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Search for new topological quantum materials is the demand of time and the theoretical prediction plays
a crucial role besides the obvious experimental verification. Divination of topological properties in already
well-known narrow gap semiconductors is a flourishing area in quantum material. In this view we revisited
the semiconductor compound in the chalcopyrite series, with a very small gap near the Fermi energy. Using
the density functional theory-based first-principles calculations, we report a strong topologically nontrivial
phase in chalcopyrite ZnGeSb,, which can act as a model system of strained HgTe. The calculations reveal
the nonzero topological invariant (Z,), the presence of Dirac cone crossing in the surface spectral functions with
spin-momentum locked spin texture. We also study the interplay between the structural parameters and electronic
properties, and report the tunable topological properties due to a very small band gap, from nontrivial to trivial
phase under the application of moderate hydrostatic pressure within & 7 GPa. A small modification of a lattice
parameter is enough to achieve this topological phase transition which is easily accomplished in an experimental
laboratory. The calculations show that a discontinuity in the tetragonal distortion of noncentrosymmetric
ZnGeSb, plays a crucial role in driving this topological phase transition. Our results are further collaborated
with a low energy k - p model Hamiltonian to validate our abinitio findings. We showed that the evaluation of

the model band energy dispersion under the hydrostatic pressure is consistent with the obtained results.
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I. INTRODUCTION

The topological phase of matter is a novel quantum phase
apart from the conventional metal or ordinary insulator, where
the quantum degrees of freedom play a tremendous role. In-
tense research efforts have been invested in understanding,
manipulating, and predicting the new topological quantum
materials from fundamental scientific interests and technolog-
ical aspects. In this search process, various kinds of systems
have been explored starting from the magnetic systems, semi-
conductors, semimetals, cold atoms, nanomaterials, as well as
the photonic crystals in the last decade for the search of novel
exotic topological phenomena [1-11]. In this current scenario,
designing and tuning any type of topological features employ-
ing topological phase transition by experimentally achievable
external perturbation is indispensable for the growth of this
field. For such progress, the theoretical studies played a sig-
nificant role in the last few years due to the advancement of
the computational methodology [12-15].

Topological insulators (TIs) are the three-dimensional
counterparts of two-dimensional quantum spin Hall insula-
tors [16—19] that are characterized by a nontrivial topological
Z, invariant associated with the gapped bulk electronic struc-
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ture [20-25] and spin-momentum locked gapless surface or
edge states with an odd (even) number of massless Dirac
cones which leads to strong (weak) TIs classification. They
have inverted band ordering due to the switching of bands with
opposite parity at high symmetry momenta of the Brillouin
zone (BZ) around the Fermi level compared to their topologi-
cal trivial phase.

It is of particular interest to identify materials for which the
band contribution from opposite parity orbitals can be tuned,
and topological properties can be switched via topological
phase transitions. In principle, the phase transitions between
topological trivial and nontrivial states can be achieved by the
external perturbations such as tuning the electronegativity or
tuning the strength of spin-orbit coupling (SOC) via substi-
tuting proper elements [19,24,26], by alloying composition or
chemical doping [27-29], or by uniform hydrostatic pressure
and strain. Pressure-induced topological phase transition have
been identified in layered materials [30,31], BiTel [32,33],
Pb;_,Sn, [34], polar semiconductors BiTeBr [35], topolog-
ical crystalline insulators [36], vdW materials MoTe, [37],
elemental Te [38], chalcogenides [39], and chalcopyrite com-
pounds like CdGeSb, and CdSnSb, [40].

In recent advancement of composite quantum com-
pounds [41], where multiple quantum phenomena occurs
simultaneously, the ternary chalcopyrites of composition
[-1II-VI, and II-IV-V, become very much relevant as it
provides a unique platform to host multiple topologically
exotic phases [42] along with the thermoelectricity [43,44],
superconductivity [45], topological shift current [51], spin
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crossover phenomena [46], antiferromagnetism, and many
more. Few of them can be realized as the topological insulator
or Weyl semimetals in their native states [42,47]. Room tem-
perature ferromagnetism can also be found in chalcopyrites
by magnetic doping in addition to the topological nontrivial
phases [48-50]. Very recently, photovoltaic phenomena re-
lated to the Berry phase of the constituting electronic bands
were established in chalcopyrite compound ZnSnP, [51]. Not
only in the field of condensed matter physics, but small-gap
chalcopyrites have also been investigated in detail in the
context of detection of the dark matter of the universe [52].
The wide availability of chalcopyrite semiconductors and the
control of topological order via tuning lattice parameters,
hydrostatic pressure, and chemical doping opens new possi-
bilities for this family’s ideal platform to further investigate
the novel topological quantum phenomena.

