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We report a comparative theoretical study of the Pnma and R3m phases of Sb,Ss, Bi»Ss, and Sb,Ses
close to ambient pressure. Our enthalpy calculations at 0 K show that at ambient pressure the R3m
(tetradymite-like) phase of Sb,Ses is energetically more stable than the Pnma phase, contrary to what is
observed for Sb,S3 and Bi,S3, and irrespective of the exchange—correlation functional employed in the
calculations. The result for Sb,Ses is in contradiction to experiments in which all three compounds are
usually grown in the Pnma phase. This result is further confirmed by free-energy calculations taking into
account the temperature dependence of unit-cell volumes and phonon frequencies. Lattice dynamics
and elastic tensor calculations further show that both the Pnma and R3m phases of Sb,Ses are dynami-
cally and mechanically stable at zero applied pressure. Since these results suggest that the formation of
the R3m phase of Sb,Ses should be feasible under close to ambient conditions, we provide a theoretical
crystal structure and simulated Raman and infrared spectra to help in its identification. We also discuss
the results of the two published works that have claimed to have synthesized tetradymite-like Sb,Ses.
Finally, the stability of the R3m phase across the three group-15 A,X3 sesquichalcogenides is analysed
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1 Introduction

Since the identification of the trigonal tetradymite-like R3m
phases of group-15 sesquichalcogenides (i.e. Sb,Te;, Bi,Ses,
and Bi,Tes; Fig. 1a) as 3D topological insulators,”* the family
of A,X; sesquichalcogenides has attracted a great deal of
attention from the scientific community. Three-dimensional
topological insulators represent a new class of matter, with
insulating bulk electronic states and topologically protected
metallic surface states arising from time-reversal symmetry and
strong spin-orbit coupling (SoC). These properties make them
of potential interest for spintronics and quantum computing
applications.® Due to this fundamental interest and potential
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based on their van der Waals gap and X-X in-plane geometry.

applications, the identification of new topological insulators
and materials with superconducting properties is currently an
important research area in condensed matter science.

The stibnite (Sb,S;), bismuthinite (Bi,S;), and antimonselite
(Sb,Se;) minerals are also group-15 sesquichalcogenides but do
not crystallize in the tetradymite-like R3m structure under
ambient conditions and instead are reported to adopt an
orthorhombic U,S;-type Pnma structure (Fig. 1b). Sb,Ss, Bi,S;,
and Sb,Se; are semiconductors with band gap widths of 1.7,
1.3, and 1.2 eV, respectively.® These materials are used in a
wide range of technological applications including photovol-
taics (solar cells), X-ray computed tomography detectors, fuel
cells, gas sensors, and for the detection of biomolecules.®™?
Additionally, Sb,Se; has recently found a number of other
applications including in solid-state batteries, fiber lasers,
and photoelectrochemical devices."*™*®

Since several phases, including the Pnma phase, have been
synthesized for Bi,Se;, which usually crystallizes in the
tetradymite-like R3m structure,’’° it is natural to wonder
whether the R3m structure could be adopted by other sesqui-
chalcogenides that generally adopt the U,S;-type structure, viz.
Sb,Ss, Bi,S3, and in particular Sb,Se;. In fact, several theoretical
studies have been performed over the years to investigate
the properties of the hypothetical tetradymite-like Sb,Se; struc-
ture. Some of these studies have suggested that this phase
should undergo a topological quantum phase transition under
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Fig. 1 Structures of the R3m (a) and Pnma (b) phases of the A,Xz sesquichalcogenides (A = Sb, Biand X = S, Se). The A cations and X anions are shown as

brown and yellow spheres, respectively.

compression,zL22 while one found that tetradymite-like Sb,Se;

is dynamically stable and is a topological insulator at ambient
pressure.”® Interestingly enough, the R3m phases of group-15
sesquichalcogenides are characterized by a unique type of
bonding termed ‘“metavalent bonding” that not only underpins
the topological properties but also makes these materials
useful for phase-change memories, as highly efficient thermo-
electrics, and for photonic devices.**

In 2013 an experimental study claimed to have observed the
R3m phase of Sb,Se;, with a topological transition occurring at
2 GPa,” but the tetradymite-like structure of Sb,Se; was not
confirmed beyond doubt. On the other hand, a comparative
experimental and theoretical study of the three U,S;-type
sesquichalcogenides suggested the Pnma structure to be stable
up to 50 GPa.?® This is supported by several experimental high-
pressure studies on Sb,Se; in which the Pnma structure was
found to be stable up to 50 GPa and above.>”*® However, one
study observed a pressure-induced isostructural phase transi-
tion at 12 GPa and a further transition to a disordered Im3m
structure above 50 GPa, followed by a pressure-induced amor-
phization on releasing the pressure.”® Despite the apparent
stability of the Pnma phase, experimental high-pressure studies
have also found that Pnma Sb,Se; becomes a topological super-
conductor at 2.5 K and around 10 GPa,** exhibiting highly
conducting spin-polarized surface states similar to those
observed for Bi,Se;.>! Furthermore, a recent study has claimed
to have synthesized R3m of Sb,Se; by atomic layer epitaxy on a
buffer layer of Bi,Se;.>> We can therefore conclude that while
the bulk of the experimental evidence suggests that the R3m
phase of Sb,Se; is not observed at high pressures, it is not
conclusive as to whether this phase could potentially be formed
under favourable synthesis conditions.

