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Weyl semimetals are bulk solids in which chiral anomalies, i.e., negative magnetoelectric and magne-
tothermal resistances, exist as a result of the chiral properties of the Weyl fermions. The thermal chiral
anomaly has potential in devices that actively control heat fluxes; these would be an early application of
topological properties, realized after the materials are optimized. Here, we optimized the band structure
of Bi;_,Sb, alloys in the topological insulator phase and in their field-induced Weyl semimetal phases to
maximize the thermal chiral anomaly by changing the Sb concentration and by doping Bi;_,Sb, alloys
either with n-type Te or with p-type Sn. We show that the chiral anomalies are maximized when the chem-
ical potential is at the Weyl points and that Weyl fermions are protected against scattering on phonons and
neutral defects but not necessarily on charged particles like ionized impurities and electrons in trivial
pockets. In our optimum material, around 30% of the total heat (carried by phonons, trivial electrons, and
the chiral anomaly) is carried by the anomalous heat current (the chiral anomaly). The latter is highly
switchable under a magnetic field. The maximum effect we observe is an anomalous thermal conductiv-
ity at 7 T that is 700% larger than the zero-field electronic thermal conductivity at 7=40 K in a x=0.1

sample with p-type doping to 3.90 x 10> cm™3 with a mobility of 2350000 cm? Vs
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L. INTRODUCTION

Over more than a decade, theoretical predictions [1]
and experimental realizations [2] of topological order in
crystals have been of great interest in condensed-matter
physics. It predicts exotic quantum transport behavior and
has potential applications in high-performance devices.
Topological insulators (TIs) were studied first; ideally, they
have a bulk band gap, but gapless surface states exist with
a Dirac dispersion, in which charge-carrier transport is
protected by time-reversal or mirror symmetry [3]. How-
ever, the presence of bulk conduction in most real material
systems provides a strong scattering channel for surface
electrons [4]. This limits potential applications of these
materials in transport devices. Weyl semimetals, where
the bulk-electron properties are dominated by topological
effects, do not suffer from these limitations. Like TIs, the
Weyl semimetal (WSM) phase is also induced from strong
spin-orbit coupling [5]. In k space, the dispersion of con-
duction and valence bands (CBs and VBs, respectively) in
WSMs is linear and intersects at special points, the Weyl
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points (WPs), which are the source and sink of Berry cur-
vature. When the chemical potential is at the Weyl-point
energy and there are no trivial bands at the same energy
[6], the materials are ideal Weyl semimetals. This situa-
tion can be achieved in the Bi;_,Sb, system for optimal
x values determined in this work. In ideal WSMs, the net
charge is neutral, the dispersion of fermions is linear, and
they are massless and move like photons with only a group
velocity and a Berry curvature in their equations of motion.
However, unlike TIs, WSMs possess unique bulk transport
properties, particularly chiral and gravitational anomalies
[7].

The anomalies exist at any value of field, but we concen-
trate on the situation where the magnetic field, B, is high
enough that the charge carriers are at the last Landau level,
the extreme quantum limit (EQL). In spite of mobilities
in the order of a 10° cm? V~!s~!, the magnetoresistance
recorded at 2 K for our samples shows no Shubnikov-de
Haas oscillations, indicating that the samples are in the
EQL. In the EQL [see Fig. 1(a)], the last Landau level has
only one velocity on one Weyl point (called right movers,
Wg) and the opposite velocity on the other (called left
movers, W;) due to chiral motion of the fermions [8].
The chiral anomaly [8] arises when both electrical and
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magnetic fields are applied parallel to Weyl nodes sepa-
ration (£1|B). In the EQL, WSM bulk-electron transport is
topologically protected from back scattering like surface
electrons in TIs. Backscattering is only possible accom-
panied by a chirality flip of Weyl fermions. The electric
field creates an imbalance between the fermion concentra-
tion at Wy and W, proportional to £ and B, as shown in
Fig. 1(a). This charge-carrier imbalance is an anomalous
electrical current. It is measured as an anomalous negative
magnetoresistance (NMR), which is expressed as [9]

631)1'
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B, )

where N,, e, v, T, h, and B are the number of degen-
erate Weyl node pairs, electron charge, electron velocity,
inter-Weyl-point relaxation time, Planck’s constant, and
magnetic field, respectively.