Motivated by the above issues, we focused here on a
chalcopyrite compound ZnGeSb, which has a very small pos-
itive (Er, — Er,) band gap. From the literature it is known
that the ZnGeSb, has been investigated in the context of
the thermoelectricity [43,44], photovoltaic effect [51], anion
heterojunction [53], and topological phases [42]. However, the
study on the topological properties of ZnGeSb, is minimal
and not conclusive. One of the reports [42] show it as a
trivial semiconductor but far from indenting topological sig-
natures. Another piece of literature says it has a massive Dirac
state [43]. From the perspective of the composite quantum
materials, it will be very interesting if one can find conclusive
evidence of the topological phases in this material, which will
open up a distinctive playground to understand the interplay
of the thermoelectric properties and the topological properties
of the bands. Very recently efforts have been invested in this
direction to understand this interplay in the different classes of
materials [54-59], however, they are very limited and plenty
of scopes are there.

Structurally these chalcopyrites can be viewed as strained
HgTe, which crystallizes in the zinc-blende lattice structure.
The atomic positions (Wyckoff positions) in a material depend
on the symmetry of the systems followed by the space group
of the materials family. Chalcopyrite series compounds are
such materials where the Wyckoff positions depend on the
constituent atom in that material. In this series of materials,
each anion has two different cations as nearest neighbors. This
leads to the structural distortion compared to the ideal HgTe
structure, which is determined by both the lattice parame-
ter’s ratio and the internal displacement of the anions (anion
shift) towards one of the cations as compared to the ideal
zinc-blende sites. So both the lattice parameters and atomic
positions are important parameters to determine its ground
state structure and, consequently, the properties whether it is
in a topological nontrivial or trivial state.

In the present study we have investigated the topologi-
cal signatures of ZnGeSb, in great detail for the ambient
phase and the high-pressure phase. After the identification
of the pressure-driven novel superconducting phase in the
chalcopyrite material ZnSiP, [45], it would be worth it to
do a pressure-driven investigation of the topological phases
for the chalcopyrite family, specifically for ZnGeSb,, where
the electronic band gap is very small and susceptible under
pressure. Our calculated results show that the parent ambient

phase of ZnGeSb, is a strong topological insulator with a
negative band gap, nonzero topological index (Z, number),
odd numbers of Dirac crossing in the surface function, and
spin-momentum locking with 27 Berry phase. By the applica-
tion of the uniform moderate hydrostatic pressure (~7 GPa),
the band gap between I'¢ and I's gets flipped compared to
the ambient pressure phase and undergoes a topological phase
transition from the topological insulating phase to the trivial
band semiconductor. We also correlate the topological phase
transition with the structural modification in terms of the
delicate balance in the lattice parameters and the anion po-
sition displacements, which translates into the variation of the
tetragonal distortion of the crystal. We found that although
there is no structural phase transition, the discontinuous jump
of the tetragonal distortion (Su) and the anion displacement
(x) happens exactly at the phase transition pressure. We also
analyzed our results in terms of the low energy k - p model
Hamiltonian approach considering the symmetry of the sys-
tems. We found that one can understand the topological phase
transition under pressure associated with the change in the
sign of the mass terms in the Hamiltonian, which is consistent
the ab — initioband inversion results. Since this material is not
yet synthesized experimentally, it is worth doing a detailed
theoretical investigation to understand the physical properties,
which will act as a guiding factor for the experimentalist and,
as per the best of our knowledge, the detailed microscopic
understanding of the possible signatures of the topological
phases of ZnGeSb, are still lacking in the literature.

II. CALCULATIONS METHODOLOGY

Density functional theory (DFT) based electronic struc-
ture calculations were performed using the local orbital
basis set in the full potential framework as implemented
in the FPLO code [67,68] as well as for structural aspects
through the plane-wave basis set based on a pseudopo-
tential framework as incorporated in the Vienna abinitio
simulation package (VASP) [61,62]. The generalized gra-
dient exchange-correlation approximated (GGA) functional
was employed following the Perdew-Burke-Ernzerhof (PBE)
prescription [60]. We also crosschecked our calculation us-
ing a different exchange correlation functional, such as local
density approximation (LDA), and found that, though the
optimized lattice parameters are different than the PBE calcu-
lations, however, the results regarding the topological features
of the band structure remains unaffected. For the plane-wave
basis, a 600 eV cutoff was applied. Since the experimental
crystal structure is not available for this material, the struc-
tural optimization was performed by relaxing both a and ¢
lattice parameters and the internal atomic positions (Wyckoff
positions) of all the atoms toward the equilibrium until the
Hellmann-Feynman force becomes less than 0.001 eV/A. We
also crosschecked the obtained optimized lattice parameters
(a and c) and the Wyckoff positions through the energy min-
imization method as shown in Fig. 4. A k-point mesh of
6 x 6 x 4 in the Brillouin zone was used for the calculations.
All the structures were optimized and the self-consistent cal-
culations were converged with a tight convergence threshold
for the energy (1077 eV).
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FIG. 1. Unit cell of the (a) body-centered tetragonal ZnGeSb, and (b) HgTe. The associated symmetry axes and planes are also shown
by line and shade, respectively. Calculated GGA+SOC band structures along the high symmetry line in the BZ with (c) artificial structure of
ZnGeSb,, where n = 2, with éu = 0, and (d) and (e) with real distorted tetragonal crystal of ZnGeSb, for ambient structure and high-pressure
structure, respectively. (f)—(i) The calculated GGA+SOC orbital projected band structure of Sb atoms. (f) and (g) Parent phase (topological
nontrivial), (h) and (i) High-pressure (topological trivial) phases of ZnGeSb,, respectively, for the the projected bands of Sb-5s and Sb-5p;,.
The bands for the Sb-5p, and Sb-5p. orbitals are similar to Sb-5p, for both phases, shown in Fig. 6. I'¢ and I'g band characters are marked in
the figure and the band inversion in topological phase happens between 5s (I'g) and Sp (I'g) orbitals at the I point in the BZ. Fermi energy set

at zero on the energy axis.

