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Topological materials with broken inversion symmetry can give rise to nonreciprocal responses, such as
the current rectification controlled by magnetic fields via magnetochiral anisotropy. Bulk nonreciprocal
responses usually stem from relativistic corrections and are always very small. Here we report our
discovery that ZrTe5 crystals in proximity to a topological quantum phase transition present gigantic
magnetochiral anisotropy, which is the largest ever observed to date. We argue that a very low carrier
density, inhomogeneities, and a torus-shaped Fermi surface induced by breaking of inversion symmetry in a
Dirac material are central to explain this extraordinary property.

DOI: 10.1103/PhysRevLett.128.176602

The magnetochiral anisotropy (MCA) is a nonreciprocal
transport effect induced by an external magnetic field in
a chiral or polar system without inversion symmetry.
Nonreciprocal response means that the resistance R of a
material is different for electrical current I flowing to the
right (þI) and to the left (−I), which immediately implies
broken inversion symmetry. Remarkably, nonreciprocal
transport can be triggered and controlled by external mag-
netic fields. Depending on the mechanism, there are two
possible types of the nonreciprocal resistance [1]: one is the
inner-product type [2] expressed by R ¼ R0½1þ γðB · IÞ�
(where R0 is the reciprocal resistance and γ is a numerical
coefficient), and the other is the vector-product type [3]
expressed by R ¼ R0½1þ γðP̂ × BÞ · I�, where P̂ is a unit
vector which characterizes the axis of the nonreciprocal
effect. The spin texture of Fermi surfaces in topological
materials can give rise to such MCAs, with known examples
of both types [1].
The coefficient γ ≡ ½ðR=R0Þ − 1�=ðjBj · jIjÞ, obtained

for BkI for the inner-product type and for B⊥I with
ðB × IÞ⊥P̂ for the vector-product type, is usually used as
a measure of the MCA [1]. However, this γ depends on the
shape and size of the specimen used for the measurement,
and a better measure for a bulk material is the normalized
coefficient γ0 ≡ A⊥γ, where A⊥ is the cross section of the
specimen [4]. As a materials property, the MCA is usually
of relativistic origin and has been ubiquitously found to be
very small. Recently, tellurium was shown to have an
inner-product type MCAwith jγ0j of 10−8 m2 T−1 A−1 [5],
which is the largest reported as a bulk property. It was
theoretically predicted that the chiral anomaly in Weyl
semimetals may lead to a large MCA of the inner-product
type [6], but there has been no confirmation. In this Letter,

we report that topological semimetal ZrTe5 presents a vector-
product type MCAwith jγ0j of up to 4 × 10−7 m2 T−1A−1 as
its bulk property.
ZrTe5 has an orthorhombic layered structure which

nominally belongs to the Cmcm (D17
2h) space group [7]

(the actual symmetry is, however, lower, see below). The
crystal structure consists of two-dimensional (2D) layers
stacked along the b axis via van der Waals interactions
[Fig. 1(a)]. In each layer (i.e., ac plane), ZrTe3 chains
running along the a axis provide the highest conductivity
along the a axis. In transport studies, the principal crystal
axes a, c and b correspond to the directions x, y and z,
respectively [7]. Bulk single crystals of ZrTe5 have been a
focus of significant interest in recent years [8–16], with
major discoveries such as chiral magnetic effect [10],
unconventional anomalous Hall effect [12], and three-
dimensional (3D) quantum Hall effect [15]. While initially
there was a debate about the electronic structure realized in
ZrTe5, it is now generally believed that in most samples
there is a temperature-driven transition from a strong 3D
topological insulator (TI) phase to a weak 3D TI phase with
increasing temperature and that a pronounced resistivity
peak marks a gapless semimetal realised between the two
gapped TI phases [8], although there are still other
interpretations [17,18]. In this work, we focus on ZrTe5
crystals (grown by a Te-flux method [19]) whose resistivity
is maximum at base temperature [Fig. 1(b)], suggesting that
the system has been tuned to a semimetalic state. Our
detailed data discussed below indeed support the realization
of the semimetallic state.
As was already reported [13,14], these semimetal samples

in perpendicular magnetic fields present unconventional
magnetoresistance, which is singular at low fields and
saturates in high fields, as shown in the inset of Fig. 1(b)
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for sample A. We measured the resistivity ρxx with a low-
frequency AC excitation I ¼ I0 sinωt along the a axis and,
when the second-harmonic component R2ω was probed, we
discovered an unusually large signal [Fig. 1(c) inset] whose
magnetic-field (B) dependence is totally different from that
of the first harmonic. As discussed in Ref. [19], this R2ω