Often called the gravitational anomaly because it is
based on the same equations as those used in cosmology,
the thermal chiral anomaly exists in WSMs when a thermal
gradient is applied parallel to the magnetic field (VT]||B)
along the direction of the Weyl-point separation. In ideal
Weyl semimetals, no carrier- or charge-density imbalance
results from the application of VT|B, but an energy imbal-
ance between left movers and right movers arises that is
proportional to 7" and B. Figure 1(b) shows a schematic of
the thermal chiral anomaly. This energy imbalance creates
a measurable anomalous electronic thermal conductivity,
which is expressed by [10]

72 kievt
Kq = NWT? 4;5;—27#3, )
where T and kg are the temperature and Boltzmann con-
stant, respectively.

Over the last decade, much research has reported NMR
in WSM candidates, such as NbP, TaAs, and WTe,, as the
smoking gun of chiral anomalies [7,11,12]. However, these
data show varying intensities of the chiral anomaly across
different materials and samples, which is inconsistent with
the concept that anomalous currents are topologically pro-
tected. Based on theory, at least, the anomalous currents in
a given material should be reproducible. To date, there are
no systematic experimental studies about how and why the
intensity of a chiral anomaly (NMR ratio) varies from sam-
ple to sample, or by how much it is affected by the presence
of trivial bands in the Fermi surface, and why it highly
depends on temperature. Additionally, due to the Dirac-
like dispersion near WPs, WSMs have very high mobilities
up to several millions of cm? V™! s™! at low temperature.
Consequently, the NMR of WSMs is extremely vulnerable
to extrinsic effects (i.e., effects where the charge-current
distribution across the physical sample is perturbed by the
magnetic field, so that the effects measured are not due to

the physics in the material but to the sample and electrode
geometry). The extrinsic signals can arise in three differ-
ent ways and need to be carefully addressed in sample
preparation, dimensions, and alignment to ensure accurate
magnetoresistance measurements [9].

The first source of extrinsic signals is current jetting
[13,14], which gives rise to a negative longitudinal MR,
similar to the chiral anomaly. The second extrinsic effect
is the galvanomagnetomorphic effect [15—17], which can
also generate a negative longitudinal MR. The third and
most important effect is the geometrical MR [18], an
extrinsic signal that leads to a positive MR. This effect
arises when the sample surface is not smooth, when
the sample width is not much smaller that the sample
length, or when there is a slight misalignment between the
magnetic field and the current flow lines during sample
mounting.

Magnetothermal conductivity measurements do not
require these heroic efforts, since no electrical current
is flowing, and the lattice thermal conductivity sponta-
neously homogenizes the heat-flux distribution inside the
sample and thermal-energy redistribution between Weyl
fermions and phonons helps to even out extrinsic effects.
Not only a point of fundamental physics interest, the ther-
mal chiral anomaly also holds promise for practical device
applications.

Because the thermal chiral anomaly is proportional to
the magnetic field, the thermal conductivity of a solid can
be controllable by applying a magnetic field, provided the
phonon contribution can be minimized, as is the case in
most solids below 1 K. We point out that the mechanism
offers results in a thermal conductivity that is higher at
high field than at low field. Therefore, the present mech-
anism and the classical mechanism based on a positive
magnetoresistance and the Wiedemann-Franz law [such
as that seen in Bi;_,Sb, alloys when the magnetic field
is oriented perpendicularly to the (001) axis [9]] form
a complementary pair of switches, where one is open
when the other is closed. All-solid-state thermodynamic
heat engines (generators, refrigerators) without mechanical
moving parts can be constructed by using a complementary
pair of solid-state thermal switches in conjunction with an
electrocaloric or magnetocaloric material. Switching, rec-
tifying, and regulating heat flow by using thermal switches
can also potentially boost thermodynamic efficiency of
cycles [19].

Here, we work with the Bi;_,Sb, alloy system of
narrow-gap semiconductors and topological insulators. We
observe a very large thermal chiral anomaly in Bi;_,Sb,
and, more significantly, we explain how the band struc-
ture of Weyl semimetals can be engineered to maximize
the thermal (and electrical) chiral anomaly in them. Our
discovery is applicable not only to the Bi;_,Sb, system,
but also to other Weyl semimetals, such as Na;Bi, TaAs,
and GdPtBi.
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FIG. 1.

