ultrafast screening effects of the photoexcitations in bilayer MoSe2 on the 2s exciton 
in monolayer WSe2. 

Future Plans 

In the coming year, we will be focused on the first two objectives of the program, namely 
studying ultrafast doping in WS2/WSe2 heterostructures and ultrafast screening in twisted MoTe2. 
For ultrafast photodoping, immediate goals include measuring the formation and relaxation 
timescale of the light-induced ferromagnetic state. We will extend these measurements using 
pump-push-probe measurements to pump transient ferromagnetism, perturb this transient ordered 
state with a push pulse, and probe the stability, melting dynamics, and possible ultrafast switching 
or coherent manipulation of the transient ferromagnetic state. In parallel, we will continue to 
develop our ultrafast screening protocol based on the ultrafast exciton Mott transition in bilayer 
MoSe2 and WSe2/MoSe2. After calibrating the light-induced screening, we aim to integrate the 
screening layer into twisted MoTe2 devices and systematically explore how Coulomb screening 
impacts the magnetic phases in both steady-state and nonequilibrium conditions, with an eye 
toward realizing metastable magnetic orders. 
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Ultrafast Spin Torque Dynamics in van der Waals Magnetic Heterostructures 

Yunqiu Kelly Luo, University of Southern California 

Keywords: spin torque, van der Waals heterostructures, ultrafast dynamics, magneto-optics, 
spintronics 

 

Research Scope 

This project aims to visualize, understand, and control nonequilibrium spin, charge, and 
magnetic order in van der Waals (vdW) magnetic heterostructures with ultrafast spatial and 
temporal precision. Using advanced probes such as Sagnac interferometry, time-resolved Kerr 
rotation (TRKR) microscopy, and quantum spin-polarized low-energy electron microscopy 
(qSPLEEM), the program investigates the microscopic mechanisms of spin torque, magnon 
dynamics, and spin–charge coupling. These approaches enable femtosecond and nanometer 
resolution of spin transport and symmetry-breaking phenomena in engineered 2D magnets and 
topological interfaces.  

As an extension of the original research plan, synchrotron-based scanning transmission X-
ray microscopy (STXM) at the MAXYMUS beamline (BESSY II, Berlin, Germany) has been 
incorporated through collaboration with Ohio State and Max Planck Institute. This addition 
provides element-specific, real-space visualization of spin textures in epitaxial Bi₂Te₃/Fe₃GeTe₂ 
heterostructures, complementing in-lab optical and electron microscopy methods. By combining 
these complementary capabilities, the project establishes a comprehensive platform for probing 
spin and charge dynamics across multiple scales, with the long-term aim of developing design 
principles for energy-efficient spintronic devices, ultrafast magnetic memory, and scalable 
quantum materials platforms. 

 

Recent Progress  

 During the first project year, the program successfully transitioned from laboratory build-
out to early data acquisition. Key infrastructure was completed, including a helium-free cryogenic 
optical system with a 9–1–1 T vector magnet, a fiber-based Sagnac interferometer, and an 
automated glovebox-integrated exfoliation and stacking system. These tools now provide the 
foundation for ultrafast Kerr microscopy and high-sensitivity interferometric measurements. 

Initial experiments demonstrated current-induced switching in Pt/Fe₃GeTe₂ [1], magnetic 
tilting in TaIrTe₄/Fe₃GeTe₂, and magnetization detection in Pt/CrBr₃, confirming the versatility of 
the Sagnac platform for both metallic and insulating vdW magnets. Complementary studies at 
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national facilities advanced the imaging 
of nonequilibrium spin and charge 
textures. qSPLEEM measurements at 
LBNL captured temperature-dependent 
spin contrast in graphene/CrSBr and 
graphene/Fe₃GeTe₂. At the 
MAXYMUS beamline (BESSY II), 
synchrotron-based STXM uncovered 
highly fragmented “freckle-like” 
domain morphologies in epitaxial 
Bi₂Te₃/Fe₃GeTe₂ heterostructures, 
which were not previously reported in 
exfoliated Fe₃GeTe₂ systems (Fig. 1) 
[2]. These results highlight the unique 
ability of STXM to capture strain- and 
interface-driven magnetic states that 
remain invisible to purely optical 
probes. 

The team also made significant progress in 
probing spin-filter tunneling and spin-torque-
driven dynamics. As shown in Fig. 2, spin-filter 
tunneling magnetoresistance at 85 K and spin-
torque antiferromagnetic resonance (ST-AFMR) 
spectra in PtTe₂/CrSBr heterostructures 
demonstrate selective sensitivity to optical 
magnon modes while suppressing acoustic 
contributions. This work, carried out in 
collaboration with Cornell (lead) and Columbia 
and recently published in Science, establishes 
spin-torque-based detection as a powerful probe 
of dynamic order in antiferromagnets [3]. 

Altogether, nine interconnected projects 
were launched, spanning interferometric spin-
torque detection, superconducting spintronics, 
Moiré magnetism, and micromagnetic 
simulations. Graduate and undergraduate 
researchers played central roles in these efforts, 
presenting their work at major conferences and 
preparing manuscripts. Two DOE-supported 

Figure 1: X-ray magnetic circular dichroism (XMCD) imaging of 
an MBE-grown Fe3GeTe2/Bi2Te3 heterostructure film transferred 
onto a SiN membrane. (a) Selected XMCD images acquired 
sequentially under varying out-of-plane magnetic fields after zero-
field cooling to 165 K. Arrows and circles indicate the 
corresponding positions on the hysteresis loop, obtained by 
averaging pixel values across all XMCD images. (b) zero-field 
STXM image highlighting regions of varying film thickness. 

Figure 2: (a) Schematic of PtTe₂/CrSBr/graphite 3-
terminal device and measurement configuration. (b) 
Spin-filter tunneling magnetoresistance at 85 K measured 
between the top and bottom contacts (T3–T2 in (a)) as a 
function of in-plane magnetic field H applied parallel to 
the CrSBr easy axis (H ∥ Ñ) and parallel to the 
intermediate axis (H ⟂ Ñ). (c) Spin-torque 
antiferromagnetic resonance (ST-AFMR) mixing voltage 
spectra for a magnetic field applied along the intermediate 
anisotropy axis (𝜙𝜙𝐻𝐻 = 90°). Dashed gray line represents 
fit to the optical magnon field dependence based on a 
Landau-Lifshitz model for two antiferromagnetically-
coupled sublattices.  
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papers are in preparation: one on fragmented domain formation in epitaxial magnet/topological 
insulator heterostructures [2] and another on Sagnac interferometry in Bi:YIG thin films [4]. In 
addition, DOE-supported publications from this period include a Nature Materials News & Views 
on anisotropic spin transport in proximitized graphene [5]. 

Future Plans 

In the next period, the research will advance from infrastructure commissioning to time-
resolved measurements of nonequilibrium spin and charge dynamics in vdW magnetic 
heterostructures. A key priority is the implementation of time-resolved Kerr rotation microscopy 
on exfoliated 2D magnets and topological insulator interfaces using the fully operational cryogenic 
vector-magnet optical setup and Sagnac interferometer. These experiments will provide high-
sensitivity, ultrafast optical detection of dynamic spin phenomena. 

Sample development will continue through glovebox-integrated, automated stacking of 
exfoliable epitaxial heterostructures and new air-stable 2D magnets, with designs optimized for 
ultrafast and variable-field experiments. This will allow correlation of static domain textures with 
dynamic responses under optical and electrical excitation. 

Three emerging research directions will also be pursued: 

1. Spin torque in superconducting heterostructures — extending optical probes of spin torque 
to vdW superconductor–magnet bilayers (e.g., BaPb₁₋ₓBiₓO₃) to examine dissipation, 
coherence, and spin-mixing conductance. 

2. Moiré magnetism and altermagnets — applying time-resolved optical and transport probes 
to engineered Moiré superlattices and layered altermagnetic candidates, with emphasis on 
emergent chiral textures, symmetry breaking, and interlayer coupling. 

3. RF-driven spin dynamics in antiferromagnets — developing opto-electronic probes of 
electrically driven antiferromagnetic resonance, combining GHz excitation with ultrafast and 
interferometric readout. 

Parallel efforts will focus on completing and submitting manuscripts currently in 
preparation, including two experimental papers on Sagnac interferometry and magnetic domain 
formation, as well as two topical reviews on Moiré magnetism and magnon dynamics. 

User-facility experiments will remain central, with scheduled or pending beamtime at 
LBNL (qSPLEEM), BESSY II (tr-STXM), and the NSF NeXUS facility (tr-ARPES). These 
campaigns will complement in-lab ultrafast optics by providing nanoscale, element-specific 
imaging of current-induced switching and emergent spin textures. 

On the training front, the PI will continue one-on-one and group mentorship, with an 
emphasis on guiding student-led manuscripts, supporting graduate and fellowship applications, 
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and fostering leadership through proposal development and project ownership. Expanded 
collaborations with national labs and theory groups will support data interpretation and seed new 
efforts in THz magnetism, altermagnetic spintronics, and spin-based interconnects. 

Together, these activities will drive progress toward the project’s overarching goal: 
establishing the ability to resolve and control spin, charge, and magnetic order in quantum 
materials with ultrafast spatiotemporal precision, while training the next generation of scientists in 
frontier spintronics and quantum materials research. 
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Engineering Correlated Phases in Higher-Order Moiré Quantum Matter 

Kenji Yasuda, Cornell University 

Keywords: 2D materials, Moiré superlattice, Thin film growth, Quantum Transport, Scanning 
Probe Microscopy 

 

Research Scope 

 Our project aims to expand the scope of moiré quantum matter by introducing higher-order 
moiré superlattices in van der Waals heterostructures. Moiré quantum matter formed by stacking 
2D materials with a precisely controlled angle often exhibits unique electronic and optical 
properties. In conventional moiré systems, it is generally assumed that the two stacked layers must 
have nearly identical lattice constants to achieve long-period superlattices, which has constrained 
material choices. Our research challenges this limitation by creating a heterostructure between two 
2D materials with significantly different lattice constants and different lattice symmetries while 
achieving higher-order commensurability through 
twist angle control, named higher-order moiré 
superlattices. This approach dramatically 
broadens the material palette of moiré quantum 
matter, enabling us to design new classes of 
topological flat bands. 

We specifically explore two different 
types of higher-order moiré superlattices: √3 -
moiré graphene and 1D-moiré graphene. In the 
former, we employ an insulating 2D material with 
a lattice constant approximately √3 times larger 
than that of graphene as a substrate, such as CdI2. 
By aligning the √3-substrate close to a 30° twist 
angle relative to monolayer graphene, the 
substrate and the √3 ×√3 supercell of graphene 
become nearly commensurate, creating a long-
period moiré superlattice, which we term √3 -
moiré graphene (Fig. 1a). Interestingly, theory 
predicts that the resulting √3-moiré graphene will 
exhibit flat band similar to that in magic-angle 
twisted bilayer graphene due to the coupling 
between the two Dirac points at K and K’ [1]. Our 
project aims to establish a material system for the 

Fig. 1 a, Schematic of the moiré superlattice 
formed between graphene (orange) and a 
substrate (purple) with a lattice constant 
approximately √3 times larger than that of 
graphene. b, Schematic of the moiré superlattice 
formed between graphene (orange) and a 
rectangular lattice substrate (green) with one of 
the lattice constants being approximately 1.5 
times larger than that of graphene.  
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realization of √3-moiré graphene, directly observe the band structure modulation, and explore 
correlated and topological phases at low temperatures through transport measurement. 

In 1D-moiré graphene, we interface monolayer graphene with an insulating 2D material 
substrate that has a rectangular lattice, such as MoO3. We choose the substrate so that one of its 
lattice constants is 1.5 times larger than that of graphene, while the other is significantly 
mismatched. This specific geometry results in a moiré interference pattern that is periodic along 
only one direction, effectively creating an array of one-dimensional electron channels (Fig. 1b). 
This platform allows electrons to move freely along one direction but confines them in the 
perpendicular direction, providing a clean and highly gate-tunable environment to study 
fundamental 1D physics. Our project aims to establish the unique 1D-moiré graphene and explore 
exotic physics, including phenomena like spin-charge separation and Tomonaga-Luttinger liquid 
behavior.  

Recent Progress  

Progress 1. Fabrication and AFM characterization of higher-order moiré superlattices  

 We first assembled CdI2/graphene heterostructure using 
exfoliation and dry transfer method. We obtained single crystals of CdI2 
from Zdenek Sofer (University of Chemistry and Technology Prague), 
and then exfoliated and assembled the heterostructure inside a glovebox 
to prevent the degradation of CdI2 due to moisture. We carefully aligned 
the flakes of CdI2 and graphene by using Laue diffraction on the bulk 
crystals and exfoliating them while preserving their crystal orientations. 

We then characterized the assembled heterostructure using a 
torsional force microscope, which is an atomic force microscopy 
(AFM)-based method known to be efficient for characterizing the moiré 
superlattices of 2D materials [2]. Figure 2 displays the torsional force 
microscope image of the √3 -moiré superlattice of a CdI2/graphene 
heterostructure taken in our lab. The image shows a moiré periodicity 
of around 6 nm with a clear hexagonal pattern in the Fourier transform, demonstrating the 
uniformity of the sample. This is the first experimental real-space imaging of a √3 -moiré 
superlattice. This achievement lays the foundation for the future fabrication and characterization 
of higher-order moiré superlattices. 

Progress 2. PVD growth and TEM characterization of higher-order moiré superlattices  

Despite the success of assembling CdI2/graphene through the dry transfer method, we 
found that the interface between them often contains a large number of bubbles originating from 
interlayer contamination. This is likely because of the weaker interlayer cleansing effect between 
CdI2 and graphene compared to that of the graphene/graphene interface. To overcome this 

Fig. 2 Torsional force 
microscope image of 
√3-moiré graphene in 
CdI2/graphene, and its 
Fourier transform 
(inset).  
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challenge, we developed a method to grow monolayer CdI2 directly on graphene using physical 
vapor deposition (PVD) [3]. We placed CdI2 powders on a hotplate, positioned the substrate with 
exfoliated graphene upside down over them with a spacer, and grew the CdI2 on graphene at 250 °C. 
This process yielded atomically flat CdI2 on graphene (Fig. 3a). 

We further collaborated with David Muller (Cornell University) to characterize the 
heterostructure with transmission electron microscopy (TEM). The electron diffraction pattern of 
the grown crystal (Fig. 3b) shows that the CdI2(110) diffraction spots coincide well with the 
Gr(100) spots, demonstrating that we successfully grew CdI2 aligned with graphene. We also 
observed a 100 nm-scale moiré superlattice in the TEM image, originating from the slight lattice 
mismatch between CdI2 and graphene and strain (Fig. 3c). Additionally, we applied this technique 
to grow MoO3 on graphene [4], successfully yielding a MoO3/graphene heterostructure via PVD 
(Fig. 3d). These studies establish PVD as an alternative method for creating heterostructures with 
pristine, contamination-free interfaces. 

 

 

Progress 3. Development of a quantum twisting microscope 

 To directly visualize the electronic band structure of 
our heterostructures, we built a quantum twisting 
microscope based on our existing AFM system. It uses a 
customized, blunt AFM tip coated with a layer of graphene. 
This tip is brought into physical contact with the sample 
heterostructure, which is mounted on a rotatable stage. By 
measuring the tunneling current between the tip and the 
sample while simultaneously varying the bias voltage and 
the twist angle, the microscope directly maps the sample’s 
band structure in momentum space. 

We have successfully demonstrated this technique 
by measuring the twist-angle-dependent conductance 

Fig. 3 a, Optical microscope image of PVD-grown CdI2/graphene. The highlighted region by a white arrow 
corresponds to monolayer CdI2 grown on graphene. b, Electron diffraction image. The overlap of CdI2(110) and 
graphene (100) spots demonstrates their crystallographic alignment. c, TEM image of CdI2/graphene showing 
100-nm-scale moiré superlattice.  d, Optical microscope image of PVD-grown MoO3/graphene. The highlighted 
region by a white arrow corresponds to monolayer MoO3 grown on graphene.  

Fig. 4 Conductance between two 
graphite layers as a function of the 
twist angle as measured in quantum 
twisting microscope.  
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between two layers of graphite (Fig. 4) [5]. This tool will be crucial for mapping the band structure 
of higher-order moiré superlattices to identify the ideal twist angles for achieving flat bands. 

Future Plans 

Plan 1. Measurement of higher-order moiré superlattices  

 Having established methods to create and characterize higher-order moiré heterostructures 
(CdI2/graphene and MoO3/graphene) via the dry transfer method and PVD, we will now 
investigate their electronic properties. We will fabricate dual-gated devices and perform low-
temperature transport measurements using our variable temperature insert and dilution refrigerator. 
We will also measure the electronic band structures of these heterostructures with our quantum 
twisting microscope. 

Plan 2. Growth of MoO3/graphene with MBE 

 In collaboration with Darrell Schlom (Cornell University), we will grow MoO3 on 
exfoliated graphene using the NSF-funded molecular beam epitaxy (MBE) user facility at 
PARADIM. We anticipate that the crystal quality of the MBE-grown MoO3 will be much higher 
than that from our PVD growth, due to the ultrahigh vacuum and slow growth speed of MBE. This 
enhanced quality will facilitate the exploration of low-energy exotic physics. 

Plan 3. Exploration of other materials 

 Through an extensive 2D materials database search, we have identified more than a dozen 
candidate materials that should exhibit higher-order moiré superlattices in combination with 
graphene. We will establish fabrication methods for heterostructures made from these materials to 
identify the best combinations for exploring exotic physics. In particular, we plan to focus on 
BiSbTeSe2; we will obtain atomically thin flakes using the gold-assisted exfoliation method and 
then create heterostructures with graphene. 
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Twisted oxide membrane interface by local atomic registry design 

Chang-Beom Eom 

University of Wisconsin-Madison  
 
Keywords: Thin Film Synthesis, Quantum Heterostructures, Heterointerfaces, 
Superconductivity     
 
Program Scope  

Quantum materials such as unconventional superconductors, interfacial 2D electron gases 
(2DEGs), and multiferroics have been fertile ground for new discoveries. We develop novel 
synthesis routes to create a new generation of epitaxial quantum thin film and membrane 
heterostructures for study of fundamental science. These films can be of comparable or higher 
quality than available bulk single crystals, but more importantly film deposition conditions can be 
maintained far from equilibrium, so that metastable phases (nonexistent in nature) can be obtained 
through epitaxial stabilization. But these novel systems are sensitive to constraints of thin film 
heterostructures, including interaction with the substrate, the difficulty in controlling stoichiometry 
and point defects, and the challenge of forming atomically perfect interfaces.  

Our goal is to design substrate interactions, control point defects and stoichiometry, and to 
fabricate atomically perfect interfaces and single crystal free standing membranes to reveal new 
phenomena and discover fundamental intrinsic properties of quantum materials by leveraging 
dimensionality, anisotropy, and electronic correlations. We have developed a unique free-standing 
oxide stacked membrane fabrication technique to address these challenges, which can also apply 
large dynamic strain through a piezoelectric layer. We control stoichiometry and point degects 
through a Hybrid Pulsed Laser Deposition (HPLD), and have begun to understand a route to new 
discoveries through control of highly perfect and defect free films and heterostructures.  

The thrusts of the proposed new work expand into new materials systems:  

Fabrication of Novel Quantum Material Platforms 

Novel Hybrid PLD Synthesis Route – We continue to develop hybrid PLD, in particular for Nb 
doping of KTaO3 (KTO). We have demonstrated that the ferroelectric quantum critical point can 
be controlled by Nb doping and strain, possible only with thin films. Hybrid PLD is seemingly the 
only approach to synthesize high-quality KTO thin film membranes. 

Complex oxide membranes We are developing a registry design synthesis approach for twisted 
heterostructures expanding the landscape of quantum heteromaterials. This new approach 
assembles complex oxide and nitride membranes into twisted heterostructures. 

