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Shubnikov-de Haas oscillations in bulk ZrTes single crystals:
Evidence for a weak topological insulator
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The study of ZrTes crystals is revived because of the recent theoretical prediction of topological phase in bulk
ZrTes. However, the current conclusions for the topological character of bulk ZrTes are quite contradictory. To
resolve this puzzle, we here identify the Berry phase on both b- and ¢ planes of high-quality ZrTes crystals by the
Shubnikov—de-Hass (SdH) oscillation under tilted magnetic field at 2 K. The angle-dependent SdH oscillation
frequency, both on b- and ¢ planes of ZrTes, demonstrates the two-dimensional feature. However, phase analysis of
SdH verifies that a nontrivial 7-Berry phase is observed in the c-plane SdH oscillation, but not in the b-plane one.
Compared to bulk Fermi surface predicted by the first-principle calculation, the two-dimensional-like behavior
of SdH oscillation measured at b plane comes from the bulk electron. Based on these analyses, it is suggested
that bulk ZrTes at low temperature (~2 K) belongs to a weak topological insulator, rather than Dirac semimetal

or strong topological insulator as reported previously.
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I. INTRODUCTION

The theoretical prediction and experimental realization of
quantum spin Hall effect (QSHE) is one of the greatest pro-
gresses achieved in condensed matter physics recently [1-4].
Up to now, the experimental systems to realize the QSHE are
semiconductor heterostructures. To relax the stringent require-
ments to synthesize semiconductor heterostructures, several
natural materials hosting QSHE are theoretically predicted
[5-7]. Recently, Weng et al. proposed that there is QSHE state
in the monolayer ZrTes [7]. In addition, they also predicted that
stacking monolayer ZrTes to bulk gives rise to a strong/weak
topological insulator (TT), as well as topological phase tran-
sition under the mechanical stress/temperature stimuli. This
theoretical prediction leads to the revived study of ZrTes
crystals that have been explored 30 years ago [8—12]. So far,
many experimental works have been carried out to clarify
topological character of bulk ZrTes by different methods and
made the contradicting conclusions. For example, Li et al.
reported that bulk ZrTes belongs to a Dirac semimetal and
converts to a Weyl semimetal under the magnetic-field by
discovering the chiral magnetic effect together with angle-
resolved photoemission spectroscopy (ARPES) results [13].
The same conclusion has been reached by Wang et al., who
characterized the infrared reflectivity of ZrTes with/without
magnetic field [14,15]. Using SdH oscillations under high
magnetic field (~31 T), Zheng et al. suggested the possibility
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of ZrTes being a 3D Dirac semimetal [16]. The group of
Xiu et al. also claimed the observation of hallmarks of Dirac
fermions by SdH oscillation [17,18]. Different from these
works, strong topological insulator is also reported. Manzoni
et al. used ARPES on (010) surface of ZrTes to identify both a
surface and a bulk state, which suggests the strong TI character
of ZrTes [19]. However, some other experiments support that
ZrTes is a 3D weak TI. For example, Li et al. observed a bulk
band gap of about 80 meV with topological edge states at the
step edge of ZrTes by scanning tunneling microscopy [20]. A
similar conclusion is also reported by Wu et al. [21]. Studying
the evolution of the band structure of ZrTes at different
temperatures and surface doping by ARPES, Moreschini ef al.
showed the edge states in ZrTes and no surface states existing at
the (010) surface, which is in agreement with features of weak
TI [22]. Xiong et al. performed a systematic high-momentum-
resolution ARPES on ZrTes and concluded that ZrTes is a
3D weak TI [23]. Similar characterization has been conducted
by Zhang et al., who observed quasi-1D electronic features
associated with the edge states and the persistence of band gap
[24]. Obviously, the topological character of bulk ZrTes is still
elusive at the current stage.

To solve the above-mentioned puzzles, we grew high-
quality ZrTes crystals and characterized magnetoresistance
of ZrTes crystals under tilted magnetic fields B at 2 K.
The oscillations up to eighth order can be observed on SdH
oscillation of both b- and c-plane ZrTes under maximum
B~9T. Angle-dependent SAdH quantum oscillation and phase
extraction through a Landau fan diagram are studied. Through
Berry phase analysis, we conclude that bulk ZrTes belongs to
a weak topological insulator rather than a 3D Dirac semimetal
or a strong topological insulator.

©2018 American Physical Society
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FIG. 1. (a) Schematic of the crystal structure of ZrTes. (b) Optical
micrograph of the grown ZrTes single crystals. (c) X-ray diffraction
of ZrTes crystal sample is indexed with (0 £ 0) reflection. (d) and its
inset are the high-resolution TEM image of ZrTes and corresponding
electron diffraction pattern along the [100]-direction, respectively.