Schematic of chiral anomaly and sample characterization. (a) Schematic of electrical chiral anomaly: electric field induces a

shift in chemical potential between Weyl points that results in charge-carrier imbalance between the Weyl points, which generates an
anomalous charge current and conductivity. (b) Schematic of thermal chiral anomaly: thermal gradient induces no change in chemical
potential or charge-carrier density, but an imbalance between the charge-carrier energy at both Weyl points. This gives an imbalance in
heat carried by the Weyl fermions between the hot and cold sides of the sample (curved arrows), and thus, an anomalous heat current
and thermal conductivity. (c) Topological phase diagram of Bi;_,Sb, solid solutions through the electronic band structure of L-point
carriers, (d) in the trivial semimetal phase (i), (¢) in the topological insulator phase (ii), and (f) in the field-induced Weyl semimetal
phase (iii). (g) X-ray diffraction data of the Bij95Sbg 95 alloy; inset shows an as-grown Big ¢sSbg g5 crystal with a scale bar of 1 cm.

Bi;_,Sb, alloys form a full solid solution for 0 <x <1
and maintain the crystal structure of Bi (trigonal with the
R-3m space group). Because Bi and Sb are both group
V elements and have the same number of valence elec-
trons, the stoichiometric ratio, x, between Bi and Sb does
not affect the electron or hole concentrations, and the
chemical potential is therefore only determined by residual
impurities of the starting material (Bi and Sb), intentional
doping, and the temperature. This situation is akin to that
of elemental semiconductors and their isoelectronic alloys,
such as Si and Si;_,Ge,: minimizing unintentional doping
requires only starting-material purification, not exquisite
stoichiometry control. Bi;_,Sb, is the only WSM system
so far that enjoys this critical advantage and allows us to
optimize the material parameters reliably and controllably.

Figure 1(c) shows the topological phase diagram of
Bi;_,Sb,, which has three different electronic band phases
up to x=0.25. Based on band-structure calculations
reported in Sec. II of the Supplemental Material to Ref. [9],
in the absence of any magnetic field, Bi;_,Sb, undergoes
four electronic phase changes with varying x [20]: (i) at

x < 0.04, Bi;_, Sb, is a trivial semimetal with overlapping
electron bands at the L point of the Brillouin zone and
hole bands at the T points. There is a direct band gap
located at L points, where there is a CB labeled L; and a
VB labeled L, [Fig. 1(d)]. (ii) At 0.04 <x < 0.09, the L;
and L, bands are inverted [Fig. 1(e)], but the trivial 7-hole
band still lies across the L bands, leading to an indirect gap
between L, and T-hole bands; (iii) at 0.09 <x < 0.15, the
T-hole band moves below the L, band, making Bi;_,Sb,
a direct-band-gap TI, and (iv) at 0.15 < x < 0.224, another
trivial hole band at the A point of the Brillouin zone moves
above the L-point valence band, resulting in an indirect
band gap again between L, and H-hole bands. Applying
a magnetic field along the trigonal (001) direction of the
Bi;_,Sb, alloys separates the bands into Landau levels.
Also, based on band-structure calculations in Ref. [9], in a
trigonal magnetic field, because of the large negative g fac-
tor (g = —71) along (001) and Zeeman splitting [9], the last
Landau levels of the CB and VB can be shifted toward each
other and form WPs [Fig. 1(f)]. Bi;_,Sb, (0.04 <x < 0.25)
is thus a magnetic-field-induced type-I Weyl semimetal.
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TABLE 1.

Summary of sample properties used in this study.

Carrier concentration at

Sample No.  Lattice constant (Trigonal axis)  Sb concentration (%) Mobility at 10 K (cm? V~!s™1) 10K (cm™3)
Control 11.8635 4 0.0025 0

Al 11.8534 £ 0.0037 2.140.7 1.75 x 10° 8.92 x 10'°
A2 11.8453 £0.0038 33407 1.94 x 10° 8.32 x 10'°
A3 11.8415+0.0032 4140.6 3.47 x 100 5.67 x 100
A4 11.8353 4+ 0.0041 53+0.8 1.34 x 10° 1.41 x 10'°
A5 11.8256 4 0.0032 7240.6 3.97 x 10° 3.20 x 10%°
A6 11.8088 4 0.0034 10.5+0.7 2.14 x 10° 3.78 x 10"°
A7 11.7954 4+ 0.0038 13.240.7 2.24 x 10° 4.16 x 10"
A8 11.7693 4 0.0042 18.4+0.8 2.20v 10* 2.19 x 103
A9 11.7572 £ 0.0048 20.34+0.9 7.85 x 10° 6.00 x 10
Al10 11.7474 +0.0051 22441 9.13 x 10° 3.10 x 10"°
S1 11.8123 £ 0.0044 9.8+0.8 8.72 x 10° 9.42 x 10 (n)
S2 11.8080 £ 0.0047 10.6 £0.9 8.91 x 10° 2.62 x 107 (n)
S3 11.8108 & 0.0048 10.1+0.9 1.37 x 10° 8.01 x 10'7 (n)
S4 11.8094 + 0.0044 10.4+0.8 1.09 x 10° 5.57 % 10 (p)
S5 11.8066 + 0.0046 10.94+0.9 2.35x 10° 3.90 x 10'5 (p)
S6 11.8108 £ 0.0050 10.1+1 1.08 x 10° 3.62 x 10'° (p)
S7 11.8123 £ 0.0051 98+1 418 x 103 9.05x 10'8 (p)