In light of the above studies, it is interesting to compare the
stabilities of the Pnma and R3m structural phases of the
three U,S;-type sesquichalcogenides under close to ambient
conditions and to confirm whether or not the R3m phase could
be synthetically accessible. In this work, we report a set of
systematic density-functional theory (DFT) calculations on the
Pnma and R3m phases of the three U,S;-type sesquichalcogenides
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under ambient conditions and at pressures up to 10 GPa. We
show that the Pnma phases of Sb,S; and Bi,S; are energetically
more stable than the R3m phases over this pressure range, but
that, unexpectedly, the R3m phase of Sb,Se; is predicted by several
exchange—-correlation (XC) functionals to be more stable than the
Pnma phase close to ambient conditions. To aid in future experi-
mental efforts to prepare the R3m phase of Sb,Se;, we also
confirm its dynamical and mechanical stability and provide a
theoretical structure and vibrational spectra to support its identifi-
cation. Finally, we also discuss the only two studies that, to our
knowledge, have claimed to have prepared the tetradymite-like
phase of Sb,Se; under close to ambient conditions.

2 Methods

The structural properties of the different crystalline phases of
Sb,S;, Bi,S;, and Sb,Se; were calculated within the framework
of pseudopotential plane-wave density-functional theory?
using the Vienna Ab initio Simulation Package (VASP) code.**
The revised Perdew-Burke-Ernzerhof generalized-gradient
approximation (GGA) functional for solids (PBEsol)**?° was
used for all calculations. Additional calculations were also
performed with the local-density approximation (LDA)*” func-
tional and the dispersion-corrected PBE-D2*® functional to
assess the impact of the XC treatment on the results. Projector
augmented-wave (PAW) pseudopotentials including six valence
electrons for S[3s® 3p*] and Se[4s®> 4p*] and fifteen valence
electrons for Sb[4d'® 55 5p°] and Bi[5d"° 6s> 6p°®] were used
to model the ion cores. The convergence of the total energy
was achieved with a plane-wave kinetic-energy cut-off of 600 eV.
The Brillouin zones (BZs) were sampled with I'-centered
Monkhorst-Pack®® grids with 6 x 10 x 6 (Pnma) and
12 x 12 x 12 subdivisions (R3m).

Structural relaxations were performed by allowing the
atomic positions and the unit-cell parameters to optimise at a
series of fixed volumes in order to confirm the stability of both
the Pnma and R3m phases over a pressure range from 0-10 GPa.
At each volume, we obtain the (hydrostatic) external pressure

This journal is © The Royal Society of Chemistry 2022
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for the applied compression and the corresponding structural
parameters. The pressure-volume (p-V) curves for each of the
compounds were fitted to a third-order Birch-Murnaghan
equation of state’®*' to obtain the equilibrium volume, the
bulk modulus, and its pressure derivative. The enthalpy H as
a function of volume was computed using the relationship H =
E + pV, where E is the total electronic energy of the system, p is
the pressure, and V is the volume. Comparison of the H curves
of the different polymorphs can provide insight into the relative
thermodynamic stabilities over the studied pressure range.

Lattice-dynamics calculations were performed on the Pnma
and R3m phases of Sb,Se; at a series of cell volumes corres-
ponding to different applied pressures. The phonon frequen-
cies were computed by using the supercell finite-displacement
method implemented in the Phonopy package®” with VASP as
the force calculator.*® Supercell expansions of 2 x 4 x 2 for the
Pnma phase and 2 x 2 x 2 for the R3m phases were used to
enable the exact calculation of frequencies at the zone center
(I') and unique zone-boundary wave vectors, which were inter-
polated to obtain phonon-dispersion curves together with
density of states curves on uniform 50 x 50 x 50 I'-centered
g-point meshes.

Infrared (IR) and Raman spectra were calculated for the
ground-state R3m phase of Sb,Se; using the methods described
in ref. 44 and implemented in the Phonopy-Spectroscopy
package.*® The spectral linewidths were obtained by computing
the third-order force constants of a 2 x 2 x 2 expansion of the
primitive cell, and following the many-body perturbative
approach described in detail in ref. 46 and implemented in
the Phono3py software.

