
 

Anomalous Thermoelectric Effects of ZrTe5 in and beyond the Quantum Limit

J. L. Zhang,1,* C. M. Wang,2,3,† C. Y. Guo,4 X. D. Zhu,1 Y. Zhang,1 J. Y. Yang,1 Y. Q. Wang,1

Z. Qu,1 L. Pi,1 Hai-Zhou Lu,3,5,‡ and M. L. Tian1,6,7,§
1Anhui Province Key Laboratory of Condensed Matter Physics at Extreme Conditions,

High Magnetic Field Laboratory of the Chinese Academy of Sciences, Hefei 230031, Anhui, China
2Department of Physics, Shanghai Normal University, Shanghai 200234, China

3Institute for Quantum Science and Engineering and Department of Physics, Southern University of Science and Technology,
Shenzhen 518055, China

4Institute of Material Science and Engineering, École Polytechnique Fédéral de Lausanne (EPFL), 1015 Lausanne, Switzerland
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Thermoelectric effects are more sensitive and promising probes to topological properties of emergent
materials, but much less addressed compared to other physical properties. We study the thermoelectric
effects of ZrTe5 in a magnetic field. The presence of the nontrivial electrons leads to the anomalous Nernst
effect and quasilinear field dependence of thermopower below the quantum limit. In the strong-field
quantum limit, both the thermopower and Nernst signal exhibit exotic peaks. At higher magnetic fields, the
Nernst signal has a sign reversal at a critical field where the thermopower approaches zero. We propose that
these anomalous behaviors can be attributed to the gap closing of the zeroth Landau bands in topological
materials with the band inversion. Our understanding to the anomalous thermoelectric properties in ZrTe5
opens a new avenue for exploring Dirac physics in topological materials.
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Transition-metal pentatellurides (ZrTe5, HfTe5, etc.)
have attracted considerable interest as topological materials
very close to the boundary of topological phase transition
[1–13]. In addition to its nature of multiple topological
phases, a moderate magnetic field is enough to drive this
layered material into the quantum limit, in which all carriers
occupy the lowest Landau band. This provides a platform
to explore the exotic quantum phenomena caused by
unique band topology in extremely strong magnetic fields.
In particular, the magnetoresistance of ZrTe5 decreases
drastically when the field exceeds 8 T. Based on the picture
of massless Dirac fermions, the sudden drop of magneto-
resistance was conjectured to originate either from dynami-
cal mass generation or topological phase transition from a
3D Weyl semimetal to a 2D massive Dirac metal [14,15].
Very recently, in ZrTe5 the 3D quantum Hall effect was
observed, which collapses into an exotic insulating state in
the extreme quantum limit [16].
In the presence of a perpendicular magnetic field and a

longitudinal thermal gradient, the diffusion of carriers can
produce a longitudinal electric field Ex ¼ −Sxx · j∇Tj (ther-
mopower) and a transverse electric fieldEy ¼ Sxy · j∇Tj (the
Nernst effect) [17]. Since these thermoelectric effects are
proportional to the derivative of the conductivities, they
are more sensitive to anomalous contributions and have
been used to study various semimetals and topological

materials [18–28]. Zirconium pentatelluride, as a thermo-
electric material, has been known for its large thermopower
for nearly four decades [29]. Nevertheless, the studies
focusing on the thermoelectric properties of ZrTe5 in
magnetic fields are rare, especially beyond thequantum limit.
In this Letter, we study the thermopower and Nernst effect

of ZrTe5 single crystals. At low temperatures, we observe the
anomalous Nernst effect and quasilinear magnetothermo-
power. When the magnetic field has driven the system in the
quantum limit, both the thermopower and Nernst signals
present a broad peak which is distinct from quantum
oscillations. Intriguingly, further increasing the magnetic
field, there is a sign change in Sxy at a critical field B� where
−Sxx converges to zero. Detailed theoretical analysis shows
that such anomalous behaviors can be explained by the gap
closing of the zeroth Landau bands. Our study shows that the
anomalous thermoelectric effects in and beyond the quantum
limit are originated from the 3D Dirac fermions in ZrTe5.
High quality single crystals of ZrTe5 were synthesized

