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Topological transition-metal dichalcogenides have been the center of research interests in materials science,
recent days, due to their potential applications in spintronics, optoelectronics, and quantum computations. In
this paper, using angle resolved photoemission spectroscopy (ARPES) and density functional theory (DFT)
calculations, we systematically studied the low-energy electronic structure of bulk ZrTe,. ARPES studies on
ZrTe, demonstrate free charge carriers at the Fermi level, which is further confirmed by the DFT calculations.
An equal hole and electron carrier density estimated from the ARPES data points to ZrTe, being a semimetal.
The DFT calculations further suggest a band inversion between Te p and Zr d states at the I point, hinting at
the nontrivial band topology in ZrTe,. Thus our studies suggest that ZrTe, is a topological semimetal. Also,
a comparative band structure study is done on ZrSe,, which shows a semiconducting nature of the electronic
structure with an indirect band gap of 0.9 eV between I'(A) and M (L) high-symmetry points. Below we show
that the metal-chalcogen bond length plays a critical role in the electronic phase transition from a semiconductor

to a topological semimetal ingoing from ZrSe, to ZrTe,.
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I. INTRODUCTION

Transition metal dichalcogenides (TMDCs) [1-3] are gain-
ing a great deal of research interests, especially, from the past
few decades due to their potential applications in spintron-
ics [4-8] and as well in the optoelectronics [9-13] because
of their wide range of electronic properties starting from
the metallic [14-16], to the semimetallic [17-20], to the
semiconducting [21-24], and to the Mott insulators [25-27],
obtained mainly by the band engineering [28—30]. In addition,
the diversity of electronic properties of TMDCs includes the
charge density wave (CDW) [31,32], the magnetism [33-35],
and the superconductivity [36-38].

Tunable band gap in layered TMDCs is one of the major
research topics in recent days from both the theory and exper-
iment [39-42]. It is known that the band gap in IVB TMDCs
(TiX;, ZrX,, and HfX,, where X = S, Se, and Te) change with
the strain [43]. However, among the IVB TMDCs, ZrX, com-
pounds in their monolayer thickness show peculiarity beyond
a critical pressure. That means, instead of increasing band gap
with the increasing pressure, it starts decreasing beyond the
critical pressure. On the other hand, the monolayer thickness
ZrTe, transforms from metal to a semiconductor beyond a
critical pressure. Hence, understanding the pressure effects
on the electronic structure of TMDCs has a significance in
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their band engineering [44]. Specifically, performing ARPES
studies under external pressure is a nontrivial method [45,46].
However, studying the electronic structure using ARPES
under the application of chemical pressure induced by the
substitution of an isovalent atom is highly viable [47]. So far
there exists very few ARPES reports in this direction [48-52].
Moreover, these studies report only the electronic structure
of Zr(Se;_,Sy), which are semiconductors. Although several
theoretical reports on ZrTe, predicted it to be a metal [53-55],
so far no ARPES study exists on this compound in bulk phase
confirming the same, except that a recent ARPES study on
monolayer ZrTe, deposited on InAs (111) substrate showing
linear Dirac states near the Fermi level at the I point [56].
Thus a thorough understanding of the electronic structure of
bulk ZrTe, has interests from other reasons as well, whether
ZrTe, is another topological system like ZrTes [57-61].
Therefore ARPES studies on the bulk ZrTe, are essential to
understand whether ZrTe, is a simple metal or a topological
semimetal.

In this paper, we report on the low-energy electronic
structure of bulk ZrTe, and ZrSe; using high-resolution angle
resolved photoemission spectroscopy and density functional
theory. On the Fermi surface map of ZrTe,, we observe several
well disconnected hole and electron pockets at I'(A) and
M (L) points, respectively. Further, in ZrTe,, we realize three
holelike nondegenerate band dispersions near the I'(A) point
and an electronlike band dispersion at the M(L). Our DFT
calculations predict all hole pockets are composed by the Te p

©2020 American Physical Society


https://orcid.org/0000-0002-8478-2948
https://orcid.org/0000-0002-6631-4403
https://orcid.org/0000-0003-1258-0981
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.101.165122&domain=pdf&date_stamp=2020-04-20
https://doi.org/10.1103/PhysRevB.101.165122

INDRANI KAR et al.

PHYSICAL REVIEW B 101, 165122 (2020)

(b)

~
g}

~

~

O . N WA OO N®O©OD

ZrTe, - P-3m1 (164)

(002)
(004)

(003)

(001)

Intensity (arb. units) &

(005)
(006)

10 20 30 40 50 60 70 80 90 100

20 (deg.)

