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ABSTRACT

Recently, the study of quantum materials through thermal characterization methods has attracted
increasing attention. These methods, although not as widely used as electrical methods, can reveal
intriguing physical properties in materials that are not detectable by electrical methods, particularly
in electrical insulators. A fundamental understanding of these physical properties is critical for the
development of novel applications for energy conversion and storage, quantum sensing and
quantum information processing. In this review, we introduce several commonly used thermal
characterization methods for quantum materials, including specific heat, thermal conductivity,
thermal Hall effect and Nernst effect measurements. Important theories for the thermal properties
of quantum materials are discussed. Moreover, we introduce recent research progress on thermal
measurements of quantum materials. We highlight experimental studies on probing the existence of
quantum spin liquids, Berry curvature, chiral anomaly and coupling between heat carriers. We also
discuss the work on investigating the quantum phase transitions and quasi-particle hydrodynamics
using thermal characterization methods. These findings have significantly advanced knowledge
regarding novel physical properties in quantum materials. In addition, we provide some perspectives
on further investigation of novel thermal properties in quantum materials.
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I. INTRODUCTION

Quantum materials exhibit exotic physical properties, which arise from the quantum
mechanical properties of their constituent particles or quasi-particles.' They are a class of materials
whose quantum properties usually stem from the close relationship between dimensionality
reduction, quantum confinement, quantum coherence, quantum fluctuations, topology of
wavefunctions, relativistic spin—orbit interactions, fundamental symmetries and so on.” For instance,
superconductivity is usually attributed to strong electronic correlations.>”” The novel electronic
properties of topological insulators (TIs) are related to non-universal quantum effects.® '° Moreover,

1116 quantum spin liquids (QSLs),'”"'? spin superfluidity,*
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topological Dirac and Weyl semimetals,

graphene, low-dimensional van der Waals heterostructures and Moiré materials®® also belong to

the general class of quantum materials that have been investigated extensively in recent years.
Lately, quantum materials have attracted increasing interest due to their widespread application

in various fields and have such become a new cornerstone of basic science. Quantum materials
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exhibit excellent energetic properties in terms of energy transmission, conversion, and storage.
Superconductors are particularly useful in energy transmission, as they can be applied in long-
distance and low-voltage electric grids without any transmission loss.”’ Two-dimensional (2D)
materials such as graphene and boron nitride excel in energy conversion and storage with
applications in catalysis, fuel cells, batteries, and photovoltaics. ***! Furthermore, owing to the
quantum Hall effect (QHE) and the anomalous Hall effect (AHE),*” TIs are good candidates for
spintronic and optoelectronic devices.>*** Dirac and Weyl semimetals are three-dimensional (3D)
phases of matter with gapless electronic excitations,’> which can be used in topological quantum
computation and to build fault-tolerant quantum computers.***’ TIs, and Dirac and Weyl semimetals,
which are characterized by their nontrivial electronic topology, also prove to be promising
thermoelectric materials for waste heat recovery.*® In the emerging fields of quantum computing
and quantum information storage, utilizing the non-trivial excitations of QSLs could greatly
improve the existing computing technology.”* Moreover, superconductive 2D materials are
promising solid-state platforms for quantum dot qubits, single-photon emitters, superconducting
qubits and topological quantum computing elements.**** In biomedical applications, quantum dots
can be used as fluorophores for imaging and detection purposes in cell targeting, delivery, diagnosis,
and cancer treatment research.*'

In order to develop advanced material applications for quantum materials, accurately
characterizing their quantum properties is paramount. Due to the low temperature (T) requirement
and subsequent suppressed thermal fluctuations of many quantum effects such as the QHE,
electrical measurements are typically employed to investigate quantum materials.** Common
thermal property measurements used for the characterization of quantum materials include specific
heat (C), thermal conductivity (), and thermal Hall conductivity (k) measurements. Additionally,
the Nernst effect, which combines electrical and thermal measurements, is also an important tool
for studying novel topological properties. Thermal property measurements can provide critical
information that cannot be obtained from electrical measurements, especially in the case of some
electrical insulators, such as TIs and QSLs. Compared with electrical measurement methods,
thermal transport measurements have the distinct advantage of detecting charge-neutral excitations,
such as lattice vibrations (phonons) and spin excitations. In insulators where conduction electrons
are absent, thermal transport measurements provide exclusive access to the physical nature of
charge-neutral heat carriers.*> Furthermore, thermal characterization methods provide unique and
important insight into the density, mobility and scattering of heat carriers at both marco- and nano-
scales. These measurements can usually be carried out using standard laboratory equipment without
relying on other sophisticated instruments and rare resources.

In crystalline materials, the total thermal conductivity (i;,;) can be expressed as
Kiot = Ke T Kpp + Kspin + Kothers

where K, Kpp and Kg,i, come from the contributions of electrons, phonons, and spin excitations
respectively, and k¢ arises from other contributions. The mean free path (MFP) and transport
mechanisms of heat carriers can be obtained by analyzing k and its T dependence.*® Such
information can also be used to study quasi-particle hydrodynamics.*’*® Furthermore, &k
measurements are sensitive exclusively to entropy-carrying itinerant spin excitations, which can
provide important information on the nature of spin correlation and coupling of spin with other heat
carriers.” >! Spin excitations carry no charge and are therefore difficult to be measured by electrical
methods. In particular, itinerant quasi-particles related to certain quantum states can significantly
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contribute to thermal transport at low T. As such, ultralow-T k measurements have been adopted
to identify the emerging QSLs.’>** Aside from k measurements, thermal Hall effect (THE)
measurements shift the focus from longitudinal transport to transverse transport. THE
measurements are not only useful for probing charge-neutral edge states, such as confirming the
existence of nontrivial topology,* but also in characterizing uncharged edge states, such as the
discovery of charge-neutral Majorana fermions in QSLs and topological superconductors.’* ¢ The
Nernst effect measurements, which can effectively detect topological band structures,’’ can be used

3839 and spin excitations.®® In addition, in some

to study topological/quantum phase transitions,
topological Weyl semimetals, anomalous Nernst effect (ANE) can be treated as a signature for Berry
curvature near the Fermi level.®' In turn, it can easily be seen that thermal property measurements
are an important and unique tool for probing the emerging quantum materials.