II. EXPERIMENTAL DETAILS

In this work, single crystals of ZrTes were grown by chem-
ical vapor transport method with iodine (I,) as the transport
agent similar to our report [25]. Firstly, ZrTes polycrystalline
samples were synthesized by a direct stoichiometric solid-
state reaction in the sealed evacuated quartz tube (P ~ 4 x
1075 Torr) (at about 773 K for 7 days) with highly pure Zr
(GRINM, 99.999%) and Te powders (Alfa Aesar, 99.999%)
as raw materials. Secondly, the mixture of prepared ZrTes
polycrystalline and I, (about 5 mg/L) powders were ground
and loaded into another sealed quartz tube, and then put into a
two-zone furnace with a temperature profile of 823-723 K to
produce crystals. Finally, the centimeter-level ZrTes crystals
[shown in Fig. 1(a)] with metallic luster were obtained success-
fully after growing for over 10 days. The growth orientation of
the polished crystals was investigated by single-crystal x-ray
diffraction (XRD) measurement using an x-ray diffractometer
(Ultima IIT Rigaku) using Cu-Ke radiation with 26 of 10 ~
70°. A transmission electron microscope (TEM, Tecnai-F20,
FEI Inc.) operated at 200 kV was applied to microstructure of
the ZrTes samples. In detail, the samples were ground and then
some foils were dispersed in the copper grids with supporting
carbon films to carry out TEM measurement. Standard four-
probe method was employed on the rectangular ZrTes crystals
at cryogenic temperatures to measure the electrical transport
properties using a 9-T physical properties measurement system
(PPMS-9 T, Quantum Design). During the measurements, the
electrical current is aligned along the [100] direction and the
electrodes covered the whole samples to avoid the current-
injecting effect [26].

III. RESULTS AND DISCUSSION

Bulk ZrTes takes the orthorhombic layered structure
wherein ZrTes monolayers stack along the b axis as shown in
Fig. 1(a) [7]. In each monolayer ZrTes, ZrTes chains are linked
via Te, zigzag chains along the ¢ axis. The optical micrograph
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FIG. 2. (a) R,, vs B on b plane with magnetic field B tilted from
b- to a axis measured at 2 K. Upper inset is the schematic of the
experiment. (b) R,, vs B on ¢ plane with B tilted from c- to a axis
measured at 2 K. Upper inset is the schematic of the experiment.
(c) Tilting-angle dependent oscillation frequency extracted from the
FFT analysis of curves in (a). The red curve is the 1/cosf fitting.
(d) Tilting-angle-dependent oscillation frequency extracted from the
FFT analysis of curves in (b). The red curve is the 1/cos# fitting.

of the grown ZrTes single crystals is depicted in Fig. 1(b)
and it shows that the grown ZrTes crystals are as large as
30 x 5 x 0.5mm?. The crystal orientations can be determined
by XRD. Figure 1(c) shows the XRD result measured on the
exposed surface. All the peaks can be indexed as (0 k 0)
reflections of ZrTes crystals. It substantiates that the exposed
surface of ZrTes crystals belongs to b plane. Using the same
method, the ¢ plane is also determined by x-ray diffraction.
The high-resolution TEM and the corresponding selected area
electron diffraction images, taken with electron beam aligned
along the [100] axis of ZrTes, are shown in Fig. 1(d) and its
inset. These structural characterizations verify that our grown
ZrTes crystals have single-crystalline quality.

The temperature dependence of longitudinal resistances
(shown in Supplemental Material [27]) of ZrTes crystals from
2 to 300 K under variable B have an abnormal resistivity
maximum around 150 K, which is the same as those reported
previously [8—10]. Hereafter we are mainly focused on the
study of topological character of ZrTes at 2 K through SdH
quantum oscillation.

The B-dependent magnetoresistance under tilted angle
was measured at 2 K in both b- and ¢ plane. Obviously, the
oscillations up to eighth order can be observed on SdH oscil-
lation of both b- and c-plane ZrTes under maximum B~9 T,
which suggests that our ZrTes crystals have unprecedented
crystalline quality. In b plane, the SdH oscillation is revealed at
tilted angles 6, where 6 is defined as the angle between B and
the b axis [see the inset of Fig. 2(a)]. To clarify the relationship
between these curves, Fig. 2(c) plots the angle-dependent
oscillation frequencies Sg extracted from the fast Fourier
transform (FFT) of the oscillation part in magnetoresistance B
curves. The value of oscillation frequencies can be well fitted

115137-2



SHUBNIKOV-DE HAAS OSCILLATIONS IN BULK ZrTe ...

