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Abstract

The unique band structure in topological materials frequently results in unusual magneto-transport
phenomena, one of which is in-plane longitudinal negative magnetoresistance (NMR) with the
magnetic field aligned parallel to the electrical current direction. This NMR is widely considered as
a hallmark of chiral anomaly in topological materials. Here we report the observation of in-plane
NMR in the topological material ZrTes when the in-plane magnetic field is both parallel and
perpendicular to the current direction, revealing an unusual case of quantum transport beyond the
chiral anomaly. We find that a general theoretical model, which considers the combined effect of
Berry curvature and orbital moment, can quantitatively explain this in-plane NMR. Our results

provide new insights into the understanding of in-plane NMR in topological materials.
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ZrTes exhibits a variety of topological states, including Dirac semimetal[1], Weyl semimetal[2],
strong topological insulator and weak topological insulator[3—5], as well as transitions between
these states[3,6—8]. Such extraordinary complexity is due to the fact that the topological properties
of ZrTes changes with a slight variation in its lattice constant[3], making ZrTes an ideal platform for
studying the electronic transport behavior of different topological phases and their transitions. In
Weyl semimetals, an in-plane magnetic field along the current direction can result in a charge
pumping effect between the two different Weyl points, inducing negative magnetoresistance (NMR)
proportional to the square of the magnetic field B%, which is referred to as the chiral anomaly[2,9].
In general, such in-plane NMR is regarded as the most significant evidence of chiral anomaly[2,10].
However, besides Weyl/Dirac semimetals, NMR has also been observed in some topological
insulators and non-topological materials[11-13], in which chirality may not be well defined. In
addition, there are other mechanisms that can also induce NMR, including 1) spin-dependent
scattering[14], 2) weak localization[15], 3) current jetting effect[13], 4) transport at the quantum
limit[1] and 5) the effect of non-trivial band topology[11-13]. Each of these mechanisms produces
different transport characteristics, making it crucial to examine these characteristics when searching
for the physical origin of NMR 1in a specific material.

In this study, we systematically investigate the magnetotransport properties of ZrTes thin flakes
under an in-plane magnetic field and observe negative magnetoresistance with the magnetic field
either parallel or perpendicular to the electrical current direction. Combined with theoretical analysis,
we conclude that this previously unreported NMR arises from a combined effect of Berry curvature
and orbital moment in ZrTes.

The ZrTes flakes were mechanically exfoliated onto a silicon substrate with a 285 nm oxide
layer. Standard e-beam lithography was used to pattern the electrodes, followed by an e-beam
evaporation of Cr (5 nm) and Au (60 nm). Electrical measurements were performed using a Physical
Property Measurement System (PPMS) with a standard lock-in technique. Careful attention was
paid to protect the thin flakes from exposure to ambient conditions. The entire sample preparation
and device fabrication processes were carried out in a vacuum, an inert atmosphere, or with the
sample capped with a protective layer. This layer consisted of a bilayer of 200 nm polymethyl

methacrylate (PMMA) and 200 nm methyl methacrylate (MMA).
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We measured several devices that all exhibit similar magneto-transport behavior. In the main
text, we focus on a typical one, device 1, which has a thickness of 51 nm. Data from other devices
can be found in Supplementary Materials S4. This data shows that the behavior can be well
reproduced in devices of different thicknesses. The temperature dependent longitudinal resistance
(Rxx vs. T) of device 1 can be found in Supplementary Materials S1, which exhibits a peak at 7, =
107 K. This resistance peak has been widely observed in ZrTes crystals, with 7}, ranging from below
2 K to above room temperature[2,6,16,17]. It is associated with temperature-induced Lifshitz
transition[7]. The inset of Fig. S1 shows the crystal structure of ZrTes. The Zirconium atoms run
along the a axis, and each zirconium atom is related to three tellurium atoms, forming ZrTes chains.
The ZrTe; chains are linked by two tellurium atoms along the ¢ axis, and the layered structure stacks
along the b axis by van der Waals interactions. The interlayer van der Waals coupling is weak, thus
ZrTes can be easily exfoliated into thin flakes[3]. Additionally, since the bonding along the ¢ axis is
weaker than that along the a axis, ZrTes thin crystals are typically exfoliated into rectangular shape,
with the long edge along the a axis[1,2,5,7,16]. In this report, we deliberately fabricate devices with
the current direction along the long edge of these rectangular crystals. We defined this direction as
x axis, and the z axis corresponds to the out-of-plane direction (b axis).