Recently, an excellent review paper** by Li and Chen discussed the critical role of thermal
transport in understanding quantum materials. They introduced three examples studying QSLs,
superconductors, and topological Weyl semimetals using bulk thermal transport measurements. In
addition to these measurements, our review also introduces several other important thermal
characterization methods, such as specific heat and nanoscale thermal transport measurements. We
also discuss new experimental findings after the publication of the review paper by Li and Chen. It
should be noted that we do not cover the electron microscopy based thermal characterization
techniques. Interested readers can consult the recent review papers.®>

This review is organized as follows. In section II, we introduce the basic theories of thermal
properties in quantum materials, including heat carriers in quantum materials, kinetic theory of
thermal transport, and Berry curvature theory for the THE and ANE. Several thermal
characterization methods are also briefly discussed. Section III highlights selected advances in
exploring quantum materials through thermal property measurements. In the end, we provide some
perspectives about the impact of thermal characterization on the future investigation of quantum

materials in section IV.

II. BASIC THEORIES OF THERMAL PROPERTIES IN
QUANTUM MATERIALS AND THERMAL
CHARACTERIZATION METHODS

A.Heat carriers in quantum materials

In quantum materials, heat can be carried by various particles or quasi-particles, such as
phonons, electrons, and spin excitations (Fig. 1). Spin excitations include magnons with spin S =
1, spinons with S = 1/2 and others. The basic properties of these heat carriers are summarized in
Table 1. The thermal transport mechanisms of these quasi-particles are discussed below.
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Figure. 1: Schematic diagrams of (a) phonons and (b) spin excitations.

Table 1. Heat carriers in quantum materials

Heat carrier Essence Type
Phonon Lattice vibration Boson
Electron Charged subatomic particle Fermion
Magnon Collective spin excitation with spin-1 Boson
Spinon Collective spin excitation with spin-1/2 Fermion

1. Phonon

Phonons are collective excitations in a periodic, elastic arrangement of atoms or molecules (Fig.
1a).°4% The concept of phonon was first introduced by Igor Tamm in 1932. At T = 0 K, there are
no phonons as the crystal lattice is in the ground state. At finite T, the energy fluctuation caused by
random lattice vibration can be regarded as a kind of phonon gas. Therefore, phonons are directly
related to the thermodynamic properties of solids. The phonon contribution to specific heat in 3D
systems is proportional to T3 at low T according to the Debye model.°® At high T, the specific
heat approaches the Dulong-Petit limit of 3Nk, where N is the number of atoms in the specimen,
and kg is the Boltzmann constant.®” There are several types of phonon scattering mechanisms,
including boundary scattering, Umklapp scattering, lattice imperfection scattering and electron-
phonon scattering. %

Boundary scattering occurs when phonon MFP is of the same scale as the sample size.”
Thermal boundary resistance is present at interfaces, and it is determined by the flux of heat carriers
irradiating the interface and the ease of carrier transmission through the interface. Generally, smooth
boundaries lead to a higher k compared with rough boundaries because a rough boundaries are
more likely to reverse phonon momentum, thus impeding heat transfer and reducing r,p,." 7
Boundary scattering is important at low T and in nanostructures.
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Three-phonon scattering processes can be divided into normal scattering and Umbklapp
scattering. In both scattering processes, two phonons can combine to produce a third phonon, or a
phonon can split into two phonons. In normal scattering processes, the wavevectors (k) of all
phonons involved remain inside the first Brillouin zone, in which both energy and momentum are
conserved. Thus, normal scattering only brings about the redistribution of phonon momentum and
usually has no impact on k. On the other hand, the k of a scattered phonon in an Umklapp process
falls outside of the first Brillouin zone. Such a phonon with a large k is meaningless in physics due
to the discrete nature of the atomic lattice. The & should be mathematically transformed to a point
inside the first Brillouin zone by a reciprocal lattice vector. As such, Umklapp scattering does not
conserve momentum, which leads to thermal resistance. Umklapp scattering is the dominant phonon
scattering mechanism at high T.

Lattice imperfection scattering happens due to a substitution of a foreign atom at a lattice site,
an interstitial atom placed in the lattice, or the presence of vacancies, whereas the spring constants
and the mass of the lattice sites are changed. The theory of lattice imperfection scattering was put
forward by Klemens in 1955.”° Using the second-order perturbation, frequency dependence of
phonons for different imperfections was established.

Electron-phonon scattering involves one phonon and two electrons. An electron either absorbs
or emits a phonon, and changes its trajectory. In general, the electron-phonon scattering becomes

important in materials with a high electron concentration.”*’>

2. Electron

Electrons are charged subatomic particles, which act as the primary carriers of electricity in
solids. The electronic specific heat follows a linear T dependence at low T. In a solid, electrons
mainly participate in four scattering processes: electron-impurity scattering, electron-phonon
scattering, electron-electron scattering and electron-boundary scattering.

Electron-impurity scattering can be described as the interaction between electron flow and
impurities or lattice defects. This interaction is usually the dominant scattering mechanism at low
T. Moreover, since the masses of impurities are normally much larger than those of electrons, they
cannot absorb or provide energy to the colliding electrons, and the energy of electrons does not
change during the whole collision. Therefore, electron-impurity scattering is considered as a purely
elastic interaction.

The deflection of electrons from their original paths due to the interference produced by
vibrating ions can be considered as electron-phonon scattering. In contrast to electron-impurity
scattering, this interaction includes the emission or absorption of phonons, which can cause small
but non-negligible energy changes in the electrons, so it cannot be treated as purely elastic scattering.
In addition, electron-phonon scattering can be divided into two types of processes: normal process
and Umklapp process. For normal process, collisions between phonons and electrons follow the
conservation law of momentum. Regarding Umklapp process, this is the main mechanism at high
T that can effectively generate resistance because it almost reverses the direction of the electron
k.

Electron-electron scattering is an important scattering mechanism in very pure metals at ultra-
low T. In this interaction, four electron states are involved: two initial states that undergo scattering
and two states in which electrons are scattered.”® Similar to electron-phonon scattering, electron-
electron scattering includes both normal and Umklapp processes, but the Umklapp process occurs
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under the stringent conditions specified by the Pauli exclusion principle. Therefore, in bulk metals,
the transport effects contributed by electron-electron scattering can be neglected at room
temperature. A low T, the resistivity determined by the 3D electron-electron scattering rate follows
a quadratic T dependence.

Electron-boundary scattering can occur at the metal/metal interfaces or dielectric/metal
interfaces and lead to thermal boundary resistance. At the metal/metal interfaces, the thermal
boundary resistance is expected to be determined by the electrons since the Fermi velocity of the
electrons in most metals is several orders of magnitude larger than the phonon group velocity.”” At
the dielectric/metal interfaces, this scattering process is mediated by heat transfer from electrons on
the metal side to phonons on the dielectric side.”’