using the iodine vapor transport method in a two-zone
furnace [30,31].−Sxx andSxy weremeasuredwith a standard
one-heater-two-thermometers setup in a He4 cryostat from
1.8 to 300 K. A thermal gradient∇T was applied along the a
axis. The voltage contacts were made by spot welding and
each contact resistance was better than 1Ω. In order to
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exclude the antisymmetric effect inmagnetic fields,−Sxx and
Sxy are symmetrized in positive and negativemagnetic fields.
The high-field measurements up to 33 T were performed at
the ChineseHighMagnetic Field Laboratory at Hefei using a
resistive water-cooled magnet. In the high-field setting, we
measured the variation of the voltage produced by a constant
heat flow as a function of the magnetic field. The absolute
magnitudes of −Sxx and Sxy were calibrated later in another
superconducting magnet. More experimental details are
described in the Supplemental Material [31].
Figure 1 presents the temperature dependence of the

thermopower −Sxx. At high temperatures (>132 K), a
negative −Sxx reveals that the dominant carriers are holes.
As temperature decreases, −Sxx shifts to positive at around
T� ¼ 132 K, where the resistivity shows a peak, indicating
that ZrTe5 evolves from a p-type semiconductor to n-type
semimetal, consistent with the previous studies [12,37].
Now we turn to investigate the field dependence of −Sxx
and Sxy. As shown in the inset of Fig. 1, the magnetic field
is applied along the b axis, perpendicular to the thermal
gradient ∇T. At temperatures above the p − n transition,
although the dominant carriers are holes, both −SxxðBÞ and
SxyðBÞ show complex behaviors. Because of the presence
of electron- and hole-type charge carriers with different
mobilities, ZrTe5 exhibits huge magnetothermopower at
T�, where the thermopower can increase up to 370 μV=K
in a field of 9 T. It is larger than those in most materials, but
less than those in Weyl semimetals [38]. At temperatures
between 30 and 130 K, −SxxðBÞ can be described by a
semiclassical model, i.e., increases rapidly in low-field
(μB < 1) then saturates in high-field limit (μB ≫ 1).
SxyðBÞ, on the other hand, manifests a sharp Drude-like
peak only at temperatures below 90 K, where the thermally
activated hole carriers are undetectable.

As temperature drops below 30 K, both −SxxðBÞ and
SxyðBÞ tend to deviate from semiclassical expressions. At
low temperatures, −SxxðBÞ even grows quasilinearly with
increasing magnetic field up to the quantum limit [31].
Such linear magnetothermopower distinguishes ZrTe5 from
other materials [20,21,23,25], which is reminiscent of its
linear magnetoresistance. As shown in Fig. 2(e), the low-
field SxyðBÞ evolves from a conventional Drude-like peak
to steplike profile with decreasing temperature. Recently,
the anomalous Hall effect was claimed in the p-type ZrTe5
(T� ¼ 5 K) [39]. Despite the different carrier types in
that and our ZrTe5, the band structure is expected to be
intrinsically the same [40]. In this sense, the steplike Sxy
could be regarded as a signature of the anomalous Nernst
effect arising from a nontrivial profile of Berry curvature.
Our sample hosts both trivial and nontrivial electrons at low
temperatures [14,37]. In order to distinguish the conven-
tional and anomalous Nernst signals, we fit the low-field
data by using an empirical formula [25]

Stotxy ¼ SNxy
μB

1þ ðμBÞ2 þ SAxy tanh

�
B
B0

�
; ð1Þ

where μ is the carrier mobility and B0 is the saturation field
above which the signal reaches its plateau value. SNxy and
SAxy are the amplitudes of the conventional and anomalous
Nernst signals, respectively. As displayed in Fig. 2(e), such
empirical expressions provide good fits. According to our
analysis, the anomalous Nernst signal emerges below 30 K
and SAxy=SNxy increases drastically with decreasing temper-
ature [Fig. 2(f)]. At lowest temperature, the magnitudes of
the anomalous and conventional Nernst signals are com-
parable. All results indicate that the nontrivial electrons
begin to dominate the magnetothermoelectric properties
below 30 K, leading to the unusual behavior of −SxxðBÞ
and SxyðBÞ.
The quantum oscillations of thermoelectric response

