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Article Title:  Dynamics of disordered states in the Bose-Hubbard model with confinement

Keywords:  Atomic, Molecular & Optical
Abstract:  Observations of center-of-mass dynamics offer a straightforward method to identify strongly interacting 
quantum phases of atoms placed in optical lattices. We theoretically study the dynamics of states derived from the 
disordered Bose-Hubbard model in a trapping potential. We find that the edge states in the trap allow center-of-
mass motion even with insulating states in the center. We identify short- and long-time-scale mechanisms for 
edge-state transport in insulating phases. We also argue that the center-of-mass velocity can aid in identifying a 
Bose-glass phase. Our zero-temperature results offer important insights into mechanisms of transport of atoms in 
trapped optical lattices while putting bounds on center-of-mass dynamics expected at nonzero temperature.
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Article Title:  Quantum anomalous Hall state from spatially decaying interactions on the decorated honeycomb 
lattice

Keywords:  Strongly correlated Lattice models
Abstract:  Topological phases typically encode topology at the level of the single particle band structure. But a 
remarkable new class of models shows that quantum anomalous Hall effects can be driven exclusively by 
interactions, while the parent non-interacting band structure is topologically trivial. Unfortunately, these models 
have so far relied on interactions that do not spatially decay and are therefore unphysical. We study a model of 
spinless fermions on a decorated honeycomb lattice. Using complementary methods, mean-field theory and exact 
diagonalization, we find a robust quantum anomalous Hall phase arising from spatially decaying interactions. Our 
finding paves the way for observing the quantum anomalous Hall effect driven entirely by interactions.
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Article Title:  Suppression of Hall number due to charge density wave order in high-Tc cuprates

Keywords:  Strongly Correlated
Abstract:  Understanding the pseudogap phase in hole-doped high temperature cuprate superconductors 
remains a central challenge in condensed matter physics. From a host of recent experiments there is now 
compelling evidence of translational symmetry breaking charge density wave (CDW) order in a wide range of 
doping inside this phase. Two distinct types of incommensurate charge order -- bidirectional at zero or low 
magnetic fields and unidirectional at high magnetic fields close to the upper critical field Hc2 -- have been reported 
so far in approximately the same doping range between p?0.08 and p?0.16. In concurrent developments, recent 
high field Hall experiments have also revealed two indirect but striking signatures of Fermi surface reconstruction 
in the pseudogap phase, namely, a sign change of the Hall coefficient to negative values at low temperatures at 
intermediate range of hole doping and a rapid suppression of the positive Hall number without change in sign near 
optimal doping.
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Article Title:  Chiral Anomaly as the Origin of the Planar Hall Effect in Weyl Semimetals

Keywords:  condensed matter physics
Abstract:  In condensed matter physics, the term “chiral anomaly” implies the violation of the separate number 
conservation laws of Weyl fermions of different chiralities in the presence of parallel electric and magnetic fields. 
One effect of the chiral anomaly in the recently discovered Dirac and Weyl semimetals is a positive longitudinal 
magnetoconductance. Here we show that chiral anomaly and nontrivial Berry curvature effects engender another 
striking effect in Weyl semimetals, the planar Hall effect (PHE). Remarkably, the PHE manifests itself when the 
applied current, magnetic field, and the induced transverse “Hall” voltage all lie in the same plane, precisely in a 
configuration in which the conventional Hall effect vanishes. In this work we treat the PHE quasiclassically, and 
predict specific experimental signatures for type-I and type-II Weyl semimetals that can be directly checked in 
experiments.
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Article Title:  Equilibration Dynamics of Strongly Interacting Bosons in 2D Lattices with Disorder

Keywords:  Atomic, Molecular & Optical
Abstract:  Motivated by recent optical lattice experiments [J.-y. Choi et al., Science 352, 1547 (2016)], we study 
the dynamics of strongly interacting bosons in the presence of disorder in two dimensions. We show that 
Gutzwiller mean-field theory (GMFT) captures the main experimental observations, which are a result of the 
competition between disorder and interactions. Our findings highlight the difficulty in distinguishing glassy 
dynamics, which can be captured by GMFT, and many-body localization, which cannot be captured by GMFT, 
and indicate the need for further experimental studies of this system.
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Article Title:  Chiral anomaly and longitudinal magnetotransport in type-II Weyl semimetals

Keywords:  Condensed Matter
Abstract:  In the presence of parallel electric and magnetic fields, the violation of a separate number conservation 
laws for the three-dimensional left- and right-handed Weyl fermions is known as the chiral anomaly. The recent 
discovery of Weyl and Dirac semimetals has paved the way for experimentally testing the effects of chiral anomaly 
via magnetotransport measurements, since chiral anomaly can lead to negative longitudinal magnetoresistance 
(LMR) while the transverse magnetoresistance remains positive. More recently, a type-II Weyl semimetal (WSM) 
phase has been proposed, where the nodal points possess a finite density of states due to the touching between 
electron and hole pockets. It has been suggested that the main difference between the two types of WSMs (type I 
and type II) is that in the latter, chiral-anomaly-induced negative LMR (positive longitudinal magnetoconductance) 
is strongly anisotropic, vanishing when the applied magnetic field is perpendicular to the direction of tilt.
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Article Title:  Two-terminal charge tunneling: Disentangling Majorana zero modes from partially separated 
Andreev bound states in semiconductor-superconductor heterostructures

Keywords:  Strongly Correlated Physics
Abstract:  We demonstrate that partially overlapping Majorana bound states (MBSs) represent a generic low-
energy feature that emerges in non-homogeneous semiconductor nanowires coupled to superconductors in the 
presence of a Zeeman field. The emergence of these low-energy modes is not correlated with any topological 
quantum phase transition that the system may undergo as the Zeeman field and other control parameters are 
varied. Increasing the characteristic length scale of the variations in the potential leads to a continuous evolution 
from strongly overlapping MBSs, which can be viewed as "regular" Andreev bound states (ABSs) that cross zero 
energy, to well separated weakly overlapping MBSs, which have nearly zero energy in a significant range of 
parameters and generate signatures similar to the non-degenerate zero-energy Majorana zero modes (MZMs) 
that emerge in the topological superconducting phase.
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Article Title:  Thermometry for Laughlin States of Ultracold Atoms

Keywords:  Atomic, Molecular & Optical
Abstract:  Cooling atomic gases into strongly correlated quantum phases requires estimates of the entropy to 
perform thermometry and establish viability. We construct an ansatz partition function for models of Laughlin 
states of atomic gases by combining high temperature series expansions with exact diagonalization. Using the 
ansatz we find that entropies required to observe Laughlin correlations with bosonic gases are within reach of 
current cooling capabilities.
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Article Title:  Dynamics of disordered states in the Bose-Hubbard model with confinement

Keywords:  Atomic, Molecular & Optical
Abstract:  Observations of center-of-mass dynamics offer a straightforward method to identify strongly interacting 
quantum phases of atoms placed in optical lattices. We theoretically study the dynamics of states derived from the 
disordered Bose-Hubbard model in a trapping potential. We find that the edge states in the trap allow center-of-
mass motion even with insulating states in the center. We identify short- and long-time-scale mechanisms for 
edge-state transport in insulating phases. We also argue that the center-of-mass velocity can aid in identifying a 
Bose-glass phase. Our zero-temperature results offer important insights into mechanisms of transport of atoms in 
trapped optical lattices while putting bounds on center-of-mass dynamics expected at nonzero temperature.
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Article Title:  Superfluidity in the absence of kinetics in spin-orbit-coupled optical lattices

Keywords:  Atomic, Molecular & Optical
Abstract:  At low temperatures bosons typically condense to minimize their single-particle kinetic energy while 
interactions stabilize superfluidity. Optical lattices with artificial spin-orbit coupling challenge this paradigm, 
because here kinetic energy can be quenched in an extreme regime where the single-particle band flattens. To 
probe the fate of superfluidity in the absence of kinetics we construct and numerically solve interaction-only tight-
binding models in flatbands. We find that superfluid states arise entirely from interactions operating in quenched 
kinetic energy bands, thus revealing a distinct and unexpected condensation mechanism. Our results have 
important implications for the identification of quantum condensed phases of ultracold bosons beyond 
conventional paradigms.

Publication Identifier Type:  DOI
Issue:  11

Date Published:  3/1/17   5:00AM

Publication Identifier Type:  DOI
Issue:  5

Date Published:  5/1/17   4:00AM

Publication Identifier Type:  DOI
Issue:  3

Date Published:  3/1/17   5:00AM

Peer Reviewed: Y 

Peer Reviewed: Y 

Peer Reviewed: Y 

Publication Status: 1-Published

Publication Status: 1-Published

Publication Status: 1-Published



RPPR Final Report 
as of 20-May-2021

Publication Identifier:  10.1103/PhysRevA.94.043601
First Page #:  Volume:  94

Date Submitted:  8/25/17  12:00AM

Authors:  Mengsu Chen, V. W. Scarola

Distribution Statement:  3-Distribution authorized to U.S. Government Agencies and their contractors
Acknowledged Federal Support:  Y

Publication Identifier:  10.1103/PhysRevB.94.125149
First Page #:  Volume:  94

Date Submitted:  8/25/17  12:00AM

Authors:  F. Bao, Y. Tang, M. Summers, G. Zhang, C. Webster, V. Scarola, T. A. Maier

Distribution Statement:  3-Distribution authorized to U.S. Government Agencies and their contractors
Acknowledged Federal Support:  Y

Publication Type:  Journal Article
Journal:  Physical Review A

Publication Location:  
Article Title:  Stability of emergent kinetics in optical lattices with artificial spin-orbit coupling

Keywords:  Atomic, Molecular & Optical
Abstract:  Artificial spin-orbit coupling in optical lattices can be engineered to tune band structure into extreme 
regimes where the single-particle band flattens leaving only interparticle interactions to define many-body states of 
matter. Lin et al. [F. Lin, C. Zhang, and V. W. Scarola, Phys. Rev. Lett. 112, 110404 (2014)] showed that under 
such conditions interactions lead to a Wigner crystal of fermionic atoms under approximate conditions: no 
bandwidth or band mixing. The excitations were shown to possess emergent kinetics with fractionalized charge 
derived entirely from interactions. In this work we use numerical exact diagonalization to study a more realistic 
model with nonzero bandwidth and band mixing. We map out the stability phase diagram of the Wigner crystal. 
We find that emergent properties of the Wigner crystal excitations remain stable for realistic experimental 
parameters. Our results validate the approximations made by Lin et al..
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Abstract:  The analytic continuation of imaginary-time quantum Monte Carlo data to extract real-frequency 
spectra remains a key problem in connecting theory with experiment. Here we present a fast and efficient 
stochastic optimization method (FESOM) as a more accessible variant of the stochastic optimization method 
introduced by Mishchenko et al. [Phys. Rev. B 62, 6317 (2000)], and we benchmark the resulting spectra with 
those obtained by the standard maximum entropy method for three representative test cases, including data taken 
from studies of the two-dimensional Hubbard model. We generally find that our FESOM approach yields spectra 
similar to the maximum entropy results. In particular, while the maximum entropy method yields superior results 
when the quality of the data is strong, we find that FESOM is able to resolve fine structure with more detail when 
the quality of the data is poor. In addition, because of its stochastic nature, the method provides detailed 
information on the frequency-d
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Article Title:  Correlated Spin-Flip Tunneling in a Fermi Lattice Gas

Keywords:  optical lattices, atomic gases, interactions
Abstract:  We report the realization of correlated, density-dependent tunneling for fermionic 40K atoms trapped in 
an optical lattice. By appropriately tuning the frequency difference between a pair of Raman beams applied to a 
spin-polarized gas, simultaneous spin transitions and tunneling events are induced that depend on the relative 
occupations of neighboring lattice sites. Correlated spin-flip tunneling is spectroscopically resolved using gases 
prepared in opposite spin states, and the inferred Hubbard interaction energy is compared with a tight-binding 
prediction. We show that the laser-induced correlated tunneling process generates doublons via loss induced by 
light-assisted collisions. Furthermore, by controllably introducing vacancies to a spin-polarized gas, we 
demonstrate that correlated tunneling is suppressed when neighboring lattice sites are unoccupied.
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Article Title:  Two-terminal charge tunneling: Disentangling Majorana zero modes from partially separated 
Andreev bound states in semiconductor-superconductor heterostructures

Keywords:  Topological Matter
Abstract:  We show that a pair of overlapping Majorana bound states (MBSs) forming a partially separated 
Andreev bound state (ps-ABS) represents a generic low-energy feature in spin-orbit-coupled semiconductor-
superconductor (SM-SC) hybrid nanowire in the presence of a Zeeman field. The ps-ABS interpolates 
continuously between the “garden variety” ABS, which consists of two MBSs sitting on top of each other, and the 
topologically protected Majorana zero modes (MZMs), which are separated by a distance given by the length of 
the wire. The really problematic ps-ABSs consist of component MBSs separated by a distance of the order of the 
characteristic Majorana decay length  ?, and have nearly zero energy in a significant range of control parameters, 
such as the Zeeman field and chemical potential, within the topologically trivial phase. Despite being topologically 
trivial, such ps-ABSs can generate signatures identical to MZMs in local charge tunneling experiments.