The WPs of Bi;_,Sb, (0.04 <x < 0.25) are located near
the L point in the Brillouin zone, and these are separated
mostly along (001) in real space. The field, B, required to
form a WSM, in principle, depends linearly on x because
the bulk band gap of Bi; _,Sb, scales linearly with x and the
Zeeman energy and the orbital Landau-level separations
are linear in B.

To maximize the thermal chiral anomaly in their Weyl
phase, we optimized the band structure and Fermi level
of the Bi;_,Sb, alloys. First, we experimented with dif-
ferent Bi;_,Sb, alloys by changing the Sb composition, x,
from 0 to 0.224 and uncovered the effect of band morphol-
ogy on the amplitude of the thermal chiral anomaly. Next,
we doped the samples, but retained a composition where
the thermal chiral anomaly was maximum, either with n-
type Te or with p-type Sn. In the end, the maximum effect
we observe is an anomalous thermal conductivity at 7 T
that is 700% larger than the electronic thermal conductiv-
ity at =40 K in a x = 0.105 sample with p-type doping to
3.90 x 10" cm~3 and a mobility of 2350000 cm? V~!s~!
at 10 K. From this study, we conclude that the maximum
thermal chiral anomaly is achieved in samples with a zero-
field TI state that is a direct-gap semiconductor with no
trivial bands in the energy landscape. The optimum dop-
ing level is such that the chemical potential falls as close
as possible to the Weyl points. We report that the chiral
anomaly is strongly influenced by the presence of trivial
electron and hole bands. Also, the temperature-dependent
doping studies result in the conclusion that ionized impu-
rities scatter Weyl fermions. We also briefly mention the
possible effect of the temperature dependence of the band
structure on the thermal chiral anomaly.

II. RESULTS AND DISCUSSION

High-quality Bi-Sb crystals are synthesized by the
traveling-molten-zone method [21] with a seed crystal,
which is carefully chosen according to the binary phase
diagram of Bi;_,Sb,. The inset of Fig. 1(g) shows an
as-grown BigosSbg 4 single crystal. We synthesized 18
samples, as summarized in Table I. Eleven undoped sam-
ples with stoichiometric ratios of x=0 to x=0.224 are
labeled A1—-A10, with an additional control sample. Seven
doped BigoSbg,; samples are labeled S1—-S7. The stoichio-
metric ratio between Bi and Sb is determined by mea-
suring lattice constant using the x-ray diffraction (XRD)
method [22]. Figure 1(g) shows the XRD peaks of the
Big.96Sbg.o4 sample. Clearly, only (001) crystallographic
direction peaks are detected with small full width at half
maximum peaks, which indicate single crystallinity and
the high quality of our sample. The lattice constant of Bi-
Sb alloys decreases when x is increased, as shown in Table
I, following Vegard’s law [22].