Fundamental Science of Novel Quantum Materials Platform  
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LaAlO3/KTaO3 interface superconductivity – We propose to control the KTO carrier 
concentration with Nb doping and electrostatic gating to move the system toward the quantum 
critical point, enhancing superconductivity. We will also use dynamic strain of KTO membranes 
to understand the role of the quantum critical point in KTO superconductivity. 

Strain controlled twisted oxide membranes heterostructures - building on our discovery of 2D 
charge configurations at SrTiO3 ( STO ) moiré interfaces, we investigate structural, electronic, and 
magnetic phenomena in different types of complex oxide moiré heterostructures including 2D 
charge localization, structured 2D polarization-vortex crystals, and topological spin textures at 
twisted oxide interfaces in heterostructures assembled from freestanding membranes with a 
relative twist around their crystalline axes. 

Ba(PbxBi1-x)O3 superconducting films and membranes with strong spin-orbit coupling –We have 
shown that BPBO shows strong spintronic effects as well as high-temperature superconductivity.  

Recent Progress  
The interplay of lattice-orbital-charge in 
strongly correlated oxides has hosted a 
plethora of exotic quantum phases and 
physical properties. Even though stacked 
heterostructures of freestanding oxide 
twisted membranes can provide an 
extended pathway regarding moiré 
engineering with local lattice control, 
research on lattice-driven electronic 
structural modulations of twisted oxide 
bilayers remains unexplored. We have 
developed synthesis routes for epitaxial 
thin-film oxide freestanding membranes 
and their controlled-twist assembly into 
layered heterostructures and made atomic 
scale measurements of the atomically 
clean, high-quality interfaces necessary to 
establish exotic moiré phenomena1.  

SrTiO3 twisted membrane 
heterostructures We constructed a twisted 
bilayer system using freestanding SrTiO3 
and adapt STEM and EELS as a proper 
toolset to investigate lattice-electron 
correlation at the moiré interface. We 
found theoretical and experimental 

 

 

Figure 1 | Self-mediated moiré electronic lattice. a, 
Schematic representation of commensurate moiré lattice 
of 10.4° twisted STO bilayers under Σ 61 CSL boundary. The 
white dashed box represents a moiré supercell and CSL 
components are highlighted as violet (Sr), dark violet (Ti), 
red (O), pink (Non) color squares in a, f. b-e, Schematic of 
plan-view and interfacial atomic geometry for Sr-, Ti-, O-, 
and non-CSL region, respectively. f, Bader charge 
calculation corresponding to the same region. 
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evidence of locally and periodically 
reconstructed electronic structure under the 
coincidence site lattice (CSL) condition, as 
well as of directly coupled interfacial 
atomic geometries. The moiré charge 
localizations accompany the emergence of 
localized states, and bandwidths controlled 
by atomic reconstructions, determined by 
the twist angle relative to coincident lattice 
values. Our work gives a novel insight into 
interfacial phenomena at the twisted 
interface and opens pathways to 
discovering new moiré-electronic 
properties and functionalities. 

For example, we designed a SrTiO3 (STO) 
membrane bilayer with a twist angle of 
10.4° (Σ 61) and a 3.04 nm periodic moiré 
supercell (Fig. 1a). The oxide bilayer has the stoichiometric interfacial geometry terminated by an 
SrO plane at top membrane and TiO2 plane at the bottom membrane, respectively. The three non-
equivalent atoms in STO form three unique CSLs, where Sr, Ti, and O align in columns at different 
commensurate points within the moiré cell, in addition to an incommensurate point (non-CSL), as 
shown in Fig. 1a.  

At Ti-CSL points, four Sr atoms surround the Ti ion in the upper and lower layers, replicating the 
Ti-O octahedral structure characteristic of bulk STO at the interface (Fig. 1b). Similarly, the Ti-O 
polyhedral structure around Sr-CSL sites form octahedral structures where the Ti ion coordinates 
with six oxygen atoms (Fig. 1c). Since both types of cation-centered CSLs exhibit minimal 
structural differences at the interface, there is little change in Ti oxidation states. However atomic 
rearrangements at some local CSL structures can exceed the limits for octahedral coordination, 
leading to different properties. In our case, this leads to a lower coordination number (CN), 
changing the charge state of Ti. For instance, at the O-CSL point centered around a corner-sharing 
oxygen atom the oxygen atom at the interfacial Ti-O polyhedron remains 5-fold coordinated due 
to the absence of a structural connection with the SrO layer in the top STO (Fig. 1d). As a result, 
this O-CSL point exhibits a relatively low coordination number CN = 5, and the Ti-O polyhedron 
in non-CSL structure with atomically staggered distributions also coordinates with only five 
oxygen atoms (Fig. 1e).  

We have the ability to create twisted (in-plane rotation) and tilted (different crystalline 
orientation) membrane heterostructures. The delicate balance in the couplings among structural 
symmetry, electronic properties, and spin configurations in modern complex materials positions 

 

Fig. 2 (a) Fabrication of twisted moiré heterostructure 
of SrTiO3 membranes using a water soluble Sr2CaAl2O6. 
(b) Schematic of a manipulator for fabrication of 
twisted bilayers. (c) Schematic of a twisted SrTiO3 
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twist and tilt interactions across interfaces as a natural knob to dynamically control and design 
functional thin-film properties.  

In addition, new properties can be strain-activated by utilizing an electrically controlled 
piezoelectric layer. However, the traditional growth techniques of such epitaxial thin-film 
heterostructures are challenged by the limited range of functional materials compatible with 
growth on piezoelectric layers, the in-plane strain-restricting clamping by growth substrates, and 
the limited accessible strain configurations in piezoelectric materials.  

Our recent advances allow us to synthesize epitaxial thin film functional membranes free from 
substrate clamping and assemble them into piezoelectric activated membrane heterostructures, 
overcoming these limitations. This ability to synthesize heterostructures with incompatible 
structure and lattice constant, and generate new properties with designed dynamic strains 
provides pathways to new functionalities. 

We employ a sacrificial layer method, to create membranes by releasing epitaxial films from 
their growth substrate (Fig. 2a).  Fig. 2b shows a schematic of the instrument we have created to 
controllably assemble functional membranes into twisted heterostructures. One membrane is 
twisted with a controllable rotation, while the other is assembled into place with a 
micromanipulator creating a twisted heterostructure, as shown in Fig. 2c. We have demonstrated 
a precise twist angle control and successfully assembled twisted membranes of SrTiO3, 
ferroelectric BaTiO3, and ferromagnetic SrRuO3 and LaSrMnO3.  

Our preliminary experimental results on twisted membrane assembled heterostructures are 
intriguing, showing their excellent structural quality and unexpected electronic properties.   

Fig. 3 shows results of characterization for a fabricated 10.4°-twisted SrTiO3 bilayer with a 5 nm 
thick SrTiO3 membrane. Our depth sectioning-based TEM method, allowing selective imaging 
of depth-dependent SrTiO3 atomic planes across the bilayer (Fig. 3a), clearly resolves the moiré 
periodic structure at the twisted interface (Fig. 3b).  

The observed atomic structure is in excellent agreement with our model (Fig. 3c). Moreover, 
using depth-resolved electron energy loss spectroscopy (EELS), we observe a modulated eg-t2g 
energy peak difference in a Ti-L3 edge spectrum indicating electronic reconstruction within the 
moiré cell. 
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 Our theoretical 
modeling signifies clear 
correlation of the EELS 
mapping with our 
calculated Bader charge, 
demonstrating that the 
electronic behavior at 
the twisted interface is 
controlled by the local 
atomic registry. This 
observation 
demonstrates how the 
strong interlayer 
bonding in oxide moiré 
heterostructures can lead 
to pronounced 
modulation of electronic 
properties through 
variations in atomic 
registry, potentially 
enabling new 

functionalities through enhanced coupling between structural and electronic degrees of freedom.   

 
Future Plans 
(1) Strain controlled twisted oxide membranes heterostructures, 
The delicate balance in the couplings among structural symmetry, electronic properties, and spin 
configurations in modern complex materials positions twist and tilt interactions across interfaces 
as a natural knob to dynamically control and design functional thin-film properties. We plan to 
investigate structural, electronic, and magnetic phenomena in different types of complex oxide 
moiré heterostructures including 2D charge localization, structured 2D polarization-vortex 
crystals, topological spin textures at twisted oxide interfaces. 

(2) KTaO3 interface superconductivity     
We plan to use Hybrid PLD for growth of electronic grade KTaO3 thin films, LaAlO3/KTaO3 
heterostructures of different crystallographic orientations, and KTaO3 membrane films and 
heterostructures for fundamental explanations of the mechanism of recently observed 
superconductivity. We will use electrostatic gating layer to vary the carrier concentration and Nb 
doping to approach the ferroelectric quantum critical point of KTO. This task will be achieved by 
employing Ba1-xSrxRuO3 sacrificial layer, during the growth of KTaO3 (001) and (111) 
heterostructures.  

 

Fig. 3 (a) A focal series of HAADF-STEM images STO planes from top to 
bottom in a 10.4°-twisted STO bilayer. The white arrows indicate the in-
plane orientations of the top and bottom STO layers. The components of 
moiré supercell are highlighted as green (Sr-), blue (Ti-), and red (O-) 
overlapped circles. (b) Atomic-scale HAADF image of moiré supercell for 
10.4°-twisted STO bilayer. (c,d) Atomic structure (c) and mapping of the 
eg-t2g energy peak difference in a Ti-L3 edge EEL spectrum for a region in 
(b) outlined by a dashed white square, reflecting valence charge 
modulation within the moiré supercell.  
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Ultrafast Isospin Dynamics in Flatband Graphene 

Chenhao Jin, University of California, Santa Barbara 
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Research Scope 

 Flatband graphene systems recently emerged as an intriguing platform for engineering 
correlated and topological phenomena. A plethora of exotic ground states have been reported such 
as superconductivity, orbital ferromagnetism, integer and fractional Chern insulators. 
Nevertheless, available experimental tools typically only capture long-range orders in the ground 
state and have no access to the excitations. Such deficiency has limited our understanding of 
competing orders and quantum critical physics, as well as the opportunity for engineering non-
equilibrium phenomena through driving the excitations. In this project, we develop a novel 
ultrafast pump-probe technique dubbed Time-Resolved Imaging of Isospin Orders (TRIO) that 
directly creates and monitors excitations in flatband graphene systems at femtosecond timescales; 
and leverage this unique experimental capability to access previously unavailable information such 
as strength and dynamics of isospin (i.e., spin and valley) fluctuations. Our results will offer key 
input to the understanding of correlated and topological phases in flatband graphene and help 
answer central questions in condensed matter physics such as the nature of competing orders, 
superconductivity and quantum critical points.   

Recent Progress  

 We have successfully developed the first generation of TRIO, which allows us to optically 
probe isospin orders and excitations in flatband graphene systems. One major challenge behind 
optically probing graphene systems is their weak optical response as atomically thin semimetals. 
Worse still, the relevant energy scales of correlated phases typically fall in the milli electron-volt, 
or terahertz range, which is inconvenient for direct optical access. We have addressed these 
challenges through exciton sensing1: a monolayer semiconductor sensor, such as WSe2, is placed 
in direct contact with the target graphene system 
without a spacer in between, which encodes the 
correlated phases in graphene into exciton energy 
shift in WSe2. This new sensing scheme we 
developed not only paves the way for optically 
detecting correlated states in flatband graphene 
systems but also offers the unique capability to 
identify isospin orders and distinguish them from 
other mechanisms of Fermi surface change.  

Fig. 1: Phase diagram of RTG from electrical 
capacitance (a) and TRIO (b). 
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As an example1, Fig. 1, a and b compare the equilibrium phase diagram of a rhombohedral 
trilayer graphene device measured by electrical capacitance and TRIO. The horizontal and vertical 
axes are charge carrier density and displacement field, respectively. In capacitance measurement, 
isospin orders and transitions manifest as incompressible lobes on the hole-doping side and 
compressibility jumps on the electron side. TRIO fully captures these isospin order features in the 
top left and bottom right quadrants, while shows weak responses in the other two quadrants. Such 
asymmetry can be naturally understood from a short-range interaction between WSe2 and 
graphene such that WSe2 primarily interacts with charges in the top (closest) layer. TRIO therefore 
also provides a sensitive probe of layer polarization.  

Going beyond measuring equilibrium 
isospin orders, TRIO allowed us to extract key 
properties of the isospin soft modes without 
directly coupling to the order parameter2. It has 
been conjectured that the isospin soft modes can 
provide the pairing glue for superconductivity. 
However, most isospin orders have exotic order 
parameters that are difficult to couple to, making 
experimental investigation challenging. Using 
TRIO, we record the first video of ultrafast 
melting and recovery of isospin orders in magic 
angle twisted bilayer graphene (Fig. 2). By 
inspecting the transition between isospin orders 
and the damping of collective excitations using TRIO, we uncover remarkably slow dynamics of 
isospin orders in MATBG in the filling range of -3< v < -2, indicating the existence of long-lived 
isospin soft modes and strong isospin fluctuations. Interestingly, both IVC orders and 
superconductivity also emerge in this carrier filling range. The weakly-damped isospin modes we 
observe could naturally originate from the IVC goldstone mode and provide the paring glue for 
superconductivity. Our results therefore provide a key missing piece of the complete picture. 

 Building upon these recent successes, we have further investigated isospin excitations and 
dynamics in RTG, a representative crystalline flatband graphene system, and obtained intriguing 
preliminary results. Fig. 3a shows the time-evolution of transient TRIO spectra at fixed 
displacement field and representative fillings on the hole-doped side. The signal remains zero 
before the pump arrives and rises sharply at time zero; then gradually diminishes as the system 
relaxes back to equilibrium. Interestingly, the relaxation dynamics show remarkable slowing-down 
in multiple filling ranges, separated by regions of fast decay (Fig. 3b). This indicates that weakly-
damped isospin soft modes also exist in RTG with relaxation dynamics up to 1 ns, even slower 
than in MATBG. Since RTG is metallic throughout the phase diagram except for near charge 
neutrality, the observed weak damping does not originate from a large particle-hole excitation gap. 
It instead indicates a flat energy landscape and strong competition between different isospin orders. 

Fig. 2: Ultrafast melting and recovery of isospin 
orders (arrows) in magic-angle twisted bilayer 
graphene. Δt is the delay between the pump 
and probe lights. 
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Future Plans 

 In the current supporting period, we plan to leverage TRIO to investigate both equilibrium 
isospin orders and nonequilibrium isospin dynamics and excitations in flatband graphene. On the 
equilibrium order side, we plan to apply TRIO to probe isospin orders inside superconducting 
domes. This has remained an experimental challenge since most techniques probe isospin orders 
and superconductivity through the same measurement channel, resulting in disruption and conflict 
between the two. For example, electrical transport is short-circuited by superconductivity inside 
the superconducting domes and cannot provide information about isospin orders anymore. We will 
bypass such issues using TRIO, which detects isospin orders through a distinct and independent 
optical channel. We will start with MATTG, which has the highest superconducting critical 
temperature among all flatband graphene systems that approaches 2 Kelvin. This allows us to 
achieve the superconducting regime with our Opticool cryostat, which has a base temperature of 
1.65 K. In collaboration with Prof. John Harter, we are also constructing a new TRIO setup around 
a Janis He-3 cryostat with a base temperature of 300 mK (Fig. 6a). We will simultaneously monitor 
superconductivity and isospin orders from electrical transport and TRIO, respectively, while 
navigating the phase diagram. We will also examine the behaviors of isospin orders when 
superconductivity is suppressed by magnetic field and/or temperature. We aim to establish a 
coherent picture of the interplay between isospin orders and superconductivity under all relevant 
tuning parameters and answer key questions regarding the nature of superconductivity.  

 On the excitations and dynamics side, we will apply TRIO systematically to flatband 
graphene systems, both moiré and non-moiré, to further establish the connection between 
nonequilibrium dynamics, collective excitations and correlated orders. We will focus on RTG, 
where we have already observed long-lived isospin modes in specific regions of the phase diagram. 
Compared to moiré graphene, RTG provides several unique advantages, such as tunability through 
electric field and no complication from moiré superlattice. We will systematically investigate the 
evolution of isospin soft modes and fluctuations with tuning parameters such as carrier density, 
displacement field, magnetic field and temperature; and combine this information about 

Fig. 3: Isospin dynamics in RTG. (a) Time-evolution of transient TRIO spectra at representative fillings 
and fixed displacement field. (b) Extracted isospin recovery time. 
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excitations with the ground state properties obtained from electrical measurements. Doing so will 
allow us to elucidate the correspondence between equilibrium isospin orders and the 
nonequilibrium collective excitations, as well as their interplay with superconductivity; thereby 
significantly advancing our understanding of correlated physics. 
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Research Scope 

The goal of the project is to study proximity-induced superconductivity in two-dimensional 
quantum materials, graphene, and unconventional superconductivity. The focus of the research is 
on the interplay between superconductivity, Rashba spin orbit coupling, topological bands, and 
low filling Landau level states. The systems to be studied include 2D electron systems at transition 
metal oxides interfaces in (111) orientation with large Rashba spin-orbit coupling (SOC) and 
graphene. The superconductor to be used is MgB2 which has the highest Tc ~40 K for an s-wave 
superconductor in a solid in comparison with the commonly used Nb compound which has a Tc 
~10 K. Furthermore, MgB2 has very high upper critical field Hc2 (above 60 T in slightly carbon 
doped thin films in a magnetic field parallel to the C-plane) which can create low Landau level 
quantum Hall states in the 2D systems while MgB2 is still superconducting. This provides a 
possibility that chiral superconductivity can be induced in low Landau level states. The goal of the 
project is (1) to achieve a high temperature platform for inducing topological superconducting 
states, and (2) to induce chiral superconductivity in low Landau level states utilizing the high Tc 
and high upper critical field of MgB2 thin films. In addition, Dirac nodal line has been predicted 
and observed by ARPES on MgB2 M-plane (10-10), which supports the prospect of an intrinsic 
topological superconductor.1 The overall goal of this project is to explore the unconventional 
superconductivity in topological or quantum limit states in graphene and metal oxide (111) 
orientation based 2D electron systems.  

Recent Progress 

1. Selective Area Epitaxy of MgB2 on Epitaxial Graphene-SiC 

Hybrid structures of superconductors with graphene and 2D electron gas systems are 
extensively studied recently due to the prospect of achieving Majorana Fermions for fault-tolerant 
quantum computing. However, current studies have been largely based on low temperature 
superconductors, such as Nb (Tc~9 K). Higher operation temperature is extremely desirable for 
both fundamental research and potential applications. MgB2 has a bulk transition temperature (Tc) 
of 39 K, the highest Tc BCS s-wave superconductor at ambient pressure, and it has also been shown 
to be able to achieve an upper critical field (Hc2) larger than 60 T.  Furthermore, MgB2 possesses 
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two superconducting energy gaps, a small gap of ~2.3 meV due to the π band and a larger gap of 
~7.1 meV due to the two-dimensional σ band which contributes to its high Tc, but also has Fermi 
nodal lines along ab directions, making it a potential topological superconductor. We have 
discovered a selective area epitaxy on both epitaxial graphene on SiC and transferred graphene, 
where areas with graphene prohibit the growth of MgB2. This is possibly due to the low surface 
energy of epitaxial graphene and van der Waals bonds which inhibit MgB2 deposition to allow for 
selective area growth onto SiC. Selective area epitaxial growth of C-plane films would allow not 
only direct growth of superconducting devices, but it also offers the opportunity to fabricate high 
quality thin film-based lateral hybrid MgB2-graphene superconducting devices for unconventional 
Josephson devices and chiral superconductivity in Landau level states. Fig. 1 shows the schematic 

diagram of Hybrid Physical-Chemical Vapor Deposition System (HPCVD) for fabricating high 
quality epitaxial MgB2-thin films and the process of making MgB2 devices with a patterned 
graphene template.  