Publication Identifier Type:  
Issue:  

Date Published:  8/20/18   4:00AM

Publication Identifier Type:  DOI
Issue:  16

Date Published:  4/1/18   4:00AM

Peer Reviewed: Y 

Peer Reviewed: Y 

Publication Status: 1-Published

Publication Status: 1-Published



RPPR Final Report 
as of 20-May-2021

Publication Identifier:  10.1103/PhysRevA.96.053619
First Page #:  Volume:  96

Date Submitted:  8/20/18  12:00AM

Authors:  Mi Yan, Yinyin Qian, Hoi-Yin Hui, Ming Gong, Chuanwei Zhang, V. W. Scarola

Distribution Statement:  3-Distribution authorized to U.S. Government Agencies and their contractors
Acknowledged Federal Support:  Y

Publication Identifier:  10.1038/s41598-018-33273-6
First Page #:  14867Volume:  8

Date Submitted:  8/26/19  12:00AM

Authors:  Urmimala Dey, Monodeep Chakraborty, Sumanta Tewari

Distribution Statement:  3-Distribution authorized to U.S. Government Agencies and their contractors
Acknowledged Federal Support:  Y

Publication Type:  Journal Article
Journal:  Physical Review A

Publication Location:  
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Abstract:  Synthetic spin-orbit coupling in ultracold atomic gases can be taken to extremes rarely found in solids. 
We study a two-dimensional Hubbard model of bosons in an optical lattice in the presence of spin-orbit coupling 
strong enough to drive direct transitions from Mott insulators to superfluids. Here we find phase-modulated 
superfluids with finite momentum that are generated entirely by spin-orbit coupling. We investigate the rich phase 
patterns of the superfluids, which may be directly probed using time-of-flight imaging of the spin-dependent 
momentum distribution.
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Keywords:  Topological States of Matter
Abstract:  We have performed detailed \textit{ab initio} investigations of the comparative bulk and surface band 
structures of LaSb and LaBi to resolve the existing disagreements about the topological property of LaSb, 
considering LaBi as reference. The band dispersion obtained using modified Becke Johnson (mBJ) potential 
shows that no band inversion is present in the bulk, suggesting the topologically trivial nature of LaSb. The Dirac-
cone-like surface state spectrum previously observed experimentally in vacuum ultraviolet angle-resolved 
photoemission spectroscopy (VUV-ARPES) at the (001) surface of LaSb has been the key to the dispute 
regarding its topological character. Our calculations reveal that the surface state Dirac cone in this system is 
unstable under time-reversal-preserving perturbations such as uniaxial strain.
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Abstract:  We examine the topological properties of a one-dimensional (1D) chain of fermions with spin-orbit 
coupling, Zeeman field, and attractive Hubbard interaction by numerically computing the pair binding energy, 
excitation gap, and susceptibility to local perturbations by density matrix renormalization group. Such a system 
can in principle be realized in a 1D optical lattice. We find that, in the presence of spatial interfaces introduced by 
a smooth parabolic potential, the variation of the pair binding energy and the excitation gap with the system size 
indicate an exponentially vanishing fermion parity gap and topological ground state degeneracy in the 
thermodynamic limit, consistent with recent works. However, the susceptibility of the ground state degeneracy to 
local perturbations indicate that the vanishing of the fermion parity gap in this number conserving system scales 
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when regularized on a lattice can lead to remarkable properties such as the anomalous Hall effect, presence of 
Fermi surface arcs, positive longitudinal magnetoconductance, and dynamic chiral magnetic effect. The last two 
properties arise due to the manifestation of chiral anomaly in these semimetals, which refers to the non-
conservation of chiral charge in the presence of electromagnetic gauge fields. Here, we propose the planar Nernst 
effect, or transverse thermopower, as another consequence of chiral anomaly, which should occur in both Dirac 
and Weyl semimetals. We analytically calculate the planar Nernst coefficient for DSMs (type-I and type-II) and 
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the application of a parallel magnetic field. Specifically, we show that, (1) the partial spatial separation of the wave 
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1.0 Major Goals 

Topologically ordered many-body states of matter do not necessarily display conventional order, 
e.g., ferromagnetism, but they carry their own unique properties such as fractionalized 
excitations and chiral edge currents, properties that are intimately connected to the topology of 
the underlying state and manifest in quantized Hall effects. One seminal example is the chiral 
spin liquid. The chiral spin liquid was proposed as an analogue of the Laughlin state but for spins 
in a frustrated lattice. It is gapped in the bulk but displays gapless excitations at the edge. The 
edge excitations should manifest as quantized chiral spin currents in direct analogy to chiral 
charge currents of Laughlin states. The Laughlin and chiral spin liquid states are also connected 
mathematically. Our work seeks to model ultracold atoms and molecules as routes to realizing 
topological phases of matter. We aim to study topological phases and their observable properties; 
related examples include: Chiral spin liquids, topological Mott insulators, Laughlin states, Weyl 
semimetals, and quantum anomalous Hall states. These states share a connection and are 
proposed to be realized with ultracold atoms and in solids. Key to their identification is the 
understanding of their chiral properties.  

The following summarizes some of the major goals as individual projects: 

We will use a new formalism (combining exact diagonalization and mean field theory we 
developed) to propose optical lattice experiments hosting topological phases. In one such study 
we will examine the possibility of using dipoles in a kagome optical lattice to realize a 
topological Mott insulator. Our preliminary estimates indicate that current technology allows the 
placement of dipoles in kagome optical lattice to realize this exciting new phase. We will 
estimate parameter regimes needed to observe the chiral edge modes characterizing this phase.  

In another work we will build on our theme of studying frustration in optical lattices to realize 
topological phases. We will work with Brian DeMarco’s experimental group at the University of 
Illinois Urbana-Champaign to study implementation of new interaction terms in optical lattices. 
We will work to show that density assisted tunneling can be used to mimic the role of long-range 
interactions and therefore frustration in optical lattices. We will study the use of Raman beams to 
implement interactions terms that can be used as a starting point for realizing topological phases.  

In another work we will investigate the possibility of a current density wave phase on the 
checkerboard lattice for generic chemical potentials using dipolar fermions with hopping and 
interaction terms. The current density wave phase on the checkerboard lattice is nothing but the 
quantum anomalous Hall (QAH) phase, as the diagonal hopping terms are modulated right at the 
lattice level, which in effect gives us the dxy + idx2-y2 phase on the square lattice, which is the 
QAH phase. The corresponding triplet variety is the quantum anomalous spin Hall phase. To the 
best of our knowledge, we are not aware of an intrinsic reason why the current density wave 
phase (the analog of which in the cuprates is the d-density wave (DDW) phase) is realizable by 
interactions only when the underlying non-interacting Fermi surface is point-like. And yet this is 
the only case that has been considered in the optical lattice literature so far, the difficulty of fine-
tuning the chemical potential notwithstanding. We will study if the current density wave phase is 
realizable on checkerboard lattice for generic chemical potentials, increasing the likelihood of its 
realization in optical lattice systems.  
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We will propose a method to realize a chiral spin liquid and a related topological phase in optical 
lattices. We will build on the methods constructed in our group to show that synthetic fields 
applied to fermions in an optical lattice will allow implementation of an effective flux. This 
effective flux will lead to a chiral three spin term. We will show that the three-spin term can lead 
to topological phases: a chiral spin liquid or another new phase, a nodal line fermion phase. This 
latter phase is a newly discovered gapless topological phase. It is defined by a unique pattern of 
three intersecting nodal lines. In another work we will explore the possibility of fractionalization 
in flat kagome bands. Our earlier work found a chiral phase induced by the dipolar interaction in 
a kagome optical lattice. We will build on that work to show that placing more particle in the 
otherwise empty flat band will lead to a fractionalized phase. We believe that fractionally filled 
phase will form a uniform liquid that is chiral and is therefore adiabatically connected to the 
chiral spin liquid. We will explore two additional routes to novel phases of matter. These include 
strongly correlated bosons in optical lattices manipulated into cluster states. Cluster states are 
symmetry protected topological phases which also serve as resources for measurement-based 
quantum computing. We will look at the possibility of building cluster states and using them to 
realize topological properties.  

We will also explore the possibility of realizing interaction induced Abelian and non-Abelian 
topological superfluid phases in cold atom systems. These will be studies similar to our earlier 
studies of topological Mott insulators, wherein we explored the possibility of realizing non-
trivial topological effects purely driven by interactions, starting from simple topologically trivial 
lattice Hamiltonians which may be easier to realize in cold atoms. We will focus on Kagome and 
checkerboard lattices known to support quadratic band touching points, which may be good non-
interacting starting points to build on topological effects driven by interactions.  

We will explore the possibility of topological degeneracy in strictly one-dimensional systems of 
cold fermions with spin-orbit coupling, Zeeman field, and an attractive onsite interactions 
inducing superfluid correlations. Because of strong phase fluctuations such a system is not 
expected to order into a superfluid even at zero temperature. Despite this, a form of two-fold 
topological degeneracy (gap exponentially decaying with the length of the chain) may persist in 
the presence of an externally imposed parabolic potential present in optical lattice systems. Such 
an exponential degeneracy will be critical for topological memory and quantum computation 
applications. We will explore this possibility using density matrix renormalization group 
techniques for 1D systems.  

We will also investigate the realization of chiral density wave phases using degenerate fermions 
on 2D honeycomb lattice. Two types of phases with both valleys of the honeycomb lattice 
having same and opposite chirality will be investigated. We will study a spin-half fermion 
Hubbard model on the 2D honeycomb lattice in the framework of renormalized mean field 
theory for the corresponding t-J model derived in the limit of U->t. The six-fold symmetric 
honeycomb lattice offers crystal structure in which the certain symmetries belong to the same 
irreducible representation. This means that if the Hamiltonian supports dx2-y2 -wave order 
parameter on hexagonal lattice it will support the dxy solutions as well with the same transition 
temperature, and hence a chiral density wave. At half filling this phase is a gapped insulator with 
local currents alternating in neighboring plaquettes, having some family resemblance to the 
plaquette Mott insulator phases. Apart from optimizing the optical lattice parameters, the 
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strength of the chiral bond currents in the chiral density wave and the analogous superfluid 
phases will be estimated to help identify these phases in experiments.  

We will also consider the Harper-Hofstadter model on the square lattice and the Haldane model 
on the honeycomb lattice for fermions and bosons in the presence of local repulsive interactions. 
In the last reporting period, we considered the time-reversal-invariant spin-half version of the 
Harper-Hofstadter fermion model with attractive interactions modelled by the negative-U 
Harper-Hofstadter-Hubbard model. In the presence of a domain wall created by a dark soliton 
this model admitted Majorana corner modes and higher order topological superfluidity. In the 
next reporting period, however, we will consider spinless fermions with broken time reversal 
symmetry (due to the complex hopping amplitude in the Harper-Hofstadter and Haldane models) 
in the presence of repulsive local interactions. In the interaction dominated regime we expect the 
emergence of the plaquette Mott insulator phase with non-zero plaquette currents which can be 
probed in experiments. We expect this phase to be a relatively straightforward strongly 
correlated phase to access experimentally as synthetic magnetic fields are turned on, since Mott 
states with relatively low entropy have already been observed.  
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2.0 Accomplished Under Goals 

Our work focused on models of atoms and molecules in frustrated optical lattices and topological 
states.  To test viability, we estimated the entropies at which particles must be cooled to allow 
interesting topological phases to thermalize in optical lattices.   We found that relevant energy 
scales are set by the strength of the interaction, which can be quite large and therefore offer 
promise in realizing these states at experimentally relevant entropies. In addition, we found that 
significant cooling can be expected in atomic gas microscope setups that are currently being 
constructed to host low entropy states.   We also identified and studied observable chiral 
properties of these phases to allow experiments to identify topological order.  The following 
shows research highlights where we modelled topological states with the long-term goal of 
fostering the realization of chiral topological phases in with ultracold atom experiments.  
 
