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Magneto-transport evidence for strong topological
insulator phase in ZrTes
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The identification of a non-trivial band topology usually relies on directly probing the pro-
tected surface/edge states. But, it is difficult to achieve electronically in narrow-gap topo-
logical materials due to the small (meV) energy scales. Here, we demonstrate that band
inversion, a crucial ingredient of the non-trivial band topology, can serve as an alternative,
experimentally accessible indicator. We show that an inverted band can lead to a four-fold
splitting of the non-zero Landau levels, contrasting the two-fold splitting (spin splitting only)
in the normal band. We confirm our predictions in magneto-transport experiments on a
narrow-gap strong topological insulator, zirconium pentatelluride (ZrTes), with the obser-
vation of additional splittings in the quantum oscillations and also an anomalous peak in the
extreme quantum limit. Our work establishes an effective strategy for identifying the band
inversion as well as the associated topological phases for future topological materials
research.
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prime task of topological materials research is to deter-

mine the band topology. For topological insulators (TIs),

the non-trivial band topology features an inverted gap in
the bulk and Dirac-like surface/edge states. The latter has been
the smoking gun evidence for identifying TIs in previous
studies!2. However, finding surface/edge states is challenging
near the semiconductor to semimetal transition, where a normal
insulator (NI) closes its bandgap and then reopens to form an
inverted gap in the TI phase®?. In this regime, due to the small
bandgap (on the meV energy scale), the electronic response of the
surface/edge states is buried in that of the bulk. Therefore,
accurate determination of the bulk band alignment (normal
versus inverted) becomes crucial in decoding the band topology
information.

Electronic transport measurement has been a work-horse in
exploring topological materials. When combined with a magnetic
field (B), it reveals important properties of the band structure
such as the Fermi surface and Berry phase, shedding light on the
topological phase>8. However, determining the bulk band
alignment is not easy in magneto-transport. In the vicinity of the
NI to TI phase transition, the low-energy electronic structure of
the material can be described to the lowest order of the wave

vector k as>*
E(k) = ay/W*vilE + M2, )]

where o« =+ 1 is the band index, 7 is the reduced Planck’s con-
stant, vg is the Fermi velocity, M is the Dirac mass, and inversion
symmetry is assumed. Although the amplitude of the bandgap
can be measured as |[A| =2M, its sign (+ for normal and — for
inverted) cannot be determined using Eq. (1), as their corre-
sponding band structures are identical.

In fact, band alignment makes differences only if the second
order k term (cxk?) is taken into account. In this work, we argue
that when the contribution of the k2 term is comparable to or
larger than that of the Fermi velocity (ck), the band inversion
manifests itself as a second energy extremum (bandgap) in the
Brillouin zone, while the normal band remains a single extremum
at the zone center. More saliently, we show that the second energy
extremum in the band inversion case leads to a four-fold splitting
of the density of states (DOS) in a magnetic field as well as an
anomalous peak feature beyond the quantum limit. We experi-
mentally confirm our model predictions using magneto-transport
(including magneto-thermopower) measurements on zirconium
pentatelluride (ZrTes), which is expected to be a strong TI (STI)
with an inverted band at low temperatures. Our results not only
supplement the popular magneto-transport technique with the
decisive power in determining the band topology of the emergent
topological materials, but also provide new perspectives in
understanding their exotic behaviors.

Results
Theoretical model and implications. We start with the following
model Hamiltonian for TIs?-1°

H(k) = h(vpk, 70" + vy k77 + vk, 7°0%) + (M — S AB.K)T
()
where the Dirac mass M of Eq. (1) is replaced by M — 2. %,k;, %

i

is the band inversion parameter, subscript i denotes the crystal
momentum direction, 7 and o are the Pauli matrices for orbitals
and spins, respectively. In typical narrow-gap materials,
% # 0%10, For simplicity, we neglect the electron-hole asymmetry
in our calculation and also fix the sign for M to be positive.
Consequently, % > 0 represents the inverted band while 4 < 0
for the normal band.