(® ZrTe,
_
2
=}
=
=
<
&
)
=
w)
=}
Q
i3]
=
=
(h) ZrSe2
~ /I /[
2 1 1l
g Se 3ds,,
. Zr4p;, B
= | se3dy,
K Zr4p,,
z
wva
=
Q
= I
- T T T T 1 T T T T T
-52 -32 -28 -25 -20 15 -10 -5 0

Energy, E-Eg (eV)

FIG. 1. (a) Trigonal crystal structure of ZrTe, and ZrSe;. (b) ZrX, layer projected on the ab-plane, showing the metal-chalcogen hexagonal
pattern. (c¢) Scanning electron microscope image of the ZrTe, single crystal with a spacial resolution of 100 um. (d) X-ray diffractogram
of ZrTe, single crystal. (e) 3D view of the hexagonal Brillouin zone with high-symmetry points. (f) Measuring geometry of photoemission
spectroscopy, defining the s- and p-polarized photons with respect to the scattering plane (SP) and analyzer entrance slit (ES). Core level
photoemission spectra of (g) ZrTe, and (h) ZrSe;. In (h), the symbols + and x represent the iodine impurity peaks of 4p3,, and 4ps/,

respectively.

orbital characters and the electron pocket is composed by the
Zr d > orbital character. An equal number of hole and electron
carrier density estimated from our ARPES data using Lut-
tinger’s theorem [62,63] suggests ZrTe, to be a semimetal. In
addition, our DFT calculations on ZrTe, in presence of spin-
orbit coupling (SOC) predict band inversion between Te p and
Zr d characters near I" point, pointing ZrTe, to a topological
semimetal. In contrast to ZrTe,, from the Fermi surface topol-
ogy of ZrSe,, we observe only electron pockets located at the
M (L) point, while the hole pockets are noticed well below the
Fermi level at a binding energy of ~1 eV. Nevertheless, our
studies on ZrSe; are inline with the existing reports that it is a
semiconductor with an indirect band gap of 0.9 eV between
['(A) and M (L) high-symmetry points [51,52,64]. In order
to understand the origin of semimetallic state in ZrTe, and
semiconducting state in ZrSe,, we quantified the electronic
structure by mapping it onto a tight-binding model. This al-
lows us to relate the electronic structure changes in going from
ZrSe; to ZrTe, to the change in the metal-chalcogen bond
lengths. Further, by looking at other compounds in the same
column of periodic table HfX,, we conclude that a similar
mechanism is operational for the Hf based compounds. Here
again, the metal-chalcogen bond length dictates the nature of
the underlying ground state, HfSe; is semiconducting while
HfTe, is metallic.

II. EXPERIMENTAL DETAILS

High-quality single crystals of ZrSe, and ZrTe, were
grown by the chemical vapor transport (CVT) technique using
iodine as a transport agent [65]. In the first step, stoichiomet-
ric quantities of elements, Zr (sponge, 99.9%, metals basis,
Sigma Aldrich) with Se (shot, Alfa Aesar, 99.999%, metals
basis) or Te (ingot, 99.99%, metals basis, Alfa Aesar), were
loaded into an alumina crucible and subsequently sealed in

a quartz ampoule under vacuum. The ampoule was slowly
heated to 500 °C, with a rate of 50 °C/h, kept there for
5 h and then heated further to 900 °C. This temperature has
been maintained for a period of 2 days, in order to complete
the reaction between Zr and the chalcogen (Se/Te). The
polycrystalline powders of ZrSe, and ZrTe, were used for
the single crystal growth. The powdered samples were placed
and sealed under vacuum in quartz ampoules together with
pieces of crystallized iodine (5 mg/cm?). The ampoules had
subsequently been loaded in a three-zone furnace, where a
gradient of temperature of 100 °C was maintained between
the source (880 °C) and the sink (780 °C) zone. After 10 days
of transport, many single crystals with dimensions as large
as 5 mm x 5 mm x 0.1 mm were obtained at the cold part
of the ampoule. Crystal structure, morphology and chemical
composition of the single crystals were determined using
x-ray diffraction and scanning electron microscope equipped
with an energy dispersive x-ray analysis probe (EDAX), see
Fig. 1. From EDAX (see Ref. [66]), we further identify that
the studied samples in this contribution have the chemical
compositions of Zrjg,Se, and Zry 6Te; with 2% and 16%
excess Zr per formula unit, respectively. Both the compounds
crystallized in the space group of P3m1 (164), with lattice
parameters at room temperature as a = b = 3.945 Aandc =
6.624 A for ZrTe; and a = b = 3.766 A and ¢ = 6.150 A for
ZI‘SCQ.