 
2.1 Flux-driven quantum spin liquids in kagome optical lattices, Hoi-Yin Hui, Mengsu Chen, 
Sumanta Tewari, and V. W. Scarola Phys. Rev. A 100, 053614 (2019)  
 
Quantum spin liquids (QSLs) define an exotic class of quantum ground states where spins are 
disordered down to zero temperature. We propose routes to QSLs in kagome optical lattices 
using applied flux. An optical flux lattice can be applied to induce a uniform flux and chiral 
three-spin interactions that drive the formation of a gapped chiral spin liquid. A different 
approach based on recent experiments using laser-assisted tunneling and lattice tilt implements a 
staggered flux pattern which can drive a gapless spin liquid with symmetry protected nodal lines. 
Our proposals, therefore, establish kagome optical lattices with effective flux as a powerful 
platform for exploration of QSLs. 
 HUI, CHEN, TEWARI, AND SCAROLA PHYSICAL REVIEW A 100, 053614 (2019)

FIG. 1. Schematic of one fermion per site (black spheres) on a
kagome lattice. The white spheres denote virtual current driven by
flux passing through the lattice. The plus and minus signs denote
the sign of the flux captured by the virtual currents. Panels (a) and
(b) show a uniform (staggered) flux pattern. In the Heisenberg limit
of a Hubbard model, virtual currents encircling flux lead to chiral
three-spin terms that drive spin liquids.

generalize to the case of complex hopping and describe a
calculation showing that, for large optical lattice depths (weak
hopping), the interactions lead to spin models with interesting
three-body terms that drive spin liquid formation. This section
describes a calculation we will use in the remainder of the
paper. In Sec. III, we discuss an optical flux lattice setup
that leads to a uniform effective flux [Fig. 1(a)]. We use
the derivation in Sec. II to argue that the optical flux lattice
establishes three-spin terms favoring a CSL. In Sec. IV, we
discuss a route to introduce a staggered flux [Fig. 1(b)] with
laser-assisted tunneling and a lattice tilt. We again use Sec. II
to argue for a spin model with three-spin terms. Although here
we find that the resulting three-spin terms are staggered and
relate to recent work on gapless spin liquids with nodal spinon
surfaces [9]. We end with a summary and conclusion in Sec. V
where we also discuss practical aspects: entropy requirements
and methods to observe these spin liquid phases.

II. HUBBARD MODEL AND KAGOME LATTICES

We begin by discussing the mathematical connection be-
tween effective spin models and Hubbard models in the pres-
ence of flux. Sections III and IV will rely on the derivation
here as a route to model two distinct proposals to realize
effective flux in kagome optical lattices. In both cases, we
assume fermionic alkali atoms equally populating the two
lowest hyperfine states to yield a pseudospin. We also assume
that they are loaded into a kagome optical lattice [20,21,62].
The details of the kagome optical lattice setup have been
discussed elsewhere [21] where it was found that overlaying
two triangular optical lattices formed from lasers with com-
mensurate wavelengths yield potentials deep enough to realize
the Hubbard limit [20,21,63]. For laser intensities yielding a
Bloch bandwidth well below the band gap, we have [20,21,63]

Hα = Hα
0 + U

∑

i

ni↑ni↓, (1)

where the second term is a repulsive Hubbard interaction
originating from the s-wave scattering between atoms in spin
states σ ∈ {↑,↓}. Here, niσ = a†

iσ aiσ is defined in terms of
dressed fermion annihilation (ajσ ) and creation (a†

iσ ) operators

at site Ri. The first term is a single-particle hopping term,

Hα
0 = −

∑

〈i j〉
tα
i ja

†
iσ a jσ , (2)

with nearest-neighbor hopping matrix elements tα
i j . Equa-

tion (1) defines the essential degrees of freedom we will
examine.

We will discuss two different strategies to realize effective
magnetic fields strong enough to drive Mott insulating states
toward QSLs in kagome optical lattices. The first strategy,
discussed in Sec. III, will examine the optical flux lattice as
a route to a uniform flux pattern, Fig. 1(a), α = Un. The
second strategy, discussed in Sec. IV, will examine laser-
assisted tunneling combined with a potential tilt as a route to
implement a staggered flux lattice, Fig. 1(b), α = St. In both
cases, the flux can be described by effective gauge fields A
captured by a complex hopping via the Peierls transformation:
tα
i j = |ti j | exp(i#i j/#0) where the flux on a bond is #i j =
∫ R j

Ri
A · dr. The flux then leads to an Aharonov-Bohm phase

difference as a particle tunnels around a triangle: 2π#%/φ0,
where #% =

∫
%

(∇ × A) · d2r is the flux through an upward-
pointing triangle in the kagome lattice (#∇ is defined in
the same way but for downward-pointing triangles). In the
following, we work in units of h̄ = a = q = 1 where a is the
lattice spacing and q is the effective charge so that #0 = 2π .

We now turn to interaction effects in the Heisenberg limit
to study the role of our proposed flux patterns in driving QSLs.
Equation (1) is well approximated by spin models when there
is one particle per site and for t ( U . In this limit, we can
derive the spin model by expanding Hα perturbatively in
powers of t/U using exp(iK )Hα exp(−iK ) where K is an
operator that changes the number of doubly occupied sites
[64]. Projecting into the limit of one particle per site, we have
[55,56,64]

Hα ≈ JH

∑

〈i j〉
Si · S j + JC(#)




∑

i jk∈%

Si · (S j × Sk )

+ Pα

∑

i jk∈∇
Si · (S j × Sk )



 + O(t4/U 3), (3)

where we have used the mapping: Si = (1/2)a†
iσ σσ,σ ′aiσ ′ with

σσ,σ ′ as the elements of the usual Pauli matrices. The first term
is the usual antiferromagnetic Heisenberg term arising from
two virtual hops along bonds: JH = 4t2/U . Here, we assumed
that the magnitude of the hopping on all bonds t is the same
without loss of generality.

In the absence of flux, corrections to the usual Heisenberg
(two-spin) interaction are fourth-order (four-spin) terms. But
here we note that three-spin terms in Eq. (3) arise pertur-
batively from third-order virtual hops around triangles due
to the presence of an effective field. One can see that they
are nonzero only in the presence of time-reversal symme-
try breaking on individual triangles due to effective fluxes:
JC(#) = (24t3/U 2)| sin(2π#%,∇/#0)| since JC(#) vanishes
at zero flux. In the following, we seek routes to impose the
maximum amount of flux through each triangle: |#%,∇| =
#0/4 to maximize the strength of the three-spin terms.
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FIG. 1. Schematic of one fermion per site (black spheres) on a
kagome lattice. The white spheres denote virtual current driven by
flux passing through the lattice. The plus and minus signs denote
the sign of the flux captured by the virtual currents. Panels (a) and
(b) show a uniform (staggered) flux pattern. In the Heisenberg limit
of a Hubbard model, virtual currents encircling flux lead to chiral
three-spin terms that drive spin liquids.

generalize to the case of complex hopping and describe a
calculation showing that, for large optical lattice depths (weak
hopping), the interactions lead to spin models with interesting
three-body terms that drive spin liquid formation. This section
describes a calculation we will use in the remainder of the
paper. In Sec. III, we discuss an optical flux lattice setup
that leads to a uniform effective flux [Fig. 1(a)]. We use
the derivation in Sec. II to argue that the optical flux lattice
establishes three-spin terms favoring a CSL. In Sec. IV, we
discuss a route to introduce a staggered flux [Fig. 1(b)] with
laser-assisted tunneling and a lattice tilt. We again use Sec. II
to argue for a spin model with three-spin terms. Although here
we find that the resulting three-spin terms are staggered and
relate to recent work on gapless spin liquids with nodal spinon
surfaces [9]. We end with a summary and conclusion in Sec. V
where we also discuss practical aspects: entropy requirements
and methods to observe these spin liquid phases.

II. HUBBARD MODEL AND KAGOME LATTICES

We begin by discussing the mathematical connection be-
tween effective spin models and Hubbard models in the pres-
ence of flux. Sections III and IV will rely on the derivation
here as a route to model two distinct proposals to realize
effective flux in kagome optical lattices. In both cases, we
assume fermionic alkali atoms equally populating the two
lowest hyperfine states to yield a pseudospin. We also assume
that they are loaded into a kagome optical lattice [20,21,62].
The details of the kagome optical lattice setup have been
discussed elsewhere [21] where it was found that overlaying
two triangular optical lattices formed from lasers with com-
mensurate wavelengths yield potentials deep enough to realize
the Hubbard limit [20,21,63]. For laser intensities yielding a
Bloch bandwidth well below the band gap, we have [20,21,63]

Hα = Hα
0 + U

∑

i

ni↑ni↓, (1)

where the second term is a repulsive Hubbard interaction
originating from the s-wave scattering between atoms in spin
states σ ∈ {↑,↓}. Here, niσ = a†

iσ aiσ is defined in terms of
dressed fermion annihilation (ajσ ) and creation (a†

iσ ) operators

at site Ri. The first term is a single-particle hopping term,

Hα
0 = −

∑

〈i j〉
tα
i ja

†
iσ a jσ , (2)

with nearest-neighbor hopping matrix elements tα
i j . Equa-

tion (1) defines the essential degrees of freedom we will
examine.

We will discuss two different strategies to realize effective
magnetic fields strong enough to drive Mott insulating states
toward QSLs in kagome optical lattices. The first strategy,
discussed in Sec. III, will examine the optical flux lattice as
a route to a uniform flux pattern, Fig. 1(a), α = Un. The
second strategy, discussed in Sec. IV, will examine laser-
assisted tunneling combined with a potential tilt as a route to
implement a staggered flux lattice, Fig. 1(b), α = St. In both
cases, the flux can be described by effective gauge fields A
captured by a complex hopping via the Peierls transformation:
tα
i j = |ti j | exp(i#i j/#0) where the flux on a bond is #i j =
∫ R j

Ri
A · dr. The flux then leads to an Aharonov-Bohm phase

difference as a particle tunnels around a triangle: 2π#%/φ0,
where #% =

∫
%

(∇ × A) · d2r is the flux through an upward-
pointing triangle in the kagome lattice (#∇ is defined in
the same way but for downward-pointing triangles). In the
following, we work in units of h̄ = a = q = 1 where a is the
lattice spacing and q is the effective charge so that #0 = 2π .

We now turn to interaction effects in the Heisenberg limit
to study the role of our proposed flux patterns in driving QSLs.
Equation (1) is well approximated by spin models when there
is one particle per site and for t ( U . In this limit, we can
derive the spin model by expanding Hα perturbatively in
powers of t/U using exp(iK )Hα exp(−iK ) where K is an
operator that changes the number of doubly occupied sites
[64]. Projecting into the limit of one particle per site, we have
[55,56,64]

Hα ≈ JH

∑

〈i j〉
Si · S j + JC(#)




∑

i jk∈%

Si · (S j × Sk )

+ Pα

∑

i jk∈∇
Si · (S j × Sk )



 + O(t4/U 3), (3)

where we have used the mapping: Si = (1/2)a†
iσ σσ,σ ′aiσ ′ with

σσ,σ ′ as the elements of the usual Pauli matrices. The first term
is the usual antiferromagnetic Heisenberg term arising from
two virtual hops along bonds: JH = 4t2/U . Here, we assumed
that the magnitude of the hopping on all bonds t is the same
without loss of generality.

In the absence of flux, corrections to the usual Heisenberg
(two-spin) interaction are fourth-order (four-spin) terms. But
here we note that three-spin terms in Eq. (3) arise pertur-
batively from third-order virtual hops around triangles due
to the presence of an effective field. One can see that they
are nonzero only in the presence of time-reversal symme-
try breaking on individual triangles due to effective fluxes:
JC(#) = (24t3/U 2)| sin(2π#%,∇/#0)| since JC(#) vanishes
at zero flux. In the following, we seek routes to impose the
maximum amount of flux through each triangle: |#%,∇| =
#0/4 to maximize the strength of the three-spin terms.
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2.2 Majorana Corner Modes with Solitons in an Attractive Hubbard-Hofstadter Model of Cold 
Atom Optical Lattices, Chuanchang Zeng, T. D. Stanescu, Chuanwei Zhang, V. W. Scarola, and 
Sumanta Tewari, Phys. Rev. Lett. 123, 060402 (2019). 
 