The significance of the selective area epitaxy is that it can allow a high Tc and high Hc2 

superconductor platform to form hybrid devices with graphene to study unconventional 
superconductivity such as Josephson effect, proximity effect and predicted chiral 
superconductivity in low filled Landau level states, topological superconductivity along Fermi 
nodal lines, and nanostructured superconducting devices. 

2. Superconducting epitaxial MgB2 nanowires grown via selective area epitaxy 

Superconducting nanowires are useful in many areas of studies, especially for single 
photon detection. We have patterned the epitaxial graphene on SiC (which was formed by vacuum 
annealing of SiC) with the nanowire area removed using electron beam lithography. The 
subsequent growth of MgB2 films was only on the area of nanowires, forming well defined 
epitaxial nanowires with high Tc, Hc2. and critical current density. Fig. 2 shows a SEM image of 
two nanowires of 300 nm and 500 nm wide and nominal ~60 nm thick.  The superconducting 
transitions in magnetic fields up to 10 T in both parallel and perpendicular fields are also shown. 
The extrapolated Hc2. at T =0 are 8.5 T and 25.2 T for perpendicular and parallel field, respectively.  

 

Hybrid Physical-
Chemical Vapor 

Deposition System 
Geometry

W
ater-cooled vertical cham

ber

SiC-coated graphite 
sample holder

Therm
ocouple

+ Q
uartz support

100 Torr
690 °C

Fig. 1. (from left to right) Schematic diagram of HPCVD growth technique. Process to pattern 
epitaxial grown graphene and expose the SiC substrate for selective area growth of MgB2 films. 
Nanobridge pattern on a transferred graphene for both before and after MgB2 growth. Nanowire 
pattern using e-beam lithography for both before and after MgB2 growth. 
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The critical current density of the 
300 nm and 500 nm wires shows very 
high values at Jc(2 K, 0 T) = 6.1 x 107 
A/cm2 and 4.6 x 107 A/cm2, respectively, 
similar to that of the normal wider and 
thicker films. The critical current density 
decreases faster in magnetic field in the 
nanowires than that of the thicker films. 

 

3. Ultrathin and tilted ab-axis MgB2 films  

Ultrathin superconducting films with high transition temperature and high critical magnetic 
field are desirable for many potential applications, such as hybrid superconductor-topological 
material structure for quantum computing, and single photon detectors. We have studied the 
superconducting transition of ultrathin MgB2 film with film thickness down to nominal 3 nm. The 
𝑇𝑇𝑐𝑐 of the nominal 3 nm- thick film is still above 30 K. Separately, the ab-axis MgB2 thin films 
have been very desirable due to that it exposes the 2D σ band and Fermi nodal line normal to the 
surface direction for probing those properties. In addition, the Hc2 is large when the magnetic field 
is parallel to the ab axis direction due to the intrinsic layered structures, which can be used for 
studying the proximity effect to quantum Hall states. Toward this effort, we have grown MgB2 
films on M-plane sapphire which produced bi-directional grains that tilt the MgB2 C-plane 37° 
relative to the substrate surface and significantly expose the MgB2 M-plane.  
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Fig. 2. SEM image of a 330 nm wide nanowire. Superconducting transitions in 
both parallel and perpendicular magnetic field of the ~300 nm and ~500 nm 
wide nanowires are shown. The maximum magnetic field is 10 T. 

 

 

Fig. 3. Critical 
current density of 
the 300 nm and 
500 nm nanowires 
as a function of 
magnetic field.  
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4. Shubnikov-de Haas Oscillations reaching the quantum limit in Two-Dimensional 
electron Systems at SrTiO3 (111) Interfaces 

Transition metal oxides in the (111) orientation have been predicted to harbor topological 
phases and unconventional quantum states because of their hexagonal crystal symmetry and strong 
interactions between charge, spin, and orbital degrees of freedom. We report Shubnikov-de Haas 
oscillations into the quantum limit at magnetic fields up to 35 T in high mobility (>20,000 cm2V-

1s-1) two-dimensional electron liquids at (111) oriented SrTiO3 interfaces with controllable carrier 
densities. Spin splitting is observed at low Landau levels which is attributed to the interplay 
between the Zeeman splitting and Rashba spin-orbit coupling according to our theoretical 
modeling, yielding Landé factor g = 0.29 and Rashba coefficient 𝛼𝛼 = 0.6 meV ∙ nm. At high 
magnetic field after the system reaches the lowest Landau level, the temperature dependence of 
the resistance shows a metallic to insulating state transition with the magnetoresistance changing 
significantly from a primarily quadratic to a large linear field dependence. 
Future Plans 

The future plan will focus on proximity induced superconductivity in hybrid structures of 
MgB2/graphene and MgB2/2D electron gas systems. The selective area epitaxy method will be 
utilized as a template for fabricating hybrid structures of MgB2 and graphene. Transferred 
graphene sandwiched between hBN will be explored due to the much higher mobility of the 
transferred graphene than that of the epitaxial graphene. The base template of graphene on SiC 
will still be used even for transferred graphene for the reason that it can be used as a mask for the 
MgB2 growth. There are two major goals of this study: (1). Josephson junction type of devices 
through graphene to have a high operating temperature to study the unconventional Josephson 
effect due to Dirac band. (2) Induced superconductivity in Landau level states in graphene utilizing 
both the high Tc, Hc2. It is possible to also study induced superconductivity in fractional Quantum 
Hall regime. All are predicted to display chiral (p-wave) superconductivity. P-wave 
superconductors are important for fault tolerant quantum computing.  

In addition to the hybrid structure with graphene, we will also follow the proposal on 
studying the proximity induced superconductivity in the transition metal oxide 2D electron gas 
systems with high mobility. These interface electron gases contain topological band, large Rashba 
spin orbit coupling, and other quantum states where single layer graphene does not have. With 
using reasonably low magnetic field to reach the quantum limit in the STO (111) systems, we also 
expect that the proximity effect can be reached when the system reaches low Landau levels.  In 
addition, we will also be looking at the possible topological superconducting state in MgB2 along 
the ab directions through tunneling measurements on the side junctions.  
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Research Scope 

 This project aims to advance quantum photonic platforms based on two-dimensional (2D) 
materials by tuning their excitonic and spin-related properties through strain engineering, 
controlled defect formation, and substrate selection. Special focus is given to monolayer WSe₂ and 
multilayer GaSe systems, owing to their favorable optical and electronic properties. Our approach 
combines cryogenic photoluminescence (PL), optically detected magnetic resonance (ODMR), 
and first-principles defect simulations to build a comprehensive understanding of how mechanical 
strain, defect type, and synthesis method influence emission behavior, spin coherence, and 
localization. 

Recent Progress  

A. Strain-Modulated Exciton Dynamics in Monolayer WSe₂ 

Localized mechanical strain was introduced into monolayer WSe₂ using atomic force microscopy 
(AFM) indentation patterns with spacing of 3, 4, and 5 μm (Figure 1). PL spectroscopy performed 
between 5 and 50 K revealed significant spectral changes between indented and unindented 
regions. Multiple excitonic peaks were observed: neutral exciton (X₀), trion (XT), dark exciton 
(XD), and dark trion (XDT) [1-3]. Indentation resulted in redshifts and broadened linewidths, 
particularly for XD and XT. A power-dependent blue shift of emission peaks followed the form 
E(P) = E₀ – mPⁿ, with extracted parameters indicating that trions and dark excitons are more 
sensitive to strain-induced carrier screening than bright excitons. Global fitting of logI–logP 
intensity plots revealed superlinear α values for dark and trion states in indented regions (Figure 
1), confirming many-body recombination effects enhanced by mechanical strain. 

        
Figure 1 Schematic illustration of transferring the WSe2 monolayer to PMMA/Si and formation of defects by AFM 
tip (left) optical image of WSe2 monolayer with different indentation spacing (middle) and logI–logP intensity plots 
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B. Influence of Growth and Substrate on Exciton Behavior 

To decouple the effects of material synthesis and substrate type, we performed a comparative PL 
study on exfoliated WSe₂ (placed on SiO₂/Si) and MOCVD-grown monolayers transferred onto 
quartz substrates. Both power- and temperature-dependent PL measurements were analyzed via 
global pseudo-Voigt profile fitting. MOCVD-grown WSe₂ exhibited higher-energy excitonic 
features (X0 at 1.774 eV vs. 1.732 eV in exfoliated samples) and more stable peak positions across 
power and temperature ranges. Exfoliated samples showed broader features and more pronounced 
defect-bound states. Varshni analysis [4] revealed that MOCVD samples had lower thermal 
broadening coefficients (αV) and more consistent β values, indicating reduced disorder due to 
quartz support and controlled synthesis conditions. These findings support the use of CVD 
methods for scalable fabrication of quantum-optical-grade 2D materials. 

  

C. Thickness and Substrate Dependence in GaSe Multilayers 

We extended our study to gallium selenide (GaSe) flakes, mechanically exfoliated onto SiO₂ and 
TEM grids, with thicknesses ranging from 4.6 to 38.1 nm. AFM and Raman spectroscopy were 
used for structural characterization. The A₁′ mode in Raman spectra redshifted systematically with 
decreasing thickness, consistent with reduced interlayer coupling [5]. Photoluminescence 
measurements performed at cryogenic temperatures revealed enhanced emission on TEM grids, 
likely due to reduced non-radiative quenching and fewer surface traps compared to SiO₂. Power-
dependent PL spectra showed the emergence of sub-bandgap localized excitons at higher 
excitation levels, indicating that structural disorder and thickness significantly modulate exciton 

dynamics in GaSe. 

 

Figure 3 (left) 
Optical images 
showing layer 
thickness variation 
and (right) Raman 
analysis at different 
thicknesses of 
exfoliated GaSe 
flakes. 

 

Figure 2 Excitation 
laser power dependent 
PL data and their global 
fits (left) and Varshni 
plots of 3 main peaks 
(right) of MOCVD 
grown WSe2 monolayer 
transferred on quartz. 

 



 

329 
 

D. Observation of Spin Resonance via ODMR in Strained WSe₂ 

One of the key achievements was the detection of optically addressable spin transitions using 
ODMR method. WSe₂ samples patterned with 5 μm AFM indentations were cooled to 20 K, and 
PL signals were monitored while sweeping microwave frequencies. A clear, repeatable resonance 
was observed near 1890 MHz (Figure 4), with a clear ODMR contrast. The signal broadened and 
shifted under an external magnetic field, consistent with Zeeman splitting, verifying the spin nature 
of the transition. Notably, this effect was achieved without chemical doping, suggesting that strain-
engineered native or extended defects can act as spin-active quantum centers. This establishes 
WSe₂ as a promising 2D host for coherent spin manipulation. 

 

E. First-Principles Defect Modeling  

To better understand the experimental spin signals, we performed density functional theory (DFT) 
simulations of both point and edge defects in WSe₂ using the SCAN meta-GGA functional. While 
point defects (e.g., W or Se vacancies) produced limited zero-field splitting (ZFS) frequencies, 
zigzag edge terminations generated ZFS values near 1860 MHz—closely matching experimental 
ODMR resonances as shown in Table 1. These calculations confirm that extended edge-like 
structures, particularly those created through indentation-induced strain gradients, can produce 
magnetic transitions in the GHz range. This insight bridges the gap between ODMR observation 
and atomic-level modeling, guiding defect engineering strategies for future spintronic devices. 

Table 1. Zero-field splitting parameters (D and E) of zigzag edge configurations in monolayer WSe₂ 
calculated via density functional theory (DFT). Different atomic terminations (e.g., 2Se+W, W+W, and 
hydrogenated W+W[H]) exhibit a wide range of splitting values, highlighting their potential contribution 
to the observed ODMR signal. 

Shape of 
the edge 

Atoms at the 
edge 

Width Å D (MHz) E (MHz) 

Zigzag Se + W 15.3567 1762.5 454.0205 
Zigzag Se + W 21 1860 484.6595 
Zigzag W+ W 7.632 2443.473 430.074 
Zigzag W+ W 13.26912 2630.571 337.401 

Figure 4 ODMR 
results of WSe2 
monolayer obtained 
from AFM 
indented region 
with 5 μm spacing. 
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Zigzag W+ W 18.934 3091.18 394.658 
Zigzag W+ W[H] 7.58747 9897.576 1800.213 
Zigzag W+ W[H] 13.14417 8246.712 1412.6455 
Zigzag W+ W[H] 18.74264 7067.658 1138.066 

 

Future Plans 

We will continue our ODMR experiments on WSe₂ monolayers, extending the frequency range up 
to 20 GHz to identify potential zero-field splitting features from various defects. In addition, MoS₂ 
and GaSe monolayers will be studied using similar low-temperature PL and ODMR techniques to 
examine the universality of observed spin-dependent signals. Following ODMR detection, 
quantum sensing tests for small magnetic field detection will be conducted. 

To achieve zigzag-oriented edge defects, directional scratching is being applied to newly prepared 
WSe₂ samples, replacing previous AFM indentation methods. This approach enables more 
controlled orientation of cracks and better alignment with theoretical predictions. 

A custom-built maskless laser lithography setup will be employed to deposit micron-scale 
electrodes on exfoliated flakes, facilitating measurements of photoconductance and gated exciton 
modulations. 

On the theoretical side, DFT calculations will be extended to MoS₂ and GaSe to determine their 
defect-related ZFS properties. Concurrently, a graduate student is being trained in machine 
learning-based interatomic potential generation and will perform molecular dynamics simulations 
at both nano- and mesoscales, using GPU-accelerated tools for large-scale modeling of defect 
dynamics. 
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Research Scope 

Understanding how chirality interacts with electronic spin is a fundamental challenge in condensed matter 
physics, with implications for spintronics, quantum information, and energy-efficient electronics. The 
chirality-induced spin selectivity (CISS) effect—where electrons become spin-polarized when transmitted 
through a chiral medium, even in the absence of ferromagnetism [1]—offers a powerful pathway to harness 
chirality for spin control. Strong evidence of CISS has been reported in DNA, peptides, and helicenes, but 
the microscopic origin of the effect remains elusive. Theoretical frameworks invoke helicity, interfacial 
spin–orbit coupling, or many-body interactions, yet rigorous experimental tests have been limited because 
molecular systems are fragile and difficult to integrate into multi-terminal device architectures required for 
quantitative transport studies. 

To address this limitation, we turn to the two-dimensional, chiral, hybrid perovskite, 
Methylbenzylammonium Lead Iodide (MBA)₂PbI₄, discovered at the CHOISE EFRC at NREL [2].  In this 
material, chirality is introduced by the (MBA) cation, while the layered inorganic lattice provides strong 
spin–orbit coupling (SOC). Crucially, unlike conventional molecular assemblies, (MBA)₂PbI₄ combines 
several advantages that make it uniquely suited for CISS investigations and device integration: it is 
semiconducting, it can be processed into uniform thin films, and it can be patterned into Hall-bar geometries 
for controlled magnetotransport measurements. Together, these features enable systematic studies that were 
previously inaccessible. Here, we report the first comprehensive Hall-effect study of chiral (MBA)₂PbI₄ 
devices across a broad temperature range (290–50 K). By probing how chirality and SOC influence charge 
transport in a semiconducting platform compatible with scalable device architectures, this work lays the 
foundation for advancing both the fundamental understanding of CISS and its translation into practical 
spintronic technologies. 

Research Progress 

We have (1) developed fabrication process that can ensure high-quality devices with reliable performance, 
(2) performed structural and morphological characterization, and (3) performed transport measurements.  
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1.Fabrication 

We have selected Si/SiO₂ substrates for their compatibility with thin-film deposition and spin-coating 
processes. To enhance the adhesion of the CISS film, the substrates were treated in a UV ozone chamber at 
50°C for 10 minutes. A bilayer of Titanium (Ti) and Gold (Au) was deposited using DC sputtering. The Ti 
layer (4 nm) served as an adhesion layer, while the Au layer (40 nm) functioned as the primary conductive 
electrode. This combination ensures robust electrode-substrate bonding and stable electronic transport 
characteristics. An 80 nm thick Aluminum (Al) back gate was evaporated on the back of the silicon 
substrate.  Laser lithography was utilized to define the electrode pattern with precise alignment (10 µm 
separation between current probes, 2 µm separation between voltage probes) (Fig.1). The small size of the 
device was necessary to mitigate gigaohm-level resistances encountered in early long-channel devices. A 
precursor solution of (MBA)₂PbI₄ was prepared by dissolving the crystalline material in DMF solvent. The 
spin-coating parameters—rotations per minute, duration, and solution concentration—were carefully 
optimized to achieve uniform film coverage. The films were annealed at 100°C for 5 minutes to promote 
crystallization and enhance their structural integrity. After the successful fabrication of the devices, we 
conducted transport measurements using a 1.8 K cryostat over a wide temperature range (290 K down to 
50 K) under perpendicular magnetic fields up to 12 T. 

2. Structural and Morphological Characterization 

The structure and morphology of the spin-coated (MBA)₂PbI₄ thin films were checked before device 
fabrication. XRD patterns reflect a set of sharp diffraction peaks (00l), indicating the layered Ruddlesden-
Popper crystal structure with preferred out-of-plane orientation. The presence of higher-order peaks such 
as (002), (004), and (006) implies good crystallinity and uniform vertical stacking (Fig. 2a). Scanning 
Electron microscopy (SEM) displays uniform film coverage with micron-scale grains with distinct grain 
boundaries, along with cracks that are likely introduced during the annealing process (Fig. 2b). 

Fig 1: (a) Optical microscope image of a symmetric Hall bar structure. (b) Zoomed-in view of   the Hall bar after 
coating with the CISS-active (MBA)2PbI4 film. (c) SEM image of the Hall bar device, highlighting the electrode 
geometry. 

 



 

334 
 

                      

3. Transport Measurements 

3(a). Longitudinal Resistance measurements 

The temperature dependence of the longitudinal resistance (Rxx) 
(Fig. 3) reveals two distinct transport regimes. From 290–70 K, 
Rxx remains in the megaohm range and shows only a weak 
variation with temperature, consistent with thermally activated 
transport dominated by electron–phonon scattering. At room 
temperature, the effective resistivity is 1.7 × 10³ Ω·cm (film 
thickness = 100 nm) whereas out-of-plane devices typically 
exhibit orders-of-magnitude higher resistivity. Below ~70 K, 
however, the resistance increases sharply by several orders of 
magnitude, reaching the gigaohm range. This dramatic upturn 
signals carrier freeze-out and the onset of localized hopping 
transport. A similar low-temperature upturn is also observed in 
bulk MAPbI₃, reflecting the crossover to hopping transport [3]. 

3(b). Hall measurements 

Hall measurements (Fig. 4) show nonlinear field dependence 
behavior. This nonlinearity suggests the possible involvement 
of multiple charge carriers contributing to transport [4]. A sign 
reversal in Hall slope is observed near 100 K, marking a distinct crossover in transport behavior. At lower 
temperatures, at 50 K, the negative Hall slope persists, indicating that the initial carrier population freezes 
out while another charge carrier dominates. 

During Hall measurements, we observed an anomalously large Hall voltage, unexpected for a material with 
such low mobility. This suggests that non-ideal effects—arising from device geometry and current 
spreading—complicate the reliable extraction of intrinsic carrier density and mobility. To address this, we 

propose a two-step corrective strategy. First, a symmetry-based 
decomposition using the α-model with polynomial fitting will be 
applied to separate the odd (Hall) and even (longitudinal) voltage 
components. Second, finite-element device modeling with 
COMSOL will be used to simulate current pathways in the Hall-
bar geometry, clarifying how factors such as film coverage on 
the leads and electrode spacing influence the measured response. 
Together, these methods will disentangle inhomogeneous 

Fig 3: Temperature dependent 
longitudinal resistance. 