Angle resolved photoemission spectroscopy measurements
were carried out at the UE-112 beam-line equipped with 13-
ARPES end station located in BESSY II (Helmholtz zentrum
Berlin) synchrotron radiation center [67,68]. Photon energies
for the measurements were varied between 30 to 110 eV. The
energy resolution was set between 10 and 15 meV depending
on the excitation energy. Data were recorded at a chamber
vacuum of the order of 1 x 107! mbar and the sample
temperature was kept at 1 K during the measurements. We
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employed various photon polarizations in order to extract the
electronic structure comprehensively.

III. BAND STRUCTURE CALCULATIONS

The electronic structure of ZrSe, and ZrTe, have been
calculated within a projected augmented plane wave (PAW)
method of density functional theory as implemented in the Vi-
enna ab-initio simulation package (VASP) [69,70]. A k mesh of
16 x 16 x 16 was considered for the k-point integration while
a plane-wave cutoff of 700 eV was used for the basis sets.
The GGA-PBE approximation to the exchange correlation
functional was used [71]. The experimental crystal structures
were taken for the starting structural information. A full opti-
mization of the lattice parameters as well as the internal posi-
tions was carried out. The optimized in-plane lattice parameter
for ZrSe, was found to be @ = b = 3.735 A and that along
the stacking direction ¢ = 6.206 A. Similarly for ZrTe,, the
optimized lattice parameters along the in-plane direction a =
b = 3.909 A and that along the stacking direction ¢ = 6.749 A
were obtained. They represent about 1%—-2 % deviations from
the experimental values. In order to quantify the electronic
structure changes between ZrTe, and ZrSe,, we carried out
a DFT band mapping onto a tight-binding model using the
VASP to WANNIER9O interface [72,73], which had maximally
localized Wannier function for the radial parts of the wave
function. Zr d and Se/Te s and p states were included for the
band mapping. Similar calculations are performed on HfSe,
and HfTe;. The structural parameters used for the calculations
are given in Ref. [66].

IV. RESULTS

Figure 1(a) shows the trigonal crystal structure of ZrXj.
Figure 1(b) shows the projected Zr-chalcogen layer on the ab
plane where one can notice each Zr ion is octahedrally coor-
dinated with six Te (Se) ions. From the EDAX measurements
on ZrTe, and ZrSe, (see Ref. [66]), we derived the chemical
formulas of Zr; g;Se, and Zr; 16 Te,, respectively, suggesting
that there is a 2% of Se (excess Zr) and a 16% of Te (excess
Zr) deficiency from the stoichiometric compositions. Such a
chalcogen deficiency or excess Zr in these systems generally
leads to excess electron carrier density. Nevertheless, from
our EDAX we noticed that the samples are homogeneous. As
shown in Figs. 1(g) and 1(h), we performed x-ray photoemis-
sion spectroscopy (XPS) on ZrTe, and ZrSe,, respectively.
Most of the atomic core levels are assigned to their respective
binding energies for ZrTe,. However, for ZrSe,, we noticed
significant intensity peaks at binding energies of 52 and
50.6 eV, pointed by + and *, respectively, that are negligibly
visible in ZrTe,. These peaks are identified as the iodine 4p3/»
(+) and 4ps;, (%) states. Note here that iodine was used as
a transport agent for growing these crystals, hence, some of
the iodine atoms may have stuck in between the ZrSe, layers
during the crystal growth process. But nevertheless, as we
discuss below presence of Iodine in ZrSe, has no net effect
on its electronic structure. Apart from this, we do not find any
other impurity peaks from the XPS of ZrSe; and as well from
ZrTe,.
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FIG. 2. In-plane electronic structure of ZrTe,. (a) Fermi surface
map measured using p polarized light with a photon energy hv
= 100 eV. (b) Energy distribution maps (EDMs) taken along the
cuts 1 and 2 as shown in (a). (c) Second derivatives of (b). In
(c), the red-dashed curves are eye-guides showing the band disper-
sions. (d) Energy-momentum plot of ZrTe, calculated using density
functional theory with (blue) and without (red) including spin-orbit
coupling.