Higher-order topological superconductors hosting Majorana-Kramers pairs as corner modes have 
recently been proposed in a two-dimensional quantum spin Hall insulator proximity-coupled to 
unconventional cuprate or iron-based superconductors. Here, we show that such MKPs can be 
realized using a conventional s-wave superfluid with a soliton in cold atom systems governed by 
the Hubbard-Hofstadter model. The MKPs emerge in the presence of interaction at the “corners” 
defined by the intersections of line solitons and the one-dimensional edges of the system. Our 
scheme is based on the recently realized cold atom Hubbard-Hofstadter lattice and will pave the 
way for observing possible higher-order topological superfluidity with conventional s-wave 
superfluids or superconductors. 
  

the line soliton and the corresponding MKPs are robust
against small perturbations (e.g., thermal fluctuations and
on-site disorder; see Supplemental Material [75]) and are
thus topologically robust.
Implementation.—To implement H0, we envision an

experimental setup similar to Ref. [52], since this scheme
does not rely on the internal atomic structure. We consider a
3D cubic optical lattice where confinement along z sepa-
rates the system into parallel x–y planes. The 2D Hubbard
model then approximates the dynamics of 40K or 6Li placed
with one atom per site in a deep optical lattice with uniform
hopping t if we equally populate two Zeeman levels with
opposite magnetic moments. A magnetic field gradient
along the y direction creates a splitting (much larger than t)
between opposite spins in neighboring sites. In addition to
the primary lattice beams, a pair of running-wave beams are
applied parallel to the x − y bonds of the square lattice to
dynamically restore resonant tunneling, assuming the

running-wave lattice depth is much smaller than the spin
splitting. This setup induces the complex spin-dependent
phase in Eq. (1) in a rotating wave approximation.
To implement HI, we require an attractive Feshbach

resonance. For magnetic Feshbach resonances, typical
magnetic field gradients (∼10 mG=μm) leave the attractive
interaction spatially uniform, since common resonances
occur at relatively high fields (∼400–700 G) and can be
broad, as in, e.g., 6Li. It also safe to assume that close
proximity to the Feshbach resonance does not lead to
strong heating and loss [84], since the Raman coupling [52]
between the same hyperfine states (and neighboring lattice
sites) does not induce any new three-body loss channel.
Tuning the chemical potential near zero (Fig. 4) allows

observation of MZMs. Spatially resolved radio-frequency
spectroscopy and probing of the density profile have been
proposed as an experimental approach to detect these
MZMs [73,76]. The soliton-induced MZMs can be manip-
ulated by controlling the spatial location of the soliton
excitation, which may be beneficial for topological braid-
ing [85,86] of MZMs.
Discussion and conclusion.—The essential physics for

the creation of MKPs and higher-order topological super-
fluidity in the current system is similar to the proposals for
higher-order topological superconductors in solid state
systems. In both cases, the non-SC “normal” system is a
2D QSHI. This system has counterpropagating Kramers
pairs of gapless edge states (see Fig. 1), which can support
spin-singlet superconductivity. Furthermore, in both sys-
tems, introducing superconductivity (by the proximity
effect in solid state systems and interaction induced,
via Feshbach resonance, in the present work) gaps out
the edge modes, which signals that the system is a
topologically trivial superconductor or superfluid (because

FIG. 3. Position-dependent pairing potential Δðx; yÞ for a
strongly interacting system with U ¼ 3.5t, i.e., in the SF phase.
The pairing potential is obtained as the self-consistent solution of
the mean-field equations (Eqs. S7–S10) for a finite system with
Nx × Ny ¼ 50 × 34 and soft confinement (see Supplemental
Material [75]) at finite temperature kBT ¼ 0.01t. The total
number of particles is fixed: N ¼ 800. Top: Self-consistent
solution with a constant phase. The (self-consistent) chemical
potential is μ ¼ −1.250t. Bottom: Self-consistent solution with a
line soliton. The chemical potential is μ ¼ −1.248t. Note that
Δðx; yÞ is nonzero in the bulk—consistent with the phase diagram
in Fig. 2(b)—as well as on the boundary of the system, except
along the line soliton.

FIG. 4. Top: Low-energy spectrum of the Hofstadter-Hubbard
model with a strong interaction (U ¼ 3.5t) within the mean-field
approximation for a system with constant phase pairing potential
and parameters corresponding to Fig. 3 (top). Bottom: The same
but for parameters corresponding to the bottom panel in Fig. 3.
Note that in the presence of a line soliton the system hosts two
pairs of zero-energy Majorana bound states (red dots). The insets
plot the wave functions of the states marked by arrows.

PHYSICAL REVIEW LETTERS 123, 060402 (2019)
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Top: Plot of the superfluid order parameter D 
in a rectangular geometry without a soliton.  
 
 
Bottom:  The same but with a soliton induced 
by an external laser.  
Majorana corner modes were found to exist 
where the soliton intersects  
with the edge. 
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2.3 Superfluidity in the absence of kinetics in spin-orbit-coupled optical lattices. Hui, H. Y., 
Zhang, Y., Zhang, C., & Scarola, V. W.  Physical Review A, 95(3), 33603 (2017). 
 
 
At low temperatures bosons typically condense to minimize their single-particle kinetic energy 
while interactions stabilize superfluidity. Optical lattices with artificial spin-orbit coupling 
challenge this paradigm because here kinetic energy can be quenched in an extreme regime 
where the single-particle band flattens. To probe the fate of superfluidity in the absence of 
kinetics we construct and numerically solve interaction-only tight-binding models in flat bands. 
We find that novel superfluid states arise entirely from interactions operating in quenched kinetic 
energy bands, thus revealing a distinct and unexpected condensation mechanism. Our results 
have important implications for the identification of quantum condensed phases of ultracold 
bosons beyond conventional paradigms 
 

 

 

Left: Single particle energy versus wave vector for the lowest two energy bands of  
(a) the one-dimensional model and (b) the two-dimensional model of spin-orbit coupled atoms in 
optical lattices.  Flat bands are found at low energies.  
 
Right: The magnitude of the superfluid order parameter against chemical potential and effective 
tunneling obtained from mean field theory. The superfluid (SF) and Mott insulator (MI) derive 
entirely from interactions. The inset shows the spin texture in a unit cell for the 2D system.  
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Figure 2. Energy versus wave vector for the lowest two
energy bands of Eq. (2) with kR = 2⇡/a, Vlat = ER, for (a)
the one-dimensional system, with ⌦⇤ = 8.88ER, and (b) the
two-dimensional system, with ⌦⇤ = 8.31ER.

an ordinary optical lattice with kinetics). We also go be-
yond mean-field to probe the role of quantum fluctuations
by using density matrix renormalization group (DMRG)
[20–22] to show that the SF survives quantum fluctua-
tions. Our central finding is that interactions themselves
define an effective band structure in which bosons con-
dense to reveal a new type of SF derived entirely from in-
teractions that is fundamentally different from SFs in the
presence of SOC (See, e.g., Refs. [23–30]). The new type
of interaction-only SF has distintive excitations which
can be used to discern it from ordinary SFs.
Continuum Model: We consider a two-component
spin-orbit-coupled Bose-Einstein condensate in a d-
dimensional optical lattice, described by the Hamiltonian

Ĥ =

ˆ
drb̂† (r)H0 (r) b̂ (r)

+
U0

2

ˆ
dr

X

��0

b̂
†
� (r) b̂

†
�0 (r) b̂�0 (r) b̂� (r) (1)

H0 =
~2k2

2m
+

~kR
m

F · � + ⌦�z

+Vlat

dX

i=1

sin2
⇡r · ei

a
, (2)

with b̂
† =

⇣
b̂
†
", b̂

†
#

⌘
where b̂

†
� (r) creates a particle with

spin � 2 {", #} at position r (with unit vectors ei defin-
ing chain and square lattices for d = 1 and 2, respec-
tively), and U0 is the s-wave interaction strength. In the
single-particle Hamiltonian, H0, m is the mass of each
particle, k is the momentum operator, kR characterizes
the strength of the SOC induced by the Raman lasers, ⌦
is the Rabi frequency which acts as the Zeeman field, and
Vlat is the depth of the optical lattice. In one dimension:
k = F = �i@x and � = �x, while in the two dimensions:
k = (�i@x,�i@y), F = (i@y,�i@x) and � = (�x,�y),
in which the Pauli matrices � act on the spin sectors of
b
†. For convenience, we define the lattice recoil energy
ER ⌘ (⇡/a)2~2/(2m) to express some of the parameters.
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Figure 3. (a) The flatness ratio (defined as the ratio of the gap
between the two lowest bands to the width of the lowest band
[18]) versus Rabi frequency for kR = 2⇡/a and Vlat = ER in
one dimension. (b) The hopping parameters t and t0 against
the Rabbi frequency. (c) The ratio of interaction parameters
V , P and A to U . The right column (d-f) plots the same
quantities for a two-dimensional system (with the same kR
and Vlat). Choosing ⌦ to lie at the peak leads to Eq. (3).

Tight-binding Model: We reduce the above continuum
model to a tight-binding model and project the interac-
tions to the flat Bloch band. In the absence of interac-
tion, the Bloch functions  k (r) = uk (r) eik·r are found
by expanding uk (r) in plane waves with periodicity com-
mensurate with that of the lattice. For given kR and Vlat,
an optimal value of ⌦, ⌦⇤, produces a lowest band with
the highest flatness ratio [18]. Fig. 2 shows the band
structures in d = 1 and 2 where ⌦ = ⌦⇤, with kR = 2⇡/a
and Vlat = ER. The dependence of F on ⌦ for the same
parameters is plotted in Figs. 3(a) and (d), which shows
that a high flatness ratio [the large peaks in Figs. 3(a) and
(d)] is achievable with moderate parameter strengths.

We construct the Wannier functions to ob-
tain the tight-binding model. We define a two-
component Wannier function localized at cell Ri,
w (r �Ri) = [w" (r �Ri) , w# (r �Ri)]

T , with
w� (r �Ri) =

P
k e

ik·(r�Ri)u�k (r), where u�k (r)
are the Bloch functions for the lowest band. The
phases of the Bloch functions are fixed by requiring
the spread of the Wannier function,

⌦
r2

↵
� hri2 (where⌦

rl
↵

⌘
P

�k hu�k| (irk)
l |u�ki), to be minimized [31].

The tight-binding model is constructed by effecting
the transformation to the flat-band spinor basis states:
â
†
i = ⌃�

´
drw� (r �Ri) b̂†� (r) onto Eq. (1), with

which the tight-binding parameters can then be readily
computed by taking the overlaps of w (r) [32].

The non-interacting part of the Hamiltonian leads to
hopping terms (�t

P
hiji â

†
i âj + h.c., where hiji denotes

nearest-neighbors, and �t
0 P

hhijii â
†
i âj + h.c., where

3

hhijii denotes next-nearest-neighbors) and the chemical
potential term (�µ

P
i â

†
i âi). For a range of parameter

values, we have numerically computed t, t0 and µ and ver-
ified that the band dispersion resulting from these terms
agrees very well with the band structure obtained directly
from the plane-wave expansion of Eq. (2) (to within 5%),
indicating the adequacy of our tight-binding approxima-
tion. At kR = 2⇡/a and Vlat = ER, the values of t and t

0

are plotted against ⌦ in Figs. 3(b) and 3(e). Since at the
optimal flatness point (⌦ = ⌦⇤) t and t

0 are vanishingly
small

�
< 10�4

ER

�
, we drop the hopping terms in the ef-

fective tight-binding model to thus arrive at a flat band
model.

When truncated to the nearest-neighbor terms, the in-
teraction [U0 in Eq. (1)] in general leads to four terms
in the tight-binding model, which are the on-site inter-
action (U/2)

P
i n̂i (n̂i � 1) (where n̂i = â

†
i âi), nearest-

neighbor interaction V
P

hiji n̂in̂j , density-assisted hop-

ping �A
P

hiji

h
â
†
j (n̂i + n̂j) âi + h.c.

i
and pair hopping

P
P

hiji

⇣
â
†
i â

†
i âj âj + h.c.

⌘
. Their dependencies on ⌦ for

kR = 2⇡/a and Vlat = ER are plotted in Figs. 3(c) and
3(f). Since P is much smaller than V or A near ⌦⇤, we
drop the pair-hopping term in the tight-binding model.

The nearest-neighbor interaction V term is a diagonal
term (in the site basis) in the Hamiltonian matrix. It
therefore does not induce entanglement in the system.
The V term is well known to lead to additional phases:
charge-density wave and supersolids [21, 33, 34] near half
integer densities. In the following we exclude the nearest-
neighbor interaction term which is a good approximation
near integer densityies. We will include it in future work
when studying other densities [35].

We focus our analysis to the most sizable off-diagonal
term, the density-assisted hopping term, which leads to
our interaction-only tight-binding model:

ĤTB = �µ

X

i

n̂i +
U

2

X

i

n̂i (n̂i � 1)

�A

X

hiji

h
â
†
j (n̂i + n̂j) âi + h.c.

i
, (3)

where A ⇡ 0.01U for the parameters we have chosen
(see Fig. 3). A can be varied with Vlat and kR, and the
corresponding optimal value of ⌦, in Eq. (2).

We have derived this model by projecting the interac-
tion into the lowest flat band and focusing on the domi-
nate off-diagonal terms. Eq. (3) is valid for both one and
two dimensional models with isotropic (Rashba) SOC
near integer densities, and it defines the focus of the rest
of our study.
Mean-field Phase Diagram: We now turn to an analy-
sis of the phases of Eq. (3). We first adopt a mean-field
approach which ignores quantum fluctuations. Quantum
fluctuations become more important in low-dimensions.
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Figure 4. The magnitude of the SF order parameter, |hâi|,
against µ and A in the model Eq. (3). z = 2 (z = 4) is the
coordination number in one (two) dimensions. The MI phase
has |hâi| = 0 and the SF phase has |hâi| 6= 0. The inset shows
the SF spin texture [32] in a unit cell for the two-dimensional
system in the SF phase at its optimal flatness point as in
Fig. 2b, leading to A ⇡ 0.01U .

