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For materials near the phase boundary between weak and strong topological insulators (TIs), their band
topology depends on the band alignment, with the inverted (normal) band corresponding to the strong
(weak) TI phase. Here, taking the anisotropic transition-metal pentatelluride ZrTe5 as an example, we show
that the band inversion manifests itself as a second extremum (band gap) in the layer stacking direction,
which can be probed experimentally via magnetoinfrared spectroscopy. Specifically, we find that the band
anisotropy of ZrTe5 features a slow dispersion in the layer stacking direction, along with an additional set of
optical transitions from a band gap next to the Brillouin zone center. Our work identifies ZrTe5 as a strong
TI at liquid helium temperature and provides a new perspective in determining band inversion in layered
topological materials.
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Narrow-gap semiconductors and semimetals have
regained broad interests in the past decade, as they host
a rich variety of topological materials including topological
insulators (TIs) and semimetals [1–5]. The low-energy
electronic structure of such materials usually exhibits
mixing characters of both linear band (LB, E ∝ k, where
k is the wave vector) and parabolic band (PB, E ∝ k2), if
higher-order terms are neglected. This concept is well
reflected in the effective TI model [6,7], which has been
proven successful in describing many topological material
systems such as HgTe quantum wells [8–10], Bi2Se3
[6,11], alkali pnictides A3Bi (A ¼ Na, K, Rb) [12],
Cd3As2 [13], Pb1−xSnxSe [14,15], and transition-metal
pentatelluride ZrTe5 [16,17].
The rising interest in ZrTe5 is due to the theoretical

prediction of a room-temperature quantum spin Hall
insulator phase in its monolayer limit [18] and the exper-
imental observation of the chiral magnetic effect [19],
anomalous Hall effect [20], and three-dimensional (3D)
quantum Hall effect [21] in bulk material. However,
because of the delicate dependence of its band topology
on the lattice constants [18,22], there has not yet been a
consensus on the bulk topological phase of ZrTe5 from
experiments [19,23–27], especially with several recent
contradicting temperature-dependent studies [28–33]. In
these studies, the nontrivial topological phase is either
probed through its surface states or relying on the transition
behavior of certain indirect parameters such as conduc-
tivity. Alternatively, one could also seek to probe the PB
component of ZrTe5, which is associated with band

inversion and thus provide direct evidence of the band
topology without changing external parameters such as
temperature and strain. However, this direct approach has
not been reported to date.
In this Letter, we show that the LB and PB components

of the electronic structure of ZrTe5 can be determined using
magnetoinfrared (magneto-IR) spectroscopy, combining
Faraday and Voigt geometry measurements. The applica-
tion of a magnetic field (B) quantizes the electronic states
into Landau levels (LLs). By carefully tracking the mag-
netic field dependence of the inter-LL transitions, we can
extract important band parameters along the three principal
crystal axes and reconstruct the 3D electronic structure of
ZrTe5 with great energy resolution. Most saliently, we
demonstrate both theoretically and experimentally that the
band inversion leads to a second extremum (band gap) next
to the Brillouin zone center, giving rise to two distinct sets
of inter-LL transitions. Our results unambiguously identify
ZrTe5 as a strong topological insulator (STI) at liquid
helium temperature.
The ZrTe5 single crystals studied in this Letter were

prepared by the Te-assisted chemical vapor transport
method [17] or molten Te flux growth [34]. The ortho-
rhombic crystal structure is illustrated in Fig. 1(a). The as-
grown samples exhibit a shiny needlelike surface (typically
0.5 by 10 mm) in the ac plane but with a thin thickness
(typically 0.1 mm) along the b axis. With such high aspect
ratio, the commonly used Faraday geometry measurement,
where light travels in the magnetic field direction, is only
suitable for studying the electronic structure in the ac
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plane, while the Voigt geometry measurement, where light
travels perpendicular to B, is more effective for the study in
the ab and bc planes. Specifically, to optimize the signal,
we employed Faraday transmission measurements with
Bkb axis and Voigt reflection measurements with Bka axis
and Bkc axis, respectively. All the measurements were
performed at 4.2 K with a magnetic field up to 17.5 T.
Further crystal synthesis and experimental details can be
found in the Supplemental Material [35].
Figures 1(b)–1(d) show the normalized magneto-IR

spectra of ZrTe5 with the magnetic field applied along
different crystal axes. In all three cases, one can readily
identify a series of peaks (or modes), which blueshift as B
increases and can be attributed to specific inter-LL transitions
L−nð−n−1Þ → Lnþ1ðnÞ labeled by integer n ¼ 0; 1; 2;…. In

