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SrTiO3, a quantum paralectric, displays a detectable phonon thermal Hall effect (THE).
Here, we show that the amplitude of the THE is extremely sensitive to stoichiometry. It
drastically decreases upon substitution of a tiny fraction of Sr atoms with Ca, which sta-
bilizes the ferroelectric order. It drastically increases by an even lower density of oxygen
vacancies, which turn the system to a dilute metal. The enhancement in the metallic state
exceeds by far the sum of the electronic and the phononic contributions. We explain this
observation as an outcome of three features: 1) Heat is mostly transported by phonons;
2) the electronic Hall angle is extremely large; and 3) there is substantial momentum
exchange between electrons and phonons. Starting from Herring’s picture of phonon
drag, we arrive to a quantitative account of the enhanced THE. Thus, phonon drag,
hitherto detected as an amplifier of thermoelectric coefficients, can generate a purely
thermal transverse response in a dilute metal with a large Hall angle. Our results reveal a
hitherto-unknown consequence of momentum-conserving collisions between electrons
and phonons.
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The observation of the thermal Hall effect (THE) in a variety of insulators (1–7) has
attracted much recent attention. A transverse thermal gradient produced by a longitudinal
flow of neutral carriers of heat requires a microscopic mechanism other than the Lorentz
force. In strontium titanate, a nonmagnetic insulator (8), the phononic origin of the THE
(5, 9), is uncontested. Theoretical scenarios (10–16) have been proposed to explain how
phonons can generate a transverse thermal gradient on top of the longitudinal one.

Ferroelectric transition is aborted by quantum critical fluctuations (17) in strontium
titanate. The ground state of this quantum paraelectric (18) is unusually sensitive to
the presence of extrinsic atoms (19–21). Sr1−xCaxTiO3 is ferroelectric for x > 0.002
(19, 22). Introducing a tiny amount of oxygen vacancies, on the other hand, makes
the system metallic. With a carrier density of the order of 1017cm−3, SrTiO3−δ is a
dilute metal with a sharp Fermi surface and a superconducting ground state (23). Double
substitution leads to Sr1−xCaxTiO3−δ , a polar metal (24, 25), where superconductivity
is boosted (26). Here, we present a study of the THE in Ca-substituted (insulating) and
in oxygen-reduced (metallic) samples of strontium titanate. We find that the amplitude
of the signal is significantly modified in both cases, but in opposite directions. In the
case of Ca substitution, we find that the THE is drastically reduced, confirming that
stabilization of the ferroelectric order is detrimental to the THE (9). On the other hand,
in SrTiO3−δ, the amplitude of the THE not only exceeds what is found in the undoped
insulator, but is also much larger than the sum of the expected electronic contribution
and the phononic one. We argue that this surprising result can be understood by invoking
the drag (27, 28) between electrons and phonons. In our temperature range of interest,
heat is almost exclusively carried by phonons (κph � κe ) in this dilute metal. On the
other hand, the phonon Hall angle is small (κph

xy < 10−3κph
xx ), but not the electronic Hall

angle, which exceeds unity (σxy > σxx at ≈ 2T ). In this context, momentum-conserving
collisions between electrons and phonons can generate a transverse temperature gradient
because longitudinal momentum transferred to the electron bath will have a transverse
counterpart, which ultimately generates a transverse energy flow. Starting from Herring’s
picture of phonon drag (27), we will show that this scenario yields a quantitative account
of our experimental result.

Such a conclusion implies that phonon drag, hitherto known as an amplifier of the
thermoelectric response (29), can have a purely thermal signature, mostly in the transverse
channel. In this context, our result identifies a previously unknown consequence of quasi-
particle hydrodynamics (30). Momentum-conserving collisions between phonons and
electrons (31) are a subject of growing interest in strongly coupled electron–phonon
systems (32, 33). Momentum-conserving phonon–phonon collisions are also known to
play a role in setting the amplitude of longitudinal thermal conductivity in Callaway’s
model (34).