The tight-binding model is constructed with the Wannier
function basis set to investigate its topological properties.
Wannierization is an energy selective method that produces
the low energy, few orbital Hamiltonian defined in the ef-
fective Wannier function basis by integrating out the degrees
of freedom that are not of interest through the renormal-
ization method. For our downfolding calculations, therefore,
we have kept only Sb s and p orbitals as active degrees
of freedom in the projection and downfolded all the other
degrees of freedom. The Wannier interpolated bands, Z, in-
variant, Wannier charge centers (WCCs), surface states, and
the spin textures were calculated using Wannier90 [63-65]
and WannierTool [66] starting from full DFT calculations.
The reliability of the calculations and the results has been
crosschecked in the other basis set using the full potential
method as implemented in FPLO [67,68]. We also calculate
the Z, invariant using the Wannier-center algorithm within
FPLO (full-potential local-orbital minimum basis) [67,68].
The obtained electronic structure resulting from two differ-
ent basis sets are consistent with each other, confirming the
robustness of our analysis. We analyzed our results through
the model Hamiltonian approach based on the the the k - p
methodology [69-72] using the symmetries of the system.
This 4 x 4 model Hamiltonian provides an accurate descrip-
tion of the valence and the conduction band near the Fermi
energy in the high symmetry k points of the BZ.

III. CRYSTAL STRUCTURE AND SYMMETRY

ZnGeSb; crystallize in the body-centered tetragonal struc-
ture, which in the chalcopyrite phase has a space group 742d
(No. 122). Structurally it is a superlattice of a zinc-blende
structure, like ideal HgTe, doubling the unit cell along the
crystallographic z direction. In the ZnGeSb,, each anion Sb
has two Zn and two Ge cations as nearest neighbors as shown
in Fig. 1(a). Due to dissimilar atoms as neighbors, the anion
acquires an equilibrium position closer to one pair of cations

than to the other. The Wyckoff positions of the different atoms
in the tetragonal unit cell are: Zn atom at (0, 0, 0); Ge atom
at (0, 0, 0.5), and Sb atom at (x, 0.25, 0.125), where x is the
anion displacement parameter. The full structural optimiza-
tion calculations and the energy minimization of the structural
parameters (shown in Fig. 4) gives us the lattice parameters
a=6.20 10\, c=12.33 A, and the anion displacement pa-
rameter turns out to be x = 0.2454. Since this compound is
not synthesized experimentally yet, it is very important to
examine the thermodynamic and dynamical stability of the
optimized structure. To the best of our knowledge, none of
the previous calculations of the materials analyzed this stabil-
ity factor through the phonon modes. The calculated phonon
density of states with an absence of any imaginary frequency
phonon mode and the Helmholtz free energy, as shown in the
Fig. 5, confirm the stability of the structures both dynami-
cally and thermodynamically. The internal displacement of
the anion in chalcopyrite compounds of general form ABC,
is defined as du = (R3. — R3)/a* where Ryc and Rpc are
the bond lengths between the anion C and its two nearest
A and B cations [47], respectively. In the most general case
of chalcopyrite, x # 0.25 and n # 2, where n = c¢/a, a and
c are the lattice parameters. and du measures the tetragonal
distortion and is responsible for the breaking of the inversion
symmetry in ZnGeSb,. The noncentrosymmetric ZnGeSb,
crystal has two twofold screw rotation symmetries along C, (x)
and C,(y), respectively, and two glide mirror symmetries M,,
and M,_,, in addition to that of the pure twofold rotational
symmetry along C,(z).

In the case of the binary compound with zinc-blende struc-
ture (i.e., the cubic symmetry), the x is 0.25 and n = c/a = 1.
The zinc-blende HgTe superlattice can be regarded as a model
chalcopyrite like ABC, with A =B =Hg,C=Te,n =2, and
du = 0. Interestingly, in the chalcopyrite, the cubic symmetry
is broken due to the tetragonal distortion (n # 1) and the
internal displacement (§u # 0). Therefore, ZnGeSb, can be
thought of as the strained HgTe [see Fig. 1(b)].
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IV. ELECTRONIC BAND STRUCTURE