Figs. 2(a)–2(c), we summarize the magnetic field depend-
ence of the transition energies as a function of

ffiffiffiffi
B

p
by

extracting the central energy of each mode at different
magnetic fields. Here, for simplicity, we focus on the central
peak of each transition with the strongest optical weight and
omit the weak satellite peaks from the splitting of low-lying
transitions.
By comparing the three cases in Figs. 2(a)–2(c), one can

see the anisotropy in the electronic structure of ZrTe5. On
the one hand, the LL transition energies with Bkb axis
[Fig. 2(c)] exhibit a nearly perfect linear-in-

ffiffiffiffi
B

p
depend-

ence, characteristic of Dirac-like dispersion. On the other
hand, the transition energies with Bka axis [Fig. 2(a)]
and Bkc axis [Fig. 2(b)] grow much more slowly with

FIG. 1. (a) Schematic view of ZrTe5 unit cell. (b)–(d) Normalized magneto-IR spectra of ZrTe5 with the magnetic field applied along
three principal crystal axes. To optimize the signal [35], the spectra with Bka axis (b) and Bkc axis (c) are measured in Voigt reflection,
while those with Bkb axis (d) are measured in Faraday transmission. In (b)–(d), the interband LL transitions L−nð−n−1Þ → Lnþ1ðnÞ are
recognized as spectral peaks and labeled with integer n ¼ 0; 1; 2;…. All measurements are performed at liquid helium temperature
(T ¼ 4.2 K), and the spectra are offset vertically for clarity.

FIG. 2. (a)–(c) Magnetic field dependence of the extracted LL transition energies from Figs. 1(b)–1(d) for Bka axis (a), Bkc axis (b),
and Bkb axis (c), with the symbol size indicating the upper bound of errors in energy positions. The dash lines are best fits to the data
using Eq. (2). When splitting occurs, the fit goes through the average energy of the two branches. The interband LL transitions
L−nð−n−1Þ → Lnþ1ðnÞ are labeled by integer n ¼ 0; 1; 2;…, consistent with that in Figs. 1(b)–1(d). (d) Representative Landau fan
diagram for the case of Bka axis. The red and blue lines correspond to the s ¼ �1 LLs, respectively.
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increasing B and show strong deviations from the
ffiffiffiffi
B

p
dependence. A closer inspection of Figs. 2(a) and 2(b) also
reveals that if one linearly extrapolates (linear in

ffiffiffiffi
B

p
) the

n ≠ 0 LL transitions to zero magnetic field, a negative
energy intercept is obtained. This behavior is very similar
to that in inverted PB semiconductors [36,38].
Quantitatively, the modes in Fig. 2(c) can be described

by a massive Dirac fermion model [17,37,39], where the
LL energies read

En ¼ α
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eℏv2FnBþM2

q
; ð1Þ

with integer n being the LL index, α ¼ �1 the band index,
e the electron charge, ℏ the reduced Planck’s constant, vF
the Fermi velocity, and M the Dirac mass. However, this
model fails to explain the data in Figs. 2(a) and 2(b)
because (1) the model predicts a positive zero-field inter-
cept regardless of the sign of M; (2) for low-lying LL
transitions (n < 3), the energy ratio of two adjacent modes
significantly deviates from the model prediction; and (3) for
high-order LL transitions (n > 3), the model predicts a
linear-in-

ffiffiffiffi
B

p
dependence at high magnetic fields but the

experimental data curve up. All these deviations from the
massive Dirac fermion model suggest strong band
anisotropy in ZrTe5 and the necessity to extend the model
to include PB contributions.
Next, we show that all our data can be well explained by

a k · pmodel that accounts for the symmetry at Γ point, the
PB contributions, and the material anisotropy. The effective
Hamiltonian [35] reads