Significance

We find that the amplitude of the
thermal Hall effect (THE) in
strontium titanate drastically
varies with atomic substitution. It
is suppressed when Sr is
substituted by Ca, pointing to the
role of ferroelectric fluctuations in
generating THE. It is amplified by
removing oxygen atoms and the
emergence of dilute metallicity. In
the latter case, we identify a
source of the THE, which is
phonon drag in the context of an
exceptionally large electronic Hall
angle.
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Fig. 1. Evolution of longitudinal and transverse thermal conductivity with Ca substitution and oxygen reduction. (A) Setup for measuring longitudinal and
transverse thermal, thermoelectric, and electric coefficients (the yellow pads are gold electrodes). We measured three local temperatures, T1, T2, and T3, and
three local voltages, U1, U2, and U3. This allowed us to measure longitudinal and transverse temperature gradients and electric fields caused by a longitudinal
heat (JQ) or electric (Je) current. (B and C) Temperature dependence of the longitudinal, κxx (B), and transverse, κxy (C), thermal conductivity in Sr1−xCaxTiO3. The
20 K peak in κxx is wiped out. κxy decreases by almost two orders of magnitude. (D) Temperature dependence of κxx in SrTiO3−δ , almost unaffected by doping.
(E) Temperature dependence of κxy in SrTiO3−δ . The amplitude enhances with oxygen substitution. (F) Amplitude of κxy peak as a function of concentration of
Ca atoms (x) and O vacancies (δ) in parts per million (ppm).

Results

Our setup (Fig. 1A) was designed to determine the electric, ther-
moelectric, and thermal transport coefficients of a single crystal
during a single run. In insulating Ca-doped SrTiO3 single crystals,
we measured longitudinal and transverse thermal conductivities.
The heat leak through the wires connected to the sample, the
heater, and the thermometers is 2 orders of magnitude smaller
than the heat current generated by the heater and passing through
the sample. In the case of metallic SrTiO3−δ single crystals, we
measured longitudinal and transverse conductivities in thermal
and electric channels, as well as the Seebeck and the Nernst coef-
ficients. In the latter case, by performing two sets of experiments,
one with a zero electrical current and another with a zero thermal
current, we checked that the transport coefficients respect Onsager
reciprocity, as discussed in SI Appendix.

Calcium Substitution. The evolution of longitudinal and trans-
verse thermal conductivity with Ca substitution is shown in Fig.
1B and C. One can clearly see that both are affected by Ca
substitution. The decrease in κxx can be attributed to the random
distribution of Ca atoms that introduce additional scattering. As
in the case of Nb substitution (35), introducing less than a percent
concentration of extrinsic atoms is sufficient to wipe out the 20
K peak of the thermal conductivity. The decrease in κxy is even
more drastic. Substituting a tiny fraction (x = 0.002) of Sr atoms
with Ca is sufficient for stabilizing a long-range ferroelectric order
(19). This substitution eventually leads to a 50-fold decrease in the
magnitude of κxy .

A previous study on the effect of 18O substitution on the
THE in strontium titanate (9) found a decrease of comparable
magnitude. Substituting Sr by Ca (24, 26) and substituting 16O
with 18O (21, 36), both stabilize the ferroelectric order, modify
the superconducting dome, and generate a polar metal. In both

cases, the large κxy of the quantum paraelectric solid is drastically
suppressed with the stabilization of the ferroelectric order. This
suggests a link between the amplitude of κxy and the presence of
ferroelectric fluctuations (11). Note that in 18O-enriched stron-
tium titanate (9), most 16O atoms were substituted, and the 20 K
peak in κxx is still present, in contrast to what is seen here. Yet, κxy

was similarly damped, ruling out that κxy is simply more sensitive
to disorder.

Oxygen Reduction. We investigated the effect of oxygen vacan-
cies on the THE by studying thermal transport in SrTiO3−δ . Fig.
1B and E shows how the temperature dependence of longitudinal
and transverse thermal conductivity in SrTiO3−δ. The magni-
tude of longitudinal κxx barely changes with oxygen reduction.
Assuming that each vacancy introduces two electrons, the con-
centration of vacancies for n = 1.6× 1018cm−3 (determined by
measuring its Hall resitivity) is only δ = 4.8× 10−5 per formula
unit, much lower than the lowest amount of Ca substitution
(x = 4.5× 10−3). By measuring the electric conductivity and
using the Wiedemann–Franz (WF) law, we estimated that the
amplitude of the electronic heat conductivity, κe , remains less
than 10−2 of the total thermal conductivity. Therefore, thermal
conductivity near the peak is not significantly reduced by disorder
or enhanced by the addition of a finite electronic contribu-
tion. In contrast, κxy significantly increases with increasing n .
Let us compare this enhancement with the expected electronic
contribution.