directly reflects γ. Note that the physics behind R2ω is totally
different from the second-harmonic generation in the optical
range [32–35], which is a photonic process at much higher
energy [1]. The main panel of Fig. 1(c) shows that jR2ωj
grows rapidly and almost linearly with B in a narrow range

of jBj ≲ 0.06 T. This component shows up only below 20 K
[Fig. 1(d)]. The second-harmonic voltage V2ω depends
quadratically on the current I, is observed for B⊥I,
and is antisymmetric with respect to B [Fig. 1(d), inset],
which is the behavior expected for the vector-product type,
V2ω ¼ γR0IðP̂ ×BÞ · I. In contrast, the first-harmonic
voltage V1ω is linear in I and symmetric with respect to
B [Fig. 1(d) inset].
To identify the axis of the characteristic unit vector P̂, we

have performed the measurements of R2ω in varying
orientations of the magnetic field rotated in the ab, bc,
and ac planes. The results are shown in Fig. 2, where R2ω is
normalized by R0B to factor out the change in the
reciprocal response [19]. In both the ab- and bc-plane
rotations, R2ω=ðR0BÞ at very low field, 0.03 T, shows a
cos θ dependence (θ is measured from the b axis), while
R2ω=ðR0BÞ remains essentially zero in the ac-plane rota-
tion. Since I is along the a axis, this result indicates that P̂
is along the c axis. Detailed magnetic-field-orientation
dependencies of ρxx [19] suggest that inversion symmetry is
broken and, in particular, ab and ac are not mirror planes
while bc is likely still a mirror plane. This suggests the
lowering of the crystal symmetry from the space group
Cmcm to Cm. To corroborate this conclusion, we per-
formed comprehensive single-crystal x-ray diffraction
(XRD) studies, which actually detected broken inversion
symmetry at room temperature [19]. The main distortion
to break the inversion symmetry was found to be stag-
gered displacements of Te3 atoms along the c axis [19].
No further symmetry breaking was detected between 30
to 300 K.
As shown in the inset of Fig. 2(a), the value of

jγ0j ¼ 2A⊥jR2ω=ðR0BI0Þj for Bkb axis [19] is strongly
enhanced at low fields and reaches 4 × 10−7 m2 T−1A−1,
which is gigantic [1]. In the following, we focus on the
behavior at low fields. The behavior of R2ω in high
magnetic fields (in the ultraquantum limit) is much more
complicated and requires a separate study [19].
The MCA is triggered by the combined effect of

crystalline symmetry breaking and an external magnetic

FIG. 2. Symmetry of the second-harmonic signal. (a)–(c) Magnetic-field-orientation dependencies of R2ω=ðR0BÞ in sample A
measured at 3 K in 0.03, 0.05, 0.1, and 0.5 T [except for (c) which is only for 0.05 T] as the magnetic field was rotated in the ab, bc, and
ac planes. The rotation plane and the definition of the angle (θ or φ) are shown in each panel. The lower inset of (a) shows the B
dependence of jγ0j [≡2A⊥jR2ω=ðR0BI0Þj].

FIG. 1. Structure and transport properties of ZrTe5. (a) Layered
crystal structure of ZrTe5 (b) Temperature dependence of the
resistivity ρxx of samples A and B measured with Ika. Inset:
magnetoresistance of sample A for Bkb at 3 K. (c) Magnetic-field
dependence of the second-harmonic component of the resistance,
R2ω, of sample A in Bkb for low fields at various temperatures;
inset shows the data at 3 K for a wider range of B up to �8 T.
(d) Temperature dependence of R2ω of sample A measured in
Bkb. Inset: Current dependencies of the first- and second-
harmonic voltages, V1ω and V2ω, in þ0.05 and −0.05 T at
3 K; the slight difference in V1ω for opposite B is due to a small
admixture of Hall voltage. Throughout this paper, whenever R2ω

is shown, it was measured with Iac ¼ I0=
ffiffiffi
2

p ¼ 0.2 mA.
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field. To explore whether the gigantic effect can be explained
within existing theories [4] which focus on effects arising
from the field-induced deformation of the Fermi surface, it is
essential to identify both experimentally and theoretically the
relevant band structure. The topological semimetal state of
ZrTe5 is usually considered to be a 3D Dirac semimetal in
zero magnetic field [9] and it was claimed, based on the
observation of negative longitudinal magnetoresistance [10]
and anomalous Hall effect [12], that a Weyl semimetal state
is realised in magnetic field. To derive an effective low-
energy Hamiltonian, we start from the Dirac semimetal
obtained in Ref. [9] based on symmetry arguments and
comparison with band-structure calculations [7] assuming a
high-symmetry Cmcm space group. It is formulated using
the basis states ðjΨ↑