At zero magnetic field, the energy dispersion along a particular
k direction is then given by

E(k) = (x\/ W3 + (M — B2, (3)

with k = 0 being the I point. Taking k along the z direction as an
example, we plot the k, dispersion of the normal (# < 0, red) and
inverted (4 > 0, blue) bands in Fig. 1a. We note that although
only one energy extremum occurs at the I' point in the normal
band case, a second extremum may appear at the { point for the
inverted band. This can be better seen if we rewrite Eq. (3) as

B(k,) = ay/ 22K — k) + M? — B2, (4)

with k? = (2M%, — W*v2,)/2%2. For a second energy extremum
at k, = k¢ to emerge, we require the band parameters to satisfy

2MAB, > W*vE,. 5)

The bandgap at k, = k; is reduced to |A;| = 24 /M?* — Q(?ik? <2M

as compared to that of the I' point. Since condition (5) is only
possible when the band is inverted (%, > 0), the existence of a
second extremum can serve as a criterion to identify band
inversion!®. We further note that even though our model can be
broadly applied to most topological materials?-12141> and
broader topological phases!, it is generally easier to satisfy the
requirement for a discernible bandgap at the { point in layered
materials such as ZrTes, HfTes, Bi,Tes, and Sb,Tes, as the weak
coupling between layers naturally leads to a smaller v; along the
layer stacking direction!0:16:18,

The presence of a second energy extremum at the { point has
recently been confirmed using infrared (IR) spectroscopy!®1.
But, to the best of our knowledge, no transport evidence has yet
been reported, mostly due to the difficulty in tuning the Fermi
level in bulk crystals. On the other hand, when the system is near
the NI to TI phase transition, because of the small bandgap, the
two energy extrema at the I' and { points are very close to each
other both in energy and k, separation, rendering their
identification difficult at zero field even with high-resolution
spectroscopic techniques. Nevertheless, such circumstances can
be circumvented by the use of magnetic fields. In the following,
we calculate the Landau level (LL) spectrum and DOS to search
for the magneto-transport evidence for the inverted TI band. We
restrict our discussion to the electron LLs, as our model preserves
the electron-hole symmetry.

Figure 1b shows the k, dispersion of the low-lying LLs of the
normal and inverted bands in Fig. la at B=10 T and applied
along the z direction. In the presence of a magnetic field, the
electron states quantize into LLs, and the number of the energy
extrema along the k, direction remains the same as zero field, that
is, two for the inverted band at the T and { points?%2! but only
one for the normal band at the ' point. When considering the
2Bk* term, the n > 0 LLs split into two sub-levels even without the
introduction of the Zeeman effect, and the splitting energy
increases with larger |%4|. The Zeeman effect can change the
energy separation of the two sub-LLs, but no additional splittings
are expected (discussed in the Supplementary Note 2). Since each
energy extremum produces a divergent contribution in DOS,
we calculate the DOS at the Fermi level as a function of magnetic
field (Fig. 1c) and find a total of four DOS peaks appear within
each n>0 LL for the inverted band while only two peaks for the
normal band. The n = 0 LL, however, needs a separate discussion.
First, it does not split under a magnetic field. Second, for a finite
number of electrons, the Fermi level is always above the global
minimum of the # = 0 LL regardless of the magnitude of B, which
is at the T point for the normal band and the ( point for the
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Fig. 1 Second bandgap induced by band inversion. a Side-by-side comparison of the zero-field k, dispersion of the normal (red) and inverted (blue) bands.

The dispersions are produced using Eq. (3) with practical band parameters', ve, =5x104 m/s, M=10 meV, 4, =

—0.3 eV nm? (normal), and

A, = 0.3 eV nm?2 (inverted), leading to a second energy extremum at the ¢ point for the inverted band. b k, dispersion of the low-lying electron LLs of the
normal and inverted bands in a at B=10 T. Here, B||z direction, and we use an average value for the band parameters in the x-y plane, including
Ve, =5%10°>m/s and #, = 0.05 eV nm2. Integer n denotes the LL index. ¢ Calculated DOS oscillations as a function of magnetic field with a constant

electron density of 4 x 1017 ¢cm—3.

inverted band. Therefore, no DOS peak is expected in the n =0
LL of the normal band, whereas one peak for the inverted band
(Fig. 1c) when the Fermi level is aligned with the I' point
extremum. Details of the calculation can be found in Supple-
mentary Note 2.

The clear differences in the DOS between the normal and
inverted bands can be well resolved in magneto-transport
measurements. For example, the Shubnikov-de Haas oscillations
(SdHOs) in magneto-resistance can be used to track the DOS
oscillations of Fig. 1c, where resistance/DOS peak occurs when
the Fermi level sweeps through an energy extremum in Fig. 1b as
varying the magnetic field. The concurrent presence of the four-
fold splitting in the #n>0 LLs and the anomalous peak in the
n =0 LL can be viewed as direct evidence for the band inversion
and the associated TT phase.