Electronic contribution to x is related to electrical conductivity (o) via the Wiedemann-Franz
(WF) law as

e T,

[

where L is the Lorenz number. The Sommerfeld value of Lorenz number is L, = 2.45 x 1078
V2 K. In general, the WF law is valid when electron and heat currents follow the same underlying
scattering mechanism with only weak energy dependence. However, violations of the WF law have

also been reported in some strong-correlated systems.”®

3. Magnon

Magnons are collective excitations of electron spin structure in magnetic materials (Fig. 1b).
In some magnetic materials, the contribution of magnons to thermal transport is comparable to that
of phonons.®' Similar to phonons, magnon scattering mechanisms also include magnon-phonon
scattering, magnon-defect scattering, multi-magnon scattering and magnon-electron scattering.

Magnon-phonon scattering is caused by spin-orbital coupling,®> and can be divided into two
types at the lowest order: radiation process (R-process) and conversion process (C-process).®’ In R-
processes, one magnon is created and the other is annihilated. In C-processes, magnons are either
created or annihilated due to phonon emission or absorption.

Magnons can also be scattered by point defects and grain boundaries.** These imperfections
can lead to variations or reductions in spin-spin interaction, resulting in a reduced magnon MFP. It
has been found that even weak dislocation-like defects can act as strong grain boundaries for
magnon propagation, reducing magnon thermal conductivity.®

Multi-magnon scattering includes three-magnon scattering and four-magnon scattering. Three-
magnon scattering can be described as a magnon splitting into two magnons, or two magnons
combining to produce a third magnon. Four-magnon scattering is the annihilation of two magnons
with k= 0 and the creation of two magnons with finite and opposite k.*® During this process, the
initial energy excess of the modes with k = 0 is transferred to the magnons with k # 0, while the
total energy of magnetic system is conserved.

The scattering of magnons by mobile electrons or holes is also important for magnetic heat
transport. It has been found that the magnitude of magnon thermal conductivity is highly sensitive
to the charge carrier concentration in some magnetic materials.®!*’

The interaction between magnons and phonons is necessary for observing kg, The magnon-

1’88,89

phonon thermal diffusion process can be treated with a two-temperature mode where the

temperatures of magnons and phonons are considered as two separate systems with their own
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temperature gradient. The energy transfer between them is proportional to the temperature
difference. The two-temperature model can explain the phenomenon in which a system with strong
magnon-phonon coupling exhibits similar phonon and magnon equilibrium temperatures.
Additionally, the two-temperature model predicts an effective thermal conductivity that is closer to

the sum of the magnon and phonon thermal conductivity contributions.

4. Spinons

Spinons are one of three quasi-particles split from electron in solids during spin-charge
separation, the other two being holons and orbitons. Although both magnons and spinons can be
considered collective spin excitations, they possess different spin numbers. Magnons have a spin of
1 while spinons have a spin of 1/2. Therefore, magnons are bosons and follow Bose-Einstein
statistics, and spinons are fermions who follow Fermi-Dirac statistics. Spinons are important
elementary excitations in 1D spin chains and QSLs.? In a spin-1/2 1-D antiferromagnetic (AFM)
chain, a spin-flip excitation will reorientate one spin into a ferromagnet order with its neighboring
spins, forming one S = 1 magnon with two domain walls. The unfavorable ferromagnet coupling
leads to the flip of neighboring spins, pushing the domain walls outwards.’”! Such domain wall
excitations in the 1-D AFM chain are called spinons.

The spinon heat transport in the spin-1/2 1-D AFM chain has a ballistic nature.”>”* As a result
of the integrability of spin chains, intrinsic spinon-spinon coupling alone is not resistive for
magnetic heat transport. However, finite kgp;, has been observed in several spin chain compounds,
which is due to the scattering of spinons by defects, grain boundaries and phonons.”*

It has been found that the spinon-defect scattering plays an important role in spinon thermal
transport at low T, where the reduction of impurity concentrations can exceptionally enhance
Kspin- Athigh T, the spinon-phonon Umklapp process dominates the thermal transport process,

which causes a significant reduction in Kgp;p.

B. Kinetic theory of thermal transport

In quantum materials, heat is not only carried by electrons but also by charge-neutral quasi-
particles. In general, kinetic theory”® can be used to describe the thermal transport mediated by these

heat carriers as
1
K=z Cvl,

where v is the average velocity of heat carriers, and [ is their MFP, which is related to the average
scattering time (1) as | = vt.”

Matthiessen's rule,' derived from the work of Augustus Matthiessen in 1864, has been used
to describe the combined effect of multiple independent scattering processes. Therefore, the
scattering time can be expressed as

11,1, 1
S=—t—t—+..,
T Tp Ty TB
where 7, Ty and Ty are the relaxation time due to defect scattering, Umklapp process and

boundary scattering, respectively.

C.Thermal characterization methods
7
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Figure. 2: Schematic diagrams of several thermal characterization methods: (a) specific heat, (b) thermal

conductivity, (c) thermal Hall effect, and (d) Nernst effect.

Fig. 2 illustrates several thermal characterization methods, including specific heat, thermal
conductivity, THE, and Nernst effect measurements. Specific heat is defined as the quantity of heat
required to raise the temperature of one gram of a substance by one Celsius degree (Fig. 2a). Both
itinerant and localized excitations can contribute to specific heat. Therefore, this measurement can
be used to detect the evolution of entropy in quantum materials, such as phase transitions. There are
several methods to measure specific heat, including differential scanning calorimetry (DSC) and
adiabatic calorimetry.

The k of a material is a measure of its ability to conduct heat (Fig. 2b). The thermal
conduction is governed by Fourier’s law:

(ry = (PG (M ooy AT/l

Jy 0 Kxy Kyy) “—=AT,/wq
where j, and j,, are the heat currents along the longitudinal and transverse directions, separately,
P is the applied heat power, [ is the length between the two longitudinal thermometers, wg is
the sample width, t, isthe sample thickness, k., is the longitudinal thermal conductivity, AT, is
the longitudinal temperature difference between heater and cold finger, and AT, is the transverse
temperature difference. Therefore, k,, can be expressed as:

o = Pl
XX T AT wts

K measurements are a powerful tool in probing the thermal transport properties of quantum
materials, including types of heat carriers, scattering mechanisms, and coupling between heat
carriers. Two common techniques for measuring k of bulk materials are the steady-state and
transient methods.'’! In these two methods, a sample is placed between a heat source and a heat
sink. The major difference is that the steady-state method utilizes a steady-state heat flow while the
transient method utilizes a pulsed or periodic heat source. Recently, several new techniques have
been developed to measure the k of nanostructured materials, including time domain thermo-
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reflectance (TDTR),!**!% suspended micro-bridge, and
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optothermal Raman technique
scanning thermal microscopy (SThM).