Longitudinal magnetoresistance of device 1 from 2 K to 300 K in magnetic field ranging from
-9 T to 9 T has been investigated along three different field directions. Supplementary Figure S2
shows a large and positive magnetoresistance with the application of a perpendicular magnetic field
B, consistent with previous studies[2,6,17]. The magnitude of the positive MR is not always
increasing with rising temperature, partly due to the large non-monotonic temperature dependence
of the zero-field resistance (Fig. S1). At high temperature (~300 K), the positive MR reduces to
about 60% at ~9 T, taking on a form that resembles the conventional positive B> dependence. This
suggests that the high-temperature MR behavior of ZrTes thin crystals under B is likely originated
from a classical multi-carrier effect[6]. Figure 1(a) plots MR vs. B when the magnetic field is along
the x axis (marked as Byi). In this configuration, NMR is observed, which has previously been
interpreted as the signature of chiral anomaly[2]. Surprisingly, when the magnetic field is along the
y axis (marked as B.j), a large NMR of more than three times the magnitude of NMR with B is

observed, as shown in Figure 1(b). The appearance of NMR with B has not been reported before,
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and cannot be explained within the theoretical framework of chiral anomaly, which requires the
electric and magnetic field to be collinear[2,10]. Furthermore, the large magnitude of NMR as a
function of B excludes the possibility of chiral anomaly resulting from a small misalignment of
the magnetic field away from the y axis (hence creating a small Bji). Another feature of the NMR
vs. Bij curves is a kink at Biy ~ 6.5 T at low temperatures (e.g., 7 = 2 K). This resistance kink is
sample-dependent and is not related to the NMR discussed in this paper (see Supplementary
Materials S4 for more details).

We compared the NMR with B and B/, by investigating the temperature-dependent amplitude
of the two NMRs at B.1 =9 T and B;1 = 9 T, as depicted in Supplementary Figures S3(a) and S3
(b), respectively. Similar temperature dependence is found between the two cases, indicating that
they have a similar physical origin. Furthermore, the magnetic field angle-dependent MR in both
the x-z plane and y-z plane are also quite similar and are highly sensitive to the angle of the magnetic
field, as shown in Supplementary Figures S4.1(a) and S4.1(d), respectively. A slight tilt of the
magnetic field away from the sample plane leads to the rapid disappearance of NMR and the
appearance of strong positive MR.

In order to better understand the physics behind the observed NMR with B/ and B 1, we looked
into the five possible mechanisms beyond chiral anomaly that can cause NMR as discussed in the
introduction section. Firstly, since ZrTes is non-magnetic, it is unlikely that spin-dependent
scattering is the cause of the NMR observed in our experiment. Indeed, no evidence of the existence
of magnetic moment or magnetic order in ZrTes has been reported in the extensive literature on this
material[ 16]. Besides, theories of spin-dependent scattering cannot account for the large NMR (up
to ~30%) observed in our experiment. Secondly, weak localization[15] is a quantum correction to
classical conductance that is sensitive to temperature and can be observed with small magnetic field
(typically smaller than 1 T). This mechanism is also unlikely to be the cause of the observed NMR
because the signal observed can persist up to ~200 K and at 9 T. Thirdly, NMR can be observed if
the current in the crystal is distorted due to strong anisotropy, which usually occurs in 3D crystals
where the electrical current is injected through a point contact[13]. However, our samples are no
thicker than 100 nm and the flake is fully covered by Cr/Au metal at the source/drain contacts (as