Elastic tensors were computed to assess the mechanical
stability of the Pnma and R3m phases of Sb,Se; at zero pressure,
by employing the central-difference method where the unique
components of the elastic tensor are determined by performing
six finite distortions of the lattice and deriving the tensor
elements from the strain-stress relationship.*” For these calcu-
lations, it was necessary to increase the plane-wave energy
cutoff to 950 eV to converge the stress tensor. We then
employed the ELATE software*® to analyze the linear compres-
sibility using the results.

3 Results and discussion
3.1 Structural properties of the Pnma phase

In order to verify the accuracy of our calculations as a prior step
before attempting to study the potential R3m phases of Sb,S;,
Bi,S; and Sb,Sez, we first calculated the equilibrium lattice
parameters, bulk moduli and pressure derivatives of the Pnma
phases and compared them to other experimental and theore-
tical studies in the literature (Table 1).

The Pnma phases of A,X; sesquichalcogenides comprise
layers stacked by weak interactions along the crystallographic
a direction, the description of which is challenging for conven-
tional DFT functionals.>®>"¢?

This journal is © The Royal Society of Chemistry 2022
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Table 1 Calculated equilibrium lattice parameters (ag, bo and cg), bulk
moduli (Bg) and pressure derivatives (B()) of the Pnma phases of Sb,Ses,
Sb,S3 and Bi,S3 compared to experiments and other theoretical results
from the literature

Sb,Se; Sb,S; BL,S;
Theo. Exp. Theo. Exp. Theo. Exp.
a (A) 11.75° 11.24% ) 11.19°
11.80°  11.800 11277  11.30%%  11.41®  11.277
11.52¢  11.79%  11.02° 11.31™ 11.00"  11.337
11.91¢ 11.30" 11.58°
11.53¢ 11.08
bo (A) 3.98“ 3.83¢ ) 3.96%
3.99° 3.98" 3.81° 3.84%% 3.97°  3.97°
3.96  3.99¢  3.84" 384" 3.94"  3.987
3.98¢ 3.83% 3.99°
co (A) 11.30 10.91° 4 10.94°
11.28°  11.65% 10.89° 11.23%™  11.01® 11.137
11.22% 10.79°  11.24F 10.83"  11.187
11.70¢ 11.22" 11.05°
10.81
Vo (&%) 528.11° 469.6° 484.4°
531.1° 54770 470.4° 486.0° = 498.3°  498.4%
511.8° 547.5%5  453.0°  487.7"Y 469.1"  501.67
598.1"  552.5°  529.9"  488.2F 510.1°
511.67
B, (GPa)  31.1° 31.5% 42.3°
70.5° 3000 322 376 83.6"  36.6”
32.7° 80.3° 26.9 32.3°  38.97
27.2F 36.57 37.5%
41.4"
B, 6.6 6.6 6.8°
6.1/ 6.2° 3.8° 5.97 6.4°
5.6° 7.9 6.4° 5.59
6.0 4.6"
7.8

“ This work. ” Ref. 26. © Ref. 49. ¢ Ref. 50. ° Ref. 51.7 Ref. 27. £ Ref. 52.
" Ref. 53. ' Ref. 54./ Ref. 55. ¥ Ref. 56. ' Ref. 57. ™ Ref. 58." Ref. 59.
° Ref. 60. 7 Ref. 61. 7 Ref. 62. " Ref. 63. * Ref. 30. * Ref. 64. “ Ref. 65.

The calculated lattice parameters of Sb,Se; (ao = 11.75 A by =
3.98 A and ¢, = 11.30 A) are in good agreement with the
experimental measurements in ref. 27 and 52 (a, = 11.80 A,
bo=3.97 A, ¢, =11.65 A and a, = 11.79 A, b, = 3.98 A and ¢, =
11.65 A, respectively), and also with other ab initio
calculations.”®*' The most notable deviation of our calcu-
lated values from experimental measurements is a ~3%
reduction of the ¢y parameter, which contributes to a ~3-4%
underestimation of V, compared to experiments. Our results
are comparable to the theoretical results in ref. 26, where
calculations were also carried out using PAW pseudopotentials
and the PBEsol functional. The ¢, of 11.70 A quoted in ref. 50 is
considerably larger than the present results but closer to
experiments, but the a, parameter has a larger error. We
attribute this to the use of the PBE functional in this study,
which has a tendency to overestimate volumes and has been
shown to do so by ~10% for antimony chalcogenides.®® On the
other hand, the LDA tends to underestimate volumes, as can be
seen in the lattice parameters quoted in ref. 49, 51 and 59.

J. Mater. Chem. C, 2022, 10, 15061-15074 | 15063
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Interestingly, the difference in the predicted and measured
b-axis lengths is very small, which we attribute to the fact that
this crystallographic direction corresponds to covalently
bonded chains of atoms.