In the following section we shall examine the role of quan-
tum fluctuations using DMRG in one dimension. We will
show that the mean-field approach presented in this sec-
tion gives qualitatively correct results.

We construct the mean-field phase diagram of Eq. (3)
using the Gutzwiller ansatz wavefunction, | i =Q

i

P
n f

i
n |nii (where |nii is the Fock state with n bosons

at the i
th site) [6, 36]. We obtain the mean-field ground

state by minimizing h | ĤTB | i with respect to f
i
n. Sim-

ilar to the conventional Bose-Hubbard model, we com-
pute hâi for the ground state to distinguish between the
MI phase (with hâi = 0) and SF phase (with hâi 6= 0).

The resulting phase diagram (Fig. 4), with a MI lobe
at low A and SF at large A, closely resembles that of
the conventional Bose-Hubbard model [37]. This can
be understood in a mean-field decoupling of the density-
assisted hopping term [proportional to A in Eq. (3)]:

â
†
i n̂iâj ! hn̂i â†i âj .

Here the density-assisted hopping plays the role of con-
ventional hopping to yield an effective band structure
(with an effective hopping of strength hn̂iA). The mean-
field phase diagram indicates that bosons still condense
and form a SF phase even in the absence of kinetics. Af-
ter condensing into the band minimum of the effective
band, the residual interactions support the formation of
a SF.

There are similarities and differences between the SF
discussed here and the SFs typically discussed in the
ordinary Bose-Hubbard model of optical lattices with
SOC. The mean-field SF order parameter hâi defines
a spinor when decomposed in terms of the original
spinful bosons since hâii =

´
dr[w" (r �Ri) hb̂" (r)i +

w# (r �Ri) hb̂# (r)i]. The SF discussed here therefore
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2.4 Superfluidity in the absence of kinetics in spin-orbit-coupled optical lattices. Hui, H. Y., 
Zhang, Y., Zhang, C., & Scarola, V. W. Physical Review A, 95(3), 33603 (2017). 
 
Artificial spin-orbit coupling in optical lattices can be engineered to tune band structure into 
extreme regimes where the single-particle band flattens leaving only inter-particle interactions to 
define many-body states of matter. Lin et al. [Phys. Rev. Lett 112, 110404 (2014)] showed that 
under such conditions interactions lead to a Wigner crystal of fermionic atoms under approximate 
conditions: no bandwidth or band mixing. The excitations were shown to possess emergent 
kinetics with fractionalized charge derived entirely from interactions. In this work we use 
numerical exact diagonalization to study a more realistic model with non-zero bandwidth and band 
mixing. We map out the stability phase diagram of the Wigner crystal. We find that emergent 
properties of the Wigner crystal excitations remain stable for realistic experimental parameters. 
Our results validate the approximations made by Lin et al. and define parameter regimes where 
strong interaction effects generate emergent kinetics in optical lattices. 

 

 
Left: Many-body energies versus total wavevector obtained from diagonalization. The gap shows 
stability of a Wigner crystal.  The dispersive excitation shows emergent kinetics.  The data 
collapse shows that the ground and first excited states are already in the thermodynamic limit.   
 
Right: Stability phase diagram of the Wigner crystal with emergent kinetics plotted as function of 
both the single-particle band gap and the bandwidth.  The color coding plots the size of the many-
body gap obtained from diagonalization.  The circles plot the points where the many-body gap 
vanishes and the line is a guide to the eye.  The Wigner crystal is stable within the lobe.  Outside 
the lobe we have a conventional Luttinger liquid with a gap set by finite-size effects. 
 
  

6

FIG. 7. Characteristic many-body spectrum of Eq. (5) com-
puted for a weakly interacting case (left panel, U = t/2) and
the non-interacting case (right panel, U = 0). We have also
set N = 6, L = 12, Ω = 2.5t, and kR = kL/2. These pa-
rameters lead to a flatness ratio used in the other figures as
well, F ≈ 7. A comparison of both panels shows that the
spectra are qualitatively similar, i.e., states occur at the same
wavevectors and nearly the same energies. We can therefore
think of the ground state in both cases as a partially filled
band of weakly interacting fermions. The weakly interacting
case conforms to conventional Luttinger liquid theory.

IV. PHASE DIAGRAM AND STABILITY

We now map out the stability phase diagram of the
interaction-only spinor Wigner crystal phase of Eq. (5).
Instabilities arise as we increase the single-particle band-
width. For large W the particles gain in energy by nest-
ing in the single-particle band minima. There is therefore
a transition from the interaction-dominated regime (with
emergent kinetics) to a weakly interacting state (a con-
ventional Luttinger liquid) as the bandwidth is increased.
Increasing the single-particle band gap also drives a tran-
sition. At first we expect that increasing ∆s might favor
the approximation that led to emergent kinetics. But
note that large F implies that the lowest-band Wannier
functions have little overlap between nearest neighbor
sites [24]. As a result, increasing F decreases density
assisted hopping terms between neighbors and therefore
suppresses emergent kinetics. We thus expect a transi-
tion to a weakly interacting regime as ∆s and therefore
F is increased.
We increase W and diagonalize Eq. (5) to find the low-

est energy eigenstates. Note that increasing W impacts
H0 directly and Hint indirectly through the change in
basis states χkα. Fig. 6 plots the many-body gap as a
function of the bandwidth. We see that the many-body
gap starts from zero at W = 0. For W → 0 we have
F → ∞ and Eq. (6) is a good approximation to Eq. (5).
But in this limit the are essentially no nearest neighbor
terms to lift the massive degeneracy of spinless particles
in the lowest flat band. Here the flat band remains gap-
less. As we increase W nearest neighbor terms interac-
tion terms (not single-particle terms) drive the formation

FIG. 8. Stability phase diagram of the Wigner crystal
with emergent kinetics plotted as function of both the single-
particle band gap and the bandwidth. The color coding plots
the size of the many-body gap obtained from diagonalization
of Eq. (5) for N = 6, L = 12, and kR = kL/2. The circles
plot the points where the many-body gap vanishes and the
line is a guide to the eye. The Wigner crystal is stable within
the lobe. Outside the lobe we have a conventional Luttinger
liquid with a gap set by finite-size effects.

of a spinor Wigner crystal with emergent kinetics and the
many-body gap opens.
Upon increasing W further the many-body gap closes

and a new state arises in Fig. 6. Here the Wigner crys-
tal destabilizes to a more conventional state where H0

and interactions compete in Eq. (5). Conventional Lut-
tinger liquid theory can be used to show that the particles
tend to sit about the single-particle band minimum. The
ground state in the large W regime can be understood
by filling the lowest single-particle band with weakly in-
teracting fermions. Characteristic spectra that arise for
large W are shown in the left panel of Fig. 7. The right
panel shows that non-interacting spectra give nearly the
same results. In both panels the gaps are due to finite-
size effects and there is no ground state degeneracy since
filling of the lowest single-particle band leads to a unique
K. We can therefore understand the large W limit in
a weakly interacting picture of band filling of spinless
fermions.
We culminate our findings in a phase diagram that

plots the stability of the Wigner crystal and its emer-
gent kinetics. The shading in Fig. 8 plots the size of the
many-body gap as a function of both the single-particle
bandwidth and band gap. The circles denote critical
points where the many-body gap closes and the ground
state degeneracy changes from two (Wigner crystal with
emergent kinetics) to one (conventional Luttinger liquid
regime). Inside the lobe nearest neighbor interactions es-
tablish the many-body gap but outside the lobe the gap
is, for our finite size simulations, set by the finite size of
the system.

5

FIG. 5. The same as Fig. 3 but for the full physical model,
Eq. (5), where the squares (diamonds) are for N = 6 (N = 8)
particles on L = 12 (L = 16) sites. The data collapse shows
that the ground and first excited states are already in the
thermodynamic limit.

crystal of spinors that can be generated by just the diag-
onal density-density interaction term in Eq. (6). The two
degenerate states arise because of the sublattice degen-
eracy for the two ways of placing the crystal on the one-
dimensional lattice. There is a gap to the lowest band of
excitations. Ref. [24] pointed out that these states show
emergent kinetics due to the finite many-body bandwidth
driven entirely by off-diagonal terms in Eq. (6). The fo-
cus of our work here is to probe the stability of this low-
energy structure as we introduce a second band and allow
non-zero bandwidth.
The top-right and bottom-left panels of Fig. 3 show

the result of adding finite bandwidth (ε = 1) and band
mixing (η = 1), respectively. Here we see that setting
ε = 1 does very little to the many-body spectrum at low
energies. For F = 7 the band is so flat that the small
but finite single-particle dispersion does not perturb the
large interaction much. But for ε = 0 and η = 1 we see
that bringing two flat bands relatively near each other
causes the many-body gap, ∆m, to decrease by a factor
of ≈ 20 while keeping the structure of the low energy
states qualitatively the same.
The bottom-right panel of Fig. 3 shows the spectrum

for the full model, H . Here we see that including both fi-
nite bandwidth and band mixing not only lowers the gap
appreciably but the many-body excited states are shifted
in K-space so that the many-body dispersion has a min-
imum at K = 0 instead of K = ±π/2. Here the non-zero
single-particle dispersion mixed the lowest energy many-
body excited states. Otherwise the qualitative features
of the low energy states remains the same as we go from
ε = η = 0 to ε = η = 1.
The top panel of Fig. 4 shows the decrease in the many-

body gap as the single-particle band gap is lowered. Here
we keep a non-zero single-particle dispersion (ε = 1) but

FIG. 6. The many-body energy gap plotted as function of
bandwidth. The parameters are the same as Fig. 3 but for
the full physical model, Eq. (5), with the band gap held con-
stant, ∆s = 0.08U . Here we see that at zero bandwidth the
single-particle basis states have no spread and, as a result,
the interaction remains onsite and cannot lift the degeneracy.
But as the bandwidth increases, the nearest-neighbor inter-
action terms lift the degeneracy to reveal the Wigner crystal
ground state and opens a gap to a set of emergent excita-
tions captured by an effective Luttinger liquid theory. But as
the bandwidth increases further the gap closes as the Wigner
crystal transitions to a conventional Luttinger liquid regime.

we tune the single-particle gap from infinity to ∆s. The
gap never drops to zero thus signaling that the low en-
ergy states in the full Hamiltonian, H , are adiabatically
connected to the those of the projected Hamiltonian, HP .

The mixing of the many-body excited states drives the
lowering of the gap. To see this we plot the overlap of the
lowest two many-body states in the lowest panel of Fig. 4.
Here we see that the ground state remains unperturbed
but the mixing of the excited states somewhat lowers the
overlaps from the single-band (η = 0) limit. Nonetheless
we see that the overlap remains large and does not show
any cusps. There are therefore no transitions as we lower
the band gap for F = 7. In the following sections we will
vary F to find transitions (where the many-body gap
vanishes).

We have checked that our results presented here do not
change as we increase particle number and are therefore
valid in the thermodynamic limit. Fig. 5 shows data
collapse in the spectrum. The low energy states fall on
one another indicating a consistency in scaling to the
thermodynamic limit. This was also found for HP in
Ref. [24] further showing that the low energy eigenstates
of both H and HP are in the same universality class.
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2.5 Equilibration Dynamics of Strongly Interacting Bosons in 2D Lattices with Disorder. Yan, 
M., Hui, H.-Y., Rigol, M., & Scarola, V. W.  Physical Review Letters, 119 073002 (2017). 
 
Motivated by recent optical lattice experiments in Immanuel Bloch’s group [Choi et al., Science 
352, 1547 (2016)], we study the dynamics of strongly interacting bosons in the presence of 
disorder in two dimensions. We show that Gutzwiller mean-field theory (GMFT) captures the 
main experimental observations, which are a result of the competition between disorder and 
interactions. Our findings highlight the difficulty in distinguishing glassy dynamics, which can 
be captured by GMFT, and many-body localization, which cannot be captured by GMFT, and 
indicate the need for further experimental studies of this system. 
 
 

Left: Results from atomic gas microscope experiments in Immanuel Bloch’s group.  The strong 
disorder prevents thermalization.   
 
Center: Our theory calculations for the same parameters as Choi et al. 
 
Right: Imbalance as function of time for both theory (lines) and experiments (symbols).  The close 
comparison shows that mean field theory is a good approximation.  The assertion that many-body 
localization was observed therefore requires further experiments probing the difference between 
mean field and experiment since mean field theory does not have many-body localization.  
 
 
 

J. Choi, et. al.
Science ’16

M. Yan, H. Hui, M.  Rigol, V.W. Scarola 
PRL 2017

Experiment
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2.6 Quantum anomalous Hall state from spatially decaying interactions on the decorated 
honeycomb lattice. Chen, M., Hui, H.-Y., Tewari, S., & Scarola, V. W. Physical Review B, 
97(3), 035114 (2018). 
 