The quality of undoped Bi;_,Sb, samples is further
characterized by the Hall effect and mobility measure-
ments. To avoid chiral-anomaly-induced misinterpretation
of Hall measurements, the magnetic field, B, is applied
along the (010) direction and the Hall voltage is mea-
sured along the (100) direction with the current along the
(001) direction. Because Bi;_,Sb, is an intrinsic semi-
conductor, a two-carrier system, we use a small magnetic
field (<0.05 T) to extract the major carrier concentra-
tion and mobility (see the Method section in the Sup-
plemental Material [24]). Figure 2(a) shows the mobility
of undoped samples from x=0.021 to x =0.224. Mobil-
ities of most samples are near 1000000 cm?V~!'s~! at
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10 K and over 10000 cm? V~'s~! at room temperature,
which indicates identically excellent sample quality. At
x=0.04, we observe a mobility of 3000000 cm?> V~!s~!
at 10 K, which is highest among the compositions, pre-
sumably due to the Dirac dispersion of the L-point carri-
ers in zero field when x =0.04!°. Figure 2(b) shows the
temperature-dependent carrier concentration of Bij_,Sb,
samples. The carrier concentration of all samples increases
with temperature due to thermal excitation. Atx < 0.05, the
carrier concentration saturates to a value in the 107 cm™>
range for 7'< 30 K; this behavior is consistent with the
semimetallic nature of the band structure. In contrast, at
x> 0.05, carrier concentrations keep decreasing as the
temperature is decreased to 10 K; this is attributed to
the intrinsic semiconducting nature of TIs. Remarkably,
the carrier concentration of the x =0.203 sample freezes
out to 6.5 x 10 cm™3 at 10 K, suggesting an excep-
tionally low residual dopant concentration. Bismuth has
6 x 10%2 atoms per cm® and this residual concentration
indicates the presence of about one unintentional dopant
atom among 10® atoms of Bi, attesting to the extremely
high quality of the sample. The temperature dependence of
the zero-field thermal conductivity of the 10.5% and 13.2%
samples are very similar to those reported in Ref. [9] for
12% and 15% samples; they are analyzed in terms of lattice
and electronic contributions there.

Next, we measured the magnetothermal conductivity of
ten undoped samples with both VT and B in the (001)
direction. We first describe the magnetothermal conductiv-
ity of semimetal samples with x < 0.04. At 75 K, the ther-
mal conductivity of BigogSbgo, decreases quickly from
7.4 to 6.6 Wm~! K~! when the magnetic field increases
from 0 to 1 T, then plateaus at a higher B. The decrease
comes from the ordinary magnetoresistance in this intrin-
sic semiconductor [o/0g~ 1/(1 4 (uB)?)], and saturation
is reached when the phonon thermal conductivity domi-
nates. We do not observe any anomalous magnetothermal
conductivity behavior in the BigogSbg g, sample and the
magnetothermal conductivity shows behavior similar to
that of the trivial semimetal Bi (see Fig. S2 within the
Supplemental Material [24]). Samples with x > 0.04 [see
Fig. S1(b) within the Supplemental Material [24]] show
anomalous magnetothermal conductivity behavior due to
the thermal chiral anomaly. Below 1 T, it behaves like
a semimetal or an intrinsic narrow-gap semiconductor
because the magnetic field is not sufficient to induce the
phase change from a TI to a Weyl semimetal at the L point.
However, when B > 3 T, samples with x > 0.04 show a sig-
nificant thermal conductivity increase, which comes from
the thermal chiral anomaly. We observe this phenomenon
at temperatures up to 200 K. Since the Debye temperature
of the alloys is in the order of 100 K [23], this indicates that
the Weyl fermions are little affected by phonon scattering.
We showed in Ref. [9] that Weyl fermions were protected
against scattering on phonons, through an analysis of the

temperature dependence of the scattering time. We also
showed in Ref. [9] that they were protected against defect
scattering, by comparing the effect on samples with mobil-
ities differing by 2 orders of magnitude. We show here
that they are not necessarily protected against scattering
on charged particles like ionized impurities and electrons
in trivial pockets.