Fig. 2A compares the field dependence of κxy in different
samples at 20 K (i.e., near its peak). In the sample with the lowest
carrier concentration (n = 2.3× 1016cm−3), the amplitude of
κxy is almost identical to the insulating sample and remains linear
in magnetic field. In samples with higher carrier concentration,
the amplitude of κxy is larger and shows a gradual trend toward
high-field saturation. Fig. 2B shows the electronic contribution
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Fig. 2. Three components of the THE in SrTiO3−δ . (A) κxy as a function of magnetic field in samples with different carrier densities at 20 K. With growing
metallicity, the amplitude of κxy increases, and its field dependence becomes less linear. (B) Field dependence of the electrical Hall conductivity, σxy , multiplied

by L0 = π2
3

k2
B

e2 , and the temperature, T , in the metallic samples. (C) Field dependence of the differential Δκxy = κxy − κxy(n = 0) − L0σxyT , which signals the
presence of a third term, in addition to the purely electronic and the purely phononic terms. (D) The evolution of κxy and its three components as a function of
temperature. Below 25 K, Δκxy is the largest component.

to the THE (estimated from the measured electric Hall conduc-
tivity of the metallic samples: κe

xy = L0σxyT ). It shows a field-
induced saturation similar to what is observed in κxy . However,
subtracting the purely phononic component (taken to be equal
to what is observed in the insulator) and the purely electronic
component (estimated from the WF law) from the total κxy

leaves us with an additional Δκxy = κxy − κph
xy − κe

xy . Fig. 2D
shows the temperature dependence of the different components
of the THE in the sample with the highest carrier concentration
(n = 1.6× 1018cm−3). One can see that Δκxy exceeds κph

xy
and is several times larger than κe

xy in most of the temperature
range. Note also that the temperature dependence of Δκxy is
significantly different from κe

xy .
We shall keep in mind that, at finite temperature, the WF law

is not strictly valid. However, the finite-temperature correction
does not modify the order of magnitude of the expected electronic
thermal conductivity. Moreover, since inelastic scattering damps
thermal transport more than the electrical transport, the expected
correction to the Lorenz ratio is downward. In copper, such a
downward deviation have been observed in the transverse channel

of heat and charge transport, as well as in the longitudinal ones
(37). Thus, L0σxyT gives an upper bound to the expected κe

xy ,
and we can safely conclude that enhanced THE is not simply due
to the introduction of mobile electrons.

The Thermoelectric Correction to the Thermal Conductivity.
Before discussing the origin of this additional component, we need
to distinguish between two thermal conductivities (38). The first
one is defined by the Fourier equation:

�JQ =−κ �∇T . [1]

In the presence of thermoelectric phenomena, the transport
equations become:

�J e = σ�E − α �∇T , [2]

�JQ = αT �E − κ′ �∇T , [3]
where σ and α are the electric and thermoelectric conductivity
tensors. Now, if the charge current is kept equal to zero ( �J e =�0),
the combination of the two equations would yield:
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xx as functions of magnetic field. The difference is small. (E) κxy and κ′
xy as functions of magnetic field. The difference is significant. Also shown are

the diagonal and the off-diagonal components of the Ξ = αρα T tensor, which quantifies the correction.

�JQ = (αραT − κ′) �∇T . [4]

The resistivity tensor is simply the inverse of the conductivity
tensor: ρ= σ−1. Note that the true Onsager coefficient is κ′, and
not κ. Practically, this distinction matters only when the first term
on the right-hand side of Eq. 4 is not negligible compared to the
second term, which happens when the thermoelectric figure of
merit is sizeable (38).

We have quantified this difference by measuring longitudinal
and lateral temperature differences and electric fields in two
distinct experiments. In the first, a finite �JQ was applied, and
the �J e was kept equal to zero. In the second, a finite �J e was
injected without �JQ . This led us to quantify the diagonal and off-
diagonal components of the two conductivities, κ and κ′. We also
checked that the data respected Onsager reciprocity, which implies
a unique thermoelectric tensor in Eqs. 2 and 3 (see SI Appendix
for details).