Analogously to electronic Hall conductivity, a longitudinal temperature gradient (VT) induces
a transverse heat flow under a magnetic field (B) applied along the third perpendicular direction
(B;), as shown in Fig. 2c. Therefore, ky,, which can be induced by electrons, phonons, or spin
excitations, is powerful for probing the topological properties and novel quantum phases of quantum

materials. Ky, canbe written as:

ATy /Wy
Kxy = Kyy >
AT /1

where Ky, = Ky, = K in isotropic materials.

The Nernst effect is a thermoelectric phenomenon observed in electrically conductive materials.
A transverse electric field (Ey ) can be generated when a VT and an external B are applied in the
longitudinal and third vertical directions, respectively (Fig. 2d). Additionally, if a material exhibits
spontaneous magnetization, the transverse electrical field can be measured without an external B.
Such a phenomenon is called anomalous Nernst effect. By introducing Nernst coefficient (|N]),
Nernst effect can be expressed as

IN| = (Ey/Bz)'
vT
In addition, the Nernst thermopower (Sy,,) can be obtained as
E
Say = ==
vr
The Nernst effect measurement can be used to study the topological nature of materials due to its

sensitivity to the Berry curvature near the Fermi level.

D.Berry curvature theory

Since Berry curvature is highly related to the THE and ANE, we introduce Berry curvature
theory briefly in this section. The Berry phase is a quantum phase effect that emerges during the
adiabatic evolution of a quantum state.!'* Berry curvature is an anti-symmetric second-rank tensor,
which can be regarded as a local gauge field connected to Berry phase through the Kelvin—Stokes

theorem.

1. Berry curvature and THE

Berry curvature has a direct effect on various THEs because it behaves like B and thus imparts
anomalous velocities perpendicular to the thermal potential to heat carriers. By applying the
approach of semiclassical wave packet dynamics, the general formula of k,, for various systems
such as electrons, phonons, and magnons is obtained,''* and the relationship between Berry

curvature and ky,, is also manifested naturally, which can be expressed as'l®

Kyy = Ude _ MG _ om Snilfy
V7T a,r ot var “MkUen,

of
(e — > L del, ().
where J gx is the transport current along the x-axis, M 8‘1 is the thermal magnetization at the edge,
&, isthe energy of the nth Bloch band, u isthe chemical potential and Q,, is the Berry curvature
of the nth band in the 3D parameter space. It can be seen that the magnitude of k., is proportional

to Q,. Furthermore, the combined formula of the three conductivities (AHE oy, thermal Hall
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electronic conductivity or, and kK, ) has also been obtained'!

_2m(-e)? ™™ me?™m

ok = oLyl e — 0 L de1 0, (k) = = (g T)™ S Fo (£ (K)) 2 (K.

F(en) = [/ [log(p™" — D)]™dp,

where F,(g,) is a weighting function, « and m equal to 0 correspond to oy, ¢ and m
equal to 1 correspondto or,and @ =1 and m = 2 correspond to Ky,.

2. Berry curvature and anomalous Nernst effect

Recent studies have shown that the ANE is a symbol of Berry curvature neighboring the Fermi
level, especially in topological Weyl semimetals.''® 'Y The physical origin of the ANE is similar to
the AHE, where the AHE is a Hall signal occurring without external B. In k-space, the ANE can
be expressed as

2nkge d3k
afy =2y [ Wﬂn,z(k)sn,k'

h

where s, is the occupational entropy, which is non-zero in partially filled bands, a;‘x is the
anomalous transverse thermoelectric conductivity, and @, ,(k) is the portion of Berry curvature
along the third vertical direction, which acts similarly to an external B.!'” Although the ANE and
AHE are commonly seen as sister effects, there are still important distinctions between the two. The
ANE is sensitive to Berry curvature close to the Fermi level while the AHE is related to the sum of

Berry curvature of all occupied bands. %2

IHI. EXAMPLES OF THERMAL CHARACTERIZATION
AS A USEFUL PROBE OF QUANTUM MATERIALS

A. Thermal characterization as probe of QSLs

QSLs are formed by interacting quantum spins in certain magnetic materials, in which strong
quantum fluctuations prevent long-range magnetic ordering. They are a novel class of condensed-
matter phase with a variety of exotic physical properties arising from their topological characters,
such as long-range quantum entanglement, fractionalized excitations and absence of ordinary
magnetic order even at 0 K.!79%33 It is currently difficult to probe the lacking of the magnetic
order in QSLs directly. In practice, multiple techniques, such as neutron scattering, resonant X-ray
scattering, specific heat, magnetic susceptibility, nuclear magnetic resonance (NMR) spectroscopy,
optics must be used to characterize QSLs. When a magnet harbors a QSL state, heat is carried not
only by magnons and phonons as conventional insulating magnets, but also spinons and other spin
excitations, making thermal transport an important probe for characterizing QSLs.!”!?!!?2 One
advantage of probing QSL states by k measurements is that these measurements are free from a
direct impurity spin fluctuation contribution. Impurities always act as scattering sources in thermal
transport. In comparison, impurity spins in inelastic neutron scattering and NMR measurements
contribute directly to the signal.'?!:!2%123
The organic Mott insulator EtMes;Sb[Pd(dmit);], with a 2D triangular lattice (Fig. 3a) is a
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promising QSL candidate.'”* '*® However, there is still debate over whether mobile gapless
excitations, a sign of a QSL, can be detected in this material.'** 3! Atlow T, both acoustic phonons
and itinerant spin excitations can contribute to the thermal transport in EtMe3Sb[Pd(dmit),]; as k =
Kpn t Kspin- Therefore, as k,, /T disappears at 0 K, the observation of a finite linear residual k

(1o/T = %irré k/T ) can support the presence of the itinerant gapless spin excitations. Fig. 3b

summarizes the reported x data of EtMe;Sb[Pd(dmit),]» by several research groups.!'?*!2°133

Among them, sample A and B are reported by Yamashita ez al. in 2010. A sizable residual linear
term can be observed.'?* However, Bourgeois-Hope et al. followed the same sample preparation
method, and got much smaller k values (samples C, D and E).'* On the one hand, samples A and
B show an upward curvature, while samples C, D and E show a downward sublinear curvature. On
the other hand, following T? fitting, the residual linear terms of samples A and B are almost 1.9
and 1.1 mW K2 cm, respectively, which are 50-100 times larger than those of samples C, D
and E. Ni et al. performed similar k measurements (samples F and G),'*° which are consistent with
the data reported by Bourgeois-Hope et al. In addition, the relationship between k/T and B are
different for reported measurement data. As shown in Fig. 3¢, the results from Bourgeois-Hope et
al. and Ni et al. both show that & is nearly independent of B while the data from Yamashita et al.
increase with B.'?*!2%13% Until recently, Yamashita et al. found that the cooling rate may affect K
measurements.*! As shown in Fig. 3d, a finite linear residual x can be observed under slow-
cooling conditions (samples 1 and 3), but disappears under rapid-cooling conditions (samples 4 and
5). However, a comparison of samples 2 and 5 show that nearly identical cooling rates lead to
different results. Such a discrepancy was attributed to random scatterers introduced during the
cooling process.

