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Phonon thermal Hall effect in charge-compensated topological insulators
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From a systematic study of thermal and charge transport in various single crystals of compensated topological
insulators we identify the evolution of a large low-temperature thermal Hall effect as a characteristic common
feature. In order to separate phononic and electronic contributions in the measured longitudinal and transverse
thermal conductivity, the electronic contributions are estimated from corresponding electrical resistivity and
Hall effect measurements on the same samples by using the Wiedemann-Franz law. As may be expected for
charge-compensated topological insulators the longitudinal thermal conductivity is phonon dominated in all
samples. However, we also find a pronounced field-linear thermal Hall effect that becomes most pronounced
in the low-temperature range, where all samples are good electrical insulators. This indicates an underlying
phononic mechanism of the thermal Hall effect and in this respect the topological insulators resemble other,
mainly ionic, insulators, which have been reported to show a phonon-induced thermal Hall effect, but its
underlying phononic mechanism remains to be identified. Our observation of a comparable thermal Hall ratio in
topological insulators supports a theoretical scenario that explains a thermal Hall effect through skew scattering
on charged impurities.
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I. INTRODUCTION

The thermal Hall effect (THE) has gained significant sci-
entific interest due to its unique ability to explore various
excitations, like electrons, phonons, magnons, and more ex-
otic excitations like Majorana particles [1]. This sets it apart
from the charge Hall effect, which only provides insights into
mobile charged excitations, such as electrons. THE is the
transverse temperature difference (�Ty) that emerges along
the y axis when a heat current (J) and a magnetic field (H) are
applied along the x and z axes, respectively. If charged parti-
cles contribute to the heat transport a finite THE is naturally
expected from the Lorentz force and the corresponding heat
and charge conductivities can be related via the Wiedemann-
Franz law. However, despite the absence of charged carriers,
insulators can also exhibit a THE as was first observed
in paramagnetic Tb3Ga5O12 [2]. This observation prompted
theoretical discussions considering Raman-type interactions
between large spins and phonons, the Berry curvature of
phonon bands, and skew scattering of phonons by super-
stoichiometric Tb3+ ions [3–5]. Another source of THE in
magnetic insulators is associated with the Berry curvature
of magnon bands generated by the Dzyaloshinskii-Moriya
interaction [6–9].

Subsequently, phonon-induced THEs have been detected
in various materials, such as multiferroic materials like
Fe2Mo3O8 [10], cuprate superconductors [11,12], phonon
glass systems like Ba3CuSb2O9 [13], Mott insulators [14],
the metallic spin-ice material Pr2Ir2O7 [15], and the an-
tiferromagnetic insulator Cu3TeO6 [16]. Remarkably, even
nonmagnetic SrTiO3 exhibits a substantial phonon-induced
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THE that has been attributed to the presence of antiferrodis-
tortive structural domains [17], and this THE is suppressed in
isotopically substituted SrTi18O3 [18] and Ca-doped samples
[19]. A phonon-induced THE has been identified in elemental
black phosphorus [20], another nonmagnetic material, where
the coupling of phonons with magnetic fields has been con-
nected to anisotropic charge distribution. Theoretically two
proposals for phonon-induced THEs have been put forward.
On the one hand, intrinsic mechanisms consider a phonon
THE arising from factors like Berry curvature in phonon
bands [4], phonon scattering due to collective fluctuations
[21], or interactions between phonons and other quasiparticles
like magnons [22,23]. On the other hand, extrinsic mecha-
nisms rely on effects of phonon scattering by impurities or
defects [24–26]. Despite intensive research, the exact origins
of phonon-induced THE remain elusive. This highlights the
importance of exploring various material classes, especially
beyond oxide-based ionic insulators.