(a) 

(b) 

Fig 2: (a) XRD Pattern of (MBA)₂PbI₄ 
thin film. (b) SEM Image showing 
surface morphology with large grains. 
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contributions to the Hall 
signal and provide a more 
robust assessment of charge 
transport in chiral 2D 
perovskites.  

3(c). Non-Local Device 
strategy 

In parallel, we have 
fabricated non-local Hall 
bar devices incorporating Pt 
electrodes. Initial 
observations showed very 
large non-local voltage 
signals indicating pure spin 
transport behavior in (MBA)₂PbI₄, comparable to those observed in low spin dissipation systems such as 
YIG. We are continuing to explore this. 

Future Plans 

Our first priority is to use our measured Hall data to understand various transport regimes in the material. 
As described in the ‘research progress’ section, this will involve modeling. We also have plans to modify 
device geometry with an additional layer of lithography to minimize current crowding effects. Second, now 
that we have demonstrated that we can consistently make and measure Hall devices, we plan to fabricate 
asymmetric devices with ferromagnetic contacts of different coercive fields to extract spin diffusion length. 
Our initial measurements on non-local devices with Pt electrodes have yielded surprising results with 
implications for the CISS material’s spin properties. We plan to pursue this direction further. Finally, 
depending on the outcomes from the asymmetric devices, it may be necessary to investigate Sn-rich 
compositions with enhanced transport properties. If so, we will implement the optimized hybrid 
encapsulation strategies that we have developed and carry out comparable measurements on these 
compositions to benchmark their performance. 

References 

1. Naaman, Ron, et al. "Chiral molecules and the electron spin." Nature Reviews Chemistry 3.4 (2019): 250-260. 

2. Lu, Haipeng, et al. "Spin-dependent charge transport through 2D chiral hybrid lead-iodide perovskites." Science 
advances 5.12 (2019): eaay0571. 

3. Keshavarz, Masoumeh, et al. "Light-and temperature-modulated magneto-transport in organic–inorganic lead 
halide perovskites." ACS Energy Letters 3.1 (2017): 39-45. 

4. Bansal, Namrata, et al. "Thickness-independent transport channels in topological insulator Bi 2 Se 3 thin 
films." Physical review letters 109.11 (2012): 116804. 

Publications and Presentations 

Fig 4: (a-d) Temperature dependent Hall measurements. 



 

336 
 

1. PI presented the work at the APS March Meeting (2025), Anaheim, CA, in a presentation titled. “Hall Transport 
in Chirality Induced Spin Selective (MBA)₂PbI4”. 
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1. Research Scope 

The scope of the project is to utilize a combination of molecular beam epitaxial growth and in-situ 
scanning tunneling microscopy to investigate the surfaces of selected Weyl semimetal systems including 
Mn3Ga and Mn3Sn. These materials are known for their fascinating electronic and magnetic properties and 
effects including anomalous Hall effect, topological Hall effect, giant piezospintronic effect, large exchange 
bias, full electronic switching, and more [1, 2, 3, 4, 5, 6, 7, 8, 9] Both Mn3Ga and Mn3Sn are non-collinear 
antiferromagnetic having the Kagome inverse triangular spin structure. This project aims to produce high 
quality, mirror-like surfaces and to study the structural, electronic, and magnetic properties of the surfaces 
using ultimately, spin-polarized STM and tunneling spectroscopy. The project makes use of two 
independently operating laboratories, each including an MBE-STM system. Lab 1 includes a variable low-
temperature STM with a small permanent magnet allowing applied fields up to 1 Tesla and having a 2-
spring + air-leg vibration isolation system connected to a 5-source MBE system. Lab 2 includes a variable 
low-temperature STM system with a variable 4.5 Tesla superconducting magnet on a 2-stage air-leg 
vibration isolation system combined with a 7-source MBE system. Both STM systems operate with liquid 
helium cooling and are home-built. 

 

2. Recent Progress 

Completion of low-temperature STM systems and initial testing 

Both Lab 1 and Lab 2 underwent extensive modifications over the past 6 years. For Lab 1, the 
previously operating microscope was a room-temperature STM. Finally, the variable LT-STM system was 
completed in 2025 and is now in the testing phase. Modifications over summer 2025 are resulting in cooling 
tests demonstrating good efficiency in cooling and in temperature stability tests. The scanning capability of 
the STM was previously demonstrated, with initial table-top results showing atomic resolution on a graphite 
surface. Some challenges with the course approach are currently being sorted out, but initial tests on Weyl 
semimetal surfaces in UHV are imminent. For Lab 2, the variable low-temperature STM was completed 
and has already undergone temperature testing. The ultimate temperature for the microscope as currently 
configured appears to be 13 K, and it can operate over a range of temperatures up to 100 K or higher while 
under variable magnetic field, a true variable T/variable B system. Scanning tests look promising with noise 
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levels as good as 600 fA/√𝐻𝐻𝐻𝐻. Both Lab 1 and Lab 2 MBE/STM systems allow for tip and sample exchange, 
magnetic STM tip coating, variable temperatures, and variable B fields. 

 

Growth and Analysis of Weyl Semimetal Mn3Sn and Mn3Ga films on GaN substrates 

We previously reported Mn3Sn films grown successfully on sapphire (0001) substrates [10, 11], but we 
have achieved much higher quality films using GaN substrates. We grew Mn3Sn on N-polar wurtzite GaN 
(0001) substrates, and Mn3Ga films on Ga-polar wurtzite GaN (0001) substrates. Publications on these 
results are close to submission [12, 13]. 

In the case of Mn3Sn, we grew 
extremely high-quality films on GaN 
which was grown on sapphire (0001). 
Reflection high energy electron 
diffraction and x-ray diffraction were 
used to determine the in-plane and 
out-of-plane lattice constants, 
respectively. The final determined 
values were a = 5.670 Å, c = 4.526 Å 
which are in excellent agreement with 
ideal expected values (differences 
from expected are +0.0833% for a and 
-0.1104% for c, respectively). 
Furthermore, the RHEED azimuthal 
map reveals high crystallinity from all 
directions (see Fig. 1). RHEED shows 
very streaky streaks with spacings 
very closely matching expected 
values. Streaky streaks indicate highly 
(atomically) smooth surfaces.  

In the case of Mn3Ga, we have 
successfully performed MBE growth 
and room-temperature STM 
investigations of the surface, finding 
smooth spiral growth mounds and a 
spattering of pinholes on the surface (see Fig. 2). The surface step edges indicate that the structure is 
hexagonal given the 120° step angles. Atomic resolution images also reveal the hexagonal structural motif 
of the surface with a surface spacing a = 5.60 +/- 0.10 Å (reported a = 5.4037 Å [4]). Therefore, the spacing 
matches a 1×1 unit cell. The existence of pinholes could be related to the presence of lattice mismatch 
between the film and substrate, or it might indicate the presence of some type of defects. The heights of the 
atomic steps are consistent with c/2 (~2.20 Å) where c = 4.350 +/- 0.023 Å as measured by X-ray diffraction 
(reported c = 4.3603 Å). The dI/dV spectra reveals the presence of an LDOS peak near the Fermi level. 

 

Fig. 1 360° RHEED azimuthal map for Mn3Sn(0001). The patterns 
exhibit well-defined streaks, indicative of a well-ordered crystalline 
surface. A clear sixfold rotational symmetry is observed, consistent 
with the hexagonal crystal structure of Mn3Sn. The primary 
crystallographic orientations, [1010] and [1120], are marked for 
reference. Specific azimuths are obscured due to experimental 
constraints. 
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In some other areas of the surface, some different structures are also seen. This includes triangular wells 
and some surface periodicities which are different from the a-value noted in the atomic resolution image. 
These other regions may correspond to either different reconstructions or else minority grains with 
alternative crystalline orientations. In any case, overall, the surface is of very high quality and suitable for 
spin-polarized STM measurements. 

3. Future Plans 

In the case of Mn3Sn, next steps for this project are to a) grow GaN/sapphire and perform atomic 
resolution scanning tests in Lab 2 with a GaN (0001) surface; then b) grow Mn3Sn (0001) on GaN (0001); 
and then c) begin STM measurements on the in-situ grown Weyl semimetal surface. We also plan to 
investigate the density of states of the surface and to probe the surface using magnetic-coated STM tips for 
doing spin-polarized measurements to hopefully resolve the Kagome inverse triangular spin structure. 

In the case of Mn3Ga, we plan similarly to continue with the STM investigations of Mn3Ga/GaN (0001) 
and to use spin-polarized STM to explore the spin properties of this surface also. Such high-resolution 
measurements are challenging, but we think it is possible to do this and to perform dI/dV measurements to 
reveal and verify the electronic LDOS around the Fermi level, and also with spin-polarization.  

Such investigations are just the beginning of what we can explore in these systems using the combined 
power of MBE/STM. For example, by varying the strain in these layers using different growth conditions, 
it is possible to observe how strain can be used to control the spin structure and electronic and magnetic 
properties of the surface in general. We can also investigate the temperature dependence and the effects of 
applied magnetic fields on these properties. 

 

Fig. 2  200 nm × 200 nm STM topographic image showing spiral growth on the surface with several 
pinholes in a) region 1 (Vs = -0.2 V, It = 90 pA) and b) region 2 (Vs = 2 V, It = 90 pA), and inset shows an 
atomic resolution image with Vs = 1 V, It = 183 pA; c) line profile along line PQ showing the step 
height of terraces in (b); d) zoom-in view of top terrace of (b); e) line profile along line XY in (d) 
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Abelian and Non-Abelian Quantum Entanglement in Landau Flatbands 

PI: Gabor Csathy, affiliation: Purdue University 

Keywords: topological materials, abelian anyons, non-abelian anyons, topology - quantum Hall, 
magnetotransport 

Research Scope 

  The study of the quantum phases with topological order has permeated contemporary 
condensed matter physics. Most of the topological phases are single-particle in origin. There is, 
however, a second group of topological phases that form because of strong electron-electron 
interactions. Materials with flat electronic bands naturally support abelian and non-abelian 
quasiparticles, candidates for quantum resources. These flatband systems are currently under 
intense scrutiny, partly because of their rich physics and partly because of the hope that the 
interaction supported quantum entanglement stabilizes more intricate topological order. 
Topological phases in flatband systems hold the promise for applications in quantum memories 
and qubits, especially the ones that will be immune to noise.  

Landau bands in the two-dimensional electron gas exposed to static magnetic fields are 
naturally flat and support an astonishingly large number of phases, many of which are predicted 
to host non-abelian quasiparticles. We seek to understand and control various aspects of flatband 
physics in the two-dimensional electron gas in GaAs/AlGaAs heterostructures in phases realized 
in the fractional quantum Hall regime. All the notable fractional quantum Hall states were 
discovered in this material system and material growth was significantly improved recently [a]. 
As a result, this system continues to exhibit new physics, even when it is compared to graphene; 
the flat bands and high quality assure that the electron gas in GaAs/AlGaAs continues to exhibit 
novel phenomena. 
 
Recent Progress 
 Several of our results make use of the most recent advance in molecular beam epitaxy 
technology [a]. The mobility of the two-dimensional electron gas in these new GaAs/AlGaAs 
heterostructures increased by more than a factor of 4 at densities less than 1x1011/cm2 as compared 
to that of earlier generation of samples. In addition, we employ state of the art cryogenic techniques 
to cool this system to temperatures as low as 5 mK. 

Topological Protection due to Six-Flux Composite Fermions.  

The fractional quantum Hall states (FQHS) are a prototypical example of a strongly 
correlated topological phase that hosts quasiparticles with fractional charge and fractional 
statistics. FQHSs are elegantly explained by the composite fermion theory. Furthermore, 
foundational ideas of the composite fermion theory can be extended to explain other recently 
observed correlated states, such as the Fractional Chern Insulators. Composite fermions are a 
resource for topological protection that arise from the correlated motion of flux tubes, or vortices, 
and the electrons themselves. 

The success of the composite fermion theory is rooted in the ability to describe the complex 
correlations of the system with analytical many-body wavefunctions. The construction of these 
trial wavefunctions relies on the introduction of Jastrow factors which may be interpreted as 
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electrons capturing magnetic flux quanta. FQHSs are then understood as integer quantum Hall 
states of CFs moving in a magnetic field modified by the Berry phases associated with the attached 
fluxes and having a spectrum of quantized and degenerate energy levels. 

So far there are more than 100 FQHSs observed in single layer systems and their number 
is steadily increasing due to advances in materials and cryogenic technology. Interestingly, to 
explain all observed FQHSs, only two types of composite 
fermions need to be invoked: the two-flux and 4-flux 
composite fermions – see Fig.1. These composite 
fermions and the associated FQHSs were discovered in 
GaAs/AlGaAs and were reported in other high quality 
host materials, such as graphene ZnO/MgZnO, and AlAs. 
While over the years the number of experimentally 
detected FQHSs is steadily increasing,  

Flux-six composite fermions and topological 
protection associated with them were predicted early on by theory but were not observed until our 
recent work. Over the years, there was an intense search for these flux-six composite fermions in 
the predicted region, at and near n=1/7. However, these searches failed in spite for significant 
progress with the quality of all host materials over the years. 

In our work [1], we found evidence of six-flux composite fermions in a high-quality 
GaAs/AlGaAs sample that belongs to the newest generation of samples of the highest quality. This 
FQHS is at filling factor n =9/11. The intriguing aspect of our discovery is that the FQHS develops 
not at a filling factor of the form n =n/6n+1, but at n =1-n/6n+1. This indicates a not-yet-understood 
stabilizing effect of the particle-hole symmetry in the two-dimensional electron gas. 

Our result provides evidence for a composite fermion of a new type. This composite 
fermion with six fluxes attached is the most intricate composite fermion known and expands the 
already diverse family of highly correlated topological phases with a new member that cannot be 
characterized by correlations present in other known members. Our observations pave the way 
towards the study of higher order correlations in the fractional quantum Hall regime. To our 
knowledge, topological protection associated with such intricate composite fermions was not 
reported in any other high-quality hosts such as graphene, ZnO/MgZnO, or AlAs. 

 

A New Incarnation of a Non-Abelian Candidate State.  

One of the most exciting and challenging endeavors in the study of correlated matter is the 
discovery of states with fundamentally new types of correlations. In the fractional quantum Hall 
regime such novel states are referred to as unconventional FQHSs. Unconventional FQHSs thus 
have more intricate electronic correlations than those of the Jain states. Because of highly non-
trivial properties and potential uses in topological quantum computation among the unconventional 
FQHSs the non-abelian candidate states have generated the most interest. There are only a handful 
of unconventional FQHSs; examples are the Moore-Read Pfaffian and the Read-Rezayi 
parafermionic candidate states and there are a handful of experimental work with evidence for 
unconventional behavior. 

Since the n =4/11 FQHS is not part of the n =n/2n+1 or n =n/4n+1 Jain sequences, it 
motivated numerous theoretical studies. It is believed that a partially spin polarized v=4/11 FQHS 
can be described by a conventional mixed-flavor composite fermion description. However, a fully 
spin polarized n =4/11 FQHS has unconventional correlations described by the Wójs, Yi, and 

Fig.1 Schematic representation of two-flux, 
four-flux, and six-flux composite fermions.  
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Quinn (WYQ) model. The unconventional topological order of the WYQ state stems from the 
unusual form of the inter-composite fermion interactions. We are unaware of an analytical 
construction for the WYQ wavefunction, hence attempts to schematically present the distinction 
between mixed flavor CF Jain state and WYQ state at n =4/11 are challenging. Instead, the WYQ 
wavefunction can be calculated using numerical methods. The hallmark property of the WYQ 
wavefunction is the clustering of composite fermions that suppresses the number of CF pairs with 
a relative angular momentum of three quantum units. The onset of this unusual topological order 
is quantified by a shift invariant distinct from that of a conventional Jain state. The WYQ state 
may support abelian or non-abelian quasiparticle excitations. For now, spin polarization and the 
nature of the topological order of the experimentally realized n =4/11 FQHSs remain unknown 
and can only be determined by further investigations. However, this FQHS remains a candidate 
for unconventional topological order and for hosting non-abelian anyons.  

 

As shown in Fig2, we report hallmarks of topological protection at the Landau level filling 
factor n =7/11 in a two-dimensional electron system [6]. The n =7/11 filling factor is the particle-
hole conjugate of n =4/11, a filling factor intensely studied for the possibility of realizing 
unconventional electronic correlations. Our data establishes a new instance for an unusual 
fractional quantum Hall state and opens up possibilities for the study of unconventional 
correlations in an enlarged parameter space. We also report and discuss transport signatures 
developing at other filling factors of interest n =11/17, 5/8, and 8/13, which however in our sample 
do not exhibit topological protection. 

Interplay of Andeson localization and of collective localization in the topological regime.  

Magnetotransport measurements in low-disorder electron systems confined to 
GaAs/AlGaAs samples revealed that the n =1 integer quantum Hall plateau is broken into three 
distinct regions. These three regions were associated with two phases with different types of bulk 
localization: the Anderson insulator is due to random quasiparticle localization, and the integer 
quantum Hall Wigner solid is due to pinning of a stiff quasiparticle lattice [a].  

The transition from the Anderson insulator to the charge ordered phase, the so-called 
integer quantum Hall Wigner solid, is not currently understood. We undertook a series of work to 
inquire new information on this transition via a detailed study of their temperature dependence [2] 
and by investigating the electrical breakdown of the n=1 plateau in the two different localization 

Fig.2 Evidence of a new FQHS at ν=7/11. There are several candidate states for this filling factor, one of which 
supports unusual non-abelian excitations. This exotic state is stable when this state is fully spin polarized. 
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regimes [3]. We found that the magnetoresistance is activated in both localization regimes. As 
shown in Fig.3, the activation energy Ea has local maxima in the center of the Anderson insulator 

and 

Wigner solid, but it has conspicuous minima at the boundary between the two phases. 
Our most recent work [4] highlights the universal properties of the n =1 plateau: the 

structure of the stability diagram, the non-monotonic dependence of the activation energy on the 
filling factor, and the alignment of features of the activation energy with features of the stability 
regions of the different phases are found to be similar in three samples spanning a wide range of 
electron densities. We also discuss quantitative differences between the samples, such as the 
dependence of the onset temperature and the activation energy of the integer quantum Hall Wigner 
solid on the electron density. Our findings provide insights into the localization behavior along the 
n =1 integer quantum Hall plateau in the low disorder regime. 
 
Future Plans 
 In order to incisively probe the elusive non-abelian entanglement, we need to develop novel 
probing techniques. We are developing novel low noise circuitry and sample architectures suitable 
for thermoelectrical measurement techniques at millikelvin temperatures. These circuits will 
enable thermoelectric measurements of unprecedented resolution as they will be limited by 
fundamental properties of the sample and temperature, rather than amplifier noise. 
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Fig.3 An unusual phase diagram and dependence of the activation energy Ea on the 
filling factor ν near filling factor v=1. 
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Generalizing Quantum Geometry to many-body wavefunctions  

N. Peter Armitage, The Johns Hopkins University 

Keywords: quantum geometry, THz spectroscopy, many-body physics, localization 

Research Scope 

 Quantum geometry has recently been shown to play a key role in many areas of condensed 
matter physics, ranging from flat band superconductivity (1), optical response (2), and the 
fractional quantum anomalous Hall effect. The fundamental quantity in band theory – the quantum 
geometric tensor – naturally 
decomposes into two parts: an 
imaginary part that is the well known 
Berry curvature (3), central to 
topological physics, while its real 
component describes the quantum 
metric, a measure of the 
distinguishability between nearby 
quantum states. The QG has mostly 
been discussed in the context of band 
theory, but QG is believed to apply 
more broadly and is expected to survive 
its generalization to a many-body 
description of interacting and 
disordered systems. Recently it has 
been noted that the first negative 
moment sum rule of the conductivity - 
known since 1990s (4,5) to be related to the quantum fluctuations of the polarization - is related to 
the quantum geometry. In a band picture this sum rule provides a gauge-invariant part of the 
Wannier function spread. This sum rule has been used in a different context to quantify the 
quantum Fisher information. In a many body system this sum rule plays the role of a localization 
length. 

Recent Progress  

 We apply these ideas to silicon samples doped with phosphorus across the 3D metal-
insulator transition (MIT).  Due to the disordered landscape of P doped randomly into Si we call 
such a state of matter an electronic glass.  On the insulating side far the MIT, where dopants are 
well separated, the sum rule returns – to surprisingly high precision – the value produced from 
modern calculations for the Bohr radius of the hydrogenic like orbital for P into Si. As the system 
approaches the MIT from the insulating side, the extracted localization length grows rapidly and 
ultimately diverges. Notably, the rate of divergence differs from that found by conventional single-
particle measures of localization. 

Figure 8, Optical conductivity of P doped Si samples on the 
approach to the 3D metal-insulator transition 



 

348 
 

Future Plans 

 This part of the project is an entre into investigating these materials with 2D THz 
spectroscopy.  Here technique development is ongoing and we will commence measurements on 
such electron glass systems like this one and to spin liquids shortly. 
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Research Scope 

This program aims at unveiling the physical mechanism(s) leading to the observation of 

topological Hall, topological Nernst, and topological thermal Hall like responses in layered, and a 

priori centrosymmetric ferromagnets in occasions in an experimental configuration that is usually 

understood to preclude their observation. Such effects should be observed in structures that lack 

inversion or mirror symmetries, and only for certain magnetic field orientations relative to the 

crystallographic axes. We propose clarifying this point through systematic structural analysis 

combined with transport experiments as a function of field orientation. Furthermore, these 

materials display topological spin textures that influence the described behavior, but their 

evolution as a function of thickness and field orientation is poorly characterized and understood. 

We are studying this aspect through a combination of powerful imaging techniques, associated to 

detailed structural analysis, via collaborations and the use of national facilities. The observation of 

a very sizeable remnant Hall response (under zero magnetic field) with preliminary imaging 

techniques revealing the presence of remnant spin textures, suggests an ability to “write” field-

induced chiral spin textures that are detectable via an electrical signal. We aim at exposing their 

presence and manipulating their properties, as well as extracting their lifetimes. Since the remnant 

signal is observed in certain compounds at room temperature and above, our program will unveil 

their usefulness for technological applications. Finally, we are studying the stacking of these 
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ferromagnetic layers with superconductors in heterostructures, in a quest for detecting and 

exposing topological superconductivity.  

Recent Progress  

The layered compound Fe3GaTe2 is attracting attention due to its high Curie temperature, low 

dimensionality, and the presence of topological spin textures above room temperature, making 

Fe3GaTe2 a good candidate for applications in spintronics. 

Here, we show, through transmission electron microscopy 

(TEM) techniques, that Fe3GaTe2 single crystals break local 

inversion symmetry (Fig. 1) while maintaining global 

inversion symmetry according to X-ray diffraction. Coupled to 

the observation of Néel skyrmions via Lorentz-TEM, our 

structural analysis provides a convincing explanation for their 

presence in centrosymmetric materials1. Magnetization 

measurements as a function of the temperature displays a sharp 

first-order thermodynamic phase-transition leading to a 

reduction in the magnetic moment (see, Fig. 1). This implies 

that the ground state of Fe3GaTe2 is globally ferrimagnetic and 

not a glassy magnetic state composed of ferrimagnetic, and 

ferromagnetic domains as previously claimed. Neutron 

diffraction studies indicate that the ferromagnetic to ferrimagnetic transition upon reducing the 

external magnetic field is associated with a change in the magnetic configuration/coupling between 

Fe1 and Fe2 moments. We observe a clear correlation between the hysteresis observed in both the 

skyrmion density and the magnetization of Fe3GaTe2. This indicates that its topological spin 

Fig. 1. Left: Average atomic 
positions for Fe1 (orange dot), Te 
(blue), Ga (purple) and Fe2 
(green) as extracted from a 
transmission electron microscopy 
image containing ~ 1000 atoms. 
Notice that the Fe2 is displaced 
with respect to the mirror position 
between Te atoms. Top right: 
phase transition towards 
ferrimagnetism as observed in the 
magnetization. Bottom right: L-
TEM image revealing Neel 
skyrmions at room T. 
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textures are affected by the development of ferrimagnetism upon cooling. Observation, via 

magnetic force microscopy, of magnetic bubbles at the magnetic phase boundary suggests 

skyrmions stabilized by the competition among magnetic phases and distinct exchange interactions.  

Our study provides an explanation for the observation of Néel skyrmions in centrosymmetric 

systems, while exposing a correlation between the distinct magnetic phases of Fe3GaTe2 and 

topological spin textures. 

We have also exposed2 the intrinsic nature of the anomalous Hall conductivity (AHC) in 

Fe3GaTe2 crystals characterized by high conductivities, 

which show disorder-independent AHC with a 

pronounced value 𝜎𝜎𝑥𝑥𝑥𝑥𝑐𝑐  ≈ 420 Ω−1cm−1. In the low-

conductivity regime, we observe the scaling relation 𝜎𝜎𝑥𝑥𝑥𝑥 

∝ 𝜎𝜎𝑥𝑥𝑥𝑥1.6  , which crosses over to 𝜎𝜎𝑥𝑥𝑥𝑥  ≅ 𝜎𝜎𝑥𝑥𝑥𝑥𝑐𝑐  as 𝜎𝜎𝑥𝑥𝑥𝑥 

increases. Disorder in low-conductivity crystals is 

confirmed by the broadening of a first-order transition 

between ferromagnetism and the ferrimagnetic ground 

state. Through density functional theory (DFT) calculations, 

we reveal that the dominant sources of Berry curvature are 

located a few hundred meV below the Fermi energy around 

the Γ-point. Therefore, Fe3GaTe2 clearly exposes the disorder-induced crossover among distinct 

AHC regimes, previously inferred from measurements on different ferromagnets located on either 

side of the crossover region. 

 

Fig. 2. Hall conductivity σxy as a function of 
the conductivity σxx in a magnified scale 
focusing on the dirty to moderately dirty and 
crossover regimes. Red, yellow, and blue 
shaded areas represent the dirty regime below 
σxy = 4 ×103 Ω−1cm−1, the moderately dirty 
regime above σxy = 7 × 103 Ω−1cm−1, and the 
intermediate or crossover regime between 
them, respectively. 
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Future Plans 

 We have synthesized the Co doped Fe3GaTe2 revealing an evolution from ferrimagnetism 

to antiferromagnetism as a function of Co concentration. This was already reported by other groups 

as we were collecting the data in our crystals. However, we found a pronounced anomalous Hall 

response when the system is driven to the spin polarized state. More importantly, the data also 

reveals behavior consistent with a pronounced topological Hall response occurring at remarkably 

large magnetic fields. Preliminary magnetic force microscopy measurements reveal the presence 

of complex magnetic domains as antiferromagnetism is suppressed by the external field, while 

revealing structures that seemingly are skyrmions under magnetic fields in the order of the tesla. 

Currently, we are transferring samples onto transmission electron microscopy (TEM) grids for 

subsequent Lorentz transmission electron microscopy studies under fields as high as 1 T in 

collaboration with Argonne. Our goal is to verify and confirm the presence of topological spin 

textures in the antiferromagnetic phase.  

 On the same token we are also preparing exfoliated samples of Fe3GaTe2 and Fe5-xGeTe2 

to be transferred onto TEM grids containing pre-patterned electrical contacts for simultaneous 

transport and imaging. Our goal is multifold, study the evolution of the spin textures as functions 

of the crystal thickness, electrical currents, and perpendicular electrical field.  
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Research Scope 
The integration of 0D, 2D and 3D materials has emerged as a promising avenue to develop 
innovative technological solutions with enhanced performance and reduced energy consumption 
in the semiconductor industry. Our objective in this project is to explore the understanding of 
interface science in hetero-integrated devices using multi-dimensional materials systems and how 
these interfaces work to develop design rules that governs the different functionality of the devices 
with unprecedented properties.  
Recent Progress: 
We explored the efficient charge transfer mechanism in 0D WS2 QDs/2D MoS2 heterostructure 
using photoconductivity measurements by fabricating the heterostructure of 0D WS2 QDs/2D 
MoS2 phototransistor1,2. Theoretical DFT study explained physics of enhanced photoresponse. The 
0D WS2 QDs/2D MoS2 heterostructure shows extremely high charge transfer capability compared 
to the 2D pristine materials under the influence of white light source. Metal-to-insulator phase 
transition was explored on few layered of MoSe2 FETs with Co and Cr contacts. Co-contact MoSe2 
shows 2D percolative phase transition at extended temperature range while Cr-contact MoSe2 
devices deviate below 100K3. We explored the high current density and high temperature P-N 
junction devices using 2D/3D heterostructure of single layer MoS2-diamond P-N junction 
heterostructure devices4. The measurement shows extremely high current density without 
degrading till 250oC. We explored the Photoluminescence and Raman Enhancement by Edge 
Plasmons in 2D MnPS3 2D flakes5. In addition, we explored the 2D/2D integration of polymer and 2D 
materials such as MXene and Mica to develop high energy density dielectric capacitor materials6,8. 
 
Metal-to-Insulator Percolative Phase Transition in 2D MoSe2 FETs and the effect of Contacts 
(Nanoscale, (2025),17, 3160-3169): 
The metal-to-insulator phase transition (MIT) in two-dimensional (2D) materials under the 
influence of a electric field has been studied as a function of metal contacts to understand the MIT 
through temperature-dependent electronic transport measurements by tuning the carrier density in 
MoSe2 channel. We have examined this phenomenon using the conventional chromium (Cr) and 
ferromagnetic cobalt (Co) as two metal contacts. For both Cr and Co, our devices demonstrated an 
n-type behavior with a room-temperature field-effect mobility of 16 cm2V-1s-1 for the device with 
Cr contacts and 92 cm2V-1s-1, for Co contact. At low temperature measurements of 50K, the 
mobilities increased significantly to 65 cm2V-1s-1 for Cr and 394 cm2V-1s-1 for the device with Co 
contacts. By fitting our experimental data to the percolative phase transition theory, the 
temperature-dependent conductivity data shows a transition from an insulating-to-metallic 
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behavior at a bias of ~28 V for Cr contacts and ~20 V for Co contacts. By extracting the critical 
exponents, we find that the transport behavior in Co-MoSe2 devices aligns closely with the 2D 
percolation theory throughout the temperature measured from room to 2K. In contrast, the devices 
with Cr-contacted MoSe2 deviates significantly from the 2D limit at low temperatures 

We measure four-terminal 
temperature dependent conductivity 
at several applied gate bias, using 
back gate geometry to tune the 
carrier density in the channel. The 
extracted field-effect mobilities as a 
function of temperature for Cr- and 
Co- contacted devices which shows 
Co-MoSe2 has higher mobility than 
Co-MoSe2 devices. Such a 
difference in mobility for the Co-
contacted MoSe2 device 
demonstrates the significance of 
using a suitable contact with a high 
charge injection capacity. 
Furthermore, cobalt is 
ferromagnetic and spin current 
injection could be another factor 
that could potentially lead to a 
reduction in scattering mechanisms 
through spin-orbit coupling, thereby 
indirectly enhancing mobility by mitigating certain types of electrons scattering events in the Co-
MoSe2 device. Figure 1 displays a temperature-dependent conductivities of the Cr- and Co-
contacted MoSe2 devices. The quantized conductivity (σ) was calculated from the temperature 
dependent Ids vs Vbg data using the relation, 𝜎𝜎 =  𝑊𝑊𝑊𝑊𝑑𝑑𝑑𝑑

𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑
× 𝑒𝑒2

ℎ
 , where e is the charge of the electron 

and h is Planck’s constant. This device showed typically semiconducting behavior below Vg = 27.5 
V, i.e., s decreased with decreasing temperature. Conversely, above the applied gate voltage of 
27.5 V, the device showed metallic behavior, i.e., s increased with decreasing temperature. This 
infers that, upon injecting a high carrier density, the metallic phase emerged from the insulating 
phase at low temperature. We also performed the similar T-dependent conductivity analysis for 
the Co-contacted device at different gate voltages (5.1 V to 45 V) as depicted in Figure 1(b). In 
this case, the transition from metallic to insulating behavior was observed at a comparatively lower 
back gate voltage of 20.1 V. According to the Fermi-liquid model of conductors, the resistivity (⍴ 
= 𝜎𝜎−1) is related to temperature through the relation 𝜌𝜌 = 𝜌𝜌0 + 𝐴𝐴𝑇𝑇2, where ρ0 is the resistivity at 
0 K. To verify the metallic behavior at higher gate voltages, we evaluated the resistivity of the 
channel as a function of temperature. Figure 1(c & d) shows the resistivity of Cr- and Co-contacted 
MoSe2 at an applied backgated voltage, Vbg = 45 V, and Vbg = 65 V respectively. In both cases, the 
data fits the fermi-liquid equation well, as indicated by the red-line of the plot. This theoretical 
fitting shows the benchmark of metallic behavior of the MoSe2. 

 
Figure. 1 (a-b) T-dependent conductivity at different back-
gate voltage for Cr contacts and Co contacts, (c-d) Fermi-
liquid model fitting of resistivity at a back-gate voltage of 
20V, for Cr contacts and Co contacts. 
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We analyzed the temperature-dependent conductivities with the percolation model. The 
temperature-scaled percolation model formulates the relation between conductivity (s) and the 
carrier density (n) as 𝜎𝜎 = 𝐴𝐴(𝑛𝑛 − 𝑛𝑛𝑐𝑐)𝛿𝛿 , where, 𝑛𝑛𝑐𝑐 is the critical carrier density beyond which the 
carriers can form a percolating path in the random network of charged carriers between the source 
and the drain. From the 
theoretical predictions, 𝛿𝛿 = 1.33 
for 2D percolation. The induced 
carriers was obtained from the 
relation 𝑛𝑛 =  𝐶𝐶𝑜𝑜𝑜𝑜 × 𝑉𝑉𝑏𝑏𝑏𝑏/𝑒𝑒, hence 
the percolation prediction for the 
conductivity can be written in 
terms of Vbg as 𝜎𝜎 = (𝐴𝐴 × 𝐶𝐶𝑜𝑜𝑜𝑜/
𝑒𝑒)(𝑉𝑉𝑏𝑏𝑏𝑏 − 𝑉𝑉𝑐𝑐)𝛿𝛿 , where Vc is the 
critical back gate voltage. For Cr 
contacts, the critical exponent 
almost lies between 1.33 to 1.4, 
which is the theoretical predicted 
value of 2D percolation phase transition, 𝛿𝛿  = 1.33. The 𝛿𝛿  value deviated from the theoretical 
prediction when the device was cooled below 100 K reaching 1.63 at 61 K. For Co-contact device, 
𝛿𝛿 = 1.33-1.4 almost all the temperature measured. For Cr-contacts, the critical carrier density (nc) 
showed a slight increase with decreasing temperature while the Co-contacted device showed 
almost temperature independent carrier density. For Cr contacts we obtained the average critical 
carrier density nc ~1×1012 cm-2 (dashed line in Fig 2a). In contrast, a higher nc of ~2×1012 cm-2 
was achieved in the Co-contacted MoSe2 FET.  

A 2D/3D Heterostructure Diode Based On n-type MoS2 Integrated with p-type Diamond (Nano 
Letter, (in review, 2025) 
Diamond is a highly promising semiconductor material for power electronics due to its exceptional 
properties, including high breakdown strength, excellent carrier mobility, and superior thermal 
conductivity. In this context, n-type two-dimensional (2D) materials can offer interesting 
solutions. Here, we have demonstrated an ultra-thin 𝑃𝑃𝑃𝑃 junction device by combining monolayer 
molybdenum disulfide (MoS2) with three-dimensional (3D) Boron doped single crystal diamond 
(SCD) and polycrystalline diamond (PCD) substrates. The choice of utilizing MoS2 as the n-type 
material is attributed to its superior maturity amongst 2D materials. We find that the as fabricated 
diodes show excellent room temperature rectification and achieve an impressive current density 
(𝐽𝐽𝐷𝐷) of 1132 𝐴𝐴/𝑐𝑐𝑐𝑐2, a high rectification ratio (𝑅𝑅𝑅𝑅) of ~7 × 105 and an ideality factor (𝜂𝜂) value 
of 4.8 at room temperature (𝑅𝑅𝑅𝑅). An annealing step at 250℃ under high vacuum was found to 
improve the diode performance and yielded a 𝐽𝐽𝐷𝐷 ~ 4000 𝐴𝐴/𝑐𝑐𝑐𝑐2, a 𝑅𝑅𝑅𝑅 ~ 106 and 𝜂𝜂~ 3.7. Figure 
3(c-d) illustrate the current voltage (𝐼𝐼 − 𝑉𝑉) characteristics of the diode where the diode current 
(𝐼𝐼𝐷𝐷) is plotted against applied voltage bias (𝑉𝑉𝐴𝐴) in logarithmic and linear scale, respectively. 

 
Figure. 2 Extracted critical exponent and carrier density from 
Percolation type phase transition model 
 

(a) (b)
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On examining the 𝐼𝐼 − 𝑉𝑉  curves, the diode clearly exhibits excellent rectification at room 
temperature, as indicated by the strong current modulation between negative (reverse bias) and 
positive (forward bias) voltage values. To confirm that the rectification truly arises due to 2D/3D 
heterointegration, we fabricated contacts on the p-SCD prior to the MoS2 transfer. The turn on 
voltage (𝑉𝑉𝑇𝑇) , determined by 
finding the x-intercept of the 
slope of the line fitted to 𝐼𝐼𝐷𝐷 
values in the linear regime was 
found to be ~3.6 𝑉𝑉 . The 
maximum forward current 
density �𝐽𝐽𝐷𝐷 = 𝐼𝐼𝐷𝐷

𝐴𝐴� � , extracted 
for 𝐼𝐼𝐷𝐷  of 0.32 𝑚𝑚𝑚𝑚 at 𝑉𝑉𝐴𝐴  of 6 𝑉𝑉 
with the junction area (𝐴𝐴 =
2.82 × 10−7 𝑐𝑐𝑐𝑐2) was found to 
be ∼ 1132 𝐴𝐴/𝑐𝑐𝑐𝑐2 , which 
exceeds the values obtained for 
other 2D/3D heterojunction 
diodes. In addition, the diode 
demonstrated low reverse current 
of 1.23 ×  10−9 𝐴𝐴  at a reverse 
𝑉𝑉𝐴𝐴  of −6 𝑉𝑉 . The rectification 
ratio (𝑅𝑅𝑅𝑅), defined as the ratio of 
𝐼𝐼𝐷𝐷  values at similar forward 
(6 𝑉𝑉)  and reverse voltage 
(−6 𝑉𝑉)  value was found to be 
~7 × 105 . Finally, the ideality 
factor (𝜂𝜂) , extracted from the 
logarithmic scale plots for a 
small forward bias range 
(0.9 𝑉𝑉 − 1.5 𝑉𝑉) was found to be 
~ 4.8 by fitting the experimental data to the Schottky diode equation.  
Future Plans: 
We have plan to explore MIT properties using 2D metal contacts such as low band gap PdSe2 or 
PtSe2 contacts on n-MoSe2 and p-WSe2 to explored phase transition properties. This will extend 
to magnetic field assisted Phase transition and how it plays to define the critical exponents and 
whether this can explore the Quantum Hall Phase transition. Planned to explore 2D/Diamond 
heterostructure P-N junction in elevated temperature. We will extend our 0D WS2 QDs/MoS2 ultra 
high phototransistor to different 2D materials and QDs to understand the charge transfer 
mechanism. We recently explored high IR photoconductivity in low bandgap materials PdSe2 
which shows R~1mA/W at λ=1650 nm. Our aim to explore the IR photoconductivity to deep IR 
region with suitable heterostructure using PdSe2,  
A DFT and phonon transport studies will be carried out simultaneously to understand the thermal 
transport behavior of these hetero integrated systems, which is one of the crucial parameters to 
develop energy efficient electronics.  
 

 
Figure. 3 A scanning electron microscopy (SEM) image of device 
features with top electrode which has point of contact to the monolayer 
n-MoS2 flake through the Al2O3 etched vias. b) An optical image of a 
representative monolayer MoS2 flake. Current voltage (𝐼𝐼 ― 𝑉𝑉) 
characteristics in c) logarithmic and d) linear scale measured at room 
temperature. e) Current density (𝐽𝐽𝐷𝐷), f) Reverse current, g) Rectification 
ratio (𝑅𝑅𝑅𝑅), and h) Ideality factor (𝜂𝜂) extracted for a total of five diodes 
of our MoS2/SCD heterostructure diode. 
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Research Scope 

In this project, the PIs at the University of Northern Iowa (UNI) lead the fabrication efforts of 
samples as well as characterization of their physical and electronic properties. The subaward PI at 
Texas Tech University (TTU) focuses on optical studies of the physical properties of the samples 
made by the UNI team. 

Our first goal is to explore magnetic features in the Ni/MoS2 heterostructure system. Unlike noble 
metals, reactive species like Ni or Co form nanometer scale clusters with no evidence of 
quantization. At low temperatures, films of these magnetic metals deposited onto MoS2 behave 
like standard disordered ferromagnets. However, at room temperature and above, the behavior is 
quite different. Spin glass effects can be seen in magnetization and magnetoresistance 
measurements which show memory and relaxation effects spanning several hours. Room 
temperature magnetoresistance measurements show an astonishingly large asymmetry, exceeding 
9T. As with the magnetization measurements, magnetoresistance measurements at low 
temperature are quite normal and appear typical for a film with nanometer scale grains. Given the 
fact that we find no evidence for such behavior in bulk or thin Ni films, and that bulk MoS2 has no 
significant magnetic features, we believe these behaviors arise from interactions at the interface. 
We believe that these effects are not unique to Ni on MoS2 and could serve in the development 
and understanding of spin valves or other spintronic applications such as emergent topological 
spin textures. 

Our second goal is to probe the interface effect at metal thin film-van der Waals magnet interfaces 
to explore the possibility of using metal thin films to tune the magnetic states of van der Waals 
magnets, which are potential candidates for ultracompact data storage and spintronic applications. 
In the large family of van der Waals magnets, chromium triiodide (CrI3) is the first that has been 
shown to display ferromagnetic (FM) order in its monolayer limit. In the few-layer form, CrI3 
exhibits intralayer FM and interlayer antiferromagnetism (AFM), which makes it especially 
interesting for studies of fundamental properties and spintronic device applications. In this project, 
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we explore the possibility of using a thin film of Ni to tune the magnetic properties of CrI3. A thin 
layer of Ni is deposited on a freshly cleaved CrI3 surface to form a high-quality Ni/CrI3 
heterointerface. Magneto-Raman spectroscopy at low temperature is used to probe the magnetic 
properties of the heterostructure. This study not only helps in understanding the fundamental 
properties of van der Waals magnet-metal contacts but also investigates a new venue for 
modulating the spin degree of freedom in van der Waals magnets.  

Recent Progress  

We investigated the magnetic properties of 
Ni/MoS2 interfaces to explore their potential for use 
in spintronic devices.[1] The relaxation rate was 
greater in samples where MoS2 was annealed at 
300°C before Ni deposition compared to 
unannealed samples (Fig. 1(a)). Annealed samples 
showed highly ordered interfaces as seen in Figs. 
1(b) and (c), while unannealed ones exhibited a mix 
of ordered and disordered regions. This suggests 
that glassy behavior may arise from the effects of 
disorder at both the interface and within the Ni film.  

We conducted STM studies of Cu on MoS2 and 
found strong evidence of quantum growth.[2] 
Three preferred heights were observed with an 
average spacing of approximately 0.7 nm. These 
results were compared to nesting vectors in bulk 
Cu. The nesting vectors found in the Fermi surface 
of bulk Cu suggest we should observe preferred 
heights with a periodic spacing of approximately 1.0 nm. This is close to our experimental results. 
We believe that the differences are due to that fact the Fermi surface of our Cu films is slightly 
different from that of bulk Cu. DFT calculations of Cu slabs a few atomic layers thick were 
performed. These results were expected to be closer than the bulk analysis. These calculations 
showed an oscillation in the DOS at the Fermi level that was approximately 0.8 nm, significantly 
closer to our experimental results. 

We performed DFT calculations on Au, Ag, Cu, and Ni on MoS2.[3] Among these elements, Ni 
exhibits the strongest binding and lowest mobility on the surface of MoS2. On the other hand, Au 
and Ag bond very weakly to the surface and have very high mobilities. High mobilities in this case 
are synonymous with the adatoms having multiple lowest energy configurations at room 
temperature. Our calculations for Cu show that its bonding and surface mobility are between these 
two groups. We are still in the process of exploring other materials such as platinum. 

Figure 9. a) Magnetoresistance at 330 K as a function 
of time at the interface of thin film Ni on annealed 
and unannealed MoS2; b) Cross-sectional TEM 
image of the Ni film on annealed MoS2; c) The 
corresponding EDX mapping of the Ni film on 
annealed MoS2.  
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We probed the spin wave properties of Ni on bulk CrI3 using magneto-Raman spectroscopy. Using 
ultralow frequency (Raman shift down to ~2.5 cm-1 or ~0.3 meV) magneto-Raman spectroscopy, 
we demonstrated that the AFM coupled surface layers of bulk CrI3 transit into FM coupled layers 
after Ni deposition.[4] This is revealed by the absence of AFM spin wave branches in Raman 
spectra (Fig. 2(a)-(d)) from 
Ni/CrI3. The spin wave mode 
from the FM state in Ni/CrI3 
displays a Zeeman shift as a 
function of an applied out-of-
plane magnetic field, and the 
spin wave frequency is 
softened as compared to that 
in pristine CrI3 (Fig. 2(d)). 

We studied Ni thin film on 
monolayer MoS2. The 
deposition of Ni thin film (4-
nm-thick) tuned the electronic 
structure of pristine MoS2 so 
that the A exciton perfectly 
overlapped with the 633 nm laser photon energy. The optimization of resonance excitation led to 
pronounced tunability of the orbital-phonon hybridized states. As a result, the orbital transition 
mode is enhanced by a factor of 12 and shifts toward low frequency by about 6 cm-1 compared 
with that in pristine MoS2 without Ni deposition. Both the Raman intensity enhancement and the 
frequency shift of the orbital transition Raman mode indicate that the Ni thin film has modified 
the electronic properties of MoS2. Concurrently, the circularly polarized phonon (chiral phonon) 
mode red-shifts by nearly the same amount, confirming that the orbital transition and circularly 
polarized phonon are indeed coupled to each other.[5] 

Future Plans 

The discovery of spin glass behavior at the interface of the Ni/MoS2 system was unexpected but 
also an excellent opportunity to study disordered magnetism in a 2D system. We plan to further 
investigate the role of the interface on the spin glass behavior. To do this, we plan to cover the 
MoS2 with Au and Ni, each covering roughly 50% of the surface. Any chances to the spin glass 
effect would then be due to the reduced interaction between Ni and MoS2. The interesting 
properties of thin metal films on MoS2 have provided us with interesting data in a 2D disordered 
magnetic system. We hope to expand on our understanding by exploring other thin films such as 
Co and Fe beginning in the fall semester of 2025. 

We plan to use magneto-Raman spectroscopy to probe the magnetic properties of bulk CrSBr with 
a thin layer of Ni on surface in a similar way as we did for Ni/CrI3. CrSBr is a new van der Waals 

Figure 2. a) Schematic diagram of Ni thin film on CrI
3
 crystal surface. b)  

Ultralow frequency Raman spectra from pristine CrI3 crystal. The M0a and 
M0b branches are from surface AFM, and the M0c branch is from bulk FM. 
c) Ultralow frequency Raman spectra of spin wave from CrI

3
 crystal with a 

Ni thin film on surface. A single spin wave branch is observed. d) Zeeman 
shifts of spin wave modes from pristine CrI

3
 and Ni/CrI

3
. The inset shows 

an STM image of Ni deposited on CrI3. Taken from the PIs’ work, Ref. [4].  
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magnet material and is air-stable and easier to handle compared to CrI3. CrSBr crystal is highly 
anisotropic with its physical properties mainly of quasi-1D character. We will use ultralow 
frequency Raman techniques to study the spin wave properties when the magnetic field is applied 
along the a, b, and c crystalline axes. Our preliminary data have shown that by applying a moderate 
magnetic field of about 3 T along the b axis, we can stabilize the spin waves even at room 
temperature in pristine CrSBr which has a Tc of about 160 K. We intend to perform the same 
measurements on Ni/CrSBr to see if the Ni thin film would change the spin wave behaviors. The 
fact that CrSBr is stable and forms long-range magnetic order in the ambient condition, evidenced 
by the presence of spin wave modes at room temperature, makes it a very promising material for 
spintronic device applications. 

Using optical emission and Raman spectroscopy, we plan to study the changes of the exciton 
photoluminescence band and circularly polarized phonon mode in monolayer MoS2 after 
deposition of a thin layer of Fe on the surface. We will compare the results from Fe thin film on 
monolayer MoS2 with those from two similar systems: 1) Ni/monolayer MoS2 that we have 
studied; 2) Fe-doped monolayer MoS2 in which the Fe atoms are in the lattice of MoS2. Our 
preliminary data and theoretical calculations have shown that Fe-doping introduces a localized Fe 
band underneath the conduction band of MoS2. As a result, an additional orbital transition between 
the Mo 4d and Fe 3d states emerges, producing a new orbital-phonon hybridized mode at 283 cm−1 
in our Raman spectra. Under an external magnetic field, this new mode exhibits a large Zeeman 
splitting, which corresponds to an effective magnetic moment of ∼2.8 μB. We intend to perform 
similar measurements on monolayer MoS2 with an Fe thin film overlayer. This study will help us 
understand how the electronic structure of metallic and magnetic overlayers/dopants affect the 
orbital-lattice coupling in transition metal dichalcogenides. 
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Research Scope: 
The goal of this DOE project is to control antiferromagnetic (AFM) spins using a multipronged 
approach including spin-orbit torques, magneto-elastic and magneto-electric effects in AFM and 
multiferroic epitaxial films.  AFMs offer intrinsic advantages over their ferromagnetic (FM) 
counterparts with low damping, ultrafast speed, terahertz dynamics, and abundancy of materials. 
In this project, we investigate electrical switching of AFM insulator films at both quasi-DC and 
fast timescales.  The AFM materials of interest to this project include simple binary oxides, such 
as NiO and α-Fe2O3, as well we complex oxides, in particular, AFM perovskites such as LaFeO3 
and other REFeO3 (RE: rare earth) antiferromagnets.  Most of these AFMs have high Néel 
temperatures (TN) and can be grown into high quality epitaxial thin films.  In addition, some of 
these AFMs, such as α-Fe2O3 and LaFeO3, have been predicted to be altermagnets, which due to 
a unique combination of spin and crystal symmetries, can generate orientation-dependent spin 
polarization.  Exploration of altermagnetism in the predicted AFMs will be part of this research 
project for the coming year. 
Recent Progress 

The demonstration of electrical switching of 
the Néel vector in AFMs in recent years has 
been a major breakthrough in the field of 
spintronics.  Practical AFM applications prefer 
AFMs with high TN’s and well-defined bi-stable 
states (e.g., two easy axes of Néel vector 
representing “0” and “1”) separated by a robust 
hard axis, which should be strong enough for 
long-term information storage, but not too high 
for information writing.  To date, electrical 
switching of AFM insulators has been mostly 
focused on a few binary oxides, which have 
their limitations, such as AFM anisotropy being too weak/strong or low TN’s.  Thus, AFMs with 
moderate biaxial anisotropy and high TN’s are desired for AFM-based devices.  In this regard, the 
large family of AFM perovskites are attractive but much less explored for AFM spintronics.  
Robust Biaxial AFM Anisotropy: Under primary support of this DOE grant, we have grown 
LaFeO3 epitaxial thin films with pristine crystalline quality as shown in the scanning transmission 
electron microscopy (STEM) images in Fig. 1.  Due to the fully strained epitaxy of LaFeO3 on 
cubic SrTiO3 (001) substrate, we observe a clear biaxial anisotropy in the LaFeO3 films with a 
spin-flop field of 2-4 T, corresponding to a desired AFM anisotropy, which is stable at room 
temperature, but can be readily switched by an electrical pulse or magnetic field.  

Figure 1. High-angle annular dark-field (HAADF) and 
annular bright-field (ABF) STEM images of a LaFeO3 
epitaxial film on SrTiO3(001) viewed along the [100] 
direction with pristine ordering. The right panel shows 
the oxygen octahedra tilting in LaFeO3. 
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Figure 2 shows the angular dependence of 
transverse (∆𝑅𝑅𝑥𝑥𝑥𝑥) and longitudinal (∆𝑅𝑅𝑥𝑥𝑥𝑥) spin 
Hall magnetoresistance (SMR) for a Pt(3 
nm)/LaFeO3(3 nm) Hall bar at T = 25 K in an 
in-plane magnetic field (H) of 0 to 14 T, where 
α is the angle between H and SrTiO3 [100], 
with several notable features.  First, ∆𝑅𝑅𝑥𝑥𝑥𝑥 is flat 
at 0 and 1 T, indicating that the AFM spins are 
essentially unperturbed up to 1 T. In contrast, at 
2 T, ∆𝑅𝑅𝑥𝑥𝑥𝑥  becomes step-like with ~90°-wide 
plateaus, indicating a spin-flop transition. 

Second, the square ∆𝑅𝑅𝑥𝑥𝑥𝑥 in Fig. 2a at 2-3 T 
is uncommon for SMR in AFMs, which are 
mostly sinusoidal above the spin-flop 
transition.  The square ∆𝑅𝑅𝑥𝑥𝑥𝑥 indicates that the 
Néel vector (n) strongly prefers to align along 
two orthogonal orientations: n || 45°/225° and -45°/135°, which correspond to two easy axes along 
SrTiO3 [110] and [11�0], respectively.  These two preferred orientations can be detected by ∆𝑅𝑅𝑥𝑥𝑥𝑥 
with two discrete values with sharp switching near α = 90°, 180°, 270°, and 360°.  At higher fields, 
∆𝑅𝑅𝑥𝑥𝑥𝑥 gradually evolves from square to sinusoidal shape with decreasing magnitude. 

Third, ∆𝑅𝑅𝑥𝑥𝑥𝑥 in Fig. 2b exhibits primarily a saw-tooth shape with fine features that evolve with 
field.  The clear contrast of the ∆𝑅𝑅𝑥𝑥𝑥𝑥 and ∆𝑅𝑅𝑥𝑥𝑥𝑥 shapes arises from their dependencies on the Néel 
vector orientation: ∆𝑅𝑅𝑥𝑥𝑥𝑥 ∝ 𝑛𝑛𝑥𝑥𝑛𝑛𝑦𝑦  and ∆𝑅𝑅𝑥𝑥𝑥𝑥 ∝ 𝑛𝑛𝑦𝑦2  in a monodomain, which can be modeled by 
macrospin simulations.  The free energy density for a two-sublattice AFM is,  

𝐸𝐸(𝑚𝑚�1,𝑚𝑚�2)
𝑀𝑀

= 𝐻𝐻𝑒𝑒𝑒𝑒(𝑚𝑚�1 ⋅ 𝑚𝑚�2) −𝑯𝑯 ⋅ (𝑚𝑚�1 + 𝑚𝑚�2) − 𝐷𝐷𝑧̂𝑧 ⋅ (𝑚𝑚�1 × 𝑚𝑚�2) + 𝐸𝐸𝑎𝑎𝑎𝑎
𝑀𝑀

,        (1) 

where 𝑀𝑀 is the sublattice magnetization, 𝐻𝐻𝑒𝑒𝑒𝑒 and 𝐷𝐷 are the exchange and Dzyaloshinskii-moriya 
(DM) field, respectively.  𝑚𝑚�1 and 𝑚𝑚�2 are the normalized sublattice moments (𝒏𝒏 = (𝑚𝑚�1 −𝑚𝑚�2)/2), 
which make an angle of 𝜑𝜑1 and 𝜑𝜑2, respectively, relative to SrTiO3 [100] (Fig. 3a).  𝐸𝐸𝑎𝑎𝑎𝑎 is the 
AFM anisotropy energy density.  Assuming 𝑚𝑚�1 and 𝑚𝑚�2 lie in the xy plane, Eq. (1) can be rewritten,  

𝐸𝐸
𝑀𝑀

= 𝐻𝐻𝑒𝑒𝑒𝑒 cos(𝜑𝜑1 − 𝜑𝜑2) − 𝐻𝐻[cos(𝛼𝛼 − 𝜑𝜑1) + cos(𝛼𝛼 − 𝜑𝜑2)] − 𝐷𝐷 sin(𝜑𝜑1 − 𝜑𝜑2) +
𝐻𝐻𝑎𝑎
2

[cos(4𝜑𝜑1) + cos(4𝜑𝜑2)],             (2) 

where 𝐻𝐻𝑎𝑎 is the biaxial anisotropy field.  𝐸𝐸(𝜑𝜑1,𝜑𝜑2) is then minimized to find the equilibrium 𝜑𝜑1 
and 𝜑𝜑2 , which are used to calculate the Néel vector orientation, 𝜑𝜑n = (𝜑𝜑1 + 𝜑𝜑2)/2 + 𝜋𝜋/2 .  
Finally, the SMR with current along SrTiO3 [100] can be calculated by, 

∆𝑅𝑅𝑥𝑥𝑥𝑥 = 𝐴𝐴 𝑙𝑙
𝑤𝑤

[cos(2𝜑𝜑n) + (𝑏𝑏𝑏𝑏)cos(2𝛼𝛼)],  ∆𝑅𝑅𝑥𝑥𝑥𝑥 = 𝐴𝐴[sin(2𝜑𝜑n) + (𝑏𝑏𝑏𝑏)sin(2𝛼𝛼)],      (3) 

where 𝐴𝐴 is a constant and 𝑙𝑙
𝑤𝑤

= 4 is the length/width aspect ratio of the Hall bar.  The (𝑏𝑏𝑏𝑏)sin(2α) 
term, where 𝑏𝑏  is a constant, is introduced to account for the decreasing magnitude.  For the 
simulations in Fig. 2, we use 𝐻𝐻𝑒𝑒𝑒𝑒 = 1,000 T, 𝐷𝐷 = 2 T, 𝐻𝐻𝑎𝑎 = 10 Oe, 𝐴𝐴 = 0.035 Ω and 𝑏𝑏 = 0.073 T-1, 
which not only describe the shape and magnitude of ∆𝑅𝑅𝑥𝑥𝑥𝑥 and ∆𝑅𝑅𝑥𝑥𝑥𝑥 with excellent agreement, but 

Figure 2. Angular dependencies of SMR.  a, ∆Rxy and 
b, ∆Rxx for a Pt(3 nm)/LaFeO3(3 nm) Hall bar at 25 K 
in an in-plane field of 0 to 14 T with the current channel 
along SrTiO3 [100]. The solid curves are simulations 
which agree well with the experimental data. 
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also reproduce the fine features and subtle curvatures, indicating that the model captures all the 
important mechanisms in Pt/LaFeO3.  

We pattern another Hall bar along SrTiO3 [110] 
(easy axis) near the one along SrTiO3[100] on the 
same bilayer (Fig. 3a).  Figures 3b and 3c compare 
the SMR of the two Hall bars at 3 T, where the 
shapes of ∆𝑅𝑅𝑥𝑥𝑥𝑥 and ∆𝑅𝑅𝑥𝑥𝑥𝑥 for the two samples are 
switched, i.e., Sample #[100] (blue) has square 
∆𝑅𝑅𝑥𝑥𝑥𝑥

#[100]  and saw-tooth ∆𝑅𝑅𝑥𝑥𝑥𝑥
#[100] , while #[110] 

(red) has saw-tooth ∆𝑅𝑅𝑥𝑥𝑥𝑥
#[110] and square ∆𝑅𝑅𝑥𝑥𝑥𝑥

#[110].  
The SMR results for #[110] can also be accurately 
simulated by the same model by factoring in the 45° 
rotation, which explains the shape switch of ∆𝑅𝑅𝑥𝑥𝑥𝑥 
and ∆𝑅𝑅𝑥𝑥𝑥𝑥 for the two samples.   

We also measured SMR for a Hall bar of a Pt(3 
nm)/LaFeO3(10 nm) bilayer, which exhibits robust 
biaxial anisotropy at room temperature.  In 
addition, we performed the same measurement for Pt/LaFeO3(tLFO) bilayers with tLFO = 1, and 2 
nm at 25 K and 2 T.  The 2-nm LaFeO3 maintains a square shape, evidence of a robust biaxial 
anisotropy, while the 1-nm LaFeO3 exhibits a small but clear negative SMR, indicating AFM 
ordering persists down to 1 nm LaFeO3.  This work was recently published in Nano Letters.1  
Electrical Switching and Imaging:  Under primary support of this DOE grant, we used the LaFeO3 
films with biaxial anisotropy for electrical pulse switching and AFM domain imaging.  Figure 4a 
illustrates a Hall cross of a Pt(2 nm)/LaFeO3(3 nm) bilayer with a channel width of 5.5 µm, which 
is rotated by 22.5° from the SrTiO3 [100] axis for both electrical switching and SMR detection.2  

We send electrical current pulses (IP) of 1-ms width and various current amplitude along Ch1 
or Ch2 and detect ∆𝑅𝑅𝑥𝑥𝑥𝑥 at 300 K (Fig. 4b).  At a current density, Jc = 6.82 × 1011 A/m2, we observe 
visible but inconsistent switching signals.  The switching becomes much clearer, step-like plateaus 
at Jc = 7.40 × 1011 A/m2 with a high SMR state along IP || Ch1 and a low SMR state along IP || 
Ch2.  The reproducible step-like switching persists at higher current densities until 8.18 × 1011 
A/m2, where ∆𝑅𝑅𝑥𝑥𝑥𝑥  becomes more 
sloped, which can be attributed to 
nonmagnetic changes in the Pt 
overlayer caused by the large current 
density.  From the high/low SMR 
states, we note that the Néel vector 
tends to align perpendicular to the 
current pulse direction, which is 
opposite to the behavior observed in 
Pt/α-Fe2O3 and Pt/NiO.  

We image AFM domains in the 
LaFeO3 films using X-ray Magnetic 
Linear Dichroism Photoemission 

Figure 3. SMR with Hall channels along SrTiO3 
[100] and [110].  a, Schematic of Hall bars along 
[100] (hard axis) and [110] (easy axis).  b, ∆Rxy and 
c, ∆Rxx for two Hall bars of a Pt(3 nm)/LaFeO3(3 nm) 
bilayer in a 3 T field at 25 K with distinct square and 
triangular shapes.  The simulations (solid curves) 
match well with the experimental data. 

Figure 4. Electrical switching of Néel vectors.  a, Schematic of a 
Hall cross oriented at 22.5° from both SrTiO3 [100] (hard axis) and 
[110] (easy axis) to allow for AFM switching and AMR detection. b, 
Electrical pulse switching of a Pt(2 nm)/LaFeO3(3 nm) device at 
various current densities sent alternatively along Ch1 or Ch2. 
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Electron Microscopy (XMLD-PEEM).  Figure 5 shows 
room-temperature AFM domains of 3-nm and 10-nm 
LaFeO3 films, where the AFM domain sizes of the 3-nm 
film are quite large (several to >10 µm), as compared to the 
sub-micron to a few µm domains for the 10-nm LaFeO3.  
For electrical switching of a Pt(2 nm)/LaFeO3(3 nm) 
bilayer, domain switching is visible at 5.0 mA, but only in 
some small areas (Fig. 6).  As the current amplitude 
increases, larger and more domains are switched.  In 
addition, current pulses along Ch1 result in more bright 
domains with the Néel vector along Easy 2 axis (see Fig. 4a), while current pulses along Ch2 yield 
more dark domains with the Néel vector along Easy 1 axis.  This is consistent with the SMR result 
that the Néel vector tends to align perpendicular to the current pulse direction.   

This work offers the opportunity for 
electrical manipulation of epitaxial thin 
films of AFM perovskites with a large 
selection of AFM materials and highly 
tunable magnetic properties.  In addition, 
this work provides a new materials 
platform for the exploration of the 
predicted insulating altermagnets such as 
LaFeO3 and other AFM perovskites with 
spin-split bands.  A manuscript2 about this 
work will be submitted in August 2025. 
Future Plans 

In the coming year, we will investigate 
the microscopic origin and gain better 
control of the observed biaxial anisotropy 
in the LaFeO3 epitaxial thin films (as compared to the uniaxial anisotropy in the bulk orthorhombic 
structure).  Of particular interest is the nature and degrees of the pseudo-cubic lattice of the LaFeO3 
epitaxial thin films and their octahedral tilting and bond bending, which are essential for the 
emergence of the predicted altermagnetism in perovskite AFMs3 such as LaFeO3.  Altermagnetism 
is an exciting new frontier3 in condensed matter physics.  While most of the research community 
is focused on conducting altermagnets because of the convenience of electrical detection, we will 
carry out an experimental investigation of the predicted altermagnetism in insulating AFMs, such 
as LaFeO3 with sizable spin splitting of the electronic bands.3  We will leverage our high-quality 
LaFeO3 epitaxial films of a few nm thicknesses to explore novel heterostructures, in particular, all-
perovskite tunnel junctions, to detect potential evidence of altermagnetism in AFM perovskites. 
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Figure 6. XMLD-PEEM images of electrical switching of 
AFM domains.  a, Initial AFM domains of a Pt(2 
nm)/LaFeO3(3 nm) Hall cross, and AFM domains after an 
electrical pulse is sent along Ch1 or with a current of b, c, 5.0 
mA (Jc = 4.5 × 1011 A/m2), d, e, f, 7.5 mA (Jc = 6.8 × 1011 
A/m2), and g, h, 8.0 mA (Jc = 7.3 × 1011 A/m2) at 300 K.  
Yellow arrows indicate domain changes. 

Figure 5. XMLD-PEEM images of AFM 
domains of a, Pt(2 nm)/LaFeO3(3 nm) and 
b, Pt(2 nm)/LaFeO3(10 nm) films.  
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Research Scope 

 The research project is aimed at discovering novel multiferroic materials which have the 
coexistence of magnetic and ferroelectric ordering. Simultaneous coexistence of magnetism and 
ferroelectricity can induce novel properties that are not present in either state alone. These 
multiferroic materials open a route to control magnetism by electric field and vice versa. The 
electric field control of magnetism is of significant interest because using the electric field to tune 
magnetization requires much less power and is more energy efficient [1]. The recent discovery of 
2D ferroelectricity in layered or van der Waals (vdW) crystals has provided a promising route to 
overcome the challenge of losing ferroelectric properties at reduced thicknesses [2]. These findings 
in turn have motivated the search for new layered or vdW multiferroics, particularly among the 
transition metal chalcogenides [3]. The goal of this project is to synthesize transition metal 
chalcogenides, investigate their tunability through chemical substitution to understand the 
structural nuances and the underlying physics of multiferroicity using advanced characterization.  

Recent Progress  

 In the past year, we have successfully synthesized chalcogenide multiferroic systems, 
including Mn1+xCu1-xSiTe3, Cu2MnSiS4, and AgCrSe2-xSx (x = 1, 1.5). Mn1+xCu1-xSiTe3 system is 
one of the first systems that was synthesized and fully investigated.  While this crystal shows 
multiferroic properties, variation in the Cu concentration affects its structure and properties. We 
have observed that altering the Cu-to-Mn ratio leads to significant changes in the electronic 
properties of Mn1+xCu1-xSiTe3 [4].  Our studies have further focused on the local structure and 
defects in the Mn1+xCu1-xSiTe3 systems to understand how Cu concentration affects the defects and 
the atomic structure as well as the properties of this crystal. Specifically, Cu-deficient crystals 
(Cu0.82Mn1.08SiTe2.99) exhibit semiconducting behavior, while Cu-rich crystals 
(Cu1.14Mn0.77SiTe2.9) display semi-metallic behavior [4].   

In a recent effort, our team also demonstrated the synthesis of Cu2MnSiS4, AgCrSeS, 
AgCrSe0.5S1.5, single crystals with possible evidence of multiferroicity through preliminary 
ferroelectric and magnetic measurements. Currently Our team is further investigating the 
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multiferroic properties and the atomic structure of Cu2MnSiS4, AgCrSeS, and AgCrSe0.5S1.5 

crystals to further determine how the structural nuances affect multiferroicity in these systems 
using single-crystal X-ray diffraction (XRD) and advanced electron microscopy, in combination 
with theoretical predictions through collaborations.  Besides these investigations, our team 
successfully synthesized a multiferroic oxide system, BiMn7-xCuxO12, using high pressure and high 
temperature synthesis technique. Below is a more detailed description of the work in progress: 

a) Successful synthesis and characterization of Mn1+xCu1-xSiTe3 

Mn1+xCu1-xSiTe3 is one of our originally proposed compositions grown as a seed for this grant. 
However, through this program we have been studying how the multiferroicity is affected by the 
structure and defects. We have published the multiferroic behavior observed in the Cu deficient 
(Cu0.82Mn1.08SiTe2.99) crystals in a recent publication in 2025 [4].  More investigation has been 
carried out ever since to uncover the atomic structure of this sample and its defects using advanced 

electron microscopy 
imaging and 

spectroscopy. 
Stacking faults are 
observed as one 
prominent defect in 
Cu deficient crystals.  
We have also 
investigated how 
changing the Cu 
content from Cu-
deficient to Cu-rich 
alters the structure, as 
we have already 
observed changes in 
their electronic 
properties [4]. Figure 
1 shows the structural 
investigation using 
S/TEM overlaid with 

the structure obtained from single crystal XRD studies and the magnetodielectric and 
magentocurrent measurements of the Cu deficient Cu0.82Mn1.08SiTe2.99 crystals. We observed that 
the ΔP reaches ~ 0.8 μC/cm2 at 10 K and 9 T, as reported in our recent work [4], and this value is 
comparable to the record magnetic field-induced polarization in oxide multiferroics. We observe 
that both Cu-deficient and Cu-rich samples share the same space group but differ in the number of 
sites per unit cell. From our S/TEM studies, we observe several types of defects present in the Cu-
rich (Mn0.77Cu1.14SiTe2.9) crystals, including stacking faults, dislocations, and tweed-shaped 

Fig.1. Investigation of Mn1+xCu1-xSiTe3 crystals using S/TEM: (A) 
Magnetodielectric constant, Δ𝜀𝜀/𝜀𝜀=[𝜀𝜀(𝐻𝐻)−𝜀𝜀(0)]/𝜀𝜀(0), as a function of magnetic field 
at 20 various temperatures. (B) Magnetocurrent recorded by sweeping the magnetic 
field at 5 and 10 K (left axis), change in the electric polarization (Δ𝑃𝑃) induced by 
applying a magnetic field at 5 and 10 K in Cu deficient Cu0.82Mn1.08SiTe2.99. (C) TEM 
image of Cu deficient Cu0.82Mn1.08SiTe2.99 cross-section specimen along [010] zone 
axis. (D) SAED pattern from region in (C). (E) Atomic STEM imaging from [010] 
zone axis. Similarly, a cross-section specimen along [010] zone axis is made of Cu 
rich Mn0.77Cu1.14SiTe2.9 and (F) TEM image is shown. (G) SAED pattern from the 
red circle region in (F). (H) Atomic STEM imaging from [010] zone axis. 
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precipitates. Our future work will focus on further examining these defect structures, their 
formation origin, and understanding their influence on the material’s properties.  

b) Successful synthesis and characterization of Cu2MnSiS4 and Cu2FeSiS4: 

In our most recent study, upon searching the database, we identified Cu2MnSiS4 as new promising 
material, since it shows possible evidence of multiferroic behavior. Single crystals of Cu2MnSiS4 
and Cu2FeSiS4 were synthesized via chemical vapor transport (CVT) using iodine as a transport 
agent. The magnetic behavior of Cu2MnSiS4 single crystals was measured using SQUID (Fig. 2A) 
and shows the temperature dependence of magnetic susceptibility under zero field cooling (ZFC) 
as well as the field-cooling (FC) with a magnetic field of 0.1T applied in the out-of-plane and in-
plane directions. The susceptibility measurement reveals an antiferromagnetic behavior with Neel 
temperature TN ~ 8K. The Curie-
Weiss fitting ( χ = C

T−θ
) of the 

inverse magnetic susceptibility 
gives a negative Weiss constant of 
θ = −15.44 K , indicating AFM 
coupling between the Mn2+ 
moments. The field-dependence 
of magnetization at 3K shows a 
linear behavior which also 
confirms antiferromagnetic 
coupling in Cu2MnSiS4 (Fig. 2B). 
To verify if this material exhibits 
magneto-dielectric and 
magnetoelectric effects, we 
performed temperature dependent 
and magnetic field dependent 
capacitance measurements (Fig. 
2C). From the measurements, we 
observed that εr  shows an 
anomaly at the AFM transition 
temperature TN. Between TN up to 
10K we see a variation in Δεr 
across the magnetic field, which vanishes at 10K (Fig. 2D). These results suggest that Cu2MnSiS4 
is a possible multiferroic material. We plan to perform P-E loop as well as magnetoelectric 
measurements and thorough structural analysis to find further evidence for its multiferroicity and 
the role of the atomic structure.  

c) Synthesis of AgCrSe2-xSx (x = 1, 1.5) single crystals and their Magnetic properties 

Fig.2. Magnetic and Dielectric Measurements on Cu2MnSiS4 
single crystals (A) Temperature dependent susceptibility (𝜒𝜒) 
measurement under ZFC and FC with a magnetic field (0.1T) applied 
out-of-plane and in-plane.  B) Magnetic field sweep of magnetization 
with applied field out-of-plane and in-plane at temperatures 3K and 
10K. (C) Temperature dependence of dielectric constant 𝜀𝜀𝑟𝑟 under 0T 
and at different frequencies. (D) Magnetodielectric constant Δεr =
εr(H)−εr(0)

εr(0)
  , as a function of magnetic field at different temperatures. 
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AgCrS2 and AgCrSe2 are among our originally proposed materials for synthesis since they both 
have polar space group and show magnetic ordering. AgCrS2 has indeed been reported to a be 
multiferroic material [5]. We have synthesized single crystals of AgCrSe2, AgCrSeS and 
AgCrSe0.5S1.5 using a two-step process, where polycrystalline powders were initially made via melt 
growth technique, followed by single crystal preparation using CVT method. The synthesized 
single crystals are plate-like, suggestive of their layered structure. Following the synthesis, we 
performed magnetization measurements on these single crystals using SQUID and have observed 
multiferroic behavior in AgCrS2. Our preliminary measurements show AgCrSeS and 
AgCrSe0.5S1.5 exhibiting magnetic properties distinct from AgCrS2. We are at the nascent stage of 
this investigation and plan to perform further systematic measurements to determine if the mixed 
Se/S compounds indicate multiferroicity and the role of their atomic structure and composition.  

Future Plans 

We will continue studies on Cu2MnSiS4, AgCrSeS and AgCrSe0.5S1.5 and perform systematic 
magnetodielectric and magnetoelectric measurements to find evidence of multiferroic properties. 
High-pressure and high-temperature synthesis methods will be employed as needed to stabilize 
metastable phases and obtain high-quality crystals. To uncover the atomic structure and defects, 
we will continue to use advanced S/TEM imaging and spectroscopy in addition to in-situ heating 
or cooling experiments inside the TEM to investigate the structural transformation from the 
ferroelectric to the paraelectric phase. These experiments enable real-time observation of 
ferroelectric and magnetic domain dynamics as well as defect transformation under applied 
stimuli. Furthermore, low-temperature Lorentz Transmission Electron Microscopy (LTEM) will 
be employed to reveal and study the magnetic domain behaviour at reduced temperatures.  
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Research Scope: The NEMM program investigates the 
fundamental science of non-equilibrium magnetic 
materials and phenomena in amorphous thin film 
materials with strong spin-orbit interactions in the 
presence of interfacially-induced or other local 
inversion symmetry breaking. It integrates design, 
fabrication, measurement, and modeling of static and 
dynamic magnetic properties, emphasizing the 
thermodynamic and dynamic control of magnetization 
and topological spin textures. Future research 
addresses two strongly interrelated thrusts: (i) 
understanding and controlling the free energy landscape of two- and three-dimensional chiral spin 
textures in amorphous films; and (ii) studying the dynamic response of these textures, including 
thermally induced fluctuations. Advanced optical, electron, and x-ray techniques with nanoscale 
resolution and across time scales from seconds to femtoseconds combining lab-based tools with 
capabilites at large scale facilities, and theoretical modeling are used to explore these phenomena. 
By advancing the understanding and control of amorphous quantum materials, using AI/ML to 
assist this process, the NEMM program aims to enable stable emergent magnetic phases, 
understand their dynamical properties and novel functionalities essential for future technologies.  
Recent Progress (select results, grouped by thrust)  
Thrust 1 Static and quasi‐static novel thin film spin structures in amorphous alloys  
a) Goal: Understand and control the free energy landscape of chiral spin textures, enabling stability 

and tunability of novel topological and complex spin textures and phases 
We previously discovered and developed a theory for enhanced magnetization, large intrinsic anomalous 
Hall effect and Hall angle, and high spin polarization in amorphous a-FexSi₁₋ₓ and a-FexGe₁₋ₓ, along with 
non-collinear spin structures driven by local SOC and DMI.[2] Lorentz TEM and X-ray scattering of a-
FexGe₁₋ₓ revealed a rich x–H–T phase diagram with helical and skyrmion phases and a low-T transition to 
rapidly fluctuating domains [2,A4]. Recent coherent X-ray scattering showed that spatial heterogeneity 
(pinning, domain walls, defects) drives temporal heterogeneity and complex transition pathways with a 
universal power law, as well as a novel nematic phase and non-ergodic behavior. Fluctuations expand with 
T or x and collapse onto a universal power-law. Speckle analysis revealed multiple spin texture classes. 
[A4,A10]. 

Additional accomplishments: 
• 3D skyrmion mapped by magnetic soft X-ray laminography in Ir/Co/Pt nanodisks; observed 

depth-dependent variations in winding number and exchange parameters. 
• Participated in commissioning of Timepix detectors using a-Fe–Ge test films. 
• Curvature-driven spin textures found in a-Fe–Ge, Si and multilayers via X-ray tomography. 

 
Fig. 1 Interface between ferromagnet (or other 
magnet) and high spin orbit coupling material, 
subject to optical, electrical, or heat pulses, 
and E or B fields.[1]  
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b) Amorphous topological insulators (a-TIs) 
Highlight: Discovered spin-momentum locked surface states in a-Bi₂Se₃, both theoretically and 

experimentally—a milestone toward realizing topological states in amorphous systems.[3]  
Additional accomplishments: 
- Experimentally investigated disorder effects in BixTeI films (x = 1–3), a material we 

predicted would transition from trivial to topological insulator with increasing disorder. Low 
growth temperature caused strong localization and electron–electron interactions, producing 
disorder- and composition-dependent metal–insulator transitions [A5]. 

- Theory of amorphous topology: Proposed “structural spillage” as a new indicator to 
diagnose nontrivial topology in amorphous systems relative to a crystalline reference [4] 

Thrust 2 Spin accumulation, spin currents, magnetization control via interfaces and SOC 
Understand and control magneto-transport, spin accumulation, and spin-orbit torque (SOT) in 
amorphous heterostructures; the impact on these of topology, disorder, and thermal fluctuations.  
- Amorphous a-FexSi1-x and a-FexGe1-x films show large AHE, AHA, and spin polarization, suggesting 

strong SHE from enhanced SOC, spin-split scattering and short mean free paths. In {Fe,Co}x–{Ge,Si}1-

x alloys, resistivity scales with x, while magnetization differs, enabling separation of their effects. In a-
CoxGe1-x, we achieved large SHA ≈ 0.25 with low switching currents (2×10⁶ A/cm²). MOKE confirmed 
SOT-driven domain nucleation and motion.[5] 

- Amorphous PtxGe1-x and PtxSi1-x show enhanced SHA; current work aims to disentangle the roles of 
amorphization, carrier density, and short mean free path on SOT efficiency.[5] 

Thrust 3 Highly non‐equilibrium magnetic states and ultrafast spin dynamics; magnetization dynamics 
following ultrafast optical or electrical pulse 

a) Ultrafast helicity-independent all-optical switching in ferrimagnet alloys and multilayers 
- Achieved direct electrical detection of single-shot optical switching in 20 nm Tb/Co 

multilayer cells with high anisotropy, creating opportunities for ultrafast nanoscale switching. 
- Published invited review: “A perspective on ultrafast magnetization switching in 

ferromagnets using helicity-independent optical pulses” [A6]. 
b) Fluctuations in a non-equilibrium magnetic state 
- X-ray studies of a-FexGe1-x films revealed fluctuation hot-spots and skewed distributions 

that destabilize the helical phase and mark a transition to non-ergodic behavior [A4, A10]. 
- Ultrafast X-ray pump–probe and single-shot XPCS revealed how light-induced fluctuations 

drive entropy changes, topological dynamics, and Weyl-fermion coupling control. [B1]. 
- Ultrafast spin dynamics: awarded five LCLS beamtimes; measured µsec skyrmion 

fluctuations at European XFEL; completed design of new LCLS-II fluctuation instrument. 
- Invited review for Adv. Phys. X: “On Ultrafast X-ray Methods for Magnetism” [B1]. 
Future Plans: two interrelated Thrusts with complementary topics and foci (interfaces, disorder, 
local and global symmetry breaking effects, spin-orbit coupling, non-relativistic spin-splitting). 
Thrust 1: Novel spin structures in amorphous magnetic and topological films   
a) Understanding and controlling complex spin textures  
We hypothesize that amorphous materials and heterostructures can be used to create chiral spin 
textures and through their tunability, control their stability, dynamics, and size. We focus on the 
role of disorder, the importance of local symmetry breaking, and their contributions to emergent 
topological phenomena, including how chirality impacts the topological properties and behavior.  
- Amorphous Mn–Ge alloys: Building on our a-FexGe1-x work, we now turn to a-MnxGe1-x. 

Crystalline B20 MnGe and FeGe exhibit very different skyrmion length scales (3 vs. 90 nm), 
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lattice types, and internal structures, suggesting different exchange and DMI interactions. a-
MnxGe1-x should similarly yield distinct textures, and pseudo-binary a-(MnyFe1-y)xGe1-x will 
allow us to tune the spin texture length scale, from the short length of the Mn alloy, where 
the amorphous structure may couple directly to the spin texture, to the Fe alloy, where the 
averaging over DMI disorder may limits its impact. 

- Heterostructure design: We are developing amorphous heterostructures (e.g., a-FexGe1-x or 
a-MnxGe1-x with high-SOC over/underlayers a-PtxGe1-x or a-IrxGe1-x). By varying layer 
thicknesses and alloy compositions, we separately control magnetization, carrier density, and 
magnetic anisotropy to stabilize new textures. 

- Spin texture dynamics in a-FexGe1-x: Continuing studies of ergodic–nonergodic transitions, 
helical and skyrmion clusters, and the effects of randomized DMI on phase stability and 
fluctuations, leveraging tunability in magnetization and carrier density. 

- ARPES probes (new co-PI Vishik): Photoemission studies will enable understanding of the 
electronic structure of the proposed novel amorphous alloy systems.  

- Ab initio theory and mesoscopic modeling in a multi-scale framework incorporates spin–orbit 
coupling, disorder, and non-equilibrium effects to predict spin textures without translational 
symmetry. AI/ML and materials informatics will accelerate discovery of new amorphous 
alloys and identify controllable routes (alloying, strain, disorder) 

- Curvature and strain control: Exploring how these shape the magnetic energy landscape. 
Depositing amorphous films on curved substrates will allow deliberate creation and tuning of 
3D topological textures, studied with advanced vector X-ray imaging methods. 

b) Amorphous magnetic topological insulators and kagome-like materials: Quantum 
Anomalous Hall Effect (QAHE), novel spin textures, and spin-momentum locking effects 
We hypothesize that emergent spin-orbit phenomena (spin-momentum locking, Rashba splitting, 
and topological band inversions) are driven by local environment, not global crystal symmetries. 
Amorphous materials therefore provide a promising platform to create and study magnetic 
topological insulators and the QAHE: disorder localizes bulk carriers while preserving metallic 
surface states including chiral edge states. 
- Magnetic a-TIs: We will combine experiment and theory (first-principles, tight-binding) to 

explore Mn-doped a-Bi₂Se₃ as a first candidate, followed by a-MnBi₂Te₄ and Mn-doped 
(Si,Ge,Sn,Sb)-(Se,Te). Heterostructures such as a-Fe–Ge/a-Bi₂Se₃ will also be grown. Using 
DFT, ARPES, spin-ARPES, and magnetotransport, we will probe exchange gaps, spin–
momentum locking, and gating-tuned QAHE, with soft X-ray ARPES enabling access to 
buried amorphous TI layers. 

- Amorphous Kagome-like Materials: Synthesize a-FexSn1–x and a-RxT6X6 alloys (R = rare 
earth, T = V/Mn, X = Ge/Sn) to extend kagome physics—Dirac fermions, flat bands, 
frustrated magnetism—into the amorphous regime, targeting disorder-enabled topological 
spin phases. 

- Controlling disorder: Growth conditions will be used to tune the amorphous structure and 
rapid scanning nanocalorimetry to quantify the disorder via depth in the energy landscape, 
enabling systematic control of spin textures and topological states. 

c) Amorphous Non-Relativistic Spin Splitting (NRSS): Compensated collinear magnetic 
order, altermagnetism, intrinsic anomalous Hall effect 
We hypothesize that it is possible to control local structure in an amorphous material such that 
true antiferromagnetism and even non-relativistic spin split (NRSS) states exist via bipartite 
networks, and orbital ordering achieved via strain or growth-induced structural texturing. 
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- Starting with a-Mn–Ge–Te and a-Cr–Ge–Sb, we will investigate how atomic disorder governs the 
balance between spin-glass and antiferromagnetic phases, including NRSS. Magnetometry and 
nanocalorimetry will distinguish true AFM transitions from glassy freezing, while spin-ARPES will 
probe anisotropic spin-splitting and polarization. Theory will link atomic structure to magnetism, 
showing how alloying, strain, and disorder stabilize NRSS or altermagnetic states. This work lays the 
foundation for compensated magnetism in amorphous systems, advancing spintronic applications. 

Thrust 2 Dynamics of spin textures and magnetic domains in amorphous films  
Goal: To understand and model dynamic phenomena—including equilibrium fluctuations, non-
equilibrium properties, and driven responses of spin textures in amorphous systems—through 
advanced experiments and theory, advancing our understanding of magnetic phase transitions. 
a) Fluctuations at equilibrium 
We hypothesize that the spin textures and magnetic/topological states identified in Thrust 1 will 
exhibit unconventional dynamics near phase transitions. By tuning materials parameters, we will 
probe fluctuations that test theoretical models and may uncover hidden phases. 
Within the Gibbs free energy framework, fluctuations in order parameters stabilize phases and 
drive universal critical behavior, but spontaneous or intrinsic heterogeneities (domain walls, 
pinning centers, competing interactions) break equilibrium assumptions, producing speckle in 
coherent X-ray diffraction and dynamic heterogeneity over multiple timescales [A10]. We will 
exploit speckle analysis to connect spatial and temporal heterogeneity and extend this to non-
thermal transitions dominated by quantum fluctuations. 
b) Non-equilibrium and Near-Equilibrium Fluctuations 
We will focus on non- and near-equilibrium phases accessible through excitation mechanisms such 
as THz or optical laser pulses. We hypothesize that the fluctuations and transition pathways 
observed in these states—particularly in amorphous materials—will reveal fundamental links 
between metastable phases and non-equilibrium thermodynamics.   
Using THz and optical excitation, we will probe metastable and transient phases where disorder 
strongly impacts dynamics. Recent studies (Turner, Roy) in a-Fe/Gd revealed broad distributions 
of dynamical behavior. We aim to combine traditional pump-probe methods with correlation 
spectroscopy to track domain formation and transition pathways across timescales inaccessible to 
conventional probes, clarifying the role of disorder in non-equilibrium thermodynamics. 
c) Driven Systems: Multi-scale behavior and dynamic heterogeneity  
We will study amorphous systems driven by currents or RF fields, using speckle correlations to 
link dissipation and damping to spin textures. Our discovery of an ergodicity transition in a-Fe–
Ge suggests the fluctuation–dissipation theorem (FDT) holds only above this transition, enabling 
tests of FDT breakdown. Competing inter- and intra-cluster interactions drive multi-scale spatio-
temporal dynamics, which we will image with X-ray, Lorentz, photoelectron, and magnetic force 
microscopies to advance understanding of dynamic heterogeneity in marginally ordered phases. 
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Digital Synthesis: A pathway to novel states of condensed matter 

A. Bhattacharya, Dillon D. Fong, J. S. Jiang, Ulrich Welp (Argonne National Laboratory) 

Self-identify keywords to describe your project: superconductivity, magnetism, spintronics, 
thin film heterostructures, transition metal compounds, molecular beam epitaxy, x-ray scattering. 

Research Scope: In our program, we seek to create, explore and understand novel electronic and 
magnetic states with new functionalities that emerge at interfaces between different materials. 
These include collective states like interfacial magnetism and superconductivity, as well as 
topological states of matter, that may have relevance for spintronics and quantum information 
science. We seek to realize these states in materials synthesized with atomic layer-by-layer control 
using molecular beam epitaxy and related techniques. A significant part of our research is devoted 
to understanding growth processes that lead to these interfacial states, and to refine our synthesis 
conditions.  In the research presented here, we focus on the synthesis and emergent properties of 
two recently discovered oxide superconductors. In the first class of materials, the superconducting 
nickelates, we use in-situ x-ray diffraction during synthesis with molecular beam epitaxy to 
understand the processes underlying the growth of the infinite layer perovskite and n = 5 
Ruddlesden-Popper phases in epitaxial thin films, and their subsequent topotactic reduction to the 
square-planar phase to realize superconductivity. Next, we will present our results from ongoing 
efforts to explore and understand the superconducting state found at interfaces of KTaO3  (KTO). 
We will describe how we probe the inversion breaking transverse optical TO1 phonons found near 
the surface of KTO using a unique ‘spintronic’ THz spectroscopic technique. These are the same 
phonons that soften to give rise to the ‘quantum paraelectric’ nature of KTO at low temperatures 
and may also mediate pairing in the two-dimensional superconducting gas at KTO interfaces. We 
have also fabricated superconducting coplanar waveguide resonators using the electron gas formed 
at interfaces of KTO (111), where we find very large sheet kinetic inductance, and as a result also 
very low phase velocities or ‘slow light’, which sheds light on the nature of the superfluid in this 
two-dimensional superconductor. 

Recent Progress  

Understanding topotactic reduction in superconducting nickelates: Topotactic reduction is critical 
to a wealth of phase transitions of current interest, including synthesis of the superconducting 
nickelate Nd0.8Sr0.2NiO2, reduced from the initial Nd0.8Sr0.2NiO3/SrTiO3 heterostructure1. Due to 
the highly sensitive and often damaging nature of the topotactic reduction, however, only a handful 
of research groups have been able to reproduce the superconductivity results. A series of in-situ 
synchrotron-based investigations by our team (Y. Li et al., Adv. Mater. 2024) reveal that this is 
due to the necessary formation of an initial, ultrathin layer at the Nd0.8Sr0.2NiO3 surface that helps 
to mediate the introduction of hydrogen into the film such that apical oxygens are first removed 
from the Nd0.8Sr0.2NiO3/SrTiO3 (001) interface and delivered into the reducing environment. This 
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allows the square-planar / 
perovskite interface to stabilize and 
propagate from the bottom to the top 
of the film without the formation of 
interphase defects. Importantly, 
neither geometric rotations in the 
square planar structure nor 
significant incorporation of 
hydrogen within the films is 
detected, obviating its need for 
superconductivity. These findings 
unveil the structural basis 
underlying the transformation 
pathway and provide important 
guidance on achieving the 
superconducting phase in reduced 
nickelate systems. 

Superconductivity in an ultrathin multilayer nickelate: We report the appearance of 
superconductivity in a single unit-cell thick film of Nd6Ni5O12 (X. Yan et al., Adv. Mater. (2024)), 
exhibiting a transition temperature similar to that of thicker films2. In-situ synchrotron x-ray 
scattering performed during growth of the parent phase, Nd6Ni5O16, shows that the necessary layer- 
by-layer deposition sequence does not follow the sequence of the formula unit but an alternate 
order due to the relative stability of the perovskite unit cell (Fig. 2). We exploit this insight to grow 
ultrathin Nd6Ni5O16 heterostructures and conduct in-situ studies of topotactic reduction, finding 

that formation of the square-planar 
phase occurs rapidly and is highly 
sensitive to reduction temperature, 
with small deviations from the 
optimum condition leading to 
inhomogeneity and the loss of 
superconductivity. The fluorite 
layer within the unit cell facilitates 
reduction by initially stabilizing the 
square-planar phase in the upper 
half of the unit cell. Our findings 
provide insight into the growth of 
the Ruddlesden-Popper nickelates, 
highlighting the need for in-situ 
studies of the metastable phases key 
to superconductivity.  

 

Fig. 1 (A) In situ synchrotron X-ray results on the reduction of 11-
nm-thick Nd0.8Sr0.2NiO3 / SrTiO3 (001) during reduction with CaH2 
(solid curves). The sharp peak at L = 2 rlu is from the SrTiO3 
substrate. (B) Cross-sectional high-angle annular dark-field imaging 
(HAADF) scanning transmission electron microscopy (STEM) image 
of the reduced infinite-layer nickelate Nd0.8Sr0.2NiO2, illustrating the 

         

 

 

 

Fig. 2 (A) Measurements of the specular rod for 1-, 2-, and 3-UC-
thick Nd6Ni5O16 films grown on NdGaO3 substrates. (B) Map of 
specular rods measured for the 1-UC-thick film at different 
temperatures in the CaH2 reducing environment. the arrowed 
profile at the top shows the shift of the 0024 reflection.  
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Tunable ‘giant’ kinetic inductance of superconducting KTaO3 (111) interfacial 2DEGs:   
Superconductivity in the electron gas found at KTaO3 (KTO) interfaces2 is characterized by an 
unusually low superfluid stiffness Js, inferred from both transport2 and microwave measurements2. 
The reason for the low value of superfluid stiffness Js and the resulting large sheet kinetic 
inductance 𝐿𝐿𝐾𝐾/□  ~ 1/Js  is not well understood. If we assume that Js is probing the superfluid 
density, that would imply that less than 1% of the carriers in the band are participating in the 
superfluid. This is highly unusual, even in a disordered superconductor where Js is reduced by 
scattering. The resultant large kinetic inductance can be potentially useful in device applications.  
We fabricated coplanar waveguide resonators (Fig. 3) from the two-dimensional superconductor 
formed at KTO3 (111) interfaces to characterize the superconductor’s LK/□ as a function of carrier 
density (J. Yang et al., Nano Letters 2025). Upon varying the carrier density, in samples 
with Tc ranging from 0.62 to 1.81 K, we can tune LK/□ between 1.88 and 7.42 nH/□ at the lowest 

temperatures, exceeding the highest 
values reported for granular 
aluminum films. The temperature 
dependence of LK/□ is consistent 
with a superconducting gap without 
nodes. The high LK/□ of 
superconducting KTO (111) 
interfacial electron gases combined 
with the high dielectric constant of 
KTO results in resonators with 
exceedingly low phase velocities 
(“slow light”) and small mode 
volumes. In addition, 
superconducting KTO (111) 
interfacial electron gases are robust 
in magnetic fields well above a 
Tesla. These features can enable 
unique device applications in 
superconducting electronics and 
quantum information science. 

Spintronic THz spectroscopy of surface phonons in KTaO3. With the discoveryError! Bookmark not 

defined. of superconductivity at interfaces of KTO, there has been intense interest in its underlying 
pairing mechanism. A unique property of the superconductivity at KTO interfaces is its orientation 
selectivity. For KTO (111) interfaces, the transition temperature can be as high as 2.2 K, for the 
(110) interface, the maximum Tc is ~ 1.1 K, whereas on the KTO (001) interface, superconductivity 
was found in ionic liquid gated samples with a Tc < 0.047 K (K. Ueno et al., Nat. Nanotech. 2011). 
Since then, other groups have failed to find superconductivity in chemically doped or ionic liquid 
gated KTO (001) 2DEGs with similar carrier densities down to ~ 20 mK. In a recent paperError! 

 

Fig. 3 (Top) Superconducting coplanar waveguide patterned from a 
AlOx/KTaO3 (111) 2DEG. (Bottom Left) Temperature evolution of its 
microwave resonant frequency, which is governed by the kinetic 
inductance of the resonator. The resonance signal disappears above 
TC. (Bottom Right) Temperature evolution of sheet kinetic 
inductance 𝐿𝐿𝐾𝐾/□of superconducting KTaO3(111) 2DEGs at different 
doping levels, where higher doping levels lead to higher TC and 
lower values of  𝐿𝐿𝐾𝐾/□. 
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Bookmark not defined., we proposed a theory of superconductivity involving inter-orbital interactions 
that explains this striking orientation selectivity of superconductivity. The proposal relies upon the 
inversion-breaking TO1 phonon as the ‘superconducting glue’. This is the same phonon that 
softens as KTaO3 is cooled to low temperatures causing it to behave as a ‘quantum paraelectric’, 
which is an incipient ferroelectric thwarted by quantum fluctuations. However, phonons at surfaces 
can differ from the bulk. With this in mind, we devised a spectroscopic technique – ‘spintronic 
THz spectroscopy’ – where THz generated from a magnetic overlayer interacts with the surface 
phonons, which in turn leaves a signature in the emitted THz spectrum (Z. Chu et al., Sci. Adv. 
2024). With this technique, we are able to probe the near-surface TO1 phonons in two different 
quantum paraelectric materials – SrTiO3 and KTaO3, where we find that the surface phonons are 
distinct from the bulk. These findings are useful for our understanding of ferroelectric fluctuations 
and their role in superconductivity in these materials. 

Future Plans 

1. In-situ studies of MBE and PLD growth of nickelates, using coherent x-rays and dynamics 
of resulting speckle patterns (x-ray photo correlation spectroscopy or XPCS) to track defect 
dynamics and phase formation during synthesis and topotactic reduction. 

2. Explore pathways to tune superconductivity in the nickelates, including strain, interfacial 
doping and dimensional confinement. 

3. Develop new giant spin-Hall effect A15 compounds by tuning the Fermi level via 
stoichiometry or creating pseudobinary alloys. Many of these are superconducting, and 
several are predicted to have topological surface states. 

4. Carry out high resolution spectroscopy of the superconducting electron gas at KTO 
interfaces to determine the nature of the superconducting gap. 

5. Explore the interaction between magnetism and superconductivity in the KTO interfacial 
electron gas. 
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