Figure 2 shows ARPES data of ZrTe,. Fermi surface map
of ZrTe, in the k,-k, plane is shown in Fig. 2(a), measured
with p-polarized light using a photon energy of hv = 100 eV.
The Fermi surface has hexagonal symmetry which is consis-
tent with the hexagonal crystal structure. As can be observed
in Fig. 2(a) the Fermi surface of ZrTe, consists of well
disconnected Fermi pockets located at the I and M points.
In order to understand nature of these Fermi pockets, we
have taken the energy distribution maps (EDMs) along cuts
1 and 2 as shown in Fig. 2(a). From the EDMs shown in
Fig. 2(b), three holelike band dispersions, o, o, and o3,
are found at I'(A) and an electronlike band dispersion, B, is
found at M (L) high-symmetry points. From the polarization
dependent EDMs as shown in Fig. 2(b), with s-polarized light
we noticed all three hole pockets with reduced intensity for o
and o3 and high intensity for «,, whereas with p-polarized
light we noticed predominantly two hole pockets (a; and
a3). Our orbital resolved band structure (see Fig. 6 and Fig.
S3 in Ref. [66]) in the absence of SOC suggest that the
hole pocket «; is composed by Te p,, the hole pocket o,
is composed by Te p,, and the hole pocket a3 is composed
by Te p, character. However, in the presence of SOC the
orbital contribution to the hole pockets is more complex as
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FIG. 3. Out-of-plane (k,) electronic structure of ZrTe,. (a) k, Fermi surface map measured using p-polarized light in the 'MAL plane.
(b) EDM taken along the I"- A high-symmetry line. (c) Photon energy dependent EDC curves extracted from (b). (d) Photon energy dependent
MDC curves extracted from (a). (¢) EDMs taken from I" and A high-symmetry points. (f) Energy-momentum plot from the calculations along
the I'-A high-symmetry line. (g) k, Fermi surface map measured using p-polarized light in the MKH L plane. (h) EDM taken along the M-L
high-symmetry line. (i) Photon energy dependent EDC curves extracted from (h). (j) Photon energy dependent MDC curves extracted from (g).
(k) EDMs taken from M and L high-symmetry points. (1) Energy-momentum plot from the calculations along the M-L high-symmetry line.
In (b) and (h) the DFT band structures along I'-A and M-L are overlapped on the ARPES data by shifting the calculated Fermi level 0.3 eV
towards lower binding energy. Note that since the band renormalization effects are not consider, only a qualitative agreement is found between

theory and experiment.

can be observed in Fig. 6. Thus assigning orbital characters to
the experimental band structure for ZrTe, is nontrivial. Next,
an high-intense electron pocket (8) has been recorded using
p-polarized light which is composed by the even parity orbital
Zr d, character. Figure 2(d) shows calculated band structure
with and without including spin-orbit coupling. As we can be
see from Fig. 2(d), three holelike and an electronlike band
dispersions are predicted at I'(A) and M (L) high-symmetry
points. Therefore calculated band structure is qualitatively in
agreement with the experimental data.

Despite being a layered system, we further performed
photon energy dependent ARPES measurements on ZrTe, to
unravel the out-of-plane (k,) band structure. Figure 3(a) shows
Fermi surface map of ZrTe, in the 'MLA plane measured
with photon energies ranging from 58 to 106 eV in step of
3 eV using p-polarized light. Following the equation, k, =

Zh—'z" Vo + E; cos? 8, here m is the electron mass, 7 is the

Planck’s constant, E is the photoelectron kinetic energy, 0
is escape angle of the photoelectron from the sample surface
normal, and Vj is the inner potential of the sample which is
considered to be 16 eV, we found that the photon energies
70 &3 and 91 &+ 3 eV correspond to the high-symmetry points
of I' and A, respectively. Figure 3(b) shows EDM taken along

the I'-A direction as shown by the down arrow in Fig. 3(a)
extracted by a momentum integration of 0.05 A~!. From
this EDM one can clearly notice that there is significant k,
dispersion ingoing from I" to A for the hole pocket which has
a partial contribution from Zr d. along with Te p,(p,) under
SOC [see Fig. 6]. This is further demonstrated using photon
energy dependent EDCs as shown in Fig. 3(c). Figure 3(d)
shows photon energy dependent momentum dispersive curves
(MDCs) extracted from Fig. 3(a). We estimated a Fermi
vector of hole pocket kr & 0.09 A~! at the I'-point, while a
Fermi vector kr ~ 0.06 A~! is estimated at the A point. This
observation again confirms significant k, dispersion of the
hole pocket. Figure 3(e) shows EDMs from I" (70 eV) and A
(91 eV) high-symmetry points. This observation is consistent
with our DFT calculations along I'-A direction as shown in
Fig. 3(f), where one can see a significant k. dispersion for the
hole pocket (green color band dispersion).

