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1 Introduction

A first-principles investigation of pressure induced
topological phase transitions in half-
Heusler AgSrBi

? Prafulla K. Jha, (2 *@

C
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@ Raghottam M. Sattigeri,
© and Brahmananda Chakraborty

Topological insulators (Tl) are materials with novel quantum states and exhibit a bulk insulating gap,
while their edge/surface is conducting. This has been extensively explored in several half-Heusler (HH)
compounds. In the present work we employ first-principles calculations based on density functional
theory to perform thorough investigations of pressure induced topological phase transitions (TPT) in HH
AgSrBi which belongs to the F43m space group. AgSrBi is intrinsically semi-metallic in nature which
under isotropic pressure exhibits a semi-metal to trivial insulator transition while retaining the cubic
symmetry. Also, we observe that this phase of AgSrBi is dynamically stable at extreme pressures as high
as ~23.5 GPa. However, on breaking the cubic symmetry we observe the much desired Tl nature after a
non-trivial phase transition from a semi-metal to Tl. We also explore the effect of lowering the crystal
symmetry along with dimensional confinement in realizing a two-dimensional (2D) TI, AgSrBi, which is
done by cleaving the [111] crystal plane. We perform a qualitative analysis of the electronic properties to
understand the origin of this non-trivial behavior in the bulk and 2D phases of AgSrBi. This is
accompanied by a quantitative analysis of the Z, invariants and surface/edge state spectra, which further
confirms the Tl nature of AgSrBi. Hence, we propose the bulk as well as 2D phase of AgSrBi as a
dynamically stable Tl which can be used as ultra-thin films for thermoelectric, spintronic and
nanoelectronic applications.

makes these conducting surface states topologically robust
against external perturbations. Such behavior was initially

The discovery of the quantum spin hall effect (QSHE)" and the
governing topological properties of a material have sparked a
lot of interest in the exotic and non-trivial phases of matter
such as topological insulators (TI), Dirac semi-metals, nodal-
line semimetals, etc.>”” Followed by the theoretical prediction,
the experimental realization of such materials has opened up
numerous avenues from the application point of view which
is not just restricted to spintronics and quantum computations,
but also extended to thermoelectricity, superconductivity,
etc.*'° TI are essentially insulating in the D dimension and
conducting in the D-1 dimension, ie., in a three-dimensional
regime, the bulk is insulating but the surfaces are conducting
in nature. This is by virtue of the time reversal symmetry which
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observed in the bulk quintuple layered system Bi;_,Sb,,'"'?
which was preceded by numerous other compounds with
similar structures such as Bi,Te;, Sb,Te;,"® etc. However, the
search for such non-trivial topological properties was also
conducted in other crystal structures such as binary com-
pounds of group IV-VI compounds, magnetic compounds such
as AMgBi (A = Li, Na, K)'*"* and full- and half-Heusler (HH)
compounds (which are also known for their thermoelectric,
piezoelectric, magnetic and superconducting properties).*®>*
The exciting possibility of multifunctional properties along
with TI properties makes HH materials ideal candidates from
the application point of view. HH compounds also exist in
different polytypes such as hexagonal, orthorhombic, cubic,
etc.>® However, the cubic structure belonging to the F43m space
group is widely explored from the topological perspective since
the zinc blende sub-lattice gives rise to band orders that are
similar to those of HgTe because they are connected via
topological adiabatic connection.”® Also, the topological char-
acter in a typical HH ABC crystal arises due to the cation (A)
substitution in the anion (BC) zinc blende sub-lattice. Hence,
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HH compounds are potential candidates which can exhibit rich
and diverse properties of interest."®>' However, not every HH
compound exhibits the TI nature intrinsically as observed in
Bi,Te; and Sb,Te;"* which arises due to the strong influence of
spin-orbit coupling (SOC) between the core and valence elec-
trons giving rise to relativistic effects; rather, HH compounds
exhibit the TI character under different scenarios such as the
influence of pressure/strain, electric field, doping, and vacancy
and dimensional engineering.>*>° These mechanisms have
been explored in various HH compounds; however, HH com-
pounds based on silver remain quite unexplored theoretically
as well as experimentally leading to scarcity of data.