Here, we report the discovery of a large phonon-related
THE in a series of Bi2−xSbxTe3−ySey samples that belong to
a different class of nonmagnetic, insulating materials known
as compensated three-dimensional (3D) topological insulators
(TIs). 3D TIs are characterized by an insulating bulk band
structure in combination with gapless (conducting) surface
states that arise from a nontrivial topology of the underlying
wave functions [27]. Often, however, real TI materials are
rather conducting due to defect-induced charge carriers and
bulk insulating behavior is only reached by a specific com-
pensation of donor and acceptor atoms [28]. From thermal and
electrical transport measurements we identify a large THE as
a common feature of several bulk insulating TIs. In a field of
14 T, large thermal Hall ratios κxy/κxx � −10−3 are reached
and hardly vary over the low-temperature insulating phases.
This compares well to the results obtained on many of the
above mentioned insulators, see [16], and is in line with a
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FIG. 1. Temperature dependence of (a) electrical resistivity ρxx and of (b) thermal conductivity κxx of various charge-compensated
topological insulators. The flat black line close to zero in (b) represents a negligible charge-carrier contribution κel

xx = σxxL0T estimated via the
Wiedemann-Franz law for the sample BiSbTeSe2-S1 with the lowest resistivity ρxx = 1/σxx . This reveals that κxx is phonon dominated for all
samples and is further confirmed in (c) showing the magnetic-field independence of κxx . (d) Schematic setup to measure κxx and κxy from the
longitudinal and transverse temperature differences (�Tx = T 1 − T 2, �Ty = T 2 − T 3) induced by a heat current JQ‖x in a magnetic field H‖z.
(e) Temperature-dependent κxy in a magnetic field μ0H = 14 T. For each sample, κxy(T ) was obtained from linear fits of field-antisymmetrized
data measured at constant temperatures as is exemplarily shown in (f).

recent theoretical proposal of a phonon THE arising from
charged defects in (nonmagnetic) insulators [26].

II. EXPERIMENTAL

Single crystals of compensated TIs were grown from a
melt of high-purity elements Bi, Sb, Te, Se, S, and Sn, using
a modified Bridgman method in a sealed quartz-glass tube,
as described in [28]. Freshly cleaved thin flakes were cut
to rectangular shape to measure the longitudinal (ρxx) and
Hall resistivities (ρyx) in a standard 6-point geometry using a
DC current source and two nanovoltmeters at stabilized tem-
peratures and discrete magnetic fields between ±14 T. The
same samples were used for measuring the longitudinal (κxx)
and Hall (κxy) thermal conductivities using a steady-state 1-
heater 3-thermometer method under high-vacuum conditions,
as sketched in Fig. 1. A 10 k� RuO2 chip resistor at one end
of the sample was used to induce a heat current JQ = RI2 that
results in longitudinal �Tx = T1 − T2 and transverse �Ty =
T2 − T3 temperature differences. Up to about 100 K, T1,2,3

were measured with Cernox sensors (CX1030) and, addition-
ally, �Tx and �Ty were measured with constantan-chromel
thermocouples in separate runs from about 30 to 200 K. Gold

wires were contacted to the sample with silver paste and
were either connected to a commercial PPMS puck (Quan-
tum Design) for the electrical measurements, or connected
to the respective temperature sensors of different home-built
setups for heat transport measurements. In order to eliminate
the misalignment of the transverse contacts, the Hall voltage
UH or temperature difference �TH were obtained by anti-
symmetrization of the respective raw data measured in ±B,
e.g., UH (B) = [Uy(+B) − Uy(−B)]/2. The thermal Hall con-
ductivity is then obtained as κxy = (�TH/�Tx ) (l/w) κxx with
longitudinal thermal conductivity κxx = (JQ/�Tx )(l/wt ), dis-
tance l between the longitudinal contacts, sample width w,
and thickness t . Analogously, the electrical resistivities are
given by ρxx = (Uxx/Ix )(wt/l ) and ρyx = (UHt/Ix ), and the
electrical Hall conductivity is σxy = ρyx/(ρ2

xx + ρ2
yx ).