are strong compared to the background. By employing
the fast Fourier transform we obtain only one frequency
F ¼ 5.2 T, which corresponds to the nontrivial electron
pocket around the Γ point [37]. Recent studies show that
the integer Landau indices of ZrTe5 can be determined
from the peak positions of the resistivity [4,13–16,33].
The oscillation of −Sxx is largely in phase with ρxx [31].
Therefore, the ν ≥ 2 Landau levels are marked at the
maxima of −Sxx in Fig. 2(g). When the magnetic fields
reach above 5.2 T, all electrons should occupy the lowest
Landau band; i.e., the system is in the quantum limit. In
the quantum limit, the thermopower of a Dirac or Weyl
semimetal is expected to grow linearly and nonsaturat-
ingly with increasing magnetic field [41]. However, in
our cases, −Sxx exhibits an unexpected broad peak
above 5 T.
In order to further elucidate the unusual thermoelectric

response in the quantum limit, we increase the magnetic

FIG. 1. (a) Temperature dependence of the electrical resistivity
ρðTÞ (black) and Seebeck coefficient −SxxðTÞ (blue) of ZrTe5 at
zero magnetic field. Inset: the measurement setup. B is the
magnetic field and ∇T is the temperature gradient. a, b, and c are
crystallographic axes.
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field up to 33 T. As shown in Fig. 3(a), −Sxx starts to drop
around 7 T, then reaches a minimum around 15 T. Further
increasing the magnetic field up to 33 T, −Sxx turns to
increase. Correspondingly, a hump emerges in the Nernst
signal Sxy right after the system enters the quantum limit. At
a first glance, these anomalous features look like part of the
quantum oscillation from the Landau bands (0;þ) or (0;−).
However, the amplitude of the peak is much higher than
those of the quantum oscillations. Another anomalous
feature is that the Nernst signal Sxy changes its sign at
around B� ¼ 14 T, where the thermopower −Sxx at differ-
ent temperatures converge to zero. The change of carrier
type could lead to a sign reversal in the Nernst or Hall signal.
Previously, a field-induced sign change of ρyx was observed
in theWeyl semimetal TaP, in which the lowest Landau band
moves above the chemical potential in an extremely strong
magnetic field, leading to a dramatic reduction of the
carriers in the Weyl electron pockets [42]. However, for
our sample, the charge carriers at low temperatures are
electrons only, and there is no holelike band near the Fermi
level [37]. Moreover, the Hall resistivity ρyx varies smoothly
near B� [31]. Thus, the change of carrier type is unlikely to
explain the anomalous sign reversal of Sxy.
We now explore the underlying mechanism for the

anomalous −Sxx and Sxy in the quantum limit. As we
discussed above, the nontrivial electrons are the origin of
the quantum oscillations and dominate the unusual thermo-
electric properties at low temperatures. Hence, our analysis
mainly focuses on them. We use a 3D massive Dirac
Hamiltonian, which was derived from the low-energy

effective k · p Hamiltonian in the presence of the spin-
orbit coupling [7]. The Landau bands in a magnetic field
along the b axis for index ν ≥ 1 are found as

EνsλðkzÞ ¼ s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ν
2eBv2

ℏ
þm2

r
þ sλ

gμBB
2

�2

þ v2k2z

s
;

ð2Þ

and for ν ¼ 0

E0sðkzÞ ¼ s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
m −

gμBB
2

�
2

þ v2k2z

s
; ð3Þ

where s ¼ �1 represents the electron and hole bands,
λ ¼ �1, v is the Fermi velocity, m is the Dirac mass
describing the small gap near the Γ point [1], and g is the
g factor [31]. This model has been shown effective to
describe the infrared spectroscopy experiment of ZrTe5 in
the presence of a strong magnetic field [7]. For simplicity
we use an isotropic Fermi velocity, which does not affect
transport behaviors qualitatively. For this low-density
system, the trivial band at the M point does not influence
the thermotransport due to its higher energy and has been
excluded from the discussions. We find that the band
bottom of the 0th Landau bands reads