Our calculated lattice parameters for the Pnma phase of
Sb,S; show similar trends to those of Sb,Se;. As shown in
Table 1, the calculated parameters agree well with experimental
measurements®*>* and other theoretical results.”**>>*>* we
note that, however, for Sb,Ses, the lattice parameters obtained
from LDA calculations tend to underestimate compared to
experiments, resulting in discrepancies with the a, quoted in
ref. 49 and 54, although the ¢, parameter is closer to our PBEsol
results than to the PBE values quoted in ref. 53, which again
agree better with experimental results.>®>>

Our results for Bi,S; are also consistent with experimental
measurements and other theoretical studies in the literature.
We note that calculations performed on Bi,S; using the
Armiento and Mattsson 2005 parametrized GGA functional
(AM05)°%%% seem to show a slightly better reproduction of the
co parameter compared to experiments.>

The calculated B, and B, values obtained by fitting the p-V
curves of Sb,Se; to a third-order Birch-Murnaghan equation
are B, = 31.1 GPa (B, = 6.6), which are close to the experimental
values of B, = 30 GPa (B = 6.1) from ref. 27 and B, = 32.7 GPa
(By = 5.6) from ref. 60. For Sb,S;, we obtained B, = 31.5 GPa
(By = 6.6), which is within the range of experimental
values®®*>**®* and consistent with the PAW/PBEsol calcula-
tions in ref. 26 These results are also close to those experimen-
tally measured for the As-doped stibnite mineral.®® Finally, our
values of B, = 42.3 GPa (Bj, = 6.8) for Bi,S; are again consistent
with other DFT calculations®®®> and the experimental values
reported in ref. 61, 62 and 65.

3.2 Energetic stability of the Pnma and R3m phases at 0 K and
up to 10 GPa

Since our calculations on the Pnma phases were found to be in
good agreement with experimental and theoretical studies, we
proceeded to carry out a theoretical study of the potential R3m
phases of Sb,S;, Bi,S;, and Sb,Se; to probe whether this phase
could be energetically competitive from ambient pressure up to
10 GPa.

Fig. 2a-c show the pressure dependence of the enthalpy
differences between the R3m and Pnma phases of Sb,Ss, Bi,Ss,
and Sb,Se;, respectively. We found that the orthorhombic Pnma
phase is the most energetically stable phase of Bi,S; and Sb,S;
at all the pressures examined, as expected from experiments
that obtained this phase both under ambient conditions and at
high pressures. Surprisingly, however, our simulations predict
that the R3m phase of Sb,Se; is more stable than the Pnma
phase below 4.8 GPa, indicating that both the Pnma and R3m
phases are energetically competitive over this range. This in
principle contradicts existing experimental studies on Sb,Se;
that have so far consistently obtained the Pnma phase under
ambient conditions. We note, however, that the energy differ-
ence between the two phases is only 22.71 meV per f.u., which

15064 | J Mater. Chem. C, 2022, 10, 15061-15074
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Fig. 2 Calculated relative enthalpy vs. pressure up to 10 GPa for the Pnma
and R3m phases (c.f. Fig. 1) of Sb,Ss (a), Bi»Ss (b), and Sb,Ses (c) relative to
the predicted lowest-energy phase at ambient pressure, viz. the Pnma
phases of Sb,Sz and Bi»Sz and the R3m phase of Sb,Ses.

is lower than kg7 ~ 25 meV at 300 K and which should
therefore make it accessible under ambient conditions.

In order to rule out the possibility that these results could be
due to inaccuracies with the PBEsol XC functional, we also
computed the enthalpies of the two phases with two additional
functionals, namely the LDA*” and the PBE-D2 method.*® The
results of these calculations are presented as an Appendix
(Section 5.1). The unit-cell volumes of the Pnma phases
obtained with the two functionals are underestimated and
overestimated with respect to the PBEsol results shown in

This journal is © The Royal Society of Chemistry 2022
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Table 1, as expected. For PBEsol, the two additional functionals
predict that at ambient pressure the R3m phase of Sb,Se; is
more energetically stable than the Pnma phase, and remains so
up to ~6 GPa (LDA) and 8 GPa (PBE-D2). On the other hand,
both functionals predict that the Pnma phases of Sb,S; and
Bi,S; are more stable than the R3m phase up to at least 10 GPa.

For the Sb,Se; structure, we have also investigated the effect
of SoC on the energy differences between the two phases. With
SoC, the R3m phase is also predicted to be more stable than the
Pnma phase with an energy difference of around 27.38 meV per
f.u., a difference of around 4.67 meV per f.u. We are therefore
confident that our results are not affected by the inclusion of
relativistic effects.