III. RESULTS AND DISCUSSION

Figure 1(a) shows the longitudinal electrical resistivity of
four TI samples. Two of them have the same composition
BiSbTeSe2 and show a very similar ρxx(T ) characterized by
a temperature-activated behavior above 100 K that turns into
a low-temperature plateau. This is typical for these types
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of charge-compensated TIs and has been analyzed in detail
previously [28]. Arrhenius fits ρxx ∝ exp(�/kBT ) yield ac-
tivation energies around 35 meV in good agreement with
the previous results, whereas a larger activation energy of
136 meV and an overall enhanced resistivity is found in
Bi1.08Sn0.02Sb0.9Te2S reflecting the higher degree of compen-
sation in this type of TI material [29]. In contrast, neither the
activated behavior nor the low-temperature plateau are well
pronounced in ρxx(T ) of Bi1.5Sb0.5Te1.7Se1.3, indicating more
disorder and a weaker degree of charge-carrier compensation
in this sample. Table I in the Appendix compares the charge-
carrier densities derived from the low-field Hall resistivity
data of these samples for some characteristic temperatures.

The longitudinal thermal conductivity κxx varies little be-
tween the four samples, as is shown in Fig. 1(b). The peaks
around 10 K are typical for phonon heat transport and result
from the opposite temperature dependencies of phonon heat
capacity and phonon mean-free path which, respectively, in-
crease and decrease with increasing temperature. In the related
mother compounds Bi2Se3 and Bi2Te3 significantly higher κxx

peaks of ∼35 W/K m are observed [30,31], whereas Sb2Te3

has a peak of ∼20 W/K m that decreases to 6–8 W/K m
when Sb is replaced by a few percent of V [32]. The strong
variation of the peak values is naturally attributed to the
maximum phonon mean free path that sensitively depends on
disorder effects, which vary with the composition and gener-
ally increase with the number of different constituents. Above
100 K, the κxx of our samples are only very weakly temper-
ature dependent and lie in the range between 1–2 W/K m,
which compares well with the values that are reached above
about 200 K in the binary mother compounds [30–32].

Apart from the phonons, mobile charge carriers also
contribute to the overall heat transport. The electronic con-
tribution κel

xx to the heat transport can be estimated from the
measured electrical conductivity σxx by using the Wiedemann-
Franz law κel

xx = L0 σxx T with temperature T and Lorenz
number L0 ≈ 2.44 × 10−8 V2 K−2. In Fig. 1(b), the obtained
electronic κel

xx is exemplarily included for the BiSbTeSe2-S1,
but even for this best conducting sample κel

xx remains 2 or-
ders of magnitude below the measured κxx over the entire
temperature range. Thus, we can safely conclude that the
thermal conductivity in all our samples is phonon dominated
and this is further verified by the fact that κxx varies by less
than 2% in a magnetic field of 14 T in all samples. This is
shown for two samples in Fig. 1(c) and more data of the weak
field dependence of κxx are presented in the Appendix; see
Figs. 4(a)–4(d).

Having established that κxx is fully phonon dominated,
we direct our attention to κxy, which is sizable and shows a
linear magnetic-field dependence κxy ∝ B at constant T for
all samples over the entire temperature range. Representative
κxy(B, T ) curves are displayed in Fig. 1(f) for one sample and
the other data sets are shown in the Appendix. From linear
fits of the κxy(B) curves, we derive the temperature-dependent
κxy(T ) in a field of 14 T that is compared for all four samples
in Fig. 1(e). At higher temperature, the sign of κxy is sam-
ple dependent, whereas low-temperature peaks of negative
sign evolve in all four samples with maximum values around
−6 mW/K m. In analogy to κxx, we estimate the expected
electronic contribution to the thermal Hall conductivity by

FIG. 2. Temperature-dependent κxy data from Fig. 1(e) in com-
parison to the charge-carrier contributions κel

xy = σxyL0T estimated
via the Wiedemann-Franz law from the electrical Hall conductivities
σxy measured in 14 T. (a), (b) κxy of both BiSbTeSe2 samples change
to a positive sign and roughly merge with the corresponding σxyL0T
above ∼100 K. (c) For Bi1.08Sn0.02Sb0.9Te2S, σxyL0T remains below
1% of κxy, whereas (d) the curves of Bi1.5Sb0.5Te1.7Se1.3 show com-
parable temperature dependencies above ∼100 K.