The calculated electronic SOC band structures are shown
in Figs. 1(c)-1(e) along the high symmetry lines in the BZ
with I" point which is the point of interest to study the topolog-
ical features in our case. In an ideal zinc-blende structure with
cubic symmetry as found in HgTe (6u = 0, x = 0.25, n = 1),
the p orbital symmetric fourfold degenerate I'g states of total
angular momentum J = % lies above the s orbital symmetric
twofold degenerate ¢ and I'; states of total angular momen-
tum of J = %

To understand the band topology relating to the breaking of
symmetry and tetragonal distortion, we did a model calcula-
tion by considering a hypothetical structure, where anion (Sb)
Wyckoff position x = 0.25 and setting n = 2 (n = c¢/a, where
a and c are the exact lattice parameters of ZnGeSb, obtained
through the structural optimization in the ambient structure)
as shown in Fig. 1(c). In this hypothetical structure, éu = 0,
i.e., without tetragonal distortion and the same space group,
keeps the constant point group symmetry of the structure. The
fourfold degeneracy of I'g is protected when n = 2. The Dirac
cone type feature at I" point at the Fermi energy, is similar to
that of the case of HgTe with n = 2. However, the ZnGeSb,
formed in a chalcopyrite structure of tetragonal unit cell where
n # 2 and x # 0.25, the fourfold degenerate light-hole and
heavy-hole subbands of I's states were lifted and typically
formed the top set of the valence bands and the bottom set of
the conduction bands at I' point above Fermi energy as shown
in Fig. 1(d). In ZnGeSb,, Er, — Er, (= —0.6 V) is less than
zero, which indicates its topological nontrivial nature in the
native ambient structure phase. Since the local gap at I" point
between ['¢ and I'g bands is very tiny, any moderate level of
external perturbation may flip the band ordering at the I point
in the BZ. With this motivation, we applied uniform hydro-
static pressure to the parent structure of ZnGeSb, keeping the
space group symmetry (/42d) unaltered.

The calculated band structure with SOC in the high-
pressure case is shown in Fig. 1(e). We found that at about
moderate uniform hydrostatic pressure (7 GPa), the topolog-
ical band ordering at I point in the BZ gets flipped, i.e., after
applying pressure, ['¢ and I's form the bottom of the conduc-
tion band and the top of the valence band, respectively, making
the Er, — Er, > 0 with band gap nearly 4-0.2 eV as shown in
Fig. 2(c). Therefore, ZnGeSb, undergoes topological phase
transition from topological nontrivial to trivial topological
phase by the flipping of I'¢ and I's bands ordering as a function
of applied external uniform hydrostatic pressure like pertur-
bation. To understand the evolution of band structure across
the topological phase transition mediated through hydrostatic
pressure, we compared the orbital projected band structures
for the parent (topologically nontrivial) and high-pressure
(topologically trivial) phase of ZnGeSb, in Figs. 1(f)-1(i).
The calculations show that the Sb atom’s contribution domi-
nates near the Fermi energy, with the small contribution of Ge
atoms. We have shown the orbital contribution of Sb atoms
of ZnGeSb, for both parent and high-pressure phases for the
sake of clarity to identify the band inversion. In the parent
structure phase, at the I point of the BZ, the valence band
maximum (VBM) has the major contribution from the Sb-5s
orbital, forming the I'¢ bands, whereas the conduction band
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FIG. 2. (a) and (b) The variation of the tetragonal distor-
tions Su as a function of applied external hydrostatic pressure.
The inset in (b) represents the deviation of Sb atomic posi-
tion from ideal x = 0.25 as a function of external pressure.

Structural data are calculated via structural optimization at the

— 2_ _ 2 _ 2 _ _ 2
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a
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WIM. (c) The calculated Er, — Er, and Z, invariant
quantities (y¥; y12y3) of ZnGeSb, as a function of applied hydro-
static pressure (and corresponding volume of the unit cell) show
the topological phase transition at ~6—7 GPa. It is in topological
nontrivial phase for Er, — E, < 0 and topological trivial phase for
Er, — Er, > 0. Insets show the I'¢ and I's bands positioning before

and after phase transition.

and dus =

minimum (CBM) has the major contribution from Sb-5p,and
Sb-5p, and a minor contribution from Sb-5p, orbitals forming
the ['s bands. However, on the contrary, in the high-pressure
phase, the VBM and CBM are formed by the Sb-5p and
Sb-5s orbitals, respectively, which suggests that at the I'
point the bands get inverted compared to the parent phase.
Therefore, from our calculations, it confirms that the relative
weights of the Sb-5s and Sb-5p are inverted between the par-
ent ambient phase and high-pressure structure phase, leading
to a topological phase transition between the parent ambient
topologically nontrivial phase (where Er, — Er, < 0) to the
high-pressure topologically trivial phase (where Er, — Er, >
0), which is exactly similar to that of the HgTe/CdTe quantum
well [19,24,26]. These preliminary evidences of tuning of
the topological features under the application of the uniform
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TABLE I. Optimized lattice parameters for the tetragonal unit
cell and the corresponding pressure used in the calculations.

a (A) c (A) Pressure (GPa)
6.20 12.33 0

6.14 12.21 1.4623
6.08 12.08 3.1789
6.01 11.96 4.9569
5.95 11.84 7.2276
5.89 11.71 9.9730
5.83 11.59 12.9749
5.77 11.47 16.0528

hydrostatic pressure further motivates us to analyze the topo-
logical signatures, in detail.