þi; jΨ↑
−i; jΨ↓

þi; jΨ↓
−iÞ, where the� index

describes linear combinations of Te py orbitals of even and
odd parity [9]. Taking all experimentally observed symmetry
breaking into account, we arrive at the following minimal
model to describe ZrTe5 [19]

H ¼ m1 ⊗ τz þ ℏðvakaσz ⊗ τx þ vbkbσx ⊗ τx

þ vckc1 ⊗ τyÞ þ Δ1 ⊗ τx þ ξσx ⊗ τy − μ1: ð1Þ
Here the space of the four lowest bands is spanned by

4 × 4 matrices of the form σα ⊗ τβ where the Pauli matrices
σα and τβ act on the spin and parity space, respectively. The
mass of the Dirac bands,m, is approximately tuned to zero in
our samples of ZrTe5 such that we consider m ¼ 0 through-
out. Importantly, the constant terms Δ and ξ describe the
effect of ab- and ac-mirror symmetry breaking (respec-
tively) as indicated by our experimental probes. A finiteΔ or
ξ splits the Dirac point into two massive bands and a nodal
line [19]. The nodal line lies in a plane rotated about the a
axis from the ab plane by the angle θtilt, defined via

cos θtilt ¼ ½Δ=ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ v2bξ

2=v2c
q

Þ� ≈ 1 − ½ðv2bξ2Þ=2Δ2v2c�.
However, in ZrTe5 the Fermi velocities satisfy vc ≫ vb and
so the angle θtilt is likely very small (indeed we determine
experimentally that θtilt ≲ 1°, see below). Upon doping the
system slightly, one obtains a Fermi surface with a torus
shape wrapping around the nodal line, see Fig. S15 in the
Supplemental Material [19].
We now consider how the torus Fermi surface can explain

the presence of MCA. In the experimentally relevant case
θtilt ≈ 0, the spin is locked to the momentum such that its
orientation is −ðâ sinϕþ b̂ cosϕÞ, i.e., always parallel to
the nodal line plane (ϕ is the polar angle in the ab plane),
and the chirality of this texture is controlled by the sign ofΔ.
A magnetic field in the b direction (z axis) provides
additional Zeeman energy that leads to a distortion of the
Fermi surface necessary for obtaining nonreciprocal trans-
port where the vector P̂ is set by the spin texture such that it
is parallel to the normal of the plane containing the nodal line
(i.e., parallel to the c direction). We have adapted the theory
of Ref. [4] to this situation and also explored a novel

mechanism for nonreciprocal transport due to the anisotropic
scattering resulting from the matrix-element effects [19]. In
both cases, we obtain a nonreciprocal response of the form

jγ0j ≈ η
3gbμB

8πevanΔ
; ð2Þ

where gb ≈ 20 is the g factor for a field in the b direction
[9,16,36], e the electron charge, and Δ ≫ μ such that there
is only a single Fermi surface. We find η ¼ 1 for the
mechanism of Ref. [4] and η ¼ 3 for the anisotropic
scattering. For both mechanisms, γ0 will be strongly
enhanced in the limit of small symmetry breaking Δ
and small carrier doping with density n. In other words, a
substantial MCA is expected only when both Δ and μ are
very small.
Because the torus shape of the Fermi surface predicted