using the Wiedemann-Franz law κel
xy = L0 σxy T with the elec-

trical Hall conductivities σxy measured on the same samples.
As shown in Fig. 2, the positive κxy at higher temperature
in both BiSbTeSe2 samples coincide with hole-dominated
electrical Hall conductivities and the estimated κel

xy are of
similar magnitude as the measured κxy. In Bi1.5Sb0.5Te1.7Se1.3,
σxy is electron-like at all temperatures and the obtained κel

xy
remains significantly smaller than κxy, but the temperature
dependencies of both quantities become quite similar above
∼100 K, whereas the obtained κel

xy for Bi1.08Sn0.02Sb0.9Te2S
remains below 1% of κxy up to the highest temperature. Thus
we conclude that toward higher temperature thermally excited
mobile charge carriers contribute to the THE in samples with
a comparatively low excitation gap and a low resistivity. This
contribution is weaker in Bi1.5Sb0.5Te1.7Se1.3 with an overall
enhanced resistivity signaling a reduced mobility of charge
carriers, and becomes negligible in Bi1.08Sn0.02Sb0.9Te2S,
which is the best-compensated TI with a very large excita-
tion gap. The different behavior of mobile charge carriers
in these samples is also reflected in different magnetic-field
dependencies of the electrical Hall effect, which in all samples
becomes nonlinear below about 100 K (see Appendix), but
these differences are not in the focus of this report.

The central result of this study concerns the large low-
temperature THE presenting a low-temperature peak of κxy,
which is orders of magnitude larger than what could be con-
ventionally explained to arise from mobile charge carriers; see
Fig. 2. This low-temperature peak is a common feature of
all four samples despite pronounced differences concerning

104304-3



SHARMA, BAGCHI, WANG, ANDO, AND LORENZ PHYSICAL REVIEW B 109, 104304 (2024)

FIG. 3. Temperature-dependent thermal Hall ratio obtained by
using either (a) the total κxy or (b) the estimated phonon Hall thermal
conductivity κxy − L0σxyT . The correction in (b) leaves the data of
the three better conducting samples practically unchanged up to
∼60 K, and for Bi1.08Sn0.02Sb0.9Te2S this holds in the entire tem-
perature range.

their electrical (Hall) conductivities, which further supports
that the underlying mechanism of the low-temperature ther-
mal Hall effect is not related to the mobile charge carriers.
A natural candidate for a common mechanism is the almost
identical phonon heat conductivity and in fact the peak of
κxy at 10–14 K is located close to the corresponding peak
of κxx occurring at 8–12 K; see Figs. 1(b) and 1(e). A
comparison of the temperature dependencies of κxx(T ) and
κxy(T ) for all four samples is shown in Figs. 4(e)–4(h) in the
Appendix.

Analogous peak coincidences of κxx and κxy have been
reported for various insulating materials over the last years
and are discussed as characteristic indicators of a THE that
is generated by phonons [16,26,33]. A common feature of
those materials is a large thermal Hall angle that is ex-
pressed by the peak ratios |κxy|/κxx, which are typically in
the range of 10−3 even when the longitudinal κxx values
of the different materials differ by up to three orders of
magnitude [14,16,17,33–35].

As shown in Fig. 3, the low-temperature ratio κxy/κxx of
each of the four compensated TIs is close to −10−3 and
varies rather weakly in the temperature range below ∼50 K
where the individual peaks of κxy and κxx evolve. Thus, the
pronounced THEs in these TI materials fulfill the above cri-
teria that indicate a phononic origin. In this context, it is also
important to mention that these TI samples are nonmagnetic
in nature, which rules out the possibility of a low-temperature
THE originating from magnons. However, what kind of
phononic mechanisms could be capable of generating a THE?
According to a recent theoretical proposal [26], the presence
of charged defects in insulators can induce a significant skew
scattering of phonons that is linear in magnetic field as a
result of an interference between Rayleigh and Lorentz scat-
tering terms and should be observed in the temperature range
around and above the phonon maximum of κxx(T ). Consider-
ing oxide-based insulators, the authors estimate that oxygen
vacancies can induce a chirality κxy/κxx of phonon transport
of order −10−3 that agrees well with our experimental results
on the TI materials, but it is also pointed out that the mag-
nitude and even the sign of the expected chirality depend on
the relative strength of elastic and attenuation constants [26].
Thus, the above agreement should not be overinterpreted, but