V. TOPOLOGICAL INDEXES: THE Z, NUMBERS

To ensure the topological character and phase transition,
we calculated Z, invariant quantities for both parent ambi-
ent phase and the high-pressure phases. The corresponding
energy difference between I's and I's bands (Er, — Er,) as
a function of external pressure has been plotted as shown
in Fig. 2(c). The light-hole and heavy-hole subbands of I'g
symmetry is separated by a small local energy gap at I" point.
Therefore, Z, topological invariance can still be defined for
the valence bands as they are separated from the conduction
bands by local energy gap in the BZ zone around I" point. We
found that the Er, — Er, is <O [top inset Fig. 2(c)] and Z,
invariant quantities (y; y1y2y3) are (1;000) up to the pressure
~6-7 GPa, which indicates its strong topological nature (y is
the strong topological index and y; are the three weak topo-
logical indices). However, as the pressure increases, the major
s-like I'¢ symmetry bands rise above the I'g bands leading
to the Er, — Er, > 0 [see bottom inset Fig. 2(c)]. The Z,
invariant quantities merged with the topologically trivial value
of (0;000), indicating that ZnGeSb, became a topologically
trivial semiconductor by applying moderate hydrostatic pres-
sure. However, increasing pressure further above ~10 GPa,
the linear trends of Ep, — Er, follow a downturn. This is
associated with the crossing of the top of the valence band
(I'g) above the Fermi level [see the bottom inset of Fig. 2(c)].
The optimized lattice parameters and corresponding pressures
are listed in Table I in Appendix E.

An interesting point to be noted is that this topological
phase transition in ZnGeSb, from topological nontrivial to
trivial phases is not due to the breaking of time-reversal sym-
metry; rather it is protected by time-reversal symmetry. The
first hypothetical band structure [Fig. 1(c)] mimics the two
times supercell of an ideal cubic HgTe system. By reduc-
ing the symmetry of these hypothetical structures further, by
setting n # 2 and x # 0.25, we eventually have the actual am-
bient structure of ZnGeSb, [Fig. 1(d)], which has substantial
tetragonal distortions as defined in terms of §u’s.

Point to be noted is that the calculated Z, invariant quanti-
ties (1;000) (y; y1y2y3) for both hypothetical band structures
and the original band structure of ZnGeSb, are topologically
nontrivial and the reduction of symmetry does not mess up the
topological Z, invariant characters. For clear visualization we

have shown the evolution of the Wannier charge center (WCC)
which is nothing but the Wilson loop shown in Fig. 8. The
continuous evolution of WCC governed by time-reversal (TR)
symmetry represents a nonzero topological index, opposite to
it, which can be considered a normal insulator. In the par-
ent state of ZnGeSb,, the K, = 0.5, K, = 0.5, and K, = 0.5
planes have zero Z, invariant, while K, = 0 plane is nontrivial
as shown in Fig. 8. For K, = 0 plane, the WCC crosses the
reference line for an odd number of times, which results in
Z> = 1. So the topological indices for ZnGeSb, are (1;000).

Here Vo = Z2(KZ = OO) = 1, V) = ZZ(KX = 05) =
0,v, =2(K, =0.5)=0, and v3=27(K,=0.5)=0,
as shown in Fig. 8. Under hydrostatic pressure, all K, = 0,
K, =05, K,=0.5, and K, =0.5 planes have zero 7,
invariant. So the topological indices for ZnGeSb, under
pressure are (0;000), as shown in Fig. 8.

VI. SPECTRAL FUNCTION AND DIRAC CROSSING

To elucidate our results, we also calculated the spectral dis-
tribution at the surface of the semi-infinite slab of ZnGeSb,.
Dirac type gapless crossing in the spectral function is a vital
hallmark for identifying the topological state and can check
the firmness with our previous out-turn of bulk bands. We
used Greens function techniques as implemented within the
WannierTool [66] for extracting the tight-binding model using
maximally projected Wannier functions (WFs). The surface
states (SS) emerging from the conduction band (CB) and
valence band (VB) exhibit a Dirac-like crossing at the " point
in the BZ, as shown in Fig. 3(a), which further ensures the
strong topological character in ZnGeSb,. We also calculated
spectral distribution at high pressure (7.22 GPa), as shown
in Fig. 3(b), where there are clear gaps between valence and
conduction bands near the Fermi energy and the absence of
any gapless surface states, which further ensure a topolog-
ically trivial band insulating phase, at high pressure. This
establishes the topological and trivial character in the parent
and high-pressure phase in ZnGeSb,. To verify the surface
Dirac cone, we also calculated the spectral distribution at
the surface time-reversal invariant momenta (TRIM) points
scanning the whole BZ in ZnGeSb, via Greens function tech-
niques as implemented within the PYFPLO module [67,68].
This establishes the strong topological character as surface
states have an odd number of Dirac crossings in the parent
phase, which goes away at high pressure (see Fig. 9). This
ensures the topological phase transition at high pressure in
ZnGeSb,.