0.8
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Figure. 3: (a) Crystal structure of EtMe3Sb[Pd(dmit): ]>. (b) T dependence of «/T."**12%13° Two gray dashed lines
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are fitting results with T?. (c) T dependence of k/T under different B.">*'**130(d) T dependence of k/T under
different cooling rate. Two dashed lines show the extrapolation of sample 1 and 3 plotted as a function of T. 24131133
Fig. 3a reproduced with permission from Science. 328, 1246—1248 (2010).'** Copyright 2010 American Association

for the Advancement of Science.

a-RuCls is an insulating 2D quantum magnet (Fig. 4a) with a dominant Kitaev interaction on
a 2D honeycomb lattice.'** This material is a good candidate for realizing the Kitaev spin liquid
(KSL).>*135137 As shown in Fig. 4b, AFM order is destroyed by in-plane magnetic field and a QSL
state emerges.'**!*’ Elementary excitations in the Kitaev model can be divided into two types of
Majorana fermions: localized Z, fluxes with gap and itinerant fermions. The neutral itinerant
Majorana fermions can be detected from k,, measurement because while they are not affected by
electric field, they can carry heat due to Majorana-phonon coupling.'*” The experimental
observation of quantization of k,, was reported by Kasahara et al>* As shown in Fig. 4c, Ky /T
shows a plateau in the range of ~4.5 T < B, < ~5.0 T. The value of this plateau approximately
coincides with the half of the thermal Hall conductivity per 2D sheet (K,%J? ) in the quantum Hall state
141 given by

Ky /T = q(m/6)(k§/h),

where coefficient g provides the chiral central charge of the gapless boundary modes. This half-
integer quantization suggests the presence of charge-neutral Majorana fermions. A recent study by
the same group found that the half-integer thermal Hall plateau occurs even for B with no out-of-
plane components (Fig. 4d).'*® The observed sign structure of the measured B-angular variation of
QHE is consistent with the topological Chern number of the pure KSL (Fig. 4e).!*® The results
suggest the formation of non-Abelian topological order associated with fractionalization of the local
magnetic moments in @-RuCls. Furthermore, when a B is applied along the a-axis, there is an abrupt
change of k and C, indicating a first-order phase transition separating two QSL states with
different Chern numbers.'#*

Recently, a periodic oscillation of k in the QSL state of a-RuClz below 1.74 K has been
observed by Czajka et al.'*’ The oscillation is prominent in QSL state and vanishes in zigzag and
polarized state. This behavior could be explained by the quantization of the spinon Fermi surface
similar to Shubnikov de Haas oscillations in metals.'** It is noted that another work by Bruin et al.
suggested that the oscillatory features in « is due to field-induced phase transitions rather than from
quantum oscillations.'* The Ky, data from Czajka et al. show similar trends as those reported by
Yokoi et al.'*® However, a strong T dependence of Ky, Was observed, which is inconsistent with
the quantized value appearing in the interval 3.8 — 6 K. Moreover, the similarity between the T
dependence of k,, and phonon-dominated k,,, observed by Hentrich et al.'® and Lefrangois et
al."*® show that instead of Majorana fermions, K, in @-RuCls should be attributed to phonons.
Therefore, further studies are needed to better understand the k,, data of a-RuCls. Thermal
measurements can be combined with precise theoretical models and other measurement techniques
to probe the possible QSLs.
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Figure. 4: (a) Crystal structure of a-RuCls. (b) Magnetic phase diagram of a-RuCls under magnetic field. (c)B
dependence of Ky, in tilted-B of 60° away from c-axis at different T. Violet dashed lines represent half-integer-
Kyy. (d) Kyy inparamagnetic state for B||-a axis (ved circles) and B||b axis (blue circles) at 4.8 K with no out-
of B component. (e) B dependence of Ky, at 4.3 K in tilted—B of -60°and 60° away from c-axis. Gray and
yellow shaded areas represent AFM-ordered and QSL states, respectively. Fig. 4c reproduced with permission from
Nature 559, 227-231 (2018).54 Copyright 2018 Springer Nature. Fig. 4b, 4d and 4e reproduced with permission
from Science. 373, 568 (2021).13% Copyright 2021 American Association for the Advancement of Science.

In addition to k and k,,, C can also provide useful information about the QSL state in a-
RuCls. C(T) in the KSL is predicted to exhibit two-peak characteristics because two types of
fermions release entropy at distinctly different T.7>'47-'4° However, experimental realization of this
C(T) behaviorin a-RuClsis complicated due to the reliable subtraction of the phonon background
and a structural phase transition at about 160 K.*®“!*! Widmann et al. estimated the phonon
background by measuring a nonmagnetic RhCl3 with an identical crystal structure to a-RuCls
together with ab initio calculations.'>? Fig. 5a shows the C(T) of a-RuCl; and RhCls. The
magnetic C of a-RuCls at different B can be extracted by subtracting the phonon background, as
shown in Fig. 5b. At 0 T, the anomaly at 6 K is due to the magnetic phase transition and the broad
hump at 70 K can be attributed to the release of entropy from itinerant Majorana fermions. This
T corresponds to the theoretical Kitaev interaction of 80 K.!** As B increases, long-range spin
order is suppressed, where the peak around 6 K decreases and is approximately smooth at 9 T.
Therefore, the C measurement proves that KSL is a stable state in a-RuCls at elevated T in a
broad range of B. Recently, Tanaka et al. measured the C for different in-plane rotations of an
applied B, and provided evidence for filed-angle-dependent Majorana gap in a-RuCl;. '
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B. Thermal characterization as probe of Berry curvature

Berry curvature, which acts like a magnetic field in k-space, is an intrinsic mechanism for the
THE of charge-neutral excitations such as phonons and spin excitations. Berry curvature can give
heat carriers anomalous velocities perpendicular to VT, and makes heat current deflect to the left
or right like electrons under Lorentz force.!'*!%>"1% To address the major challenge of distinguishing
phonon and magnon contributions to the k,, of magnetic insulators, detailed analysis of
temperature and field dependence of Ky, and ky, is needed.