3.3 Energetic stability of the low-pressure Pnma and R3m
phases of Sb,Se; at finite temperature

The calculations in the previous section were performed at 0 K
without taking into consideration the contributions to the free
energy from crystal vibrations (phonons). In order to probe
whether these effects could alter the energy ordering between
the Pnma and R3m phases of Sb,Se;, we performed lattice-
dynamics calculations on the equilibrium and compressed
structures to evaluate the constant-volume Helmholtz and
constant-pressure Gibbs free energies at zero pressure (F/G;
Fig. 3).

F is obtained by summing the lattice energy (here the DFT
total energy) and the vibrational contributions to the internal
energy and entropy from the zero-point atomic motion and
thermal population of the harmonic phonon energy levels.”® As
shown in Fig. 3, F predicts that at zero pressure the R3m phase
remains the most stable across the temperature range exam-
ined with no crossing of the free energy to suggest a transition
to the Pnma phase. At 0 K, the difference in F between the two
phases is 27.24 meV per f.u., which is ~4.53 meV higher than
the difference in H due to the addition of the zero-point energy
(i.e. the differences in the phonon frequencies selectively
stabilise the R3m phase). At 300 K, the difference between the
phases shows a negligible increase from 0.11 meV per F.U. to
27.35 meV.

Another factor that can influence the ordering of two
competing phases is thermal expansion. A variation of the
lattice volume due to thermal expansion/contraction impacts
both the lattice energy and the phonon contributions to the free
energy. This can be accounted for through the quasi-harmonic
approximation (QHA) where the thermal expansion of the
lattice is predicted from the volume dependence of the lattice
energy, phonon frequency spectrum and phonon free
energy.”””" The free energy F is computed for a series of unit-
cell volumes and the equilibrium volume and Gibbs free energy
G at a finite temperature T are obtained by minimizing F for a
given (constant) pressure. Fig. 3 shows the difference in G
between the Pnma and R3m phases of Sb,Se;. When taking
into account the thermal expansion, the R3m phase still
remains stable phase with respect to the Pnma phase from
0-1000 K with a similar energy difference of 29.43 meV at 0 K to

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Constant-volume Helmholtz (top) and Gibbs (bottom) free ener-
gies of the Pnma phase of Sb,Sesz (black, solid line) relative to the R3m
phase (red, dashed line) as a function of temperature at zero applied
pressure.

that predicted using the constant-volume F, and a slightly
smaller difference of 26.96 meV at 300 K.

To investigate the effect of pressure on the free energy, we
also computed the difference in the Gibbs energy between the
two phases at applied pressures from 0-5 GPa (Fig. 4). For p = 3
and 4 GPa, these calculations predict the R3m phase to be the
most energetically stable phase across the 0-1000 K tempera-
ture range examined, but it can be clearly seen that pressure
reduces the energy differences between the two phases. At
4 GPa, the smallest energy difference between the two phases
of ~3.25 meV is predicted to occur between 650 and 700 K.
Increasing the pressure slightly to 4.2 GPa results in the
energies of the two phases becoming nearly equal at around
400 K, and at 4.3 GPa a phase transition from R3m to Pnma is
predicted to occur around this temperature. At 4.5 GPa, the
predicted transition temperature decreases to ~200 K, and at
5 GPa, the Pnma phase becomes the most energetically favor-
able structure across the entire temperature range examined.

In summary, free-energy calculations including phonon
contributions and thermal expansion at zero applied pressure
also predict that the R3m phase of Sb,Se; is more stable than
the Pnma phase. Interestingly, at most temperatures both F and
G predict an increase in the energy difference, from which we
infer that phonon contributions to the free energy selectively
stabilise the R3m phase, at least at zero applied pressure. At low
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Fig. 4 Gibbs free energies of the Pnma phase of Sb,Ses (black, solid line) relative to the R3m phase (red, dashed line) as a function of temperature at

applied pressures from 3-5 GPa.

finite pressures between 4.2 and 4.4 GPa, the Gibbs free
energies predict a pressure-induced transition between the
R3m and Pnma phases near room temperature, and predict
the Pnma phase to be stable above 5 GPa, which is similar to the
4.8 GPa transition pressure predicted from the 0 K enthalpies
without zero-point energy corrections (c.f. Fig. 2). The small
decrease in the predicted transition pressure can be attributed
to the different impacts of volume changes on the phonon
spectra of the two phases.