We found that the transverse thermal flow (but not the lon-
gitudinal one) is drastically affected by the particle-driven flow of
entropy represented by the thermoelectric term (Fig. 3A). In other
words, κxx � κ′

xx , but κxy and κ′
xy are significantly different. The

reason is the large Hall angle in the electric and the thermoelectric
response. As seen in Fig. 3B and C, the diagonal and off-diagonal
components of σ and α are of the same order of magnitude. In
contrast, the diagonal component of the thermal conductivity ten-
sor (Fig. 3D) is orders-of-magnitude larger than the off-diagonal
one (Fig. 3E). As a consequence, while the difference between κxx

and κ′
xx is of the order of percent (Fig. 3D), κ′

xy is two times larger
than κxy (Fig. 3E).

Thus, the corrected transverse thermal conductivity is larger
than the measured one, which is itself larger than the expected one.

The large electric and thermoelectric Hall angles, which led to this
correction, are a key ingredient of the solution to this puzzle. Let
us now consider the others.

Discussion

The Three Ingredients of the Scenario. Our scenario invokes
three different features of lightly doped strontium titanate. The
first is that momentum exchange between phonons and electrons
is frequent. Since both the Fermi radius and the phonon ther-
mal wavelength (at our temperature range of interest) are much
smaller than the width of the Brillouin zone, such collisions are
not Umklapp and conserve momentum. The second feature is
that heat is mainly carried by phonons (and not by electrons),
κe
xx � κph

xx ; (Fig. 4A). The third is that the Hall angle of electrons
exceeds by far the (thermal) Hall angle of phonons. As one can
see in Fig. 4B, the phonon thermal Hall angle is 3 orders of
magnitude smaller than the electric Hall angle. Lightly doped
strontium titanate is a dilute metal with highly mobile carriers. A
moderate magnetic field puts the system in the high field limit,
where μB � 1 (39). The combination of these three features
generates an additional thermal Hall response: The longitudinal
energy flow, mostly carried by phonons, is accompanied by a flow
of electrons and its unavoidable transverse counterpart, which
ends up by triggering a phononic transverse flow.

Momentum exchange between electrons and phonons (in the
presence of heat flow and in the absence of charge current) is
known as phonon drag (27, 28). It is known to amplify the
thermoelectric response, mostly in semiconductors (27), but also
in metals (29). In the case of strontium titanate, previous studies
(40, 41) have shown that phonon drag causes a peak in the
zero-field Seebeck coefficient around ∼20 K. We confirmed the
presence of such a peak in our samples (SI Appendix). Let us now
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A

B

Fig. 4. Longitudinal thermal conductivity and Hall angles. (A) Thermal con-
ductivity (κxx) of SrTiO3−δ (n = 1 × 1018cm−3) as a function of temperature
and its electronic component (L0σT). Phonons are, by far, the dominant
carriers of heat. (B) The phonon thermal and the electronic Hall angles as the
function of field at T = 20 K. The former is 3 orders of magnitude smaller than
the latter.

quantify the expected contribution of phonon drag to transverse
thermal transport conductivity.

From Phonon Drag to THE. Phonons streaming from hot to cold
exert a drag on the charge carriers. To quantify this effect, Herring
(27) considered an equivalent phenomenon: the enhancement
in the Peltier coefficient of an isothermal sample caused by the
drag exerted on phonons by the electric current. Assuming an
approximate proportionality between heat current and crystal
momentum, he found that a phonon-drag Peltier effect, Πdrag ,
of either sign can arise:

Πdrag =±m∗v2
s

e
f
τp
τe

. [5]

Here, m∗ is the effective mass of electrons; vs is the sound
velocity; e is the fundamental charge; τp and τe are, respectively,
the phonon- and the electron-scattering times; and 0< f < 1
represents the fraction of collisions suffered by phonons, which
leads to momentum exchange between the phonon bath and
the electron bath. Using the Kelvin relation, the phonon-drag
component of the Seebeck coefficient becomes Πdrag/T . To
derive Eq. 5, Herring put forward two arguments. First of all,
the energy density flux, JQ , can be approximated by the product
of the crystal momentum per unit volume, P , and the square of
sound velocity, vs :

JQ = Pv2
s . [6]

The second argument is that the rate at which phonons receive
crystal momentum from the electronic carriers is to be balanced
with the rate at which they lose it. Therefore:

P

τp
=±fneE . [7]