The magnon Hall effect has been detected on the ferromagnetic insulator Lu,V,07 by Onose
et al. in 2010 and attributed to the Dzyaloshinskii-Moriya interaction, which originates from the
spin-orbit coupling and is seen as one of the sources leading to the non-zero magnonic Berry
curvature.'® The Kyy decreases with B, contradicting the phonon mechanism in which the kK,
should increase with B due to reduced spin-phonon scattering. Recently, Hirschberger et al.
measured a large K, in the kagome magnet Cu(1-3, bdc) (Fig. 6a), which not only relates ky,, to
the Berry curvature, but also attributes the apparent sign reversal of k,, to the sign alternation of
the Chern flux between magnon bands.'®' As shown in Fig. 6b, above the ordering temperature of
1.8 K, Ky, displays a nonmonotonic B dependence, where Kk, peaks at low B, and exhibits a
zero crossing at higher B (curve at 2.78 K). Below the ordering temperature, the sign of k,,, is
reversed (curves at 1.74 and 0.82 K). The spin thermal conductivity k3, (Fig. 6c), which is
extracted from field-dependent part of Ky, and kK, (Fig. 6d), shows a similar exponential
decrease with temperature at large B. This finding results from the suppression of the magnon
population from the Zeeman gap, and therefore rules out the phonon origin. These phenomena are
also reproduced in theoretical calculations based on the Holstein-Primakoff and Schwinger-boson
mean-field theories, where k,, and Berry curvature are directly related in these two theories. '®?
Therefore, the appearance of k,, can be interpreted as the Berry curvature imparting an anomalous

velocity to magnons.
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background) are shown as open symbols. (d) T dependence of the quantity [chy/TB]0 which measures the
thermal Hall response in the limit B — (. Fig. 6a reproduced with permission from Phys. Rev. B 80, 132402 (2009).'¢
Copyright 2015 American Physical Society. Fig. 6b, ¢, d reproduced with permission from Phys. Rev. Lett. 115,
106603 (2015).'°" Copyright 2015 American Physical Society.

Large Ky, was also discovered in the frustrated magnet Tb,Ti,O7 and attributed to spin
excitations.'** However, Hirokane et al. replaced 70% of the magnetic Tb** by non-magnetic Y**
and discovered an even larger k,,, ruling out the magnetic excitation origin and supporting the
phonon origin.'®®

Furthermore, the ANE can be treated as a signature for the Berry curvature near the Fermi level
in the topological Weyl semimetals. Weyl semimetals are materials where the valence and
conduction bands intersect at single points, called the Weyl nodes.'**"'%® For example, a giant ANE
in Co3SnyS; (Fig. 7a) was reported by Yang et al., and was resulted from the nontrivial Berry
curvature close to the chiral Weyl points.’ As shown in Fig. 7b, the Sy, in Co3Sn,S; exhibits the
largest maximum value at extremely low magnetization compared to the previous magnetic
materials (blue-shaded area), which strongly violates the traditional scaling relationship in
conventional ferromagnets. Similar phenomena also occur in CoMnGa; and the topological chiral
antiferromagnet Mn3Sn.'® In addition, the ratio of anomalous Nernst signal to the magnetization
|S,‘C4y| /oM (Fig. 7¢) for these topological Weyl semimetals is much higher than that of the trivial
ferromagnetic materials.'® This finding not only indicates that the transverse signal is significantly
stronger in the topological Weyl semimetals, but also implies that the anomalous transport properties
are due to the presence of Weyl nodes, which are monopole-like singularities of the Berry curvature.
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C. Thermal characterization as probe of chiral anomaly

In Weyl semimetals, electrons follow the relativistic equations of motion for gravitational
forces and electron dynamics.'”" Chiral anomalies were predicted as an experimental signal for the
existence of Weyl semimetals four decades ago.'”' When parallel electric and magnetic fields are
applied to an ideal Weyl semimetals, the chiral symmetry of monopoles with opposite chirality (y =
+1) is broken. Although negative longitudinal magnetoresistance was considered as a valid
signature,'” the interpretation becomes vague because the Lorentz force can distort the spatial
distribution of current flow under applied B.!”® Recently, Vu et al. discovered thermal chiral
anomalies in the B-induced ideal Weyl semimetals state of BijxSby.!’* Fig. 8a illustrates the energy
dispersion of a field-induced Weyl semimetals, where the degeneracy of the Kramers doublets (W
points) is enhanced by the Zeeman energy. As shown in Fig. 8b and c, the k of BigsSbs in a non-
Weyl phase is always negatively proportional to B, while the k of BigoSbi; after becoming an ideal
Weyl semimetal at B > 1 — 2 T exhibits a strong uptrend. This finding results from energy
pumping between opposite chirality monopoles when a thermal gradient is applied parallel to a
magnetic field in an ideal Weyl semimetal. A strong enhancement of k is related to the enhanced
K. duetothe excess o as aresult of charge pumping. Additionally, the authors have confirmed the

robustness of the experimental observations with respect to defect and phonon scattering.
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Xiang et al. observed huge magnetic quantum oscillations (MQOs) in the k(B) of another
Weyl semimetal TaAs (Fig. 9a). The MQOs were attributed to the newly proposed chiral zero sound
(CZS),'” which is a collective bosonic excitation of Weyl fermions. As shown in Fig. 9b, the
amplitude of MQOs in k;(B) has become remarkably large in the last MQO period and is
about 3 — 4 times of k(B = 0). Compared with the k, estimated from the WF law (k. r), the
oscillation amplitude of r;(B) isnotonly 2 orders of magnitude larger, but also opposite in phase.
Therefore, the oscillations in k;(B) are antiphase with the quantum oscillating electronic DOS of
a Weyl pocket. However, the huge MQOs of k(B) are hardly observed in x, (B) (Fig. 9c).
Meanwhile, background thermal conductivity k;,4(B) can be enhanced by the parallel B, and this
smooth increase can support the notion of exotic heat carriers which tend to carry an increasing
amount of heat with an increasing B. Thus, giant MQOs in x;(B) can be attributed to the presence
of CZS in Weyl fermions. On the one hand, for x(B), strong MQOs can be caused by the inverse
relationship between CZS velocity and electronic DOS at the Fermi level, and enhancement of
Kpg(B) can be attributed to the positive connection between CZS velocity and B. On the other
hand, the weak response of k,; (B) can be explained by the small contribution of CZS to C under
the perpendicular B. Moreover, the consistency of calculation and experimental results further
verifies that CZS is the dominant mechanism of giant MQOs.
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Figure. 9: (a) Crystal structure of TaAs. (b) B dependence of measured k; (dT || B |l c-axis) and k,yr
calculated based on the WF law. (c) B dependence of ik, k, (dT |l c-axis, B |l a-axis), kpg and Keq). Keqr is
calculated based on the CZS scenario. Fig. 9b and 9c reproduced with permission from Xiang, J. et al., Phys. Rev.
X, 9, 031036 2019;'7 licensed under a Creative Commons Attribution (CC BY) license.
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D.Thermal characterization as probe of coupling between