HH systems such as AgSrX with X = As, Sb, Bi have been
predicted to be thermodynamically stable;** however, there is a
lack of clarity on their electronic and topological properties,
with AgSrAs'” being an exception in this regard, since it has
been explored for its structural and piezoelectric properties.
AgSrBi displays some unconventional electronic properties with
semi-metallic behavior. Although several materials have been
predicted for their interesting topological properties with the
help of machine learning techniques,*®*" the HH system AgSrX
(X = As, Sb, Bi) has not yet been predicted via such an effort.
This inspired us to explore and thoroughly investigate AgSrBi in
terms of the SOC interactions and their influence on the
topological character. Thus, in the present study we explore
the structural, electronic and topological properties of AgSrBi.
We observe that the semi-metallic character of AgSrBi is
retained even when SOC is considered. This motivated us to
explore different potential routes to realise the non-trivial
topological nature of AgSrBi. This is achieved by (i) breaking
the cubic symmetry and (ii) lowering the crystal symmetry along
with dimensional confinement along the [001] crystal direction
(which gives rise to quantum confinement effects).>*>* The
former mechanism is known to lift off the degeneracy at the
Fermi level, while the latter gives rise to quantum spin hall
effects which bring about robust surface and edge states,
respectively. With a focus on the topological character of
AgSrBi, we perform a qualitative analysis of the electronic band
structure, followed by a quantitative analysis of the Z, topolo-
gical class. We find that AgSrBi can exhibit non-trivial TI nature
when the cubic symmetry is broken and the crystal symmetry is
lowered to the hexagonal phase from the face centered cubic
phase along with dimensional confinement along the [001]
crystal direction. We further classify this with the Z, invariant
as (vo, V1v»13) = (1, 101) and v = 1 which indicates the strong and
non-trivial TI nature, respectively. This suggests that the thin
films of AgSrBi can be either exfoliated or synthesized by using
techniques such as molecular beam epitaxy for applications in
nanoelectronics and spintronics.*>>°

2 Methodology

We use first-principles calculations based on density functional
theory (DFT) implemented using the Quantum ESPRESSO
code®” to calculate and investigate the electronic properties of
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AgSrBi. We use norm conserving pseudopotentials under gen-
eralized gradient approximation based on the Martins-Troul-
lier method®® with an exchange correlation energy functional of
the Perdew-Burke-Ernzerhof type.*® This pseudopotential con-
siders 4d'’5s', 5s> and 6s’6p® orbitals of As, Sr and Bi,
respectively. In order to consider the relativistic effect of the
core electrons on the valence electrons in SOC calculations,
pseudopotential based on the projector augmented wave (PAW)
method was used. The ground state of the system was opti-
mized by following the bisection convergence method to locate
the global minima with a convergence threshold of the order of
<10~® Ry. A kinetic energy cutoff of 80 Ry was adopted for the
basis set with the irreducible Brillouin zone (BZ) sampled on a
uniform Monkhorst-Pack grid*® k-mesh of 8 x 8 x 8 and
8 x 8 x 1. The vibrational properties were calculated using
density functional perturbation theory (DFPT)*! with a g-mesh
of 6 x 6 x 6 and 6 x 6 x 1 for the bulk and low-dimensional
phase, respectively. From the perspective of potential room
temperature applications, we also performed ab initio molecu-
lar dynamics (AIMD) simulations for a time step of 3 picose-
conds (3000 femtoseconds) with the temperature of the
thermostat set to 300 K. Finally, we generate a tight binding
model for the system by using maximally localized Wannier
functions which were obtained using Wannier90**** and then
passed onto the WannierTools code”* wherein the Z, classifica-
tion was performed around the Wannier charge centers, fol-
lowed by plotting the surface and edge states using the iterative
Green’s function method.

3 Results and discussion
3.1 Structural properties

We begin with the structural description of the bulk HH AgSrBi
which is predicted to exhibit a face-centered cubic (FCC)
structure governed by the F43m [216] space group (as shown
in Fig. 1(a)) with the primitive cell vectors defined in terms of
the Wyckoff positions of Ag, Sr and Bi as v; = (a/2)(—1, 0, 1),
v, = (a/2)(0, 1, 1) and v; = (a/2)(—1, 1, 0), respectively. Based on
convergence tests, the optimized lattice constant of @ = 7.31 A
indicates the global minima/ground state of the system, with
bond lengths djg s = 3.65 A, ds; i = 3.16 A and dg p;i = 3.16 A.
This structural phase of AgSrBi exhibits a semi-metallic nature
which is unusual (since the properties due to pnictogen sub-
stitution at site C in the ABC HH should be similar) as
compared to AgSrAs which is semi-conducting. This structure
is found to be thermally stable since the formation energy is
—0.52 eV per atom which implies that the system will form
spontaneously when appropriate precursors are combined.