Topological phases typically encode topology at the level of the single particle band structure. But 
a remarkable new class of models shows that chiral quantum anomalous Hall effects can be driven 
exclusively by interactions, while the parent non-interacting band structure is topologically trivial. 
Unfortunately, these models have so far relied on interactions that do not spatially decay and are 
therefore unphysical. We study a model of spinless fermions on a decorated honeycomb lattice. 
Using complementary methods, mean-field theory and exact diagonalization, we find a robust 
quantum anomalous Hall phase arising from spatially decaying interactions. Our finding paves the 
way for observing the quantum anomalous Hall effect driven entirely by interactions. 
 
 

Left: Schematic of chiral currents circulating a topological Mott insulator.   
 
Center: Chiral bond currents in the quantum anomalous Hall phase computed using exact 
diagonalization 
 
Right: (a) Phase diagram obtained using exact diagonalization on the decorated honeycomb 
lattice.  The symbols are results from calculations and the lines are a guide to the eye.  The chiral 
quantum anomalous Hall phase arises in the center.   (b) The same as (a) but the lines plot 
transitions obtained from self-consistent mean field theory. The agreement between panels (a) 
and (b) shows strong evidence for a robust chiral state. 
  

2

Figure 2. Density patterns for the Nematic Insulator (NI),
Stripe, and Charge Density Waves (CDWs). The QAH pat-
tern draws bond currents computed with arrows indicating
the direction of the currents Imhc†i cji. All plots are the result
of mean field calculations but exact diagonalization produced
the same configurations where comparisons could be made
[34].

but there are exceptions. Studies of spinless fermions
on certain lattices with a quadratic band crossing points
(QBCP) as the non-interacting Fermi surface o↵er a
di↵erent starting point [7–9, 23]. One example is the
checkerboard lattice [8]. An ED study [28] found a QAH
phase arising from spatially decaying interactions but
long-range hopping was needed to stabilize the phase
[28]. MFT studies on a di↵erent lattice with a QBCP, a
decorated honeycomb (or star) lattice, indicate that spa-
tially decaying interactions might support a robust QAH
phase [7] even with just nearest neighbor interactions.
But MFT is notoriously susceptible to quantum fluctua-
tions that can significantly impact phase diagrams.

In this paper, we investigate the prospect of generating
interaction-driven QAH states on a decorated honeycomb
lattice at half filling. Our principal objective is to inves-
tigate if the QAH state occurs for physically realizable
interaction parameters that can be used to model realis-
tic systems, e.g., electrons in solids or dipolar fermions
in optical lattices. We present ED results which incor-
porate quantum fluctuations but are applicable only to
small system sizes, as well as mean-field results [7] which
are approximate but apply in the thermodynamic limit.
The complementary nature of the two approaches, cou-
pled with qualitatively very similar phase diagrams ob-
tained from both of them, gives us confidence about the
reliability of our calculations. Remarkably, in both ED
and MFT, we find that a QAH state occurs on the deco-
rated honeycomb lattice at the QBCP, for interaction pa-

Figure 3. (a) Phase diagram obtained using exact diagonal-
ization on Eq. (1). The symbols are results from calculations
and the lines are a guide to the eye. The bond ordered (BO)
phase is a uniform phase that results from the superposition
of bond-ordered crystal configurations. [34] (b) The same as
(a) but the lines plot transitions obtained from self-consistent
mean field theory on an infinite lattice. The dashed lines indi-
cate second order phase transitions. The agreement between
panels (a) and (b) shows strong evidence for a robust QAH
phase. The QAH order appears to survive in non-interacting
limits near the origin but here the QAH gap vanishes [34].

rameters that progressively decrease with separation. The
agreement between MFT and ED implies that quantum
fluctuations allow a robust QAH phase in this lattice.
Our work sets the stage for observations of QAH under
realistic conditions of spatially decaying interactions.
Model: We consider a tight-binding Hamiltonian,

H = �t

X

hi,ji

c
†
i cj + V1

X

hi,ji

ninj + V2

X

hhi,jii

ninj , (1)

where c
†
i creates a spinless fermion on site i. The sum-

mation is over nearest- (hi, ji) or next-nearest- (hhi, jii)
neighbors on a decorated honeycomb lattice [Fig. 1(b)].
Henceforth we consider V1, V2 � 0 and set t = 1 as the
energy scale.

6

Figure 6. Bond currents computed from exact diagonaliza-
tion on one of the two QAH states at V1 = 4 and V2 = 3.
Arrows indicate the direction of the bond currents Imhc†i cji,
in agreement with mean field results plotted in Fig. 2.

SUPPLEMENTAL MATERIAL

Currents and density calculations within ED: Within
ED ground states are often degenerate. Within the QAH
phase arbitrary superpositions of the time reversal pairs
of QAH states appear to prevent us from directly com-
puting currents. But we can compute current by solving
for a superposition of the two degenerate ground states
which maximizes the expectation value of the current op-
erator.

We consider the current J↵� = h ↵|Ĵ | �i and de-
note by | A/Bi the pair of degenerate ground states. In
this subspace we compute the 2 ⇥ 2 matrix J↵� . Since

Ĵ anticommutes with the time-reversal operator T and
T | Ai = | Bi, it is straightforward to show that the
two eigenvalues of J↵� are ±�J and their eigenstates
are also time-reversal pairs. Taking one of the eigen-
states and computing is current pattern and magnitude,
we find qualitative agreement with that obtained from
MFT. Fig. 6 shows the results from an ED calculation
of the current patterns for the QAH phase which agrees
with MFT patterns presented in Fig. 2.

To demonstrate the adequacy of �J as an order pa-
rameter in the QAH phase, the top panel of Fig. 7 plots
�J against V1 along the V1 = V2 line. We see a sharp
transition from finite and stable values of �J to �J = 0
at around V1 = V2 ⇡ 2.7, indicative of a phase transition.

In the case of ED with multiple degenerate ground
states we can apply a similar method to compute �n.
It is computed as the di↵erence between the maximum
and minimum eigenvalues of the matrix of a single-site
number operator acting on the ground state subspace,
similar to the procedure of computing �J . As an exam-
ple, we plot this order parameter along a transition line
from QAH to NI in the bottom panel of Fig. 7. The
jump in the order parameter is at the same location as
the jump in QAH order parameter, consistent with the

Figure 7. Top: Exact diagonalization calculation of the QAH
order parameter measuring loop current as a function of in-
teractions strength with V1 = V2. The sudden vanishing of �J

indicates a transition from QAH (�J 6= 0) to CDW (�J = 0)
along the V1 = V2 line in the phase diagram. Bottom: The
same but for the CDW order parameter measuring the maxi-
mum density di↵erence to show a phase transition from QAH
(uniform, �n = 0) to CDW (nonuniform, �n > 0) along the
V1 = V2 line in the phase diagram.

Figure 8. Left: The density-density correlations, hninji �
hnii hnji, obtained from exact diagonalization and plotted as
a function of the position of site j for the NI at V1 = 0.8 and
V2 = 2.4, where the size of the dots represents the magnitude
of the correlation and blue (orange) indicates positive (nega-
tive) sign. The reference site at i is indicated by a red cross.
The NI breaks C6 rotation symmetry down to C3, while pre-
serving translational symmetry. Right: The same but for the
stripe phase at V1 = 20 and V2 = 14. The stripe phase breaks
translational symmetry by doubling the unit cell along the
direction of unit vectors.

QAH-NI transition.

Density-density correlations in the NI and stripe

phases: Density-density correlations can also be used
to reveal ordered phases. Fig. 8 plots the density-density
correlation function for the NI and stripe phases obtained
from ED. Here we see agreement with the MFT calcula-
tion plotted in Fig. 2.

Bond ordered phase: The low V2 part of the ED phase
diagram, labeled BO in Fig. 3a, is distinct from MFT
which instead finds a stripe phase. Within ED, the
ground state here is non-degenerate and uniform with
a massively degenerate excitation space. We also find no
currents in the ground state. An example bond-average

Mott Chiral Edge 
Current
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2.7 Thermometry for Laughlin States of Ultracold Atoms. Raum, P. T., & Scarola, V. W. 
Physical Review Letters, 118(11), 115302 (2017).   
 
Cooling atomic gases into strongly correlated quantum phases requires estimates of the entropy 
to perform thermometry and establish viability. It is currently unknown how cold chiral spin 
liquids and other topological phases need to be in order to be realized.  The chiral spin liquid 
maps directly onto Laughlin states of bosons. We construct an ansatz partition function for 
models of Laughlin states of atomic gases by combining high temperature series expansions with 
exact diagonalization. Using the ansatz we find that entropies required to observe Laughlin 
correlations, and therefore chiral spin liquids, with bosonic gases are within reach of current 
cooling capabilities. 
 
 

 
 
 
Left: Energy of 8 fermions (bosons) as a function of total wavevector in the lowest Landau level.  
The ground state is the k=0 Laughlin state set to zero energy.  The schematic depicts example 
excitations.  The bosonic Laughlin state can be thought of as one filled level of CFs (bosons 
attached to one flux quantum).  Low energy excitations are CF particle-hole pairs. The 
histograms show nearly Gaussian state counting.  
 
Right: The main panels plot the entropy per particle versus temperature for bosons.  The solid 
lines are obtained from our ansatz. The symbols are other exact results. The agreement between 
the symbols and the lines shows that the ansatz accurately captures the low and high T limits. 
The inset plots the heat capacity from the ansatz in the thermodynamic limit.  The number 
S/N~0.8 indicates the first calculation of the entropy needed to realize a Laughlin state with cold 
atoms.   
 
 
  

degeneracy g we have C=N ∼ ½gðΔT=TÞ2 þOðT3Þ%e−ΔT=T .
We also find [48] that increasing N trends the peak from
diagonalization toward the thermodynamic limit of the
ansatz.
We also test ZA in the thermodynamic limit. We study the

entropy because of its importance in atomic gas thermom-
etry. We use exact diagonalization at finite N. We fix T and
use finite size scaling to obtain the entropy at very low T
and very high T [48]. For T ∼ ΔT we cannot predict an N
scaling function.
The top panel of Fig. 3 plots a comparison between the

entropy obtained from ZA and the exact results for finite-
size scaling of the entropy. Here, we see that the ansatz
agrees well with the extrapolations at low and high T.
But the symbols are not accurate for T ∼ ΔT because N
scaling breaks down here. The bottom panel of Fig. 3 plots
a comparison between the entropy obtained from ZA and
two limits: the low T limit obtained from the naive model
[48] and the high T limit from the first term of the cumulant
expansion (S ¼ κ0). The deviation between the dashed
and solid lines shows the importance of incorporating

excitations beyond the naive model even for T ∼ ΔT=5
[48]. In both panels we see that the ansatz extrapolates
between both low and high T limits thus allowing pre-
dictions for thermodynamic functions even for T ∼ ΔT.
Laughlin entropy.—We use the validated ansatz to

predict the entropy at which Laughlin correlations set in.
We consider a characteristic temperature TL defined as the
temperature at which the heat capacity peaks due to the
energy gap. The corresponding entropy is SL.
The inset of Fig. 3 plots the ansatz heat capacity versus

temperature to reveal the location of the peak and therefore
TL. The bottom panel of Fig. 3 shows that we find
SL=N ≈ 0.799ð2Þ, where the error propagates from uncer-
tainty in the ansatz fitting parameters. We have checked that
artificial errors in the cumulants have linear impact on
entropy; e.g., a 5% variation of κ0 led to a 5% variation in
SL. The SL we find is much larger than the naive estimate
therefore showing the cooling effect of the continuum. The
entropy found here establishes a goal for experiments to
reliably cool below TL.
Experimental implications.—We can compare our esti-

mate for the entropy needed to cool into FQH states with
bosons with current capabilities. Evaporative cooling can
reach entropies as low as S=N ≈ 0.35 [8] which, according
to the ansatz, corresponds to T ≈ 0.5TL. We have therefore
found that the entropy per particle required to lower the
system temperature below TL is within reach.
Our estimates here only apply to neutral excitations

within the bulk in the thermodynamic limit whereas edge
effects can lower T at fixed S (adiabatic cooling) in finite
sized systems. Introducing edges in a finite sized experi-
ment should make the entropy budget more favorable [2].
For Ω ≠ ω, edge states interplay with parabolic trapping.
The (nearly) gapless edge states accommodate more
entropy than the bulk [an Oð

ffiffiffiffi
N

p
Þ impact on the entropy

for a small number of edge modes]. Introducing edges
should therefore adiabatically lower temperature. SL should
then increase once trap effects are included in modeling.
Moving the filling away from 1=ð1þ pÞ introduces

quasiparticles to allow additional cooling. The topological
nature of Laughlin states implies that the total entropy
includes a factor due to quasiparticle degeneracy, yielding
SD þ S, where SD ¼ Nq logðdÞ, d ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
pþ 1

p
is the quan-

tum dimension, and Nq is the number of additional
quasiparticles causing deviation from filling 1=ð1þ pÞ
[21]. The T-independent SD term allows adiabatic cooling
via quasiparticles [75].
Summary.—We have constructed and validated a