shown in the inset of Figure S1), which is unlikely to suffer from current jetting effect[13]. The
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fourth possibility is that the sample is in the quantum limit, where NMR may be observed[18].
Although no sign of quantum oscillation is observed in our devices, Hall measurements show that
the carrier density is of the order of ~10'* cm™ (see Supplementary Figures S7(b) and S7(d)). This
carrier density is too large for the system to be at the quantum limit at ~4 T, where clear NMR has
developed (see Figures 1(a) and 1(b)).

Since the four previously mentioned mechanisms failed to explain the experimental
observation, we explore a fifth possibility. For the flake samples used in this experiment, it is nearly
impossible to support cyclotron orbits when the magnetic field is applied in-plane. Thus the system
can be considered in the semi-classical region, where the motion of electrons can be well described
by wave-packet dynamics[19]. As a result, Boltzmann kinetics based on Berry curvature and orbital
moment is a suitable method to handle the in-plane magneto-transport behavior in ZrTes thin flakes.
This approach allows for the examination of nearly all non-quantized transport phenomena,
regardless of the direction between the magnetic field and current, even in systems without a clear
definition of chirality (e.g., topological insulators). The effect of non-trivial band topology and the
influence of Berry curvature on the semi-classical equation of motion for charge carriers can be

written as[12,20]:
= Vid — ke x (1)
k=->(E+7xB), 2)

where r and k denotes the position and wave vector, 7 and k are their time derivatives, h is the
reduced Plank constant, e is the elementary charge, & = &, —m- B, g, represents the band
dispersion and m is the orbital moment induced by the semi-classical self-rotation of the Bloch wave
packet[20], £, is the Berry curvature. Since the strong Berry curvature is verified by the large
anomalous Hall effect (Figs. S7), we assume that it can also have a significant impact on the
longitudinal motion of electrons. The in-plane magnetoconductivity derived from the Boltzmann

kinetic equation is then given by:

xx [ Ak el (o L eqwavp)t (L%

%118 = f(217:)3 Dy (v" + hvkﬂkB) ( as) ’ 3)
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where the dimensionless quantity D, = 1 +%(.Qk - B) is the correction to volume of the phase
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space, Uy = v, — Vi(m- B)/h is the group velocity after the correction of the orbital moment
(more details in Supplementary Materials S3).

Figure 2(a) shows the band dispersion of the effective Hamiltonian of ZrTes under
perpendicular in-plane magnetic field (B = B,y and B, = 4 T). The effective Hamiltonian is
described in Supplementary Materials S8. The corresponding Berry curvature vector field in k-space
is shown in Figures 2(b)-(d). Note that even when chiral anomaly is presented in the material, the
pumped electrons at the Weyl points will still need to rely on their Berry curvature to interact with
the external magnetic field and to create an enhancement in the conductivity. Hence our theory is
inclusive when considering possible charge pumping effects in the I//B configuration [2,9].

Figure 1(c) and 1(d) present the simulated and experimental NMR curves as a function of B/
and B, respectively. The simultaneous good agreement between the experiments and calculations
for the two configurations and at four different temperatures indicates that the above semi-classical
theory captured the main physics in such anomalous transport phenomena in ZrTes thin flakes. Since
egs. (3) and (4) include derivatives of the Fermi-Dirac distribution, calculating the conductivity at
low temperatures is computationally demanding. As a result, the calculations in Figure 1 are limited
to temperatures between 40 K and 100 K. The simulation parameters used in the calculations can
be found in Table S6 of the Supplementary Materials S6. It is worth mentioning that in order to
achieve the best fitting results, the chemical potential ¢ used in the calculations was slightly different
for cases with different in-plane magnetic field directions, despite the same gate voltage and
temperature conditions. This difference, which is less than 18 meV, is likely due to the slight
deviation of the model Hamiltonian from the real Hamiltonian describing our thin film samples (the
model Hamiltonian is taken from bulk ZrTes, details in Supplementary Materials S8). Considering
the delicate correlations between the band topology and Fermi energy with external perturbations
such as temperature [7] and strain [8], the slight difference in the Hamiltonian and thus the energy
shift in the calculation is within a reasonable range (detailed discussions in Supplementary Materials
S8).