Here, n is the carrier concentration, and E is the electric field.
The loss of crystal momentum out of the phonon bath is countered
by what electrons introduce to this bath. The parameter f is a
measure of efficiency of momentum flow between the phonon
and electron baths. Herring invoked a “hydraulic analogy,” where
momentum first flows from electrons to small q phonons, is
distributed among phonons, and then is eventually lost. In this
analogy f plays the role of a half-open valve. Eq. 5 can be obtained
from Eqs. 6 and 7, using the Drude link between the electric field
and the electric current (J e = ne2τe

m∗ E ).
Let us now consider the twist brought by a large Hall angle

to this picture. The Peltier phonon drag implies that an electric
current can lead to a phonon energy flow (Fig. 5A). A finite THE
driven by phonon drag can be explained in the following way. A
finite Nernst–Ettingshausen coefficient implies that a transverse
(longitudinal) thermal gradient will generate a longitudinal (trans-
verse) electric current. Then, this electric current, following Her-
ring’s original picture, will generate a thermal current. The latter
will be perpendicular to the thermal gradient (Fig. 5B). Therefore,
the overall magnitude of this phonon-drag THE will be given by
the product of the off-diagonal thermoelectric conductivity, αxy ,
and Herring’s expression for Peltier phonon drag:

κxy(drag) = αxy
m∗v2

s

e
f
τp
τe

. [8]

Thus, the component of thermal Hall conductivity generated
by mutual drag between electrons and phonons is proportional to
the product of αxy , the ratio of phonon- and electron-scattering
times τp

τe
and the efficiency of momentum transfer between the

two baths, parametrized by f . Let us also note the presence of
mv2

s . This is the kinetic energy of an electron drifting with the
velocity of sound, a less familiar energy scale emerging when
electrons and phonons couple to each other (42).

Quantitative Account of the Data. We proceed now to compare
Δκxy resolved by experiment, withκxy(drag), expected by Eq. 8.
With the exception of f , all terms of Eq. 8 are experimentally
accessible. The sound velocity is vs = 7.8 km/s (43), and the ef-
fective mass of electrons is m	 = 1.8me (23). τp can be extracted

BA

Fig. 5. From phonon drag to thermal Hall conductivity. (A) Herring’s pic-
ture of phonon drag in an isothermal sample. Electronic momentum flow
generates a phonon momentum flow, which, in turn, leads to a phonon
heat flow. The amplitude of this Peltier effect sets the amplitude of the
phonon-drag Seebeck effect. (B) Replacing the electronic charge current with
a finite transverse thermal gradient multiplied by off-diagonal thermoelectric
conductivity quantifies the amplitude of the phonon-drag THE.
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Fig. 6. Quantitative analysis of Δκxy . (A) Field dependence of Δκxy/T3 at different temperatures. (B) Field dependence of αxy/T at different temperatures. In
our picture, this is the main driver of the field dependence of Δκxy . (C) Field dependence of the ratio of the phonon to electron scattering time, extracted from
electric and thermal conductivity data. Note that τP � τe, and the ratio enhances with magnetic field. (D) The field dependence of f , obtained by equating Δκxy
and κxy(drag), given by Eq. 8. (E) The temperature dependence of αxy at 4 T. (F) The temperature dependence of −Δκxy and −αxySdrag · T . The width of the
latter represents the uncertainty in separating the phonon drag and the diffusive components of the Seebeck coefficient (SI Appendix).

from phonon thermal conductivity and τe from the electrical
conductivity.

Fig. 6A shows the nonmonotonous field dependence of
κxy(drag), which mirrors the field dependence of αxy (Fig. 6B),
which, after an initial increase, steadily decreases in the high-field
regime. Since Sxx > Sxy and σxy ≥ σxx , αxy � Sxxσxy , and the
field dependence of αxy is similar to the field dependence of Hall
conductivity, which steadily decreases in the high-field regime
(σxy(B −→∞)−→ 0).

The ratio of τp/τe , shown in Fig. 6C, is much larger than
unity and steadily increases with magnetic field. This is because, as
previously documented (39), the mobility of electrons diminishes
with magnetic field, presumably because partially extended disor-
der becomes more effective in scattering electrons with increasing
magnetic field, which confines the electron-wave function. The
phonon-scattering time, on the other hand, is barely affected by
magnetic field.

By assuming equality between Δκxy and κxy(drag) and using
Eq. 8, we can extract f . The results are shown in Fig. 6D. We
find that f < 1, attesting to the soundness of our approach. The
efficiency of momentum transfer between phonons and electrons
is close to one at the peak temperature and steadily decreases with
temperature. As the temperature decreases, the relative frequency
of electron–phonon-scattering events decreases. We also note that
a strong coupling between electrons and soft ferroelectric phonons
has been invoked (44, 45) to explain the transport properties of
metallic strontium titanate (41, 46). The steady field-induced de-
crease in f indicates that the efficiency of the momentum transfer
between phonons and electrons decreases with the decrease in the
electronic scattering time and the growing mismatch between the
phonon- and electron-scattering time.