the proposed mechanism of a field-linear skew scattering of
phonons resulting from charged defects remains a possible
source to explain the phonon-related large THE in these TI
materials. The occurrence of charged defects in these TIs is
naturally expected from the charge compensation that works
in such a way that additional acceptors bind the extra elec-
trons coming from donors, which results in negatively charged
occupied acceptors and positively charged empty donors. In
order to reach insulating bulk behavior, donor and acceptor
densities need to be adjusted properly [28] and a particular
feature of these charge-compensated TI materials is the occur-
rence of self-organized charge puddles in the low-temperature
range [36]. The size and connectivity of charge puddles can
drastically change the DC electrical resistance and cause char-
acteristic frequency dependencies of the AC conductivities
in the microwave to infrared range [37,38]. As such effects
also influence the screening of charged defects, they can also
be relevant for the proposed skew-scattering mechanism of
phonons to induce a large THE in insulators.

IV. SUMMARY

To conclude, we have conducted a comparative study of
thermal and charge transport in various single crystals of
charge-compensated TIs. Our key result concerns the field-
linear thermal Hall conductivity κxy in all these samples,
which becomes most pronounced below about 60 K and
peaks around 10 K, where the longitudinal κxx(T ) shows the
typical maximum of phonon-dominated heat transport. The
corresponding thermal Hall ratios are extraordinarily large
κxy/κxx ∼ −10−3 and vary little between the samples and over
the temperature range where the TIs remain insulating. In
this respect, the compensated TIs behave similarly to various
ionic insulators for which a large THE of phononic origin
has been reported [14,16,17,33–35]. A skew scattering of
phonons induced by charged defects has been suggested as
the underlying mechanism of a phononic THE in those ionic
insulators [26], and a similar mechanism could be relevant
in these TIs, because the insulating bulk behavior requires
charge compensation that naturally induces charged defects
via occupied acceptors and empty donors.

The data of this article are available from Zenodo
[39].
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APPENDIX: ELECTRICAL HALL VERSUS THERMAL
HALL EFFECT IN TOPOLOGICAL INSULATORS

Table I lists the charge-carrier densities derived from the
low-field Hall resistivity data of the studied samples for some
characteristic temperatures and also gives the values of the
obtained longitudinal and transverse thermal conductivities in
a field of 14 T.
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TABLE I. Charge-carrier densities of the different samples at 10, 50, and 100 K which are obtained from the respective low-field slope
of the Hall resistivity ρyx (B) via n = B/[e ρyx (B)]. The last four columns list the longitudinal κxx and transverse κxy thermal conductivities
measured in the maximum field of 14 T at temperatures of 10 and 50 K.

n10 K n50 K n100 K κ10 K
xx κ10 K

xy κ50 K
xx κ50 K

xy

Sample (cm−3) (cm−3) (cm−3) (W/K m) (mW/K m) (W/K m) (mW/K m)

BiSbTeSe2-S1 +2.9 × 1017 +8.9 × 1018 +7.3 × 1017 4.86 −7.4 1.89 −0.7
BiSbTeSe2-S2 −4.2 × 1016 −1.3 × 1016 +2.7 × 1017 4.18 −6.6 1.92 −0.8
Bi1.5Sb0.5Te1.7Se1.3 −6.8 × 1016 −1.5 × 1017 −2.0 × 1017 4.64 −3.9 1.93 −1.6
Bi1.08Sn0.02Sb0.9Te2S −7.9 × 1014 −4.9 × 1014 −5.7 × 1014 6.06 −7.5 2.68 −3.5

Figures 4(a)–4(d) present the longitudinal thermal conduc-
tivity κxx as a function of magnetic field for different temper-
atures. In all four samples, this magnetic-field dependence is
very weak as the relative variation remains below about 2%
over the entire temperature range. Panels (e)–(h) of Fig. 4
show that the thermal Hall conductivities κxy are strongly
temperature dependent and follow a similar low-temperature
dependence as the phonon-dominated longitudinal thermal
conductivity κxx. This kind of scaling behavior between the
field-linear κxy and the almost field-independent κxx is a
typical indication of a phononic origin of the thermal Hall
effect.