VII. SPIN-MOMENTUM LOCKING AND BERRY PHASE

The topological nontriviality can be described in the lan-
guage of spin-momentum locking and the adiabatic quantum
phase factor, i.e., the well-known Berry phase, which is
picked up during the cyclic adiabatic change of the Hamil-
tonian [73,74]. Not only that, the spin-momentum locking
influences a new type of novel transport phenomenon, robust
against impurity scattering and shows weak antilocaliza-
tion [75]. We also found the signature of the existence of
the spin-momentum locking [inset of Fig. 3(c)] in the spin
texture at the parent ambient phase and the absence of it in the
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FIG. 3. The surface spectral distribution along the surface BZ for topological (a) nontrivial (ambient pressure) and (b) trivial phases (high
pressure). Zero in the energy scale is set at the Fermi energy. (c) and (d) The calculated Berry curvatures and the spin textures for topological
nontrivial (parent phase) and trivial phases (high pressure), respectively. Band dispersion obtained from H (k) for (e) My < O which is in
topological phase and (f) M, > 0 which is in nontopological phase. ZnGeSb, (g) My = —0.02 eV and (h) M, = 0.05 eV. The inset of figure (g)

corresponds to My = 0.

high-pressure phase. In the ambient phase of ZnGeSb,, the
spin-momentum locking ensures two pairs, o, k and —o, —k,
where k is the momentum and o is the spin vector pro-
tected by time-reversal symmetry. In other words, we can
say that two opposite pairs at the conical dispersion of Dirac
cones protected by TR symmetry reflect via spin-momentum
locking. Hence, the surface state also agrees well with this
result. Therefore, it can be said conclusively that the ambient
structure is a strong topological insulator and high-pressure
structure is a trivial state of insulator.

We have calculated the Berry phase integrating over Berry
curvature in our case. The calculated Berry phase for the
parent phase of ZnGeSb;, is very close to 2w (1.9957), which
drops down close to zero (0.0107) at about 7 GPa, which
suggests that there is a topological phase transition from the
topological nontrivial phase at parent phase to the topological
trivial band insulating phase at high pressure. To characterize
the topological phase in more detail, we have also calculated
the Berry curvature and spin texture for the parent and high-
pressure phases as shown in Figs. 3(c) and 3(d), respectively.
The figures clearly show the changes in Berry curvature by
applying the pressure.

VIII. LOW-ENERGY EFFECTIVE MODEL

The topological nature and its effect under hydrostatic
pressure in ZnGeSb; is determined by the physics near the
' point. Therefore, we have constructed a low-energy effec-
tive k - p model Hamiltonian considering time-reversal (7)
and spatial [C>(x), Co(y), Ca(z), and M,,] symmetries [76] in

7ZnGeSb2. The 4 x 4 Hamiltonian is constructed on the basis
of [Te, I's; £1/2) = |5, 1) and |I's; £3/2) = |(px £ ipy, 1|
) of Sb atom. In such a basis set, the Hamiltonian can be
written as

M(k) A(k) 0 —B*(k)
A Mm@ B 0

HO=1"0" By Mmoo axw [ @
_Bk) 0 AK)  —M(K)

with M(K) = My — Mik? — Mok?, A(K) = A(k? — kyk_),
B(k) = Bkyk,, ki = k. £ ik,. So the parameters of the low
energy effective model are My,, A, and B in which M|, de-
termines the topology of band structure. This is equivalent to
Dirac mass parameter [26,77] and corresponds to the energy
difference between basis orbitals. Other parameters are kept
fixed in our calculation to reproduce the topological transi-
tions (M; =1.0eV A2, M, = —1.0eV A2, A=1.0eV A2,
and B = 1.0 eV A?). The system is in a topological insulating
phase when MyM; < 0 and in normal insulating phase when
MoM; > 0 as shown in Figs. 3(e) and 3(f). The condition
of MyM, = 0 is equivalent to the massless Dirac semimetals
description, though the bands have a different physical inter-
pretation.

These situations are similar to the topological phase
transition under hydrostatic pressure presented above in
Figs. 3(e)-3(h). Such a transition is driven by the sign change
of the mass term (Mj) in the three-dimensional Dirac equa-
tion, which is the theory of the topological phase transition
between the topological nontrivial and trivial insulators. The
topological phase in ZnGeSb, occurs in the inverted regime
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where Er, — Ery, < 0 and Z, = (1;000), then My < 0. The
topological band ordering can be continuously tuned via
moderate hydrostatic pressure until Er, — Er, > 0 and Z, =
(0; 000). Then the mass term M, is getting flipped from a neg-
ative to a positive value, i.e,, My > 0 [see Figs. 3(g) and 3(h)].
This corresponds to a phase transition from topological metal-
lic state to a normal insulating phase in ZnGeSb,.