Similarly, Figure 3(g) shows k, Fermi surface map in the
MKLH plane measured with photon energies ranging from
61 to 100 eV in step of 3 eV using p-polarized light. From
these data, we found that the photon energy 79 eV detects
bands from the M point, whereas the photon energies 61 and
100 eV detect the bands from the L point. Figure 3(h) shows
EDM along the M-L orientation and Fig. 3(i) shows photon
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energy dependent EDCs taken from Fig. 3(h). Figure 3(j)
shows photon energy dependent MDCs. We estimate a Fermi
vector kr ~ 0.08 A~! for the electron pocket at the L point,
while no Fermi vector for the electron pocket is found at the
M point. This observation is suggesting that the k, dispersion
of the electron pocket composed by Zr dz2 orbital character
is relatively stronger. Further, in Fig. 3(j), we could identify
a couple of peaks shown by * symbol on the MDC curves
taken around the M point. These peaks are caused by the
reminiscent spectral intensity of the electron pocket from
the L point. This is because, in ARPES the photon energy
dependent data generally suffer from the &, resolution due to
vertical transition of the photoelectrons. Thus the k, dependent
ARPES data generally consist of overlapping states in the
k. direction. Figure 3(k) shows EDMs from M (7943 eV)
and L (100+£3 eV) high-symmetry points. This observation
is consistent with our DFT calculations along M-L direction
as shown in Fig. 3(1), where one can see a significant k, dis-
persion for the electron pocket (green color band dispersion).

Next, ARPES data of ZrSe, are shown in Fig. 4. Figure 4(a)
shows the Fermi surface map measured with a photon energy
of hv =100 eV using p-polarized light in the k.-k, plane.
Figure 4 (b) shows energy-momentum plot of ZrSe, from
DFT calculations. On the Fermi surface, we could identify
six Fermi pockets located at six M (L) points in a hexagonal
symmetry. On the other hand, we did not find any spectral
intensity at the I'(A) point. To further elucidate the nature
of the band dispersions at the M (L) and I'(A) points, we
measured energy distribution maps along the direction as
shown in Fig. 4(a). Figures 4(c) and 4(d) are such EDMs
measured with photon energy of hv = 100 eV using p- and
s polarized lights, respectively. From these EDMs it is clear
that there are three well resolved holelike band dispersions,
oy, oy, and a3, near the I'(A) point with the valance band
top well below the Fermi level at a binding energy of Ep ~
1 eV. Further, we found an electronlike band dispersion, 3,
crossing the Fermi level with a Fermi vector kr = 0.06 A~
at the M (L) point. This electron pocket is almost disappearing
when measured with s-polarized light as shown in Fig. 4(d).
The orbital resolved band structure of ZrSe, (see Fig. S4
in Ref. [66]) suggests that the holelike band dispersions are
composed by Se py, py, and p, orbital characters, while
the electronlike band near the M (L) point is composed by
the Zr d 2 orbital character. Thus the electron pocket is more
intense when measured using p-polarized light compared to
s-polarized light as in the current measuring geometry near
the Fermi level the p-polarized light detects predominantly
even parity orbital characters like dzz, px and p, whereas
the s-polarized light detects p, character. Figure 4(e) shows
the sum of EDMs from Figs. 4(c) and 4(d). Figure 4(f) is
the second derivative of Fig. 4(e). From Figs. 4(e) and 4(f),
we estimated an indirect band gap of 0.9 eV between the top
of holelike (valance) band, «, near the I'(A) point and the
bottom of electronlike (conduction) band, 8, near the M (L)
point. These observations are in good agreement with earlier
ARPES studies on this system, i.e., ZrSe; is a semiconductor
with an indirect band gap [49-52]. In addition, near the M (L)
point, from the ARPES data a bright spectral feature has been
noticed at a binding energy of 0.3 eV [shown by red arrow in
Fig. 4(c)], which is not predicted from our DFT calculations.
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FIG. 4. ARPES spectra of ZrSe,. (a) Fermi surface map mea-
sured using p-polarized light with a photon energy of hv = 100 eV.
(b) Energy-momentum plot from the first-principles calculations.
(c) EDM cut taken along the direction as shown in (a) measured using
p-polarized light. (d) Same as (c) but measured using s-polarized
light. (¢) Sum of (c¢) and (d). (f) Second derivative of (e).

However, similar spectral feature has been observed in an
earlier ARPES report on ZrSe; [52].