To test our model predictions, we choose as a case in point a
popular topological material ZrTes, which exhibits a rich variety

of novel properties, ranging from chiral magnetic effect??,
anomalous Hall effect?3, spin-zero effect?4, three-dimensional
quantum Hall effect?, to saturating thermoelectric Hall
effect?®27. From the outset, theory predicts that ZrTes is an STI
but near the topological phase boundary to a weak topological
insulator (WT1)!828, Since WTT has a normal bulk bandgap3#4, in
this work we treat it interchangeably with NI. However, later
studies reveal that depending on the growth method, the resulting
crystals could be in different phases?®. Nevertheless, recent angle-
resolved photoelectron spectroscopy (ARPES) measurement3,
strain-dependent transport3! and IR spectroscopy!®3233 mea-
surements of ZrTes; have identified it as an STI at low
temperatures. The magneto-IR measurement!® has also demon-
strated the presence of two energy gaps Ar=15-20 meV and
Ar=9-12 meV, separated by k;=0.17 nm~!, qualitatively
consistent with a recent ab initio calculation34 and hence enabling
the proposed test.
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Fig. 2 Magneto-resistance measurements in ZrTes. a Magneto-resistance, MR = [R,(B)/R,(0T) — 1] x 100%, measured at different temperatures. Inset:
Optical microscope image of a device designed for both MR and magneto-thermopower measurements. b Quantum oscillations in AR, as a function of B
at 2.3 K. ¢ AR, as a function of 1/B at 2.3 K. AR,, is obtained by subtracting a smooth background (we choose R,,(50 K) as the background) from R,,,
AR, = R (2.3 K) — R, (50 K). The % symbol indicates a possible splitting of the n =1 peak. d Landau fan diagram of the SAHOs, with the peaks (valleys) in
AR, assigned to n (n+1/2), respectively. The straight line is a linear fit to the data at n>1.

Experimental results. Figure 2a shows the magneto-resistance of
ZrTes, MR = [Ry(B)/R(0T) — 1] x 100%, measured at different
temperatures. At low field, the MR grows almost linearly with B
up to 10 T, and it continues to grow between 10-31 T, particu-
larly at low temperatures. At the lowest temperature of T=2.3 K,
MR = 3900% at 31 T. In addition to the increasing MR, SdHOs
can be recognized in Fig. 2a. As the temperature increases, the
oscillation vanishes at 50 K. Therefore, we can extract the oscil-
latory component AR\ (2.3 K) by subtracting a smooth back-
ground using the R, (50 K) curve (Fig. 2b)3°. In Fig. 2¢, we replot
AR(2.3 K) as a function of 1/B. By extracting the magnetic field
positions of the peaks and valleys in SdHOs, we construct a
Landau fan diagram in Fig. 2d and determine the corresponding
LL index n. From Fig. 2d, we can also deduce the frequency of
SdHOs, F= 3.6 T, consistent with previous results2436-39,

The most striking feature of SdHOs is the prominent peak,
labeled by #n = 0 in Fig. 2b, ¢, centered at 23 T. From the Landau fan
diagram (Fig. 2d), we can identify that the system enters the
quantum limit (# = 1 LL) around 10 T. An additional peak in AR,
in the extreme quantum limit is thus not expected for the normal
band. Instead, as we have discussed above, the emergence of the
n =0 peak can be attributed to the presence of two energy extrema
in the inverted band (Fig. 1). This interpretation is further
supported by the observation of a board #n =1 peak in Fig. 2b, ¢
and a possible LL splitting (labeled by the * symbol) around 5 T3°.
The splitting behavior is more pronounced when we obtain AR, by
subtracting a non-oscillating polynomial background, as shown in
Supplementary Fig. 2. In Fig. 2d, the n=1 peak data also appear
deviated from the fitting using the peaks and valleys of higher LL
indices. This deviation can be corrected if we consider a (four-fold)
splitting within the n =1 LL, which will be further discussed later.

Fortunately, we can better resolve the n =1 peak via magneto-
thermopower measurements. It is well known that thermopower
is proportional to the derivative of the conductivity to energy

(Mott relation)#04l. Therefore, it is more sensitive to fine
structures in the DOS, such as splittings. Figure 3a shows the
normalized magneto-thermopower, S;(B)/S(0 T), measured at
selected temperatures. At the lowest temperature of 2.3 K, Sy
exhibits quantum oscillations in low magnetic fields, reaching the
quantum limit (n =1 LL) around 7.4 T, consistent with the Ry
measurements above. Particularly, for the n=1 LL, three
marked peaks are evidenced. In Fig. 3b, we plot the oscillatory
component AS,, as a function of 1/B and observe clear splitting
behavior, as indicated by the down-triangles. We reiterate that
such splitting cannot be explained by the Zeeman effect in the
normal band picture, as it only changes the energy separation
between the upper and lower sub-LLs, but the splitting remains as
two-fold (discussed in Supplementary Note 2). We, therefore,
attribute it to the four-fold splitting in the inverted band, with the
additional two-fold resulting from the two energy extrema at the
T and { points.