HðkÞ ¼

0
BBBBB@

LðkÞ 0 Ak− Azkz
0 LðkÞ Azkz −Akþ

Akþ Azkz −LðkÞ 0

Azkz −Ak− 0 −LðkÞ

1
CCCCCA
;

where LðkÞ¼M−ðBxk2xþByk2yþBzk2zÞ, Ak�¼ℏðvFxkx�
ivFykyÞ, and Az ¼ ℏvFz. The x, y, and z directions
correspond to the a, c, and b axes of ZrTe5, respectively.
The electronic structure is then determined by a set of
material parameters: (1) LB component vF ¼ ðvFx;
vFy; vFzÞ; (2) PB component B ¼ ðBx;By;BzÞ, which is
also called the band inversion parameter; and (3) Dirac
mass M. Both vF and B carry anisotropy. The resulting LL
spectrum of ZrTe5 reads at kz ¼ 0

Es
n¼0 ¼ s½M − B̄k2B�;

Es
n≠0 ¼ −sB̄k2B þ α

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ℏ2v̄2Fnk

2
B þ ðM −MBÞ2

q
; ð2Þ

where s ¼ �1, kB ¼ ffiffiffiffiffiffiffiffiffiffiffi
eB=ℏ

p
is the inverse magnetic

length, and MB ¼ 2B̄nk2B is the field induced gap.

Representative Landau fan diagram for the case of Bka axis
is shown in Fig. 2(d). This model is an extension of the
effective TI model [6,7], but due to the band anisotropy,
parameters B̄ and v̄F now represent the geometric average of
their values in the plane perpendicular to the magnetic field
[35]. That is, for Bkb, B̄ ¼ ffiffiffiffiffiffiffiffiffiffiffi

BaBc
p

, and v̄F ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vFavFc

p
.

Note that there is a sign freedom in Eq. (2) since simulta-
neously reversing the signs of B̄ and M will not affect the
results. In this work, we fix the sign ofM to be positive and
allow the sign of B̄ to vary. A positive (negative) B̄ represents
an inverted (normal) band, respectively.
With the above model, one can produce excellent fits to

the experimental data in all configurations, as shown in
Figs. 2(a)–2(c). Here, we only consider the electric dipole
transitions, Δn ¼ �1 and Δs ¼ 0, while leaving the dis-
cussion of possible Δn ¼ 0 and Δs ¼ �2 transitions to the
Supplemental Material [35]. Our fitting results of Bka axis
and Bkc axis clearly show that the MB term breaks the

ffiffiffiffi
B

p
energy dependence in Eq. (2) via introducing a linear-in-B
mass term (PB contribution). This PB component is
comparable with the LB component, suggesting a relatively
small v̄F and/or a relatively large B̄ in these two configu-
rations. When Bkb axis, however, the LB component
dominates the LL transition energies due to the large v̄F.
In this case, the PB contribution is relatively small,
rendering the determination of the B̄ value less accurate
in this direction [40]. More importantly, we note that the
sign of B̄ cannot be solely determined from the data shown
in Figs. 1 and 2, as the most influential PB contribution in
Eq. (2), ðM −MBÞ2 ≈M2

B for a small M, insensitive to the
sign of B̄.
Fortunately, we find an intriguing scenario that can help

circumvent the above situation and resolve the topological
phase of ZrTe5. This is shown in Figs. 3(a) and 3(b), where
we plot the band dispersion along the b axis with different
vFb values for an inverted (B̄ > 0) and normal (B̄ < 0)
band, respectively. For the inverted band [Fig. 3(a)], the
electronic structures exhibit a local extremum not only at Γ
point but also at a nonzero kb vector (denoted by ζ point)
when vFb is sufficiently small. As vFb increases, the
extremum at ζ point gradually disappears. On the contrary,
such extremum at ζ point never occurs in the normal band
case [Fig. 3(b)] regardless of the magnitude of vFb. From
our experimental data shown in Figs. 1 and 2, one can
extract the vF values along all three crystal axes with vFb
as small as ∼0.5 × 105 m=s, close to the violet lines in
Figs. 3(a) and 3(b). Therefore, the presence of a second
extremum at ζ point signifies band inversion in ZrTe5 and
provide a smoking gun evidence for the STI phase.
Practically, this direct approach does not require any
quantitative analysis, but solid proof of the second
extremum.
Since each local extremum in electronic structure carries