PHYSICAL REVIEW B 97, 115137 (2018)

T T 0.2
@) (b) 15F 002
6F
10.1
—_ 10 {001 _
a} <) I g
= 1%0% = {0.00 &
< <
2r 4{-0.1 5r J.0.01
n=0.03+4.88" n=0.44+31.0B"
0 L L -0.2 0 . L . . 4-0.02
0.0 0 1.0 15 00 01 02 03 04

5
1/B(T")

60 90
F(T)

4 44 48 52 56 6

32
F M F(T)

28 30

FIG. 3. (a), (b) Curves of Ap,, vs 1/B on b- and c¢ plane are
plotted after subtracting a smooth background, respectively, and the
corresponding Landau-level fan diagrams for SdH oscillations in b-
and ¢ plane. Linear fitting of the periodic resistivity maxima Ap,, as
a function of the Landau-level index n gives a nonzero intercept of
0.03 £ 0.01 for b plane, but intercept for c-plane SdH oscillation is
0.44 + 0.01. It suggests that there is 7-Berry phase in c-plane SdH
oscillation, rather than b-plane SdH oscillation. (c), (d) The major
oscillation frequency F = 4.8 T and F = 31.0 T obtained from the
FFT are shown for b- and ¢ plane, respectively. (e), (f) Contour plot of
the phase-shift function K(¢,B) in the vicinity of the SdH oscillation
peaks for b- and ¢ plane, respectively. Berry phase on c-plane SdH
oscillation extracted from phase-shift function is (0.95 £ 0.04)x.

with the relationship 1/cosf [28-32] at low tilting angles
(<60°) and one can see the obvious deviation at high tilting
angles (>60°). It suggests that SdH oscillation on b plane could
be due to either the bulk electron with long ellipsoid Fermi
surface topology [10] or nontrivial surface state [31,32]. Using
the same method, the titled B-dependent magnetoresistance in
the ¢ plane is plotted in Figs. 2(b) and 2(d), where tilting angle
0 is redefined as the angle between B and c axis [see the inset
of Fig. 2(b)]. The SdH oscillations are also observed at varied
angles. The value of the oscillation frequencies Sg can also
be well fitted by the relationship 1/cosf [32] at low tilting
angles (<60°). It thus suggests that quasi-two dimensional
(quasi-2D) character also exists in the ¢ plane of ZrTes
crystal, but it still cannot determine the topological property of
ZrTes crystals.

Because quasi-2D Fermi surfaces are found in both »- and
¢ plane, we may think that ZrTes belongs to strong topological
insulator or Dirac semimetal. But, the most crucial criterion
to distinguish the nontrivial surface state (Dirac fermion) from
quasi-two-dimensional bulk electron (Schrodinger fermion) is
the w-Berry phase [7,32]. Below, we extract the phase factor of
the SdH oscillations. After subtracting a smooth background,
Figs. 3(a) and 3(b) show the oscillatory component of AR,
vs 1/B at 2 K for b- and ¢ plane, respectively. Because the
longitudinal resistivity p., is larger than the transverse one

Pxy(Pxx : Pxy ~ 5) in our ZrTes samples, conductivity oy, can
be approximated to 1/p, . According to the Lifshitz-Kosevich
formula used to extract phase information in topological
insulators [32], the quantum oscillation of conductivity can
be written as

F 1 ¢s
Aaacos[Zn(§—5+Z+5>:|, (1

where F and ¢p are oscillation frequency and Berry phase,
respectively. § is the additional phase shift that is within
range of —0.125 to 0.125 dependent on dimensionality of
the Fermi surface. To simplify the following discussion, we
defined phase shift ¢ = 271(—% + g—fi + 8) that can be directly
extracted by fast Fourier transformation. By means of Eq. (1),
we take the linear fitting of the periodic resistivity maximum
(equivalent to conductivity minimum) as a function of the
Landau index N. In this condition, magnetic field By should
be satisfied:

(L ) m o (-] 2
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The corresponding Landau fan diagrams (# — N) for b-
and c-plane SdH oscillation of ZrTes crystal are shown in
Figs. 3(a) and 3(b), respectively. The intercepts of b- and c-
plane SdH oscillation of ZrTes are 0.03 and 0.44, respectively.
In accordance with Eq. (2), the Berry phase ¢p for b- and
c-plane SdH oscillation are 0.06zr and 0.88, respectively. In
other words, electrons leading to SdH oscillation at »- and ¢
plane belong to Schrodinger fermion (bulk state) and Dirac
fermion (surface state), respectively.