Figure 3¢ shows the Landau fan diagram, in which we group
the split peaks into two branches labeled by the red and blue
down-triangles. To identify the four-fold splitting within the
n=1 LL, we linearly fit the splitting in higher (n>1) LLs and
deduce the dominant splitting at # = 1. The dash lines in Fig. 3c
thus represent the average positions of two blue and red down-
triangles in Fig. 3b, that is, the average positions of additional
splittings in the n =1 LL. The inner two peaks of the four-fold
splitting are at similar magnetic fields, therefore merged into one
in the experimental data. Finally, the slope of the blue and red
lines in the Landau fan diagram of Fig. 3c are 3.8 T and 4.2 T,
respectively, giving rise to an average value of 4 T, consistent with
the MR measurements.

At 8 T, we observe a dramatic drop in Sy, that can be attributed
to the drop in DOS when the Fermi level moves away from the
bottom of the n=1 LL264243 As we further increase the
magnetic field, the Sy, value remains low and forms a plateau
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Fig. 3 Magneto-thermopower measurements in ZrTes. a Normalized magneto-thermopower, S, (B)/S,,(0T), measured at different temperatures. The
three orange down-triangles indicate the splitting of the n=1 peak. b Oscillatory component AS,, as a function of 1/B at 2.3 K, obtained by subtracting a
linear background from S,,. Inset: The n= 0 peak obtained by reference to the high-temperature data at 50 K, S,,(2.3 K)/S,,(50 K). € Landau fan diagram
of the magneto-thermopower oscillations at 2.3 K. The peak features in b are separated into two groups depending on the splitting mechanism and labeled
by the red and blue down-triangles, respectively. The dash lines indicate the average positions of additional splittings in the n =1 LL, and the solid lines are

linear fits to the data of each group.
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Fig. 4 Calculated magneto-resistance and magneto-thermopower. Calculated a S,, and b R, as a function of magnetic field. To demonstrate the four-fold
splitting, a relatively small scattering rate of 0.6 meV is used in the calculation. Other parameters are listed in Supplementary Note 4. The red and blue
down-triangles mark the four-fold splitting of the n =1 peak in S,,, following the assignment in Fig. 3b. Inset to a illustrates the band alignment within the

n=1LL, according to assignment (1) described in the main text.

region between 15<B<19 T, before it grows again forming
the n =0 hump in the extreme quantum limit. We note that the
observed plateau region is consistent with that reported in the
previous high-field magneto-thermopower measurements on
ZrTes?%, and from the calculated DOS in Fig. lc, it corresponds
to the DOS minimum before entering the n = 0 LL orbit (see also
the calculated Sy, in Fig. 4a).

The hump/peak feature of the n =0 LL can be better seen if we
normalize S«(2.3 K) to Sx(50 K), as shown in the inset to Fig. 3(b).
After the n = 0 hump, we also observe a slightly negative S, around
27 T. We suspect that the application of a high magnetic field
induces hole carriers in ZrTes at the Fermi surface, which is hinted

by a concurrent sign reversal in the slope of the Hall data at high
magnetic fields, as shown in Supplementary Fig. 3a.

Discussion

There are different ways to assign three peaks to a four-fold split-
ting, depending on the sequence in which the Fermi level sweeps
through the band extrema. In Fig. 3b, we use red and blue down-
triangles to illustrate two possible assignments: (1) Red and blue
represent the splitting of the upper and lower sub-LLs (A;). In this
case, the sub-LL splitting is larger than the I' and { point splitting in
energy, A;>Ar; (as shown in the inset to Fig. 4a). Therefore, the
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Fermi level first touches the two extrema in the upper sub-LLs and
then the lower ones as the magnetic field increases. (2) Alter-
natively, we can attribute the red and blue down-triangles to the T
and ( point energy splitting, if it is larger than the sub-LL splitting,
Ar¢> A,. Here, as increasing the magnetic field, the Fermi level first
sweeps through the I' point energy extremum in each sub-LL and
then the two { point extrema. Further discussion of the LL hierarchy
can be found in Supplementary Note 3.