E0sð0Þ ¼ s

����m −
gμBB
2

����: ð4Þ

FIG. 2. Magnetic field dependence of the thermopower −Sxx (a),(b) and Nernst signal Sxy (c),(d) from 1.8 to 300 K. (e) Sxy at low
fields at several temperatures below 20 K. The data are normalized and shifted for clarity. The black dashed lines represent the fitting
with Eq. (1). (f) Temperature dependence of the ratio between the anomalous and conventional Nernst signals SAxy=SNxy, which is derived
from the fitting curves in (e). (g) −Sxx and Sxy as functions of 1=B at 1.8 K. The integer indices are marked at the maxima of −Sxx.
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Therefore, for a finite mass m, the gap between the 0th
electron and hole Landau bands first decreases and then
increases with the magnetic field. There is a critical
magnetic field B� ¼ 2m=gμB where the system becomes
gapless. This is due to the band inversion, a characteristic of
topological materials, different from the trivial ones, where
the energy interval between the 0th electron and hole
Landau bands increases monotonically with the magnetic
field. Because of the small mass and large g factor of ZrTe5,
it is easy to observe this Landau-band gap closing at a
moderate field. Further, in this low-density system at large
magnetic fields, the carrier density is fixed [43]

n ¼ 1

2πl2
B

X
kz

�
fðE0þÞ þ

X
ν;λ

fðEνþλÞ
�
; ð5Þ

with fðxÞ being the Fermi-Dirac distribution function. This
fixed n leads to the dramatic drop of the Fermi energy
beyond the quantum limit due to the gap closing of the 0th
Landau bands.
Our numerical results in Fig. 4 confirm the above

mechanism. Here all the parameters are from the experi-
ments [14,16] or quantitatively comparable with the first-
principles calculation [1]. Before entering the quantum
limit, the Fermi energy oscillates around the zero-field
value and thermoelectric tensors undergo quantum
oscillations as higher Landau bands are depopulated.
At B ≃ 5 T, the Fermi energy begins to cut only the
lowest electron Landau band and the system enters the
quantum limit. In contrast to the topologically trivial

case and higher Landau bands, the bottoms of the 0th
electron and hole Landau bands decreases or increases
linearly. They intersect at a field 2m=gμB ¼ 13 T and
separate again at higher fields. Because of the increase of
the Landau degeneracy, the Fermi energy drops quickly and
shows a minimum near this critical field. Therefore, the
density of states and thermopower −Sxx show a large dip
[31]. It turns out that the thermopower will continue to
grow linearly with increasing B in the quantum limit for
massless Dirac systems [41], so the latter dip of −Sxx
results in the anomalous large peak. Moreover, the two
terms in the Nernst signal Sxy ¼ ρxxαxy − ρyxαxx
[αμμ0 ¼ ðπ2k2BT=3eÞ ð∂σμμ0=∂ϵÞjϵ¼EF

] have opposite signs.
They compete with each other and have the same absolute
value when the Landau bands are gapless, resulting in the
sign reversal of Sxy. A recent observation of a cusplike
feature in the magnetoinfrared spectrum around 17 T
also agrees well with our mechanism of the 0th Landau
band gap closing [5]. Above B�, the gap of the lowest
Laudau bands increases, which leads to the growth in the
thermopower.
Note that the quantum oscillations are not clearly visible

in Fig. 4(a), because of a strong disorder scattering assumed
in our calculation. As a consequence, the calculated −Sxx
only has a dip near B� while the experimental −SxxðB�Þ
converges to zero. Nevertheless, on the basis of our
experimental results, −SxxðB�Þ ≈ 0 and sign reversal in

(a)

(c)

(b)

FIG. 4. The calculated (a) −Sxx and (b) Sxy as functions of the
magnetic field. (c) The band bottoms of the Landau bands vs the
magnetic field. The blue and green lines are for the 0th bands E0þ
and E0−. The red line represents the Fermi energy EF. The
parameters are v ¼ 0.2 eV nm [16], m ¼ 0.008 eV [1], and
g ¼ 21.3 [14]. The carrier density n ¼ 4 × 1016 cm−3.

FIG. 3. (a) High-field measurements of −Sxx up to 33 T at
several temperatures. (b) High-field measurements of Sxy at
several temperatures. The critical field B� is indicated by the
gray line around 14 T where Sxy changes its sign and −Sxx
converges to zero.
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SxyðB�Þ are important characteristics of 3D massive Dirac
fermions. Similar behavior may be observed in other Dirac
Fermions or TIs with small band gap and large g factor
[21,44]. We need to emphasize that, due to the significant
contribution from those trivial bands, most experimental
signatures of the anomaly near B� are often subtle and
indirect. The anomalous thermoelectric effects, on the other
hand, are directly attributed to the intrinsic behavior of
those nontrivial electrons. In this sense, high-field thermo-
electric studies provide a robust, simple, and effective
experimental tool to identify the exotic behavior of topo-
logical materials.
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