from the brokenmirror symmetries is crucial for the presence
of MCA, we have performed quantum oscillation experi-
ments, which would allow us to estimate the parameters for
Eq. (2). For this purpose, we have grown a new batch of
single crystals that are cleaner than sample A to observe
quantum oscillations. One of such crystals (sample B) not
only reproduced the gigantic R2ω [Fig. 3(a)] but also
presented clear Shubnikov–de Haas (SdH) oscillations
[Figs. 3(a) and 3(b)]; the oscillations were observed only
at low fields, because the Fermi surface is extremely small
and the system enters the ultraquantum limit already at ∼1 T
forBkb axis. The evolution of the SdH-oscillation data when
the direction of the B field was rotated within the bc plane is
shown in Fig. 3(d), with their Fourier transforms presented in
Figs. 3(e) and 3(f) (see Ref. [19] for details). Since the
putative torus Fermi surface is expected to lie approximately
in the ab plane, one would expect a switching of the
extremal orbits [from δ and γ to α and β illustrated in
Fig. 3(c) inset] above a critical angle when the B-field
direction approaches the c axis [37]. In fact, multiple
frequencies were observed for most of the field orientations
and their angle dependencies show a break between 85° and
87° [Fig. 3(c)]; both observations are at odds with an
elliptical Fermi surface but consistent with a torus Fermi
surface [37]. From our fits we obtain a tiny electron density
n ≈ 2.3 × 1016 cm−3 corresponding to the chemical poten-
tial μ ¼ 4.9 meV, a small value for Δ ≈ 19.1 meV, and
determine θtilt ≲ 1° [19]. The extremely small μ implies that
the Fermi surface is thermally smeared already at ∼50 K,
explaining why MCA diminishes with increasing T in
Fig. 1(d).
Using the parameters that explain the dispersion in the

SdH-oscillation data [19], we find Eq. (2) predicts
jγ0j ∼ 1 × 10−11 m2A−1 T−1. This is a relatively large value
compared to other materials but four orders of magnitude
smaller than our measured value. We conclude that the
deformation of the Fermi surface by the Zeeman effect is not
sufficient to explain the gigantic MCA. We have also
checked [19] that orbital effects of the magnetic field and
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further perturbations of the minimal model Eq. (1) cannot
naturally explain such a large effect.
A likely mechanism giving rise to the giant enhance-

ment of nonlinear transport in ZrTe5 are large-scale
fluctuations in the electronic density as they may arise
due to the unavoidable presence of charged impurities
[38,39]. In regions of low density, local electric fields and
therefore nonlinear effects can be strongly enhanced [19].
Two experimental observations strongly support such a
scenario in ZrTe5. First, inhomogeneities triggered by
charged impurities may naturally form in ZrTe5 due to the
extremely small carrier density of only 5 × 10−6 electrons
per formula unit (2.3 × 1016 cm−3), which also suppresses
screening. Second, more directly, a comparison of our
quantum oscillation data to resistivity reveals that the
measured resistivity is much higher than that expected for

a homogeneous material; namely, we found that the
transport scattering rate extracted from the resistivity is
almost an order of magnitude larger than the scattering
rates obtained from the decay of SdH oscillations [19].
This is naturally understood by assuming that transport is
forced to occur through regions with high resistivity,
while quantum oscillations arise from areas with fewer
scattering events and lower resistivity. The anisotropic
Fermi velocities characteristic for ZrTe5 and the resulting
quasi-one-dimensional transport are also of relevance for
this effect as it suppresses electron flow around obstacles.
The reproducibility of this striking phenomenon is con-

firmed in 10 more samples showing the resistivity maximum
close to 0 K [19], which all presented jγ0j of similar order.
Nevertheless, its exact value varied among samples and we
found no clear correlation between the residual resistivity ρ0
and jγ0j; such a strong sample dependence is consistent with
the puddle scenario. Note that we did not intentionally
introduce impurities and their distribution is random.
The sign of γ0 was also sample dependent, suggesting that
the sign of the P̂ vector is randomly fixed, possibly by an
anisotropic strain created upon cooling. In samples having
the resistivity-peak temperature Tp of 15–50 K, a finite jγ0j
which decreases with T was observed, but jγ0j was no longer
discernible in samples with Tp ≃ 130 K [19]. The suppres-
sion of jγ0j in higher Tp samples most likely originates from
an increased carrier density of those samples which also
suppresses large density fluctuations.
In conclusion, close to the topological phase transition,

ZrTe5 is a topological semimetal with a torus-shaped Fermi
surface. As a result of the proximity to the topological phase
transition, this Fermi surface possesses a spin texture that
specifies the P̂ vector responsible for a large MCA, which is
further enhanced by large-scale electron density fluctuations
in ZrTe5. This intriguing finding points to rich physics in
nonreciprocal transport taking place in topological materials
with extremely low carrier density.
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