On lowering the crystal symmetry from FCC to hexagonal
symmetry (by cleaving the [111] crystal plane (Fig. 1(b)) of the
bulk as illustrated in Fig. 1(c)) and confining the system along
the [001] crystal direction (by introducing a vacuum of 25 A), we
obtain a crystal structure similar to that of 1T-MoS, (as shown
in Fig. 1(c)). This low dimensional phase of AgSrBi has an
optimized lattice constant of a = 4.28 A (Fig. 1(c)). The atomic
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Fig. 1 (a) Face centred cubic (FCC) super-structure of HH AgSrBi (unit cell
highlighted in yellow) in which Ag, Sr and Bi are denoted by green, blue and
red colors, respectively. (b) The [111] crystal plane of HH AgSrBi which will
be cleaved to realise 2D AgSrBi is highlighted in yellow. (c) Schematics of
the 1T-MoS; type structure of the cleaved [111] slab of AgSrBi (with a cleave
energy of E. = 0.88 J m~2), with the unit cell of the monolayer (side and
top views) highlighted in yellow. (d) First irreducible BZ of the bulk AgSrBi
and the projected hexagonal BZ of low dimensional AgSrBi.

arrangement is of the sandwich type similar to 1T-MoS, with Ag
and Sr atoms occupying the top and bottom layers and the Bi
atoms occupying the middle layer as presented in Fig. 1(c). This
structure is governed by the P3m1 [164] space group. The height
(t) of this sandwich-type structure is 2.11 A with interatomic
distances dag-sr, dag-si and ds,_g; of 3.65 A, 3.16 A and 3.16 A,
respectively. The cohesive energy of this system is —6.94 eV per
atom, which is comparable to that of graphene,*’ indicating
exfoliation from the [111] crystal plane as a potential route to
experimentally realising the system other than techniques such
as molecular beam epitaxy.

3.2 Dynamic and structural stability

Since there is a lack of experimental and theoretical data on the
vibrational modes of AgSrBi, we proceed with the investigation
of phonon modes which would give insights into the lattice
dynamics and stability. It is evident from Fig. 2(a) that AgSrBi
does not exhibit any negative/imaginary frequency in the BZ
(presented in Fig. 1(d)), indicating the dynamical stability of
AgSrBi under pristine conditions in the harmonic approxi-
mation regime. There are a total of nine phonon branches with
three acoustic and six optical phonon branches due to the three
atoms in the primitive cell. The lower frequency regime is
governed by heavier Ag and Bi atoms, whereas the higher
frequency regime is governed by the lighter Sr atoms with
slight contributions from the Ag atoms. At zero pressure which
corresponds to the pristine conditions, the acoustic branches
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Fig. 2 Phonon dispersion curves of (a) bulk FCC AgSrBi, (b) [111] phase of
AgSrBi, (c) bulk FCC AgSrBi at 10% isotropic strain (~23.5 GPa VCP) and
(d) bulk FCC AgSrBi at 1.3% uniaxial strain (broken cubic symmetry).
(e—f) AIMD plots of the total energy (Ry) vs. time (ps) and temperature
(K) vs. time (ps) for the bulk and low dimensional phase of AgSrBi,
respectively, for a time step of 3 picoseconds (3000 femtoseconds) at a
thermostat temperature of 300 K.