Laughlin state ansatz partition function for atomic gases.
Using our ansatz we find that the continuum of excited
states alters the entropy-temperature relationship (in com-
parison to that of a naive gapped model) to reveal that
currently attainable entropies with bosons are low enough
to cool below the heat capacity peak. Further work would
allow thermometry on small system sizes by including edge

FIG. 3. Top: entropy per particle versus temperature for bosons.
The solid line is obtained from the ansatz (2), with parameters
derived from the cumulants in Table I. The circles (crosses) are
obtained from finite N extrapolations of the entropy at fixed low
(high) T [48]. The agreement between the symbols and the lines
shows that the ansatz accurately captures the low and high T
limits. Top inset: low temperature enlargement. Bottom: the same
but the dashed line plots the entropy per particle for the naive
model [48]. The dot-dashed line plots the high T limit from the
first term of the cumulant expansion (S ¼ κ0). Bottom inset: heat
capacity from the ansatz in the thermodynamic limit. The vertical
dotted line denotes the temperature TL. The horizontal dotted line
in the main panel plots the corresponding entropy SL determined
from the ansatz.
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gases [8] are low enough to cool below the heat capacity
peak. Remarkably, the energy distribution of the excited
states effectively lowers the temperature of the Schottky-
type peak at fixed entropy in comparison to the naive
estimate. Our method can be used to construct thermody-
namic functions of other FQH states.
Model.—We consider a Hamiltonian of N particles of

mass M in two-dimensions subjected to an artificial
magnetic field oriented perpendicular to the x-y plane:

H ¼
XN

i¼1

!
jpi − q"Ai=cj2

2M
þMðω2 −Ω2Þ

2
r2i

"

þ bn
XN

i<j

∇2nδðri − rjÞ; ð1Þ

where pi is the planar momentum, Ai ¼ ðB" × riÞ=2 is
the vector potential in the symmetric gauge,Ω≡ q"B"=2M
[22,56], ri ¼ ðxi; yiÞ, and B" (q") is the artificial magnetic
field (charge). The effective magnetic length is l0 ¼
ðℏc=q"B"Þ1=2. In this gauge the concentric ringlike basis
states define the disk geometry. We assume a strong trap
along the z direction and an external parabolic confinement
in the x-y plane with a trapping frequency ω. To focus
on bulk states we set ω ¼ Ω where the field cancels the
effect of the trap [22,56] and discuss edge effects at the end.
We work in units of l0 ¼ kB ¼ 1. The s-wave (p-wave)
interaction for n ¼ 0 (n ¼ 1) generates repulsion and
equates to the pseudopotential formulation [59]. Setting
bn ¼ 1 defines our energy unit.
The magnetic field must be large enough to restrict states

to the lowest Landau level. In this approximation the
Laughlin state is the exact ground state [59,60] of
Eq. (1) for bosons (fermions) with n ¼ 0 (n ¼ 1) at
ν ¼ 1=2 ð1=3Þ, where ν is the filling factor, the number
of particles per flux quanta. In the following, when
referring to bosons and fermions, we imply results at
ν ¼ 1=2 and ν ¼ 1=3 with n ¼ 0 and n ¼ 1, respectively.
H approximates several physical systems proposed for

realizing FQH states with ultracold atoms. We consider
an atomic gas with a known entropy that is adiabatically
loaded into a setup designed to generate q"B". For example,
rotation generates q"B" from the Coriolis effect [22,61–66].
Artificial gauge fields in lattices offer another example. H
becomes accurate even in lattices when the flux through
each unit cell is small (see, e.g., Ref [67]).
The Laughlin states form a subset of a larger class of

states, the CF states, that accurately capture the low energy
physics. We think of a CF as a weakly interacting
quasiparticle defined by attaching flux quanta to the
original particles. The Laughlin ground state becomes a
filled effective level of CFs. Low energy excitations are
then particle-hole pairs of CFs which are Oð1Þ different in
energy from the ground state (see the schematic inset to
Fig. 1) and proliferate as temperatures increase to the heat

capacity peak. Near or above the peak, distinct excitations
[OðNÞ different from the ground state] start to dominate.
To study thermodynamics over the entire temperature

range we use Eq. (1) to compute the energy in the
spherical geometry, the geometry we use throughout.
The spherical geometry maps to the disk geometry in the
N → ∞ limit [59,68,69] and allows us to focus on bulk
states. Figure 1 shows a gap to a set of low energy
modes, CF particle-hole pairs. But the high energy states
form a continuum, which, as we will see, distinguishes
the thermodynamics of Laughlin states from the naive
model [48].
We take a statistical approach to incorporating the high

energy continuum into the thermodynamics. The histo-
grams in Fig. 1 plot the distribution of energies. We will
rely on the observation that the continuum forms a nearly
Gaussian distribution. (Note that work in Ref. [70] implies
that large vortices lead to the histogram peaks for bosons
in Fig. 1.)
Figure 1 shows only the excitations at fixed N. In solids

nearby particle reservoirs lead to the addition or subtraction
of additional particles (charged excitations) but in trapped
atomic gases particle number is essentially fixed. We
therefore focus our analysis to fixedN (neutral excitations).
We will also focus on uniform bulk states, which implies
that our results are relevant for systems with a small number
of occupied edge states.
H separates into relative and center of mass coordinates

allowing us to focus on excitations in the relative coor-
dinates. The total partition function in the canonical
ensemble becomes ZTOT ¼ ZCM × Z, where ZCM (Z) is

FIG. 1. Energy of N ¼ 8 fermions (bosons) at ν ¼ 1=3
ðν ¼ 1=2Þ as a function of total wave vector for n ¼ 1 (n ¼ 0)
in Eq. (1) in the lowest Landau level. The ground state is the
k ¼ 0 Laughlin state set to zero energy. ΔT is the transport gap.
The schematic depicts example excitations. The bosonic Laugh-
lin state can be thought of as one filled level of CFs (bosons
attached to one flux quantum). Low energy excitations are CF
particle-hole pairs modeled as excitations with energy E1 ∼ ΔT.
We consider additional excitations at higher energies, e.g., E2,
where bosons are not necessarily bound to flux quanta. The
histograms show nearly Gaussian state counting.
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2.8 Two-particle correlation functions in cluster perturbation theory: Hubbard spin 
susceptibilities. Raum, P. T., Alvarez, G., Maier, T., & Scarola, V. W. Physical Review B, 
101(7), 75122 (2020). 
 
Cluster Perturbation Theory (CPT) is a computationally economic method to estimate the 
momentum and energy resolved single-particle Green’s function. It has been used extensively in 
direct comparisons with experiments that effectively measure the single-particle Green’s 
function, e.g., angle-resolved photoemission spectroscopy. However, many experimental 
observables are given by two-particle correlation functions. CPT can be extended to compute 
two-particle correlation functions by approximately solving the Bethe-Salpeter equation. We 
implement this method and focus on the transverse spin-susceptibility, measurable via inelastic 
neutron scattering or with optical probes of atomic gases in optical lattices. We benchmark the 
method with the one- dimensional Fermi-Hubbard model at half-filling and compare with known 
results. 
 
 
 

 
 
  

CPT approximation to the spin 
susceptibility for the one-dimensional 
Hubbard model at half filling 
plotted as a function of wavevector.  
 

Diagrams used in cluster perturbation theory: (a) the 
Dyson equation, (b) the Bethe-Salpeter equation for 
the generalized four- point susceptibility, (c) the 
Bethe-Salpeter equation for the two-point 
susceptibility and (d) the analogue of the Dyson 
equation for the two- point susceptibility. The four-
point vertex, Γ(iν, iν′, iω), is approximated by the 
two-point vertex, Γ(iω). Dashed lines represent the 
non-interacting Green’s function G0, while double 
lines represent the interacting Green’s function G. 
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2.9 Correlated spin-flip tunneling in a Fermi lattice gas. Xu, W., Morong, W., Hui, H.-Y., 
Scarola, V. W., & DeMarco, B.  Physical Review A, 98(2), 023623 (2018). 
 
We report the realization of correlated, density-dependent tunneling for fermionic 40K atoms 
trapped in an optical lattice. By appropriately tuning the frequency difference between a pair of 
Raman beams applied to a spin-polarized gas, simultaneous spin transitions and tunneling events 
are induced that depend on the relative occupations of neighboring lattice sites. Correlated spin-
flip tunneling (CSFT) is spectroscopically resolved using gases prepared in opposite spin states, 
and the inferred Hubbard interaction energy is compared with a tight-binding prediction. We 
show that the laser-induced correlated tunneling process generates doublons via loss induced by 
light-assisted collisions. Furthermore, by controllably introducing vacancies to a spin-polarized 
gas, we demonstrate that correlated tunneling is suppressed when neighboring lattice sites are 
unoccupied. 
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FIG. 2. Spectroscopy of CSFT. (a) The fraction of atoms trans-
ferred between spin states by a 50 m Raman pulse is shown for an
initially |↑〉 (black squares, f↑) and |↓〉 (red circles, f↓) spin-polarized
state at s = 10 ER for varied !ω. For these measurements, N =
25400 ± 3900 atoms were cooled to T/TF = 0.24 ± 0.08 before
turning on the lattice. Each data point is the result from a single
experimental run, and the measurement uncertainty is not visible on
this scale. Nonzero transfer at large detuning is due to off-resonant
spontaneous Raman scattering. (b) The difference f↑ − f↓ for pairs
of points in (a) reveals the CSFT sidebands at approximately ±U .
The black line shows a fit to a sum of two Gaussian functions; the
individual Gaussians are displayed as shaded regions. The peak at
lower (higher) frequency corresponds to CSFT for an initially |↑〉
(|↓〉) spin-polarized state. (c) The interaction energy U inferred from
fits to data such as those shown in (b) for varied s. The error bars
are derived from the fit uncertainty. The dashed line is the value of U

from a standard tight-binding calculation.

of tunneling in this scenario can be understood as destructive
interference between multiple tunneling pathways caused by
the antisymmetrization of the fermionic wave functions (see
Appendix C). This effect is related to the behavior of clock
shifts for fermionic atoms [29–31]. In our case, the Raman
phase factor suppresses the destructive tunneling interference.

IV. OBSERVATION OF CORRELATED
SPIN-FLIP TUNNELING

A. Transfer fraction spectroscopy

We spectroscopically resolve CSFT and distinguish it from
on-site spin rotations by measuring the change in spin fraction
after a 50 m Raman pulse, which is comparable to the CSFT
π time. Sample data are shown in Fig. 2(a) for the fraction
f↓,↑ of atoms transferred between spin states at varied !ω
for s = 10 ER , where ER = h2/8md2 is the recoil energy,
m is the atomic mass, and d ≈ 390 nm is the lattice spacing.
Broadening of the carrier transition, which is consistent with
contributions from magnetic field and Raman phase noise
(see Appendix B), results in a feature that obscures CSFT. To
isolate CSFT, we therefore subtract the data taken at identical
!ω with opposite initial spin configurations. Since the carrier
frequency does not depend on the initial state, the contribution
from the broad carrier feature is canceled out by this procedure.
In contrast, the frequency offset of the CSFT sideband changes
sign with the initial spin configuration and is not removed by

-2 0 2 4 6 8
0.0

0.1

0.2

0.3

0.4

0.5

FIG. 3. Fraction of doubly occupied sites D measured after a
50 m Raman pulse at various detunings for s = 10 ER . The inset
shows sample LAC for (!ω − ω↑↓)/2π = 3.5 kHz fit to a double-
exponential decay with τD = 3.1 ± 0.77 ms and τS = 13.7 ± 2.5 ms.
The vertical error bars in D are derived from fits to similar data
acquired at different !ω, while the horizontal error bars show the
estimated 0.5 kHz uncertainty in the carrier transition from magnetic-
field drift. The solid line in the main panel is the fit from Fig. 2(a) for
|f↑ − f↓| plotted on the same scale as D.

the subtraction. The resulting line shape for f↑ − f↓ shown in
Fig. 2(b) therefore reveals the CSFT sidebands as peaks offset
at approximately ±U/h̄ ≈ ±2π×3.5 kHz from the carrier
transition.

To compare with the predicted sideband frequency, we fit
the f↑ − f↓ line shape to a sum of two Gaussian functions
with independent central frequencies and standard deviations
as free parameters. The interaction energy U determined from
this fit as half of the frequency separation of the peaks is
shown in Fig. 2(c) for data taken at different lattice potential
depths. The inferred U increases less rapidly with s than the
tight-binding prediction, which is shown as a dashed line. A
similar disagreement has been observed in other experiments
[32]. The source of this discrepancy is unresolved and cannot
be explained by renormalization of U by the Raman process,
which is approximately a 1% effect (see Appendix B).