A closer inspection of the splitting behavior in Fig. 3¢ tenta-
tively suggests that assignment (1) may be the possible scenario.
In this case, since the dominant sub-LL splitting is due to a
Zeeman-like behavior, we can linearly fit the quantum oscillations
in the upper (red down-triangles) and lower (blue down-trian-
gles) sub-LLs and extract an effectlve g-factor. Spec1ﬁca11y, we can
describe the splitting as gegtn /2m = FA(1/B), where m" (me) is
the effective (bare) electron mass, and A(1/B) is the spacing
between the split peaks. In our ZrTes samples, F = 4.0 T from the
fitting in Fig. 3(c) and m" =0.045m, from the temperature-
dependent MR measurements (detailed in Supplementary
Note 1). The deduced electron g-factor is then about g.s=11
using the splitting of the n =2 peak, which is smaller than the
previous studies®®3? and may suggest sample dependence. On the
other hand, in assignment (2), the red and blue down-triangles
are attributed to the I' and { point energy splitting, which is
strongly dependent on the band parameter differences at these
two points. The slopes of the two linear fits in Fig. 3¢ are thus
expected to be proportional to the corresponding Fermi surface
area, which is approximately o 1/vZ at the T and { points.
However, in Fig. 3c, we find the ratio of the two slopes (red/
blue) = 1.1 > 1, whereas our previous magneto-IR s 6pectroscopy
measurements reveal a ratio of vi ¢ JvEp ~0.82 < 110,

Lastly, we show in Fig. 4, the numerically calculated Ry, and S,
using our theoretical model and a Green’s function method
(detailed in Supplementary Note 4). By assuming a constant
scattering rate of 0.6 meV and a weakly varied k-dependent Fermi
velocity!®, a qualitative agreement between the calculation and
experiment is achieved. Specifically, we find that for n > 1 LLs, the
energy broadening only allows for the identification of a doublet
structure in Ry, and S,y as their sub-LL splitting in field is rela-
tively small, while a four-fold splitting occurs in the n =1 LL, as
indicated by the down-triangles in Fig. 4a. After the n=1LL, a
sharp drop occurs in both Ry, and Sy, followed by a plateau
region and the emergence of the n=0 anomalous peak in the
extreme quantum limit. The continued increase in Ry after
the n = 0 peak may have been subtracted from the background in
the experimental data of Fig. 2b, c. In this calculation, we incor-
porate the Zeeman effect with a total effective g-factor of g.g=~ 15,
slightly larger than the value g.s=11 deduced above from the
experiment. Overall, the calculation is in good qualitative agree-
ment with the experiment. A more quantitative description of the
experiment, such as the width of the plateau region and the
magnetic field, and the energy-dependent broadening that could
lead to the triplet structure in the n=1 peak, would require
accurate k-dependent band parameters and information on the
scattering mechanism, therefore beyond the scope of this work.
More calculation details can be found in Supplementary Note 4.

In conclusion, we have demonstrated both theoretically and
experimentally that the band inversion in anisotropic topological
material ZrTes can lead to a second energy extremum in the
electronic structure and result in unique electronic responses.
These include a four-fold splitting of the n=1 peak in the
magneto-thermopower quantum oscillations as well as an
anomalous n =0 peak in the extreme quantum limit. The con-
current presence of these characteristic features can rigorously
distinguish the inverted band structure from the normal band in
narrow-gap materials, further promoting magneto-transport

measurement, particularly high-field magneto-thermopower
measurement, as a powerful tool in studying the band topology.

Methods

The ZrTes samples were grown by the chemical vapor transport method3®. ZrTes
polycrystals were first prepared by reacting the appropriate ratio of Zr and Te in a
vacuumed quartz tube at 450 °C for 1 week. Then, ZrTes single crystals were grown
using iodine as the transport agent, and the transport temperature was from 530 to
450 °C. The transport time was around 20 days.

For transport measurements, we mechanically exfoliated the sample down to a
188 nm-thin flake and deposited it onto the Si/SiO, substrate. Due to its layered,
anisotropic structure, the ZrTes thin flake is in the ac plane with the long direction
being along the a axis. We then patterned Pd/Au (5/150 nm thick) contacts in Hall-
bar geometry using standard electron-beam lithography. To achieve ohmic con-
tacts, we employed Ar plasma etching before the metal deposition. An optical
microscope image of our device is shown in the inset to Fig. 2a. The electronic
transport measurements are carried out by standard lock-in method with excitation
current frequency fgr = 17.777 Hz in a variable temperature cryostat equipped with
a resistive magnetic (B||b axis) up to 31 T.

For thermopower measurements, a micro-heater (Ti/Au, 5/45 nm thick) was
also fabricated to provide a longitudinal thermal gradient along the crystal a axis.
To obtain a high signal-to-noise ratio, we employ a second harmonic method*4.
The frequency of the alternating current through the micro-heater is fi; = 3.777 Hz.
Consequently, the frequency of the induced temperature oscillation is 2f;; with a
phase shift of —71/2. S is proportional to the second harmonic component of the
thermoelectric voltage at phase —7/2.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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