Figures 2(c) and 2(d) show the magnetothermal conduc-
tivity of undoped Bi-Sb samples from x=0 to x=10.224
at 75 K. We normalize it to the zero-field thermal-
conductivity value (shown in Fig. S3 within the Sup-
plemental Material [24]) for comparison. The zero-field
thermal conductivity decreases with increasing x because
of phonon-alloy scattering, which is well understood in
binary alloys. An important observation is that the inten-
sity of the thermal chiral anomaly significantly depends
on x, even though the crystal quality is nearly identical
from sample to sample. As described above, at x < 0.04,
we do not observe any thermal chiral anomaly because
these compositions do not form a Weyl phase. However,
when x> 0.04, we observe the thermal chiral anomaly
up to x=0.203 and the intensity of the thermal chiral
anomaly increases as x increases up to x = 0.105 [Fig. 2(c)]
and decreases as x increases to x =0.224 [Fig. 2(d)]. In
Fig. 2(e), we show dk/dB at 3 T for all undoped sam-
ples in the bottom panel. The top panel of Fig. 2(e) shows
the energies of relevant band edges in Bi;_,Sb, as a func-
tion of x corresponding to the description given in Sec. 1.
We find that dk/dB is maximized in a small window of x
when the CB and VB are separated by a direct gap in the
TI state. di/dB is smaller when Bi;_,Sb, has an indirect
band gap, i.e., when trivial 7- or H-hole pockets are ther-
mally populated and provide a scattering channel between
Weyl fermions and trivial holes, leading to a decrease in
7, as shown in Eq. (2). dk/dB tends to 0 at x =0.224,
similar to a trivial semimetal composition of x=10.02,
even though topological band inversion at the L point
still exists at x = 0.224. From this first set of experiments,
we conclude that, once trivial bands are within kg7 of
the chemical potential and populated, two things happen.
First, they make the chemical potential shift away from
the Weyl points, and second, electrons in trivial pockets
may scatter Weyl fermions, indicating that these may not
be protected against scattering on charged entities. To ver-
ify the first point, we present in the Supplemental Material
[24] a simple estimate of how the chemical potential moves
with increasing temperature in the bands of BijgsSaby >,
a direct-gap semiconductor in its TI phase [24-27], and
in BiggySabg s, an indirect-gap semiconductor in its TI
phase. The presence of a trivial band, particularly the
H-hole band that is sixfold degenerate, and thus, has a
very high density of states, shifts the chemical potential
substantially away from the Weyl or Dirac points. In direct-
gap semiconductors, the chemical potential falls in the
midgap in the absence of unintentional doping (which is
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FIG. 2. Transport measurement of Bi;_,Sb, crystals. (a) Temperature-dependent mobility of Bi;_,Sb, alloys of the compositions
shown in the figure. (b) Temperature-dependent carrier concentration of Bi;_,Sb,. Mobilities and carrier concentrations of samples
with x =0.021, x =0.033, x =0.041, x = 0.053, and x = 0.072 are obtained from the literature [10]. (c) Longitudinal magnetothermal
conductivity along the (001) direction of Bi;_,Sb, from x =0.021 to x =0.105, normalized to the zero-field value. (d) Longitudi-
nal magnetothermal conductivity along (001) of Bi;_,Sb, from x =0.105 to x =0.224, normalized to the zero-field value. (¢) Top
panel, evolution of the electronic band structure of Bi;_,Sb, as a function of Sb concentration, from Refs. [9,16]. Bottom panel,
Sb-concentration-dependent dk/dB at 3 T.x =0.11 and 0.15 data are extracted from the literature [9].

minimal here) up to a temperature of 150200 K. Above
200 K, the T"and H-hole bands, though located deep in the
valence band, become thermally populated, and the chemi-
cal potential shifts toward the conduction band to maintain
charge neutrality in the crystal. Below that temperature,
the samples are ideal Weyl semimetals, and no Shubnikov-
de Haas oscillations are observed (see the Supplemental
Material [24]) at 2 K. In indirect-gap semiconductors, such
as Big g Sby 13, the chemical potential at a low temperature
is pinned to the top of the H-point valence band, due to
it high degeneracy and density of states. With increasing
temperature, it shifts more rapidly toward the conduction
band than in the case of Big ggSby 1. It is thus clear that this
shift also contributes to the decrease in the intensity of the
anomalous currents at x > 13%.

Trivial pockets might act as a bath supporting chirality
changes to Weyl fermions, thus allowing backscattering of
topologically protected Weyl fermions. The thermal chiral
anomaly is maximized when only inter-Weyl-point scatter-
ing is present and Weyl fermions from other charge-carrier
scattering is negligible. Thus, band engineering to maxi-
mize the chiral anomaly in Weyl semimetals requires that
the trivial bands be removed from the thermal energy range
around the Weyl points.

Equation (2) predicts that the anomalous thermal con-
ductivity increases linearly with temperature. However, we
find that the chiral anomaly contributes less to thermal