3.4 Dynamical stability of the Pnma and R3m phases of Sb,Se;

Energetic stability is a necessary but not sufficient condition for
a structural phase to be synthetically accessible. A second
criterion is that one should also confirm the dynamical stability
of the system, which can be performed by studying the phonon
frequency spectrum. If imaginary frequencies are present in the
phonon dispersion, this is an indication that the system is not a
minimum on the structural potential-energy surface (and is

15066 | J Mater. Chem. C, 2022, 10, 15061-15074

instead e.g. a transition state or a hilltop in multidimensional
space), and would spontaneously convert to a lower-energy
structure and thus be kinetically unstable under a given set of
conditions.”*””

We therefore investigated the dynamical stability of the R3m
phase of Sb,Se; to confirm whether this structure could poten-
tially be synthesized under or close to ambient conditions. To
do so, we evaluated the phonon band dispersion and density of
states (DoS) curves of the R3m phase at zero pressure and
different temperatures using the QHA method described in the
previous section (Fig. 5). For comparison, we also present the
phonon band structure and DoS of the Pnma phase. Both
structures show real frequencies across the whole of the
Brillouin zone, indicating that both are dynamically stable
under ambient conditions (i.e. 0 GPa and room temperature)
and confirming that, as implied by the energetics calculations,
both phases should be accessible under appropriate synthesis
conditions.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Quasi-harmonic phonon dispersion curves for Pnma (top) and
R3m Sb,Ses (bottom). The color gradient runs from blue (low T) to red
(high T) for temperatures between ~0 and 1000 K.

In this context, we note that these results are consistent with
a recent theoretical study of the R3m phase of Sb,Se;, which
reported phonon dispersion curves and confirmed the dyna-
mical stability of this phase at 0 GPa and 0 K.>* This study also
reported formation energies as evidence for the stability of the
R3m phase. In addition, ab initio molecular dynamics calcula-
tions also confirmed that the R3m phase remains structurally
stable at 300 K.*

3.5 Mechanical stability of the Pnma and R3m phases of
Sb,Se;

Having established the energetic and dynamical stabilities of
the phase R3m of Sb,Se; at zero pressure, we also checked the
mechanical (elastic) stability as a third condition that must be

View Article Online
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Table 3 Calculated elastic properties of the Pnma and R3m phases of
Sb,Ses at zero pressure obtained within the Voigt approximation using the
ELATE analysis tool: bulk modulus, Bg, Young's modulus, E, shear modulus,
G and Poisson’s ratio, v

B, (GPa) E (GPa) G (GPa) v
Pnma 31.82 44.10 17.38 0.27
R3m 40.00 65.56 26.72 0.23

fulfilled for this system to be synthetically accessible. This is
achieved by calculating the elastic constants and confirming
that they obey the Born stability criteria when the solid is
subjected to homogeneous deformations.”>”®”® Table 2 lists
the calculated elastic constants of the Pnma and R3m phases of
Sb,Se; at zero pressure.

We also computed the linear compressibility of both phases
using ELATE analysis tools.*® For both phases, only directions
corresponding to positive linear compressibilities were
obtained, indicating that both phases are mechanically stable
under ambient conditions. In the case of the R3m phase, we
obtained linear compressibilities between B, = 4.9 TPa '
(hexagonal a@-axis) and fmax = 19.5 TPa ' (hexagonal c-axis)
with an anisotropy value of 3.95. For the Pnma phase, the
compressibilities fall between f;, = 3.7 TPa ' (b-axis) and
Brmax = 25.7 TPa™' (a-axis) with an anisotropy of 6.87. These
values are of the same order as the experimental axial compres-
sibilities of the Pnma phase of Sb,Se; (B, = 15.2 TPa™ ', i, = 3.9
TPa ', and f, = 8.3 TPa ').°> Table 3 summarises the elastic
moduli calculated from the elastic constants, and we note that
the bulk modulus of the Pnma phase of Sb,Se; (31.8 GPa) is
similar to that obtained from the Birch-Murnaghan fit (c.f.
Table 1), which confirms that the elastic constants are ade-
quately converged.

The calculated elastic constants in Table 2 fulfill the neces-
sary and sufficient Born criteria for the mechanical stability of
orthorhombic (eqn (1)) and rhombohedral (eqn (2)) systems.”®
The calculated elastic constants therefore indicate that both the
R3m and Pnma phases of Sb,Se; are mechanically stable under
ambient conditions.

2
€115 Caas Cs55 Co6 > 05 C11C2p > €125 €11C22C33 T 2€12€13C23
2 2 2
— €11€23 — €2€13 — C€33€12 > 0 (1)

1
e > |enl; e >0; ¢l < 5633(011 + c12);
1
< 5644(611 — C12) = C44C66 (2)
The elastic tensors of the Pnma phase of Sb,Se; have
previously been calculated.”® However, in these calculations,

Table 2 Calculated elastic constants c; (GPa) of the Pnma and R3m phases of Sb,Ses at zero pressure

C11 Ca2 C33 C12 C13 C23 Caa Css Ce6
Pnma 30.92 81.65 55.20 17.32 15.10 26.89 17.83 25.21 7.69

C11 = Cp2 C33 C12 C13 = (23 Ci5 = —C5 = Ca6 Caq = Cs5 Ce6
R3m 90.81 40.21 25.85 21.61 —12.00 25.10 32.48

This journal is © The Royal Society of Chemistry 2022
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the components were overestimated as clearly shown by the
comparison of the bulk modulus with experiments. Part of the
disagreement could be due to the low cut-off energy used in
these calculations.