heat carriers

The coupling between spin excitations and phonons plays an important role in magnetic
thermal transport'’® and the spin Seebeck effect!”’. Thermal property measurements provide a
unique probe of the fundamental transport length scales and coupling mechanisms of spin
excitations. Recently, Chen et al. combined the first-principles calculations with € and k
measurements to study the spinon-phonon coupling in the 1D S — 1/2 Heisenberg spin chain
compound Ca,CuO; (Fig. 10a).”

the measured k. Fig. 10b shows the extracted kgp;p, which peaks at about 90 K and decreases

Kspin can be obtained by subtracting the calculated K, from

with increasing T. Based on the kinetic model of 1D spinon thermal transport, which was
constructed by considering defect and phonon scattering of spinons, the T-dependent spinon MFP
(Fig. 10c) was derived from Kgp;p,. It has been found that defect scattering is the leading mechanism
below 50 K, while optical phonon scattering is dominant at higher T. Moreover, the obtained
spinon-phonon coupling constant is found to be smaller than 0.2, which is consistent with

85,178

theoretical calculations, indicating weak spinon-phonon coupling in these 1D cuprates.
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Figure. 10: (a) Crystal structure of CazCuQs. (b) Kepin of Ca2CuQj3 along the spin chain axis. (c) Calculated spinon
MFP. l; and lg, represent the MFPs due to spinon-defect and spinon-phonon scatterings, respectively. Fig. 10b
and 10c reproduced with permission from Phys. Rev. Lett. 122, 185901 (2019).>° Copyright 2019 American Physical

Society.

Nanoscale thermal transport methods also play an important role in the probing the coupling
between heat carriers. For example, TDTR is a well-established pump-probe technique for thermal

transport measurements,'’%180

which are sensitive to the magnon-phonon temperature equilibrium
length scale. Hohensee ef al. determined an effective volumetric magnon-phonon coupling for the
two-leg spin ladder cuprate CagLasCun4Os; using TDTR.'! It has been found that the coupling
constant varies by about two orders of magnitude over T range of 70-300 K.

Lee et al. measured the x of metallic VO, nanobeams by the suspended micro-bridge
method.'® VO, exhibits a metal-insulator transition (MIT) at 340 K, as shown in Fig. 11a and b. A
large violation of the WF law near its MIT was observed. As shown in Fig. 11c, k0 estimated from
the WF law jumps greater than the measured k;,; in the vicinity of MIT. This abnormal behavior
leads to negative kp, and a breakdown of the WF law. To better understand this anomaly, the
authors calculated Kk, in two phases using a first-principles method (Fig. 11d). The effective

Lorenz number L calculated from the difference between k., and Kglh in the M phase is
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found to be 0.11L,, which is almost an order of magnitude lower than the Sommerfeld value. Such
unusually low &, values in the M phase were considered as evidence of the absence of quasi-
particles in a strongly correlated electron fluid where heat and charge diffuse independently.
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Figure. 11: (a) Crystal structure of VO: (I phase). (b) Crystal structure of VO2 (M phase). (c) T dependence of

measured Ky,e and expected electronic thermal conductivity (kg = LooT ) of a VO: nano-beam. Inset: T
dependence of measured o. (d) Calculated phonon thermal conductivity in the 1 (K{,h) and M (Kglh) phases. Fig.11b
and 11c reproduced with permission from Science. 355, 371-374 (2017)."%> Copyright 2017 American Association

for the Advancement of Science.

Furthermore, in charge density wave (CDW) materials, thermal transport measurements can
reveal the coupling between electrons and phonons, which can make x no longer follow the
conventional T dependence, but instead behave anomalously. Yang et al. studied the thermal
transport in niobium triselenide (NbSes) nanowires with a quasi-1D crystal structure. Between two
CDW transition temperatures, the T"dependence of k,;, exhibits an unusual concave-down curve,
while x, shows an opposite trend.'®* This phenomenon was attributed to the strong electron-
phonon scattering during the CDW phase transitions. Additionally, in tantalum disulfide (1T-TaS;),
the strong electron-phonon scattering arising from the nested Fermi surface interplaying with unique
phonon dispersions leads to a T-independent k.

E. Thermal characterization as probe of quantum phase

transitions

The physical properties of quantum materials can be attributed to the formation of unique
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quantum phases. Therefore, it is crucial to identify the quantum phases and detect phase transitions
in quantum materials. For example, THE measurements can be used to study the pseudogap phase
of hole-doped cuprates (Fig. 12a). Compared with other unconventional superconductors whose
superconductivity and magnetism are intimately related,'®> hole-doped cuprates are classified as a
unique category because the original magnetism is replaced by the pseudogap phase, which only
appears below the critical hole doping value (p*).!*¢ The pseudogap phase is described by a long-
range order phase where two electron-current loops with opposite magnetic moments flow in one
unit cell.'"®” While it was first characterized by photoemission technique'®* and polarized neutron

scattering, %1%

there is no abrupt change of C and electronic properties in this phase transition. !
Grissonnanche et al. reported that a relatively large negative ky,, is a signature of the pseudogap
phase in hole-doped NdxLay xCuO4 and EuxLasxCuOs (Fig. 12b).!"? As shown in Fig. 12c, the Kyy
values of the samples with doping level (p) below p* of ~0.2 are negative at low T. Meanwhile,
the Ky, of pure La;CuOs is negative across the entire T range, which can be considered a signature
for undoped Mott insulators. Fig. 12d shows that k,, becomes positive for the samples with p >
p”. This finding further confirms that the negative k,, is a signature for the pseudogap phase.
Since mobile charge carriers and magnons are unlikely to cause the observed k,,, the negative

thermal Hall response is likely to be generated by chiral phonons inside the pseudogap phase.'*?
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571, 376-380 (2019)."? Copyright 2019 Springer Nature.