a large density of states [41], it can host a set of LL
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transitions under a magnetic field. This is indeed the case
observed in our experiment when the magnetic field is
applied in the slow vFb direction (when Bkb axis), as
shown in Fig. 3(c). Here, due to the high quality of our
ZrTe5 samples, clear interband LL transitions
(n ¼ 1; 2; 3;…) occur in a very low field and unambigu-
ously exhibit a doublet structure (marked by black and red
up triangles) before the field-induced linewidth broadening
takes place. The energy splitting of the doublet at such a
low magnetic field cannot originate from field-induced
effects such as g-factor or band asymmetry [42]. Linear
extrapolation of the magnetic field dependence of the
doublet reveals two different energy intercepts at zero
field, suggesting that they belong to two distinct sets of
LL transitions presumably from the ζ (black) and Γ (red)
points, respectively. With increasing B, the LB component
becomes dominant, and the energy splitting caused by the
mass difference between the Γ and ζ points diminishes.
Therefore, our results strongly suggest that the ZrTe5 band
is inverted, and it is in an STI phase at T ¼ 4.2 K.
For more quantitative analysis, one can simply fit each

set of the LL transitions with the massive Dirac fermion

model of Eq. (1), as a nonzero kb effectively renormalizes
the Dirac mass in our anisotropic model [35]. Figures 3(d)
and 3(e) show best fits to the data, where the extracted
energy gaps are ΔΓ ¼ 2MΓ ¼ 15 meV and Δζ ¼ 2Mζ ¼
11.2 meV, respectively. The extracted v̄F andMζ values in
Fig. 3(e) are also consistent with the fitting result of
Fig. 2(c). With this information and using the zero-field
k · p model, one can further deduce Bb ¼ 0.21 eV nm2

[35]. By combining with the fitting results of Figs. 2(a)
and 2(b) along the a and c axes, the anisotropy of B is now
fully resolved with improved accuracy. Similarly, the
anisotropy of vF at Γ point can be deduced using the
extracted v̄F values from Figs. 3(d), 2(a), and 2(b).
In Table I, we summarize the band parameters of ZrTe5

along the three principal crystal axes. Owing to the small
vFb, the low-energy electronic structure along the b axis is
dominated by the PB component, leading to a much weaker
dispersion than those along the LB dominated a and c
directions. Our findings are consistent with recent transport
and IR experiments [39,43–46].
In conclusion, we have performed a magneto-IR spec-

troscopy study of the band anisotropy in ZrTe5. We find that
the LB dispersion (characterized by vF) along the b axis is
about one order of magnitude smaller than those along the a
and c axes. When vF is small, the PB component can
strongly modify the band dispersion, and the presence of a
second extremum in b direction indicates band inversion.
Incorporating prior results of first-principles calculations, we
further identify ZrTe5 as an STI at low temperatures. Our
work provides an experimental approach to directly infer the
topological phase of anisotropic materials from their bulk
band structure.
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FIG. 3. (a),(b) Zero-field band structures of ZrTe5, calculated in
the STI (a) and WTI (b) phases with different vFb. The PB
component is kept the same in the calculation but with a positive
(negative) sign for the STI (WTI) phase. For STI, two band
extrema occur at Γ (red arrow) and ζ (black arrow) points when
vFb is sufficiently small. (c) Normalized magnetotransmission
spectrum, −TðBÞ=Tð0TÞ, of ZrTe5 measured at B ¼ 0.4 T and
Bkb axis. The up triangles label the energy positions of the LL
transitions from ζ (black) and Γ (red) points. (d),(e) Best fits to
the magnetic field dependence of the LL transitions from Γ (d)
and ζ (e) points using the simple massive Dirac fermion model of
Eq. (1). The symbol size indicates the upper bound of errors in
energy positions.

TABLE I. Extracted band parameters (at Γ point) along the
three principal crystal axes of ZrTe5 using the anisotropic k · p
model.

ZrTe5 @ Γ point kka kkb kkc
vF (105 m=s) 6.85 0.50 4.10
Bi (eV nm2) 0.12 0.21 0.08
Mi (meV) 7.5 7.5 7.5
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