transport at high temperature than predicted, even when
inter-WP scattering is not so intense because scattering
across the Weyl bands’ bandwidth is not thermally acti-
vated. The discussion above suggests that this is a result of
the temperature-induced change of the chemical potential
vis-a-vis the Weyl points when trivial bands are popu-
lated. If this is true, shifting the chemical potential in
direct-gap samples without trivial pockets present through
doping should give an effect that is consistent with that
of temperature. To provide further proof, we prepared a
total of seven doped Bi;_,Sb, samples at the concentra-
tion (x &~ 0.1) where the anomaly was maximum (see Table
I). We choose BigoSbg; to study the effect of chemical
potential because the Weyl band is the least influenced by
trivial bands in this composition, and it shows the largest
thermal chiral anomaly. In addition, since this composi-
tion has a direct gap at the L points, the chemical potential
without doping is at the middle of the band gap at the L
point in the TI phase, which corresponds to the WPs in
the Weyl phase. It has little dependence on slight varia-
tions in x when we prepare different samples (this would
not be the case for x <0.09). To precisely control the
chemical potential of BiyySby;, we use Sn as an accep-
tor and Te as a donor. Properties of the doped samples
are summarized in Table I. S1-S3 are n-type doped and
S4-S7 are p-type doped with different doping concentra-
tions. Fig. S4(a) within the Supplemental Material [24]
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shows schematics of expected chemical potential, us1—us7,
in the limit for 7— 0 K, corresponding to samples S1-S7,
respectively. The chemical potential is far away from the
WPs when the carrier concentration (electron or hole) is
high. Figures 3(a) and 3(b) show carrier mobilities and
concentrations of the doped BiggSby; samples. All the
samples, except S3 and S7, show extremely high mobil-
ity near 1000000 cm? V~'s™! at 10 K, which is nearly
identical to the quality of the undoped samples. For sam-
ple S7, we intentionally add large amounts of Sn above
its maximum solubility in Big¢Sby ;: the undissolved Sn
is precipitated, producing intense defect scattering of the
charge carriers and strongly reducing the mobility. This
was done deliberately to illustrate the relationship between
the thermal chiral anomaly and impurity scattering.

Figure 3(b) shows temperature-dependent carrier con-
centrations of doped BiggSby ;. The temperature depen-
dence of the carrier concentration is quite different,
depending on whether the dopant is Te or Sn. The n-type
samples behave like classical narrow-gap semiconduc-
tors; the electron concentration is saturated below a given
temperature (7s,) at a value that depends on donor con-
centration. The more the sample is doped, the higher the
observed saturation temperature. At 7> T, the electron
concentration increases due to the appearance of intrinsic
thermally excited carriers. For n-type samples in the Weyl
state (the Hall effect is measured in the TI state), the posi-
tion of the chemical potential is the closest to WPs at and
below Tg,. The Sn-doped samples behave quite differently,
as previously studied [28]. The Sn-doped samples are all
n type above 200 K, even the ones doped at the solubil-
ity level of Sn in Bi. Their polarity changes to p type at
some temperature (7),1o,) that depends on the doping level.
For example, the majority carrier polarity of S4 and S7
changes from p to n type at 7,i,=40 and 180 K, respec-
tively, which means that their chemical potential shifts
from near the valence-band edge to near the conduction-
band edge. In the Weyl state, it crosses the WP energy at
Thit0p and is away from the WPs when temperature is higher
or lower than the n-to-p transition temperature. This par-
ticular behavior of the Sn-acceptor impurity is analyzed in
the literature [28] and attributed to the fact that the accep-
tor level of Sn seems to be linked to the chemical potential
rather than to the edges of the bands at the L point. Con-
sequently, one expects the Sn atoms to be ionized only for
T < Thop-

We measured the magnetothermal conductivity of doped
Bip9Sbg; samples from —7 to 7 T at temperatures up to
200 K. In samples where the thermal chiral anomaly is
small or zero, such as the x =0% sample (Bi) shown in
Fig. S2 within the Supplemental Material [24], the applica-
tion of a magnetic field, even in the longitudinal direction,
creates a strong positive magnetoresistance that, accord-
ing to the Wiedemann-Franz law, results in a decrease of
the electronic thermal conductivity. Unlike the resistivity,
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FIG. 3. Transport measurement of doped BigoSby; samples.
(a) Temperature-dependent carrier mobilities of the doped
Big9Sby,; samples. (b) Temperature-dependent carrier concen-
tration of doped Bip9Sby; samples. The p-type samples show a
polarity change from # to p type at a characteristic temperature,

Tntop-

which increases monotonically, the thermal conductivity
can only decrease until it reaches the value of the lattice
thermal conductivity [29]. This technique is commonly
used to separate electronic and lattice thermal conduc-
tivity in solids that have a large magnetoresistance and
high mobility [30]. In Big¢Sbg;, the anomalous thermal
conductivity (k,) appears at high magnetic field after the
sample has entered the Weyl phase, so that k =k, +«, is
above the minimum in thermal conductivity observed at
1T
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FIG. 4. Relationship between the anomalous thermal conductivity and chemical potential. (a) Longitudinal magnetothermal conduc-
tivity along the (001) direction of seven doped Bi9Sby | samples, normalized to their zero-field values. (b) Field derivative, dk/dB, at
3 T of the longitudinal magnetothermal conductivity along the (001) direction as a function of carrier concentration at 80 K. (¢) Tem-
perature dependence of dk/dB for seven doped Big9Sby; samples. (d) Relationship between the temperature at which the maximum
anomalous conductivity is observed (abscissa) and the temperature, T, at which the carrier concentration saturates in n-type samples
(right ordinate) or the temperature, T, at which the n- to p-type transition is observed in the p-type samples.