Top panels in Fig. 5(a) show photon energy dependent
EDMs taken along the zone center using s-polarized light.
Similarly, bottom panels in Fig. 5(a) show photon energy de-
pendent EDMs taken along the zone center using p-polarized
light. Using inner potential of 10.9 eV [50], we identify that
40, 50, 60, and 80 eV photon energies, along I'-A direction,
detect the bands at k; values of 13.65 7, 15.05 %, 16.33

%, and 18.63 7. Similarly, in Fig. 5(c), the photon energies
60 and 70 eV along M-L direction, detect the bands at k;
values of 15.75 % and 16.97 7, respectively. Here, ¢’ = 2¢ and
c = 6.150 A. From the EMDs of both polarizations, we do
notice three well resolved hole pockets at the zone center. As
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FIG. 5. Photon energy dependent ARPES spectra of ZrSe,.
(a) Photon energy dependent EDMs measured using s-polarized (top)
and p-polarized light (bottom) at the zone center. (b) Photon energy
dependent EDCs from s- and p-polarized lights. (c) Photon energy
dependent EDMs taken for the electron pocket. (d) Momentum
dispersive curves extracted by integrating over 10 meV about the
Fermi level, taken from (c).

discussed above, the p-polarized light should detect two hole-
like bands composed of the even parity orbitals p, and p,
and the s-polarized light should detect one holelike band com-
posed of odd parity orbital p,. However, since the crystal is not
oriented in any high-symmetry direction, the photoemission
process does not follow the parity dependent selection rules
and moreover the orbital contribution to the low-energy band
structure of ZrSe, under SOC is more complex. Hence, we
do see all three bands from both p- and s- polarized lights.
Top panel in Fig. 5(b) shows photon energy dependent EDCs
taken at kj = O from the EDMs of s-polarized light. Similarly,
bottom panel in Fig. 5(b) shows photon energy dependent
EDCs taken at kj=0 from the EDMs of p-polarized light.
From the EDCs shown in Fig. 5(b) one can clearly see that
the three holelike bands are well separated. For instance, from
the EDCs of 40 eV in Fig. 5(b), one peak has been observed
at a binding energy of 1.4 eV, corresponding to the top of

holelike band «3. Another two peaks have been observed at
binding energies of 1.1 and 0.93 eV, corresponding to the top
of holelike bands o, and «;, respectively. Similar observa-
tions were made with 50 eV photon energy. However, when
measured with 60 and 80 eV the band separation is not that
clear due to either the matrix element effects or k, dispersion.
Figure 5(c) shows EDMs of the electron pocket measured
using p-polarized light with 60 and 70 eV. Figure 5(d) shows
momentum dispersive curves extracted near the Fermi level
from the EDMs of Fig. 5(c). From the MDC of 60 eV, we
estimated a Fermi vector of kr ~ 0.05 A‘l, while the MDC
of 70 eV shows no Fermi vector for the electron pocket. This
suggest that the electron pocket composed of Zr d,» character
has significant k, dispersion in ZrSe,.

V. DISCUSSIONS

Despite sharing the same trigonal crystal structure, the low-
energy electronic structures of ZrTe, and ZrSe, are clearly
differing from one another. ZrTe, has a metallic band structure
with overlapping valance and conduction bands above the
Fermi level at the I'(A) point, composed by Te p and Zr d
orbitals, respectively. On the other hand, ZrSe, has a semi-
conducting nature of the band structure with an indirect band
gap of E, = 0.9 eV between I'(A) and M (L) high-symmetry
points, with the valance and conduction bands composed of Se
p and Zr d orbitals, respectively. In agreement with a previous
ARPES report on ZrSe, [52], a tiny spectral feature near the
M (L) point at a binding energy of 0.3 eV has been observed.
This feature is more intense when measured with p-polarized
light than the s-polarized light, suggesting that it is composed
by an even parity orbital. However, experimentally we are
unable to pin point its band dispersion neither to electronlike
nor to holelike. Further, this feature is not predicted from
the DFT calculations, thus cannot be of the intrinsic origin.
As the XPS data of ZrSe; (see Fig. 1) shows iodine peaks,
perhaps, this Iodine impurity could be a plausible source of
this strange spectral feature in ZrSe; than the back-folding of
the bands from M (L) to I'(A) as suggested in the Ref. [52].
Moreover, an earlier ARPES study on ZrSe, showed Fermi
level lying in between valence and conduction band [64],
whereas from our study, we found that the Fermi level is
moved to the conduction band. This could be due to the Se de-
ficiency in ZrSe; as observed from the EDAX measurements,
which is giving rise to the net electron doping.