Figure 5 gives an overview of the magnetoresistance and
the electrical Hall ratio of the four compensated TIs. At sta-
bilized temperatures and constant magnetic fields, the Hall
resistivity ρyx(B) and the longitudinal resistivity ρxx(B) were
obtained by, respectively, antisymmetrizing and symmetriz-
ing the corresponding transverse (Uy) and longitudinal (Ux)
voltages measured in the field range up to ±14 T. As seen
in panels (a)–(d), the normalized magnetoresistance is large
in all samples ranging from several 10% in BiSbTeSe2 and

Bi1.5Sb0.5Te1.7Se1.3 to a factor of 3 in Bi1.08Sn0.02Sb0.9Te2S.
The Hall ratios, shown in (e)–(f), reach values up to about
30%, but are of different signs depending on the sample
and/or the temperature. Generally, the Hall ratios show non-
linear field dependencies at low temperatures and approach
field-linear behavior toward higher temperature.

From ρxx(B) and ρyx(B) the electrical Hall conductiv-
ity σxy(B) = ρyx/(ρ2

xx + ρ2
yx ) is calculated, from which we

estimate the electronic contribution to the thermal Hall
conductivity κel

xy(B) = L0 σxy(B) T by using the Wiedemann-
Franz law with temperature T and Lorenz number L0 ≈
2.44 × 10−8 V2 K−2. In Figs. 6–9, the Hall resistivities ρyx(B)
are shown in the left panels while the obtained κel

xy(B) are
displayed in the middle panels and can be compared to the
measured total thermal Hall conductivities κxy(B) shown in
the right panels. As discussed above, in all four samples the
longitudinal thermal conductivities κxx vary by less than 2%
up to a magnetic field of 14 T, see Figs. 1(c) and 4(a)–4(d),
whereas the thermal Hall conductivities κxy remain field-
linear over the entire temperature range, see Fig. 1(f) and
Figs. 6–9 (right panels).

FIG. 4. (a)–(d) Magnetic field dependence of κxx for all charge-compensated TI samples that remains in the range of 2% at all temperatures.
(e)–(h) Comparison of the temperature dependencies of the longitudinal and transverse thermal conductivities by the rescaling κxy measured
in a magnetic field of 14 T with a factor α such that it meets the corresponding κxx around the low-temperature maximum.
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FIG. 5. (a)–(d) Normalized resistivity ρxx (B)/ρxx (B = 0) and (e)–(h) Hall ratio ρyx (B)/ρxx (B) of charge-compensated TIs.

FIG. 6. (a) Hall resistivity ρyx (B) and (b) the corresponding electronic contribution to the thermal Hall conductivity κel
xy(B) in comparison

to (c) the measured total Hall conductivity κxy(B) of Bi1.5Sb0.5Te1.7Se1.3. The dashed lines in (c) are linear fits that were used to calculate the
temperature-dependent κxy(T ) at constant fields (see text).

FIG. 7. (a) Hall resistivity ρyx (B) and (b) the corresponding electronic contribution to the thermal Hall conductivity κel
xy(B) in comparison

to (c) the measured total Hall conductivity κxy(B) of Bi1.08Sn0.02Sb0.9Te2S. The dashed lines in (c) are linear fits that were used to calculate the
temperature-dependent κxy(T ) at constant fields (see text).
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FIG. 8. (a), (b) Hall resistivity ρyx (B) and (c), (d) the corresponding electronic contribution to the thermal Hall conductivity κel
xy(B) in

comparison to (e), (f) the measured total Hall conductivity κxy(B) of BiSbTeSe2 (sample 1). The dashed lines in (e), (f) are linear fits that were
used to calculate the temperature-dependent κxy(T ) at constant fields (see text).

FIG. 9. (a), (b) Hall resistivity ρyx (B) and (c), (d) the corresponding electronic contribution to the thermal Hall conductivity κel
xy(B) in

comparison to (e), (f) the measured total Hall conductivity κxy(B) of BiSbTeSe2 (sample 2). The dashed lines in (e), (f) are linear fits that were
used to calculate the temperature-dependent κxy(T ) at constant fields (see text).
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