IX. DISCUSSION AND CONCLUSION

The application of the hydrostatic pressure leads to the
topological phase transition, which can be understood from
the evolution of the tetragonal distortion. Under the appli-
cation of the hydrostatic pressure, the structural tetragonal
distortion decreases, which is quantified by éu terms. The
bond lengths and corresponding du’s are shown in Figs. 2(a)
and 2(b). The du decreases, i.e., the strength of tetragonal
distortion decreases if we increase pressure. The distortions
Sdu; show monotonic fall and §u, and Su; show monotonic
rise with pressure, respectively, however, the §u’s have a dis-
continuous jump at the same pressure range where the band
ordering of I's-I'¢ switches, i.e., at the topological phase tran-
sition point. We also found that the increase and jump of the
distortions nicely corresponds to the deviation of the Sb atom
positions from the ideal value of x = 0.25 in the ZnGeSb; in
the body-centered 142d structure, as clearly shown in the inset
of Fig. 2(b).

Apparently our findings contradict the results shown in the
previous report [42]. Points to be noted here are that, for the
chalcopyrite class of materials, both a and c lattice parameters
are crucial along with the anion displacement parameter, i.e.,
the Wyckoff coordinate (x) of the Sb atom in determining the
physical properties. We found that the previous [42] studies do
not incorporate the effect of the lattice parameter ¢ and the an-
ion displacement factors during the structural evaluation and
in the electronic structure. The obtained lattice parameter a in
Ref. [42] is in quite good agreement with the value obtained
by our calculations; however, we also mentioned the lattice
parameter ¢ and free Wyckoff coordinate (x) of the Sb atom
obtained through our structural optimization and the energy
minimization as shown in Fig. 4 (Appendix A). The calcula-
tions also show that by keeping the lattice parameter a fixed,
if one changes the lattice parameter ¢ by around 10%, then
the electronic structure of the ZnGeSb, becomes topologically
trivial, as shown in Fig. 7, which confirms the importance of
the determination of lattice parameter ¢ in determining the
topological properties.

In conclusion, ZnGeSb, is a strained HgTe whose topo-
logical band ordering can be tuned by the applications of
a moderate perturbation. The parent phase of ZnGeSb, is a
strong topological nontrivial state [Z, = (1;000)] with an odd
number of surface states crossing in the surface BZ. By ap-
plication of moderate uniform hydrostatic pressure (27 GPa),
ZnGeSb; undergoes a topological phase transition to the topo-
logically trivial band insulating phase followed by normal
metal. The topological phase transition is also associated
with the tetragonal distortions (§u) in ZnGeSb,. With in-
creasing the pressure, the structural distortion parameters (§u)
are decreasing and at the critical pressure of the pressure
transition, there is a jump in the Su. The topological phase
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FIG. 4. Total energy calculations as a function of the lattice pa-
rameters (a) a and (b) c, respectively. (c) Total energy calculations
as a function of the Wyckoff free coordinate x of the Sb atoms.
Energetically minimized values are marked by the dotted vertical
lines in each plots.

transition is associated with the change in the wave function
parity of I'¢-I's band and the sign of the mass term at the
I' point in the BZ caused by the structural distortion. The
odd number of Dirac crossing in the surface spectral function
and the spin-momentum locking makes ZnGeSb, very use-
ful for studying the interplay effect in future for topological
transport [79,80].

Our theoretical results not only predict many existing
properties in a material from the chalcopyrite family hav-
ing low band inversion strength, but also shows how the
complex interplay between structural parameters (as anionic
Wyckoff position depends on structural parameters for this
family) and properties leads to topological phase transition
in noncentrosymmetric ZnGeSb, which can be exploited to
overcome the challenges and limitations for its realization of
topological signature in experiment using state-of-art equip-
ment taking pressure as a probe [35,81]. Also as ZnGeSb,
breaks inversion symmetry, it is possible to generate the non-
linear Hall effect due to the Berry curvature dipole in its
topological phase [82,83]. The nonlinear phenomenon can be
thought of as a current-induced anomalous Hall effect and
can be utilized as an energy-harvesting mechanism based on
the anomalous Nernst and photovoltaic effect [84]. This part

125112-7



SADHUKHAN, SADHUKHAN, AND KANUNGO

PHYSICAL REVIEW B 106, 125112 (2022)

is beyond the scope of our current paper and is a subject
of future study. We believe that our detailed and system-
atic study on a topological quantum material ZnGeSb, from
the chalcopyrite family paves the way for future experimen-
tal and theoretical exploration, and will be of interest to
a wide range of theorists and experimentalists within the
condensed matter community for its potential application
in the field of anomalous photovoltaic and thermoelectric
response.
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APPENDIX A: ENERGY MINIMIZATION CALCULATIONS
OF STRUCTURAL PARAMETERS

Energy minimization of structural parameters viz. lat-
tice parameters a, ¢, and free Wyckoff position of the Sb
atoms as described in Sec. II, shown in Fig. 4. The detailed
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FIG. 5. The calculated phonon density of states for the (a) parent
structure and (b) high-pressure structure are shown. The inset of
the two panels shows the calculated entropy (solid line) in the unit
of J/K mol and the Helmholtz free energy (dotted line) in unit of
kJ/mol.
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FIG. 6. (a) and (b) Ambient (topological nontrivial) and (c) and
(d) high-pressure (topological trivial) phases of ZnGeSb,, respec-
tively, for the the projected bands of Sb-5p, and Sb-5p_, respectively.
I's band characters are marked in the figure and the band inversion
in topological phase happens between 5s (I'¢) and 5p (I's) orbitals at
the T" point in the BZ. Fermi energy set at zero on the energy axis.

first-principles calculations are done with this optimized and
energy minimized structural parameters.