In the next two paragraphs, we analyze the dependence
of dk/dB on the doping levels [Figs. 4(a) and 4(b)] and the
influence of charge neutrality on the maximum effect of the
chiral anomaly [Figs. 4(c) and 4(d)].

Figure 4(a) summarizes the results for the seven doped
Bi9Sby; samples, normalized to the zero-field total ther-
mal conductivity, at 80 K. The carrier concentrations of
each sample S1-S7 at 80 K differ from those at 10 K
(given in Table S1 within the Supplemental Material [24])
and are 9.42 x 10'°, 2.62 x 10'7, 8.01 x 10'7, 5.57 x 10'°,
3.90 x 10'3, 3.62 x 10'°, and 9.05 x 10'8, respectively.
Sample S5 shows the largest anomalous conductivity at
80 K. The anomalous conductivity at 7 T is a 330%
increase over k. and reaches 20% of k,. Figure 4(b) shows
the carrier-concentration dependence of dk/dB at 80 K
and 3 T. Here, high n-type or p-type carrier concentra-
tions indicate that the chemical potential is located in the
CBs or VBs and away from the Weyl points. Low car-
rier concentrations indicate that the chemical potential is
near the middle of the band gap in the TI state, which

corresponds to the WPs in the Weyl state. Clearly, dk/dB
decreases as the chemical potential is moved further from
the charge-neutrality point, at a given temperature. Figure
4(b) demonstrates that the thermal chiral anomaly is maxi-
mized when the chemical potential is located at WPs at the
temperature of the measurement.

The temperature dependence of the chemical potential
in the doped samples also affects the magnitude of their
anomalous conductivity. To verify that the temperature and
doping-concentration dependence of the anomalous con-
ductivity are consistent with one another, we plot dk/dB of
all doped Big¢Sby; samples as a function of temperature
in Fig. 4(c). The temperature (7Tax) at which the maxi-
mum chiral anomaly is observed varies with the doping
concentration of the samples. The maximum anomalous
dk/dB is observed at 80, 40, and 160 K for samples S4, S5,
and S7, respectively. Comparing this to the temperature-
dependent carrier concentration shown in Fig. 3(b), we find
that the maximum chiral anomaly is observed at T, for n-
type samples and at 7, for p-type samples. Figure 4(d)
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shows that the relationship between Tiax and Ty OF Tyiop
and T,y falls nicely on a linear fit with both T, and Typ.
This indicates that the thermal chiral anomaly is maxi-
mized when the chemical potential is at the middle of the
band gap of the TI phase (the WPs in the Weyl phase). This
conclusion is reached when this condition is reached either
by varying the temperature or by varying the doping level.

To summarize, the Sb-concentration study and the
doping-concentration study of the thermal chiral anomaly
led to the same conclusions. It was shown in the liter-
ature [9] that thermal transport by Weyl fermions was
protected from phonon and neutral defect scattering; in
contrast, we show here that it is not protected from scatter-
ing on electrically charged particles. These can be trivial
holes in the T or H bands of the indirect-gap TI state.
The ionized impurities in the Te- and Sn-doped samples
may play the same role. The Te donor is always ionized,
and the anomaly decreases with increasing Te content. The
Sn acceptor is ionized only at 7' < T}y, and, in particular,
is charge neutral at 7, where indeed the thermal chi-
ral anomaly is maximum. Thus, to maximize the chiral
anomaly and apply it to practical applications, the chemical
potential and trivial electron (hole) bands need to be engi-
neered. Once trivial bands are the least overlapped with
Weyl bands and the chemical potential is on the WP, the
thermal chiral anomaly is extremely high and contributes
around 30% of the total heat current, and it is switchable by
applying a magnetic field. We believe that our findings can
significantly contribute not only to our fundamental under-
standing of Weyl fermions, but also to the application of
WSMs to actively control heat flux.

All data are available in the main text or in the Supple-
mental Material [24].
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