In the following we discuss gate-dependent magnetotransport behavior of the ZrTes samples.
Since the Berry curvature is determined by the position of the Fermi level, it can be expected that

the NMR resulting from the Berry curvature can be tuned by the gate voltage. This has indeed been
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observed in our experiment, as shown in Figure S9. By varying the back gate voltage Vg at 7= 2
K and B.1 =9 T, the NMR of device 2 can be electrically tuned by a factor of five, from 5% at Vg
=-100 V to 25% at Vyz = 100 V. The calculated the dependence of MR on the chemical potential x
from 40 K to 100 K (Supplementary Figure S6.1) showed that changing the chemical potential can
result in substantial changes in the NMR in both B//I and B |1 configurations at all temperatures.
The calculation also showed that the NMR was stronger for the B LI configuration compared to the
B//T configuration in a lightly hole doping regime. The simulation results showed that the Fermi
level of the device was located at the hole side from 40 to 100 K, which is in agreement with the
experimentally measured Hall resistance under an out-of-plane magnetic field (as seen in
Supplementary Figure S7).

In conclusion, longitudinal negative magnetoresistance is observed in ZrTes in both
configurations where the in-plane magnetic field is either parallel or perpendicular to the current
direction. This magnetoresistance goes beyond the behavior of chiral anomaly. In the recent years,
studies of this delicate material ZrTes has reported experimental evidence of Dirac semimetal, Weyl
semimetal, strong and weak topological insulators[1,4,5]. Among all the studies, one consensus is
that ZrTes has nontrivial Berry curvature near the Fermi level. Our experiments are well-explained
by the combined effects of Berry curvature and orbital moment under the semi-classical equation of
motion. Our results provide a unique way to interpret NMR observed in experiments beyond chiral

anomaly.
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Figures and Captions
Figure 1

MR (%)

-2

-4

-6

—5K 120K
— 10K 140K
— 20K 160K
—— 40K —— 180K
—— 60K —— 200K

80K —— 300K

z
B/t
¥y

/_ZK —100K\

-9 0
B(T)

T=
—2K

—5K

— 10K
— 20K
—— 40K
— 60K
80K

pz :
g

—— 100K
120K
140K
160K

—— 180K

—— 200K

—— 300K

1

B

0 9
m

10 / 12




Figure 2
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Figure Captions

Fig. 1. MR of ZrTes at various in-plane magnetic field and the corresponding simulation
results. (a)-(b) Magnetoresistance of device 1 at different temperatures with (a) in-plane magnetic
field along the current direction (B//X), and (b) in-plane magnetic field perpendicular to the current
direction (B//¥). The temperature range of (a) and (b) is from 2 K to 300 K. (c)-(d) Simulation (solid
lines) and experimental results (symbols) of the negative magnetoresistance of ZrTes with in-plane
magnetic field (c) parallel and (d) perpendicular to the current direction. The temperature range of
(c¢) and (d) is from 40 K to 100 K.

Fig. 2. Band dispersion and Berry curvature vector field in ZrTes. (a) Band dispersion of
the effective Hamiltonian of ZrTes under perpendicular in-plane magnetic field (B = B,y and
By, = 4T). The bands splitting is originated from the Zeeman effect, and the color bar on the
right depicts the Berry curvature of the energy band. (b) Demonstration of 3D Berry curvature
vector field in the k-space. (c)&(d) 2D sections of the Berry curvature vector field with k, =
0.01 nm™! (¢)and k, = 0.01 nm™1 (d).
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