To cross check the Landau fan analysis, phase-shift analysis
was conducted [33,34]. Firstly, the SdH oscillation result
was Fourier-transformed and then the phase-shift function
was plotted, where phase-shift function K is defined as
K(p,B) = Re{e™ f(B)}, and f(B) is the complex Fourier
transformation of the low magnetic field magnetoresistance
AR,,. More technical details of phase-shift analysis can be
found in Refs. [33,34]. The oscillation frequency and phase
shift thus can be extracted from the maximum of phase-shift
function K (¢, B). The pictures of phase-shift function for b-
and c-plane SdH oscillation are shown in Figs. 3(e) and 3(f),
respectively. One can see the major oscillation frequencies
F=48T and F =31.0T for b- and c planes [Figs. 4(c)
and 4(d)], respectively. These values are quite similar to those
reported previously [9,10]. As shown in Figs. 3(e) and 3(f),
the phase shifts in the b- and c-plane SdH oscillation are
—(0.64 + 0.02)7 and (0.05 £ 0.02)r, respectively. According
to the definition of phase shift ¢ = 27(—1 + £2 + 8), Berry
phase ¢p of b- and c-plane SdH quantum oscillation can be
determined as (0.16 = 0.04)7r and (0.95 £ 0.04)r by assuming
8 ~0.1, respectively. This conclusion is quite close to analysis
by Landau fan diagram.

Finally, we would like to point out the origin of the 2D-like
1/cos(0)-Sg feature observed in b-plane ZrTes [Fig. 2(c)].
Figures 4(a) and 4(b) show the energy-band structure of
ZrTes in weak TI state and corresponding Fermi surface
of bulk electron, respectively. It should be mentioned that
the theoretical band structure and Fermi surface shown in
Fig. 4 are quite similar to the experimental ARPES results
[22-24]. The Fermi level is determined through comparison
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FIG. 4. (a) Bulk electronic band structure of ZrTes in the weak
topological insulator state. (b) Fermi surface of bulk electron of ZrTes;
the Fermi surface is determined by comparison of the maximum
cross section of Fermi surface at K, = 0 with the experimental one
determined by b-axis SdH oscillation. The scale is enlarged ten
times to visualize clearly. (c) The dependence of theoretical Sg on
tilting angle 0. Red dots are theoretical data, black line is fitting
of Sg ~ 1/cos(f). Obviously, it is in agreement with experimental
observation [Fig. 2(c)].

between the theoretical maximum cross section (Sy;) and the
experimental one along the b axis. Evidently, bulk Fermi
surface of ZrTes along the b axis is like a long ellipse. The
dependence of theoretical Sg on tilting angle 6 is depicted at
Fig. 4(c). Obviously, the 6-dependent Sg can be fitted to the
1/cos(@) relationship, which is in agreement with experimental
observation [see Fig. 2(c)]. Therefore, it verifies that the 2D-
like 1/cos(6)-Sk feature observed in b-plane ZrTes comes from
bulk electrons.

Based on the above-mentioned analysis, we would like
to discuss the topological phase of bulk ZrTes at 2 K.
The possible electronic states of ZrTes are normal narrow-

gap semiconductor, Dirac semimetal, and strong and weak
topological insulator. Normal narrow-gap semiconductor can
be ruled out because of the existence of a nontrivial Berry
phase on ¢ plane. Dirac semimetal and strong topological
insulator might be impossible too, because there are nontrivial
surface states on all six-surface crystal, like those observed in
the prototypical strong topological insulator-Bi,Se; material
systems [32]. In other words, the SdH oscillations in all
six-surface should have a nontrivial 7 -Berry phase. Therefore,
the most possible candidate is the weak topological insulator
(WTID). In the WTI state, there are only four surfaces (a-
and c planes) of ZrTes crystal hosted 2D Dirac fermion that
have the nontrivial 7 -Berry phase, which is in agreement with
our experimental observation (see Fig. 3). Another fingerprint
of weak topological insulator of ZrTes is the existence of
electronic band gap at b plane, which is clearly seen in
Fig. S2 [27].

IV. CONCLUSION

In summary, we synthesized the high-quality ZrTes crystals
and systematically characterized the quantum oscillations in
the b- and ¢ plane of ZrTes single crystals under tilted B at 2 K.
Detailed Berry-phase determination, as well as comparison
between experimental and theoretical fermiology features,
verify that SdH oscillation at b plane comes from bulk electrons
with long ellipse Fermi surface, while that at ¢ plane does
from surface electrons with nontrivial w-Berry phase. These
results strongly suggest that bulk ZrTes at 2 K is a weak
topological insulator rather than a 3D Dirac semimetal or a
strongly topological insulator reported previously. This work is
helpful to resolve the current debate on the topological property
of bulk ZrTes.
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