Spin-orbit coupling seems to be significantly affecting the
low-energy electronic structure of these compounds. Espe-
cially, in ZrSe,, the DFT calculations without SOC suggest
two of the three hole pockets are degenerate, i.e., the two
hole pockets composed by p, and p, are degenerate while
the third hole pocket composed by p, is well separated from
them. The ARPES data of ZrSe, show three well separated
hole pockets near the I" point. This can only be reproduced
in DFT calculations with the inclusion of SOC. In addition,
the ARPES data of ZrSe, suggest a SOC splitting of hole
pockets to as high as 0.17 eV. This observation is in very good
agreement with the SOC split size of 0.16 eV for the same hole
pockets reported by an earlier ARPES study on ZrSe; [50]. On
the other hand, our DFT calculations with SOC only produced
a SOC splitting size of 0.085 eV (see Fig. 2).
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FIG. 6. Calculated band structure of ZrTe, (a) without SOC and
(b) with SOC. (c) and (d) are same as (a) and (b) but with orbital
information. Inset in (b) shows a gap of 10 meV opening at the I
point due to the band inversion under the SOC.

We further would like to show our DFT calculations (see
Fig. 6) on ZrTe, in which we identify a band inversion
between Zr d and Te p states at the I'" point. As discussed
above, in ZrSe, a clear separation is noticed between the
valence and conduction bands composed by Se p and Zr d
states, respectively. In ZrTe,, the Zr d state comes closer to
the valance band and in fact touches the valance band at I'.
Further, in the presence of SOC, we clearly observe a band
inversion in ZrTe, in such a way that the Te p, state moves up
to the conduction band, while the Zr d_. moves further down to
the valance band. As a result, a band gap of 10 meV is noticed
[see inset in Fig. 6(b)].

Next, coming to the discussion on the electronic struc-
ture of ZrTe,, for the first time, we report here the ARPES
studies on bulk ZrTe,. An earlier existing the only ARPES
study is on monolayer thickness ZrTe, film deposited on
InAs (111), suggesting a Dirac like linear bands at the I'(A)
point [56]. Interestingly, our DFT calculations predict a band
inversion between Zr d and Te p states at the I'(A) point,
hinting at a possible nontrivial band structure in ZrTe, de-
spite experimentally failing to detect any linear Dirac surface
states. Furthermore, with the help of in-plane and out-of-plane
ARPES data and Luttinger’s theorem [62,63], we calculated
the number of hole and electron carriers enclosed by the hole
and electron Fermi pockets. Our calculation results to hole
carrier density n;, = 0.003 per unit cell (1.1 x 10! cm™3)
and electron carriers n, = 0.0026 per unit cell (0.95 x 10"
cm™?). Our estimated electron carrier density value is very
close to the value of the order of 10'° cm~ reported for
Cug3ZrTe;, [55], but much higher than the value of 5.07
x 10" ¢cm™ reported for ZrTe, [74]. In any case, carrier
density reported in Ref. [74] is rather pointing ZrTe, to a
semiconductor, while ZrTe, is widely known as a metal as

ZrSe,
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FIG. 7. [(a) and (b)] Energy-momentum plots of ZrSe, and ZrTe,
obtained form the DFT calculations in the absence of spin-orbit
coupling, with overlapped bands derived from the tight-binding (TB)
fittings, respectively. (c) Energy-momentum plot of ZrSe, derived
from tight-binding fittings using the on-site energies of ZrTe,.
(d) Energy-momentum plot of ZrTe, derived from tight-binding
fittings using the on-site energies of ZeSe,. See Ref. [66] for further
details on the on-site energies.

also confirmed by the present study. Equal hole and electron
carrier density as derived from our ARPES data in addition
to the band inversion as seen from the DFT calculations is
suggesting that ZrTe; is a topological semimetal.

Finally, in order to understand the electronic structure
transition from semiconductor to a topological semimetal in
going from ZrSe, to ZrTe,, we mapped the ab initio band
structure of these systems onto a tight-binding model,

I‘? S Zti,jcjcj + ZG,’C?C,‘ + H.c. (1)
i,j i

Here, t; ; is the hopping interaction parameter between ith and
Jjth orbitals, and ¢, is the on-site energy of orbital i. The charge
transfer energy between nth and mth site is given by Af’l’" =
€' — e;”, where n #£ m.

The tight-binding model has maximized localized Wannier
functions for its radial part. As is evident from Figs. 7(a)
and 7(c), we have a good description of the ab initio bands.
This gives us the confidence in discussing further the changes
in the electronic structure in terms of the tight-binding Hamil-
tonian parameters. As Se is more electronegative than Te, the
Se p states are expected to be deeper than the Te p states.
This is examined by looking at the charge transfer energy (A),
defined as €;(Zr) — €,(X). Our results of extracted on-site
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TABLE 1. Tight-binding parameters of MX, (M= Zr and Hf;
X=Se and Te). Here, A is the charge transfer energy between
transition-metal (M) and chalcogen ion (X). Further detail can be
found in Ref. [66].