In summary, our calculations on Sb,Se; demonstrate that
the Pnma and R3m phases are energetically competitive under
ambient conditions and that both phases are dynamically and
mechanically stable. Given that it should in principle be
possible to obtain the R3m phase, but it has yet to be reported
experimentally, it may be that the R3m phase is difficult to form
kinetically, i.e. that the Pnma phase is formed faster than the
R3m phase under typical synthesis conditions. We note that the
R3m phase did not appear on the pressure/temperature phase
diagram prepared by Pfeiffer et al.,®® although this study did
not attempt to vary the synthesis conditions at close to ambient
pressure, which the present calculations suggest would allow
this phase to be formed. Since our calculations increase the
possibility that the R3m phase could potentially be prepared
under slightly non-equilibrium conditions, to help identify R3m
Sb,Se; in future experiments we provide in the following
section a reference structure and vibrational spectra.

3.6 Crystal structure and vibrational spectra of R3m Sb,Se;

Table 4 lists the predicted equilibrium crystal structure (lattice
parameters and atomic positions) of R3m Sb,Se; obtained
using the PBEsol XC functional. (The calculations with PBE +
D2 and LDA yield slightly different lattice parameters, viz. PBE +
D2 - a,=4.02 A, ¢, = 28.81 A and V, = 403.89 A®; and LDA - q, =
3.99 A, ¢y = 27.58 A, and V, = 381.61 A®.) The predicted lattice
parameters are in good agreement with those reported for other
tetradymite-like sesquichalcogenides.®! The optimised a, and
co are slightly smaller than those of Bi,Se; and much smaller
than those of Sb,Te;.%!

We have also computed the Raman and infrared (IR) spectra
of the equilibrium structure to provide spectral signatures that
could be used to identify the R3m phase in experiments using
routine characterisation techniques (Fig. 6).

The frequencies, irreducible representations and IR/Raman
intensities associated with each of the zone-centre (I'-point)
vibrational modes are listed in Table 5.

The inversion symmetry in the R3m structure leads to a
mutual exclusion between the IR and Raman activities of the
modes, with each spectrum being characterized by four
bands.®" The most intense Raman band occurs at around
139 em™ ' (E,), while a second prominent feature is predicted

Table 4 Predicted equilibrium lattice parameters and atomic positions for
the hexagonal unit cell of the R3m phase of Sb,Ses

¢ (&) Vo (A3) B, (GPa) B,
4.01 28.16 392.16 50.56 4.16
Site Sym. X y Z
Sb, 6¢C 3m 0.00000 0.00000 0.60082
Seq 3a —3m 0.00000 0.00000 0.00000
Se, 6¢ 3m 0.00000 0.00000 0.78792
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Fig. 6 Simulated Raman (top) and infrared (IR; bottom) spectra of equili-
brium R3m Sb,Ses. Spectral lines have been broadened with the calculated
intrinsic mode linewidths at 300 K.

Table 5 Calculated vibrational modes of the R3m phase of the equili-
brium structure of Sb,Ses. The three acoustic modes span an irreducible
representations of Tacoustic = A2y + Eu, and the remaining 12 optic modes
span a representation of I'ypiic = 2E4 (Raman) + 2414 (Raman) + 2E, (IR) +
2A2u (lR)

Frequency Raman intensity IR intensity Spectral
(em™) (10° A* amu™)  (e*amu~?)  linewidth (cm™)
E, 533 0.02 Inactive 1.02
Ay 837 0.37 Inactive 2.11
E, 86.6 Inactive 3.47 4.32
E, 131.7 Inactive 0.03 3.13
E, 1394 3.32 Inactive 1.89
A,, 1451 Inactive 0.18 2.94
Ay, 182.8 Inactive 0.29 5.38
A;g  203.8 1.02 Inactive 2.16

at ~204 cm™ ' (Ay,). The frequency of this A, mode is higher
than that in Bi,Se; but lower than that in In,Se;, as expected
from the difference in mass between In, Sb and Bi.?*®?
frequency E, and A;; modes with much lower intensities are
also found around 53 and 84 cm ', respectively, which are
again slightly blue-shifted when compared to the corres-
ponding frequencies calculated for Bi,Se;.®* There are four
IR-active modes, two with E;, symmetry (87 and 132 cm™ )
and two with A,, symmetry (145 and 183 cm™'). Of these, the
87 cm™ ' mode is the most prominent in the spectrum, while

Lower-
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the second E, mode at 132 cm ™' is comparatively weak. The two
A,, bands have moderate and comparable intensities and form
a pair of smaller features at higher frequencies. As expected,
given the mass difference, the IR-active modes in Sb,Se;
again have slightly higher frequencies than those calculated
for Bi,Se;.%?