APPENDIX B: THERMODYNAMIC AND DYNAMICAL
STABILITY

In order to establish the calculated results, the sta-
bility of the compound is very important to examine.

N W
'/\

[«})
N

?

J)J

v

Energy (eV)
o o

FIG. 7. The orbital projected bands of (a) Sb-s and (b) Sb-p,, for
the ZnGeSb,, with 10% reduced c lattice parameter, keeping a the
same as that of the equilibrium value of the lattice parameter. Fermi
energy set at zero on the energy axis.
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FIG. 8. The flow chart of the average position of Wannier charge
centers (WCCs) obtained by the Wilson-loop method for the high-
est occupied valence band for parent state (top panel, (a)—(d)) and
high-pressure phase (bottom panel, (e)—(h)) of ZnGeSb,. (a) (d)
and (e)—(h) are the calculated WCC for ambient and high pressure
phases respectively for the four time-reversal invariant planes K, =
0.0, K, =0.5,K, = 0.5, andK, = 0.5, respectively.

It becomes very necessary when the material is not yet
synthesized experimentally. Therefore, we examine the dy-
namical stability through the calculated phonon density of
states, whereas the thermodynamic stability via calculating
the Helmholtz free energy and the entropy as shown in
Fig. 5. We have calculated the phonon frequencies via fi-
nite displacement method using the first-principles derived
Hessian matrix. The thermodynamic quantities can be ob-
tained through the phonon energy by integrating the phonon
frequencies over the entire Brillouin zone under harmonic
approximation [78].

The calculations show that the absence of any imaginary
frequency mode in the phonon density of states confirms the
dynamical stability of the both parent and high-pressure phase
of ZnGeSb,. Moreover, the calculated Helmholtz free energy
remains negative in the entire temperature range, whereas the
entropy of the system increases with the temperature, suggest-

Energy (eV)

P r M A P
FIG. 9. Spectral distribution along the surface Time-reversal in-

variant points (TRIM) points for topological nontrivial (ambient

pressure). Inset shows TRIM in the BZ in ZnGeSb, and its surface

projection. The dotted boxes are shown at the places of the Dirac
crossing in the spectral function.

ing thermodynamic stability for both parent ambient phase as
well as the high-pressure phase.

APPENDIX C: PROJECTED BAND STRUCTURES FOR
AMBIENT AND HIGH-PRESSURE PHASE

This Appendix shows the projected bands of Sb-5p, and
Sb-5p, in ZnGeSb, at both topological and trivial phases, as
shown in Fig. 6. Figure 7 ensures that the lattice parameter
¢ along the easy axis is an important structural parameter in
determining the ground state whether it is in topological or
trivial phase. 10% reduction of lattice parameter c, keeping the
other structural parameters the same as that of the equilibrium
value, ZnGeSb, switches to trivial phase from its topological
ground state.

APPENDIX D: WANNIER CHARGE CENTER
CALCULATIONS AND SURFACE STATES

Here we calculate the topological Z, invariant for non-
centrosymmetric crystal ZnGeSb, using the Wannier charge
center (WCC) algorithm as shown in Fig. 8. The tight-binding
model has been extracted using maximally projected Wannier
functions (WFs) for the Zn-3d, Ge-3d, Ge-4s, Ge-4p, and
Sb-5p orbitals. The topology comes at I point where band
inversion happens from this band for which we are inter-
ested to calculate Z, in ZnGeSb,. The WCC are calculated in
momentum space by considering four time-reversal invariant
planes K, =0.5, K, =0.5, K; = 0.5, and K; =0.0 in the
three-dimensional BZ. For example, the K, = 0.0 plane goes
through the origin and spanned by reciprocal lattice vector
G1-G3, whereas K, = 0.5 plane goes through the Gz and
spanned by reciprocal lattice vector G1-Gy.
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The calculated spectral distribution at the surface time-
reversal invariant momenta (TRIM) points in ZnGeSb,. The
surface states (SS) emerging from the conduction band (CB)
and valence band (VB) at I point in the BZ cross an odd
number of times (5 times of Dirac crossing) shown in Fig. 9
which ensures the strong topological character. Point to be
noted that the crossing do not always appear at the TRIM
points due to the breaking of inversion symmetry in ZnGeSb,
structure.

APPENDIX E: DETAILS OF THE OPTIMIZED LATTICE
PARAMETERS

We have shown the optimized lattice parameters and the
corresponding pressures in Table 1.
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