Composition A (eV) M-M bond length (A) M-X bond length (A)

ZrSe, 2.282 3.735 2.690
ZiTe, 2.141 3.908 2.894
HfSe, 3.015 2.710 2.660
HfTe, 2.332 3.846 2.856

energies show this trend (see Ref. [66]), with the A being
smaller by 0.175 eV for ZrTe, than ZrSe,. Since Zr is in
a +4 valence state in these systems, Zr has a d° electron
count. Consequently, the gap that one finds in these systems is
analogous to a bonding-antibonding splitting between the Zr
d and X p states.

For the same p-d hopping interaction strength (t) between
Zr d and Te p states, the decrease in A ingoing from ZrSe,
to ZrTe, should lead to a larger bonding-antibonding splitting
for ZrTe,. This would then lead to a larger band gap for ZrTe,
than that one found in ZrSe,. This is, of course, in contrary
to our experimental findings, and the assumption of the sim-
ilar values of ¢ in the two systems leads to this erroneous
conclusion. Moreover, the hopping interaction strengths are
expected to scale as ,%, for p-d interactions, according to the
Harrison’s empirical law [75]. Here, r is the distance between
the Zr and X ions. By examining the crystal structure of ZrTe,
and ZrSe,, we find that the Zr-Te distance (2.894 10\) larger
than the Zr-Se distance (2.690 10\). This leads to a smaller ¢ for
ZrTe, compared to ZrSe,. Therefore, in spite of decrease in
A in ZrTe,, as the smaller  dominates the electronic structure
changes, there maybe a smaller bonding-antibonding splitting.
Thus ZrTe, is a semimetal induced by the metal-chalcogen
bond length. On the other hand, with the same reasons, the
larger ¢ in ZrSe, makes it semiconducting. Further it should
be noted that the relatively larger distances of Zr-Zr, compared
to Zr-X (see Table I), seems to be having weaker effect on the
electronic structure changes unlike the cases of WTe, (17”)
and MoTe, (1T’) where the W(Mo)-W(Mo) distance, 2.857
A (2.899 A), is very much close to W (Mo)- Te distance,
2.706 A (2.699 A).

We then went on further examining to know if this is
a generic feature of the compounds from the same column
of the periodic table (group IV). For this purpose, we re-
placed Zr by Hf and performed similar calculations as dis-
cussed above. Noteworthy to mention here that the crystal
structure of both ZrX, and HfX, have 1T phase. From our
calculations, we found similar trends in the bond lengths.
That means, Hf-Te bond length is larger than that of Hf-Se
(see Table I). Thus HfTe, has smaller bonding-antibonding
splitting compared to HfSe,. This is in good agreement with

the physical properties of HfSe, and HfTe,, the former is
semiconductor with an indirect band gap of 0.9 eV [51]
and the later is a semimetal [76]. Thus, similar to ZrX,,
the electronic structure of the Hf compounds also are being
determined by the Hf d - X p interactions.

VI. CONCLUSIONS

In conclusion, we systematically studied the low-energy
electronic structure of ZrTe, and ZrSe, using angle resolved
photoemission spectroscopy and density functional theory
calculations. ARPES data of ZrTe, suggest several well dis-
connected hole and electron pockets at I'(A) and M (L) points,
respectively. From the ARPES data of ZrTe,, we realize three
holelike nondegenerate band dispersions near the I'(A) point
and an electronlike band dispersion at the M (L) point. The
experimental observations are in good agreement with the
DFT calculations. An equal number of hole and electron
carrier density as estimated from our ARPES data suggest
Z1rTe, to a semimetal. In addition, the DFT calculations of
ZrTe, in the presence of spin-orbit coupling suggest a band
inversion between Te p and Zr d characters near I point,
hinting ZrTe; to a topological semimetal. On the other hand,
from the Fermi surface topology of ZrSe,, we observe only the
electron pockets located at M (L) point, while the hole pockets
are noticed well below the Fermi level. Our studies on ZrSe,
further suggest it to a semiconductor with an indirect band
gap of 0.9 eV between I'(A) and M (L) high-symmetry points
(see Fig. S5 in Ref. [66]). Also, our calculations demonstrate
that the metal-chalcogen bond-length plays a vital role on
the electronic structure changes of ZrX, (X = Se and Te) in
such a way that an electronic phase transition takes place
from semiconductor to topological semimetal ingoing from
ZrSe, to ZrTe,. This argument is further supported by our
systematic calculations performed on another composition
(HfX,) from the same column of the periodic table. That
means, the calculations performed on Hf X, show similar bond
length trends while going from HfSe, to HfTe,.
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