It is also worth comparing our predicted structural and
vibrational properties of R3m Sb,Se; to the published works
pertaining to the possible synthesis of this phase. In 2013, Bera
et al.”® claimed to have observed the R3m phase of Sb,Se; at
room temperature. However, the experimental lattice para-
meters were not disclosed and the reported Raman spectrum
is not consistent with our theoretical spectrum, although our
spectrum is consistent with simulations performed in the same
study. We also note that our calculations of the pressure
coefficients for the Raman- and IR-active modes of tetradymite
Sb,Se; (not shown) indicate that all the modes should show
positive pressure coefficients, which is again consistent with
the theoretical results shown in ref. 25.

If we consider that the band gap of tetradymite-like Sb,Se; is
similar to or even larger than that of tetradymite-like Bi,Se;, we
would expect the Raman spectrum of tetradymite-like Sb,Se; to
be similar. We may therefore conclude that the experimental
Raman spectra reported in ref. 25 are not consistent with
tetradymite-like Sb,Se;. In this vein, we note that the appear-
ance of soft Raman modes with a negative pressure coefficient
at low pressures as reported in ref. 25 is similar to those of Se
and Te nano- or micro-clusters.®*®” Such features are either
formed during synthesis or induced by laser heating in Raman
scattering measurements at high laser powers, as has recently
been discussed.®’

Recently, Matetskiy et a
tetradymite-like phase of Sb,Se; in MBE-deposited layers over a
thick buffer layer of tetradymite-like Bi,Se;. This study reported
a lattice parameter of a, = 4.048 A for quintuple layers of
tetradymite-like Sb,Se;. The quintuple layers were observed
by scanning-tunnelling microscopy (STM) to be of ~1 nm in
thickness, meaning that the ¢, lattice parameter, corresponding
to three quintuple layers, would be ~ 30 A. Both the reported a,
and ¢, lattice parameters are consistent with our calculated
values. Furthermore, the electron dispersion obtained from
angle-resolved photoemission spectroscopy (ARPES) is compa-
tible with the R3m phase. It is therefore highly probable that
tetradymite-like Sb,Se; was synthesized for the first time in this
study. Unfortunately, this study did not report vibrational
spectra that would allow for additional comparison to our
predictions.

132 claimed to have observed the

3.7 On the observation of the R3m phase of A,X;
sesquichalcogenides

An analysis of bonding in layered materials under ambient
conditions, including tetradymite-like BYXY' and AV'ByX}" chal-
cogenides and also transition metal dichalcogenides (TMDs),
has recently been performed by plotting the van der Waals
(vdW) gap spacing vs. the X-X plane spacing.?® The vdW gap
spacing is defined as the interplanar distance across the

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Size of van der Waals gap vs. chalcogenide X-X plane spacing
in the R3m phases of A,Xz sesquichalcogenides (A = As, Sb, Biand X = Te,
Se, S). The data obtained from our theoretical calculations using
dispersion-corrected PBE are shown as circles with crosses. For compar-
ison, we also show theoretical PBEsol calculations on a-Bi,Ses, a-BirTes
and o-SbyTes from ref. 89 (crosses) and experimental measurements on
B-As,Tes, a-BiSes, a-BirTes and a-Sb,Tes from ref. 93-96 (dots).

interlayer space, whereas the X-X plane distance is the inter-
planar width across the intralayer space.®®®° In ref. 88, it was
concluded from the strong correlation that TMDs show a pure
interlayer vdW interaction, whereas the tetradymite-like chal-
cogenides do not because the vdW gap spacing is much smaller
than expected for their X-X plane spacing, which is indicative
of a stronger interlayer interaction than that expected for pure
vdW interactions.

It has recently been suggested that the vdW gap spacings in
tetradymite-like group-15 sesquichalcogenides are smaller than
those found for pure vdW materials, e.g. GaSe, InSe and TMDs.
This has been attributed to the presence of the extra delocalized
electrons between the layers that contribute an electrostatic
component to the bonding that is not present in pure vdW
materials.>»® These delocalized electrons arise from a
new type of bonding, termed “metavalent bonding”, between
the cations and anions inside the quintuple layers of the
tetradymite-like structure, which has been demonstrated by
the observation of a net charge difference between the layers in
group-15 sesquichalcogenides® and through a topological
study of the electronic charge density of SnSb,Te,.°* In essence,
the metavalent bonding results in the cations and anions
providing extra electrons to the space between the layers, which
in turn supports a stronger interlayer interaction.

In Fig. 7, we compare experimental (where available) and
theoretical vdW gap spacings against X-X plane