lie around 50-60, and this implies that AgSrBi would exhibit an
isotropically low thermal conductivity (x) which is a key factor
from the thermoelectric perspective (since x depends quadra-
tically on the slope of the acoustic branches). Also, since all the
branches at zero pressure lie below 200 cm™ ', we can also
expect the system to be stable at higher temperatures owing to
the vibrational entropy. Apart from this, a peculiar feature at
zero pressure is the degeneracy and mixing of the acoustic and
optical phonon branches, which indicates the semi-metallic
behaviour of the material and the similarity of the system with
rock-salt oxides. The degenerate longitudinal optical (LO) and
transverse optical (TO) branches at the zone center I indicate
the absence of long range dipole-dipole interactions and hence
confirm the non-semiconducting character of the system. We
scan the phonon dispersion curves by varying the pressure
from 0.0 GPa to ~23.5 GPa and find that the system is
dynamically stable throughout as evident from the phonon
dispersion curves at 10% strain (~ 23.5 GPa) presented in
Fig. 2(c). However, there is an increase in the softening between
L-K points in the BZ which implies that even higher pressures
would eventually make the system dynamically unstable. Simi-
larly, the phonon dispersion curves of AgSrBi at 1.3% uniaxial

© 2022 The Author(s). Published by the Royal Society of Chemistry
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strain (broken symmetry) and for the [111] phase of AgSrBi are
presented in Fig. 2(d) and (b), respectively. It is evident that, in
both cases, the system is dynamically stable. Apart from this,
from the room temperature application point-of-view, we per-
form the AIMD simulations (as evident from the plots pre-
sented in Fig. 2(e and f)) and find the system to be structurally
stable, which further reinforces the stability criteria.

3.3 Electronic properties

3.3.1 Broken cubic symmetry. Under pristine conditions,
i.e., in the absence of pressure and SOC, bulk AgSrBi exhibits a
semi-metallic band structure with degenerate valence and con-
duction bands crossing each other at the Fermi level along the
high symmetry point I' in the entire BZ (as evident from
Fig. 3(a)). We restrict our investigation of the electronic band
structure in the vicinity of the Fermi level since the low energy
electronic properties of materials can be determined by the
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Fig. 3 (a) Electronic band structure of bulk FCC AgSrBi under 0% strain.
(b) Variation of the energy gap with respect to isotropic strain (VCP)
indicating a semi-metal to trivial insulator transition. (c) Electronic band
structure of the [111] plane of AgSrBi cleaved from the bulk FCC structure.
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nature of bands located in this region. From Fig. 4(a), in the
presence of SOC it is evident that the valence band maximum
has a doubly degenerate state along the high symmetry point I,
whereas the conduction band minimum has a single non-
degenerate state which is protected by the two-fold symmetry
of the FCC structure. This is contrary to the typically expected
quadratic contact triple point degeneracy which is observed in
well-known topological semi-metals with the structural phase
similar to that of MgAgAs-type ones but absent in cubic systems
such as KNa, Bi and in HH compounds such as LaPtBi, YPtBi,
and ScPtBi.*®™*® From the partial density of states (presented in
Fig. 4(b)) it is clear that the valence band is populated by the -p
and -d orbitals of Bi and Ag, respectively, whereas the conduc-
tion band is populated by -s and -d orbitals of Ag, -s orbitals of
Sr and -s and -p orbitals of Bi. In order to realize TPT, we subject
the bulk FCC AgSrBi to isotropic compressive pressure (VCP)
and expansive pressure (VEP). On application of VEP the system
retained its semi-metallic character, whereas at a higher VCP
(10%) the degeneracy is lifted off at I' in the BZ. However,
further investigation suggested that this gap is trivial in nature
(above 8% VCP, while the system is semimetallic below 8%
VCP) as shown in the energy-gap vs. %VCP plot presented in
Fig. 3(b). In order to realise the non-trivial nature we break the
cubic symmetry by applying uniaxial strain along the [100]
crystal direction.

Application of uniaxial compressive strain breaks the cubic
symmetry and alters the orbital character. This enhances the
SOC effect leading to the non-trivial TI phase. Breaking the
cubic symmetry of a system has been one of the effective
methods to realize a non-trivial gap (in the otherwise degen-
erate states), leading to the much desired TI nature.*®** When
subjecting bulk FCC AgSrBi to uniaxial compressive strain (in
steps of 0.1%) along the [100] crystal direction (in the presence
of SOC) we observe non-trivial behavior. At 0.2% (1.5 GPa)
strain itself the degeneracy at I' is lifted off, but the conduction
band encapsulates the Fermi level, indicating the topological
conductor nature.’® However, on further increasing the strain
we arrive at a critical strain of 1.3% (1.9 GPa) which gives rise to
a non-trivial gap of 0.35 meV with the Fermi level lying in
between the conduction and valence bands (presented in
Fig. 4(c)). This gap is global in nature and retained throughout
the BZ, indicating the possibility of low-dimensional conduct-
ing surface states. The band inversion mechanism behind this
non-trivial gap is due to the increase in -d and -p orbital
contributions in the valence band (presented in Fig. 4(d)) from
Ag and Bi, respectively, whereas the -s and -p, -s, and -s and -d
orbital contributions from Bi, Sr, and Ag, respectively, increase
in the conduction band as evident from Fig. 4(d). This makes it
clear that the band inversion is quite unconventional (due to
the involvement of the three orbitals -s, -p and -d) as compared
to typical -s—p orbital inversion which is commonly observed in
most of the HH compounds.

3.3.2 Lowering crystal symmetry and dimensional confine-
ment. Another route to realize non-trivial topological behavior
in materials is by lowering the crystal symmetry and confining
the system in a particular crystal direction. This method has

Mater. Adv,, 2022, 3, 3938-3944 | 3941
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Fig. 4 Electronic band structure and orbital projected density of states of bulk FCC AgSrBi with SOC at (a and b) 0% and (c and d) 1.3%, and the [111]

plane of AgSrBi (e and f) without and (g and h) with SOC.

been previously explored in the HgTe binary compound.® The
bulk phase (with cubic symmetry) of HgTe does not exhibit the
topological character, whereas on lowering the crystal symme-
try (to a hexagonal symmetry) and confining the system in one
dimension gives rise to interesting topological properties. The
lower crystal symmetry was achieved by cleaving the [111] plane
of the bulk HgTe compound and confining it along the [001]
crystal direction. This opened the gap in the degenerate elec-
tronic structure (as compared to bulk), but the band ordering
was trivial. The band ordering was then fine-tuned by designing
quantum wells of CdTe and HgTe with the thickness of the
quantum wells governing the critical regime of the system
which would enable the non-trivial topology characterized by
the inverted band order.

In the case of AgSrBi, we expect the nature of the electronic
structure to be analogous to low dimensional HgTe which as
compared to its bulk phase exhibits TI nature. For this purpose,
we reduce the crystal symmetry of bulk AgSrBi and confine the
resulting system into one dimension along the [001] crystal
direction. This can be done by cleaving the system from the
[111] slab of the bulk as illustrated in Fig. 1(c). The required
cleave energy E, is calculated (using the formula mentioned by
Wang et al.) to be E. = 0.88 ] m™2.°! Similar to HgTe, the low
dimensional phase of AgSrBi exhibits a semi-conducting nature
with a global gap of 0.19 eV along the high symmetry point I" in
the BZ (as evident from Fig. 3(c) and 4(e)). In the absence of
external stress on the system, we impose SOC effects into our
calculations and find that the gap is reduced to 39 meV along
the high symmetry point I in the BZ (as evident from Fig. 4(g)).
This gap is non-trivial in nature and superior to some pre-
viously reported systems.’>* However, this gap can be further
enhanced by subjecting the system to strain, functionalization

3942 | Mater. Adv., 2022, 3, 3938-3944

(partial/complete) and by creating a multilayer system.>*> The
non-trivial nature of the gap is clearly evident from the pro-
jected density of states presented in Fig. 4(f and h). In the
absence of SOC (Fig. 4(f)), the valence band maximum is
dominated by -p and -d orbital contributions from Bi and Ag,
respectively, with minor contributions arising from the
-s orbitals of Ag, Sr and Bi, whereas the conduction band
minimum is dominated purely by the -s orbitals of Ag, Sr and
Bi, while the contributions from the -p and -d orbitals of Bi and
Ag, respectively, are absent (as evident from Fig. 4(f)).

On imposing SOC, a clear band inversion is observed as
evident from Fig. 4(h). Due to SOC, the -p and -d orbital
contributions from Bi and Ag, respectively, become prominent
in the conduction band minimum (Fig. 4(h)), whereas, in the
valence band maximum, the contributions from the -s orbitals
of Ag, Sr and Bi become prominent which were previously
almost negligible (as evident from Fig. 4(h)). We attribute such
non-trivial phenomena to the quantum confinement effects
and the extra degrees of freedom to electrons owing to the
vacuum along the [001] direction. In order to confirm the non-
trivial topological character, we further classify the proposed
systems as belonging to the Z, topological class, followed by
computing the surface state (SS) and edge state (ES) spectra
using the iterative Green’s function method.

3.4 7, analysis and surface/edge state spectra

The non-trivial topology of materials is classified in terms of
the Z, invariant. Typically, the Z, invariants for materials with
inversion symmetry are calculated as the product of parities of
eigenvalues at time reversal invariant momentum (TRIM)
points. However, since HH compounds like AgSrBi do not
possess inversion symmetry (owing to the cubic crystal

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Slab band structure of bulk AgSrBi at 1.3% uniaxial strain
indicating conducting SS (with DP highlighted in red). (b) ARPES-like SS
spectrum of bulk AgSrBi at 1.3% uniaxial strain with bulk states (BS) and DP
clearly evident. (c and d) ARPES-like ES spectra of the zig-zag edge
(structure below (c)) and planar edge (structure below (d)) configurations
with a ribbon width index N = 15 of the AgSrBi nanoribbon, indicating the
presence of DP and insulating BS.

structure), the Z, invariant is computed along two different
momentum planes in the BZ, i.e., (Z£2) 4_n and (Z2) ;_- These
calculations are done in terms of the Wannier charge center in
the vicinity of the Fermi level using the WannierTools code
which utilizes the tight binding model obtained from the
Wannier functions using the Wannier90 code. The Z, invar-
iants for bulk systems are calculated along six time reversal
invariant planes (TRIP) i.e., k= 0, 7, k, = 0, m and k = 0, 7 in the
BZ. At a critical uniaxial strain of 1.3% (1.9 GPa) which
corresponds to the non-trivial gap in the bulk AgSrBi (presented
in Fig. 4(c)), we compute the Z, invariants using eqn (1) and (2),
and find them to be (vg, v1v,13) = (1, 101). This indicates the
strong topological insulating nature of bulk AgSrBi.

vy = (Zz(ki:()) + Zz(k,-:o,S))modZ (1)

vi = Zs(kio.5) (2)

The corresponding slab band structure indicating SS and
ARPES like SS spectra are computed using the iterative Green’s
function method along the [111] crystal direction and shown in
Fig. 5(a and b). This shows clearly that the bulk gap in AgSrBi at
critical uniaxial strain enables the non-trivial Dirac point (DP)
along the high symmetry point in the BZ and SS which are
robust against external perturbations (presented in Fig. 5(b)).
Similarly, the non-trivial nature of the lower crystal symmetry
and dimensionally confined system of [111] AgSrBi is charac-
terized by the Z, invariant as v = 1 indicating the non-trivial
topological nature with potential applications in spintronic
devices. From the ARPES like ES spectra computed for the
zig-zag edge and planar edge nanoribbon configurations (for a
ribbon width index of N = 15 presented in Fig. 5(c and d)) the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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DP is clearly evident, confirming the conducting character of
the edges.

4 Conclusion

To sum up, we employ first-principles calculations based on
DFT to investigate the TI character of the dynamically and
structurally stable HH compound AgSrBi. Under pristine con-
ditions (zero pressure) AgSrBi exhibits semimetallic behavior
which is retained even when SOC is considered. However, when
subjected to high isotropic compressive pressures (~23.5 GPa)
the system undergoes a quantum phase transition from semi-
metallic to a trivial insulator. In order to realize the non-trivial
nature, we break the cubic crystal symmetry which gives rise to
band inversion induced TI nature. This TI nature gives rise to a
conducting SS along the [111] direction as evident from the
ARPES like SS spectrum, while the bulk displays a global gap.
Due to this non-trivial nature, AgSrBi is classified to be a strong
TI with Z, invariants (1, 101). Similarly, on lowering the crystal
symmetry and confining the system along one dimension in the
[001] crystal direction, analogous to HgTe, we observe a non-
trivial TI nature characterized by the band inversion, Z, invar-
iant (v = 1) and conducting ES spectra. With these results, we
propose a potential TI and quantum spin Hall insulator with
spintronic degrees of freedom to the electrons and potential
nanoelectronic and thermoelectric applications.
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