The soundness of our diagnostic can be checked by comparing
the extra THE and the phonon-drag Seebeck effect, supposed

to share the same origin. Both effects, measured by distinct
experiments, peak around 20 K. Their amplitudes match, too.
Eqs. 5 and 8 together with the Kelvin relation (Π= ST ) and
the identification of Δκxy with κxy(drag) imply an equality
between the two extracted quantities: Δκxy ≈−αxySdragT .
Fig. 6F compares Δκxy and −αxy · Sdrag · T as a function
of temperature at 4T . The agreement between 25 K down to
10 K confirms the quantitative self-consistency of the data. The
disagreement at 5 K indicates the limits of our approximations
when f strongly varies with magnetic field.

Relevance to Other Metallic Solids. Our result implies that the
combination of phonon drag (frequently encountered in semicon-
ductors) and a sizeable transverse thermoelectric conductivity,αxy

[known to become large when the carrier density is low density
and the carrier mobility is high (47)] can give rise to a phonon-
drag THE. These conditions can be formulated in term of a
hierarchy of time scales. The scattering time of phonons should
exceed the scattering time of electrons, and the latter should,
in turn, exceed the inverse of the cyclotron frequency, in order
to ensure longitudinal-to-transverse conversion. Thus, a sizeable
phonon-drag THE requires:

τp > τe > ω−1
c . [9]

The second condition is that the rate of momentum lost by
phonons is to be comparable to the rate of phonon–electron
exchange:

f � 0. [10]

Note that the latter condition can only be satisfied at finite temper-
ature. The hydrodynamic window, identified by Gurzhi (30), re-
quires a hierarchy of time scales, too: The momentum-conserving
scattering time should outweigh the boundary-scattering time,
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itself larger than the momentum-relaxing scattering time. As a re-
sult, hydrodynamic features are expected in a limited temperature
window and in a limited number of materials.

Inequalities [9] and [10] specify the conditions for expecting a
phonon-drag THE. Long τp is expected in a crystal at low temper-
ature when phonon wavelength is long and point defects cannot
scatter them. In many dilute metals, when the Bohr radius of the
semiconducting parent is long (48), carriers are more mobile than
in metallic silicon. As a consequence, the inequality τe > ω−1

c
is easily satisfied at low fields. If electron–phonon momentum
exchange happens to be frequent, too, then an effect similar to
the one observed here is expected. Possible candidates are Bi2Se3
(49), InAs (50), PbTe (51), and their sister compounds. It is not
surprising that the THE in metallic cuprates is not detectably
amplified by phonon drag (3). In their case, the mobility of carriers
in cuprates is low, and, as a consequence, condition [9] is not
satisfied. Indeed, the measured Hall angle in La1−xSrxCuO4 is
quite small. At B = 10T , σxy/σxx � 0.1 (52), and, therefore,
ωcτe < 1.

The result reported here does not provide a direct solution
to the puzzle of phonon THE in insulators. Nevertheless, the
complicity between two types of heat carriers, one with a long
scattering time (here, phonons) and another with a large Hall
angle (here, electrons) may have relevance to other contexts. One
can imagine a scenario close to ours in an insulating solid hosting

two types of carriers: ordinary phonons with a long scattering time
and magnons or chiral phonons or with a short scattering time and
a large transverse response.

Materials and Methods

Samples. SrTiO3 and Ca-doped SrTiO3 single crystals were provided by CrysTech
and SurfaceNet GmbH. Oxygen-deficient SrTiO3 samples were obtained by an-
nealing them in a temperature range extending from 700 ◦C to 1,000 ◦C under
a high vacuum (< 10−6 mbar) for 1 to 2 h.

Measurements. We used a one-heater-three-thermometers setup (shown in
Fig. 1A) to measure the longitudinal and transverse temperature difference
caused by a longitudinal heat current. The thermometers and heater were glued
directly on the sample by using sliver paste. Five gold electrodes (shown in
Fig. 1A) were sputtered on the metallic samples, which were used to measure
longitudinal and transverse electric fields.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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