Thermal characterization can also be used to detect spin-phase transitions in quantum materials.

The helimagnetic insulator Cuy0SeO3'"’

compound exhibits five spin phases at low T, including
the helical, conical, tilted conical (TC) and low-T skyrmion (LTS) as well as fully polarized phases.
Among them, the TC and LTS phases were once discovered by small-angle neutron scattering

198,199

measurements and more recently probed through k measurements under external B, where

the magnitude of k changes abruptly across different spin phases.'”’

F. Thermal characterization as probe of quasi-particle

hydrodynamics

In non-metallic solids, phonon transport is mainly influenced by three types of scattering
processes: diffuse boundary scattering (B-scattering), normal phonon-phonon scattering (N-
scattering) and R-scattering (combination of Umklapp- and impurity-scattering).’>*’! By
comparing the 7 of the above scattering processes, three regimes of phonon transport can be
divided by the dominant scattering mechanism: ballistic (75 < Tz, Ty ), hydrodynamic
(ty K 15 K 1) and diffusive regimes (tz < 75). Hydrodynamic phonon transport can lead to
novel T and size dependence of x and open up the possibility of achieving ultrahigh-x materials
for thermal transport.”> To observe hydrodynamic transport, which is dominated by N-scattering,
both large anharmonicity and high Debye temperature are required. Possible evidence of
hydrodynamic phonon transport has been observed in graphite*® and SrTiO;**.

Machida et al. investigated hydrodynamic phonon transport in thin graphite with combined x
and C measurements.”® Below 10 K, the slope of k is close to that of C (Fig. 13a), following
the T2° dependence.’® The 2.5 exponent is caused by a combination of T3 and T2
contributions by out-of-plane and in-plane phonons.”®® In the T range between 10 and 20 K, the
higher evolution rate of k greater than T2 suggests the existence of hydrodynamic phonon fluid.
This difference is much easier to recognize in Fig. 13b. A comparison with C/T?%5 and k/T?°
shows a significant maximum above 10 K. Further evidence is the nonmonotonic T dependence of
thermal diffusivity (D) between 10 and 20 K (Fig. 13c), which can be attributed to increased
N-scattering. Aside from the unusual T dependence of k, second sound, which is wavelike thermal
transport, has been observed in graphite by using time-resolved optical measurement.’’**"” The
experimental data are in good agreement with the ab initio calculations predicting wavelike phonon
hydrodynamics, as shown in Fig. 13d.
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(2020).*% Copyright 2020 American Association for the Advancement of Science. Fig. 13d reproduced with
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Science.

In addition to phonon hydrodynamics, experimental signatures of hydrodynamic electron flow
were also observed in the Weyl semimetal WP, by Gooth et al’®® Through thermal and
magnetoelectric measurements, the dependence of o on the sample width and the strong violation
of Wiedemann-Franz law prove the existence of hydrodynamic electron fluid below 20 K.
Furthermore, Prasai ef al. discovered a large magnon contribution to k in the helimagnetic
insulator Cu,0Se0;.*” The obtained magnon MFP significantly exceeds the specimen size at low

T, suggesting possible Poiseuille flow of magnons.>*2!!

IV.  SUMMARY AND OUTLOOK

In this review, the unique role of thermal characterization in investigating emerging quantum
materials is discussed. Compared with electrical measurements, thermal characterization can
provide the useful information about the exotic physical properties of electrical insulators, such as
TIs and QSLs. Charge-neutral spin excitations which are difficult to probe electrically, can be
detected with thermal characterization. Thermal characterization can be used to probe the QSLs,
Berry curvature, chiral anomaly, coupling between heat carriers, quantum phase transitions, and
quasi-particle hydrodynamics in various quantum materials. These new findings lead to a better
understanding of exotic physical properties in quantum materials, which can enable the development
of novel applications based on quantum materials, such as energy conversion, quantum computing
and quantum information processing.
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The development of novel characterization techniques has the capacity to enhance the
capability of thermal measurements. SThM, a novel approach to study local thermal information by
controlling and monitoring the probe—sample heat exchange processes, is a useful probe for
characterizing the thermal properties of materials at the nano, atomic and even quantum scales.®
For example, picowatt-resolution probe of SThM can be used to detect thermal transport at single-
metal-atom and single-molecule junctions.”'**!* This measurement is of great fundamental interest
due to the distinctive quantum effects expected to arise in atomic structures. As for the thermal
properties of nanostructures, an evolved four-probe suspended measurement method®'* has been
reported recently. This novel method exploits the variation in heat flow along the suspended
nanostructure and across its contacts to four suspended heater and thermometer lines, which can
obtain the intrinsic k of nanostructures and eliminate the contact thermal resistance errors. In
addition, micro-Brillouin light scattering, which was designed to characterize the local T of low-
frequency acoustic phonons with sub-micron spatial resolution, can detect local non-equilibrium
between different energy carriers through combining with micro-Raman spectroscopy and infrared
spectroscopy.’!> %! Combining thermal characterization with optical measurements can provide a
more complete picture of thermal transport mechanisms. It is expected that novel quantum
properties can be discovered with the development of these new characterization techniques.

Despite remarkable progress in research, several physical properties of quantum materials
remain to be explored through thermal characterization. One example of this is TIs, in which the
existence of topological Andreev bound states in a Josephson junction is expected to result in phase-
dependent x.??° Experimental realization of this prediction can lead to the development of phase-
coherent caloritronic devices.??! Furthermore, the effect of interlayer rotation on thermal transport
in van der Waals bilayer systems has been investigated theoretically. Both in-plane and out-plane
thermal transport can be significantly affected by rotation angle.?”>??* A recent experimental work
has reported extremely anisotropic thermal transport in MoS»/WS; thin films with random interlayer
rotations.??* It should also be noted that striking quantum states can be achieved in Moiré systems.*?’
It would be interesting to study the novel thermal transport properties of these quantum states. As
for QSLs, Nasu et al. investigated the thermal transport originating from the emergent fractional
quasi-particles in KSL by using quantum Monte Carlo simulations.””® They provided the first
quantitative theory for thermal transport, which is a useful tool for probing the QSL signal in Kitaev
candidate materials. In addition, the mechanisms behind the THE are not well understood. For
example, it has been predicted that magnons and phonons can hybridize into magnetoelastic
excitations such that the THE arises from the highly entangled motion of the lattice and spin degrees
of freedom.??’??® These predictions need to be further verified by carefully designed thermal

measurements.
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