B. Double occupancy spectroscopy

To isolate CSFT from other dynamics, we measure changes
in the doublon number. As doublon formation and decay are
strongly suppressed at high interaction strength in the standard
Hubbard model [33], doublon generation provides a signature
of CSFT dynamics. We probe doublon creation using loss
induced by light-assisted collisions (LAC) [34]. The carrier
frequency ω↑↓ is estimated using a Gaussian fit to Raman
spectroscopy taken using a 0.7 m pulse, which is too short to
drive CSFT. The inset to Fig. 3 shows sample LAC data taken
after a 50 m Raman pulse with (!ω − ω↑↓)/2π = 3.5 kHz,
which corresponds to the +U CSFT sideband. Immediately
following the Raman pulse, the lattice potential depth is rapidly
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FIG. 2. Spectroscopy of CSFT. (a) The fraction of atoms trans-
ferred between spin states by a 50 m Raman pulse is shown for an
initially |↑〉 (black squares, f↑) and |↓〉 (red circles, f↓) spin-polarized
state at s = 10 ER for varied !ω. For these measurements, N =
25400 ± 3900 atoms were cooled to T/TF = 0.24 ± 0.08 before
turning on the lattice. Each data point is the result from a single
experimental run, and the measurement uncertainty is not visible on
this scale. Nonzero transfer at large detuning is due to off-resonant
spontaneous Raman scattering. (b) The difference f↑ − f↓ for pairs
of points in (a) reveals the CSFT sidebands at approximately ±U .
The black line shows a fit to a sum of two Gaussian functions; the
individual Gaussians are displayed as shaded regions. The peak at
lower (higher) frequency corresponds to CSFT for an initially |↑〉
(|↓〉) spin-polarized state. (c) The interaction energy U inferred from
fits to data such as those shown in (b) for varied s. The error bars
are derived from the fit uncertainty. The dashed line is the value of U

from a standard tight-binding calculation.

of tunneling in this scenario can be understood as destructive
interference between multiple tunneling pathways caused by
the antisymmetrization of the fermionic wave functions (see
Appendix C). This effect is related to the behavior of clock
shifts for fermionic atoms [29–31]. In our case, the Raman
phase factor suppresses the destructive tunneling interference.

IV. OBSERVATION OF CORRELATED
SPIN-FLIP TUNNELING

A. Transfer fraction spectroscopy

We spectroscopically resolve CSFT and distinguish it from
on-site spin rotations by measuring the change in spin fraction
after a 50 m Raman pulse, which is comparable to the CSFT
π time. Sample data are shown in Fig. 2(a) for the fraction
f↓,↑ of atoms transferred between spin states at varied !ω
for s = 10 ER , where ER = h2/8md2 is the recoil energy,
m is the atomic mass, and d ≈ 390 nm is the lattice spacing.
Broadening of the carrier transition, which is consistent with
contributions from magnetic field and Raman phase noise
(see Appendix B), results in a feature that obscures CSFT. To
isolate CSFT, we therefore subtract the data taken at identical
!ω with opposite initial spin configurations. Since the carrier
frequency does not depend on the initial state, the contribution
from the broad carrier feature is canceled out by this procedure.
In contrast, the frequency offset of the CSFT sideband changes
sign with the initial spin configuration and is not removed by
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50 m Raman pulse at various detunings for s = 10 ER . The inset
shows sample LAC for (!ω − ω↑↓)/2π = 3.5 kHz fit to a double-
exponential decay with τD = 3.1 ± 0.77 ms and τS = 13.7 ± 2.5 ms.
The vertical error bars in D are derived from fits to similar data
acquired at different !ω, while the horizontal error bars show the
estimated 0.5 kHz uncertainty in the carrier transition from magnetic-
field drift. The solid line in the main panel is the fit from Fig. 2(a) for
|f↑ − f↓| plotted on the same scale as D.

the subtraction. The resulting line shape for f↑ − f↓ shown in
Fig. 2(b) therefore reveals the CSFT sidebands as peaks offset
at approximately ±U/h̄ ≈ ±2π×3.5 kHz from the carrier
transition.

To compare with the predicted sideband frequency, we fit
the f↑ − f↓ line shape to a sum of two Gaussian functions
with independent central frequencies and standard deviations
as free parameters. The interaction energy U determined from
this fit as half of the frequency separation of the peaks is
shown in Fig. 2(c) for data taken at different lattice potential
depths. The inferred U increases less rapidly with s than the
tight-binding prediction, which is shown as a dashed line. A
similar disagreement has been observed in other experiments
[32]. The source of this discrepancy is unresolved and cannot
be explained by renormalization of U by the Raman process,
which is approximately a 1% effect (see Appendix B).

B. Double occupancy spectroscopy

To isolate CSFT from other dynamics, we measure changes
in the doublon number. As doublon formation and decay are
strongly suppressed at high interaction strength in the standard
Hubbard model [33], doublon generation provides a signature
of CSFT dynamics. We probe doublon creation using loss
induced by light-assisted collisions (LAC) [34]. The carrier
frequency ω↑↓ is estimated using a Gaussian fit to Raman
spectroscopy taken using a 0.7 m pulse, which is too short to
drive CSFT. The inset to Fig. 3 shows sample LAC data taken
after a 50 m Raman pulse with (!ω − ω↑↓)/2π = 3.5 kHz,
which corresponds to the +U CSFT sideband. Immediately
following the Raman pulse, the lattice potential depth is rapidly
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3.0 Training Opportunities 

Our students and postdoctoral researchers are trained in mathematical and numerical tools used 
in physics research. We encourage our team members to present at conferences to improve 
presentation skills and network in the community. We work with group members to improve 
presentation and writing skills one on one.  

 Trainee Summary: 

4 Undergraduates 
7 Graduate Students 

 3 Postdoctoral Researchers 

Supervised Students and Postdocs trained at Virginia Tech:  

• Zhangjie Qin (Graduate Student-Current)  
• Woo-Ram Lee (Virginia Tech Postdoc-Current)  
• Junhua Zhang (Virginia Tech Postdoc-Current)  
• Garrett Stoll (Virginia Tech Undergraduate-Current) 
• Lance Miller (Virginia Tech Undergraduate-Graduated 2019) 
• Peter Raum (Graduate Student-Graduated 2019)  
• Hoi Hui (Virginia Tech Postdoc 2015-2018)  
• Ben Stern (Undergraduate-Graduated in 2018)  
• Mengsu Chen (Graduate Student-Graduated in 2018)  
• Mi Yan (Graduate Student-Graduated in 2018)  

Supervised Students and Postdocs at Clemson:  

• Chuanchang Zeng (Graduate Student-Graduated 2020) 
• John Rowe (Undergraduate Student-Graduated 2020) 
• Christopher Moore (Graduate Student, Graduated 2020)  
• Girish Sharma (Graduate Student, Graduated 2016)  
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4.0 Results Dissemination 
 
Dissemination Summary: 
  
 37 Papers and Preprints 
 23 Invited Presentations 
 19 Contributed Presentations  
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4.2 Presentations 

Invited Talks by PI Scarola:  
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Quantum Analogue Simulation with Ultracold Atoms in Optical Lattices: 
Opportunities and Challenges, Invited Seminar: University of Nevada, Las Vegas 
February 2020  

Colloquium: Quantum Analogue Simulation with Ultracold Atoms in Optical 
Lattices: Opportunities and Challenges, Virginia Tech, September 2020  

Topological Mott Insulators in Certain Frustrated Lattices, Invited Seminar: 
Ludwig Maximilian University of Munich, Germany November 2019  

Quantum Analogue Simulation with Ultracold Atoms in Optical Lattices: 
Opportunities and Challenges, Invited Seminar: University of Kent Canterbury 
United Kingdom November 2019  

Kavli Institute for physics conference: Emergent phenomena in ultracold atoms: merging 
topology, interaction, and dynamics, Beijing China “Compressibility Measures of 
Ultracold Atomic Gases in Optical Lattices“ June 22nd, 2019 

Seminar: Duke University “Topological Mott Insulators in Certain Frustrated Lattices” 
April 11th, 2019 

Seminar: Simon Fraser “Compressibility Measures of Ultracold Atomic Gases in Optical 
Lattices” July 7th, 2019 

Seminar: University of Victoria “Compressibility Measures of Ultracold Atomic Gases in 
Optical Lattices” July 4th, 2019 

International conference on Photonics, Optoelectronics and Display Devices, 
Philadelphia, PA "Optical signatures of excitations in fractional quantum Hall states" 
Sept. 19, 2018 

Atomic Gas Microscopes: Tools for Quantum Emulation and Prospects for Quantum 
Information Processing” June 12, 2018 Oak Ridge National Laboratory, Oak Ridge TN 

“Topological Mott Insulators in Certain Frustrated Lattices” Workshop on Innovative 
Nanoscale Devices and Systems Nov. 28, 2017 Kona, HI 

 

Invited Talks by PI Tewari:  

Seminar: Tata Institute of Fundamental Research, Hyderabad, India, “Partially 
separated Majorana modes in semiconductor heterostructures”, June 8, 2021 
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Seminar: Indian Institute of Technology, Delhi, India, “Topological 
superconductors and Majorana fermions-II”, Mar 5, 2021 

Seminar: Indian Institute of Technology, Delhi, India, “Topological superconductors and 
Majorana fermions-I”, Mar 4, 2021 

Seminar: Oak Ridge National Laboratory, Oak Ridge, TN, "The Last Roadblock to 
Marjorana Zero Modes and Topological Quantum Computation in Semiconductor 
Heterosctructures" March 20, 2020 

Seminar: University of Augusta, Augusta, Georgia, "The Last Roadblock to Marjorana 
Zero Modes and Topological Quantum Computation in Semiconductor 
Heterosctructures" March 22, 2019 

Partially separated Andreev bound states: the last roadblock to Majorana fermions in 
semiconductor-superconductor heterostructures, Sumanta Tewari, Spintronics XIII San 
Diego, Aug. 24-28, 2020 (cancelled) 

Partially separated Andreev bound states: State of the art of Majorana fermions and 
topological quantum computation in semiconductor-superconductor heterostructures, 
Indian Institute of Technology, Delhi, India, July 21, 2020 (online). 

Seminar: Indian Institute of Technology, Kharagpur, India “Majorana zero modes: 
Recent experiments and last roadblock to topological quantum computation in 
semiconductor heterostructures.” August 13, 2019 

“Robust low energy Andreev bound states and quantized tunneling peak in Majorana 
systems", July 17, 2017, Workshop on Open Quantum Systems, International Center for 
Theoretical Science (ICTS), Bangalore, India 

“Partially separated Andreev bound states: the last roadblock to Majorana fermions in 
topological superconductors”, Feb. 26, 2018, Department of Physics, Virginia 
Polytechnic Institute and State University, VA, USA 

 “Partially separated Andreev bound states: the last roadblock to Majorana fermions in 
topological superconductors”, May 18, 2018, Southeast Quantum Computing Workshop, 
University of Georgia, Athens, GA, USA 

“Topological superconductors, Andreev bound states, and Majorana zero modes”, June 
28, 2018, S. N. Bose National Centre for Basic Sciences, Kolkata, India. 
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Contributed Talks by Tewari and Scarola Groups  
 
2021 APS March Meeting (Virtual)  
 
Stabilizing topological superfluidity of cold fermions in two-dimensional optical lattices  
Quantification of entanglement in small one-dimensional cluster states  
Measurement-based algorithms for quantum simulation of many-body fermionic systems 
Quantum Hall-like transitions in the thermal Hall behavior of multilayer topological magnon 
insulators 
 
2019 APS March Meeting (Boston, MA)  
 
Cluster Perturbation Theory Applied to Two-Particle Correlation Functions  
A Particle-Hole-Symmetric Model for Paired Fractional Quantum Hall States in a Half-filled 
Landau Level 
Topological Phases of Fermions in Kagome Optical Lattices 
Kitaev chain with a quantum dot  
Quantized zero bias conductance plateaus in hybrid nanowire topological quantum information 
processing platforms without non-Abelian Majorana zero modes 
 
2018 APS March Meeting (Los Angeles, CA)  
 
Topological phases from dipolar interactions on kagome optical lattices 
Topological Mott Insulators in Certain Frustrated Lattices 
Chiral anomaly as origin of planar Hall effect in Weyl semimetals  
Majorana bound states in non-homogeneous semiconductor nanowires 
 
2017 APS March Meeting (New Orleans, LA)  
 
Equilibration Dynamics of Strongly Interacting Bosons in 2D Lattices with Disorder 
Stability of Emergent Kinetics in Optical Lattices with Artificial Spin-Orbit Coupling 
Superfluidity in the absence of kinetics in spin-orbit- coupled optical lattices  
Thermometry for Laughlin States of Ultracold Atoms  
Density Assisted Tunneling of Fermions in Optical Lattices 
Yu-Shiba-Rusinov states and topological superconductivity in Ising paired superconductors 
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5.0 Honors and Awards 

 

• “University Research, Scholarship and Artistic Achievement Award, 2018” 
Awarded by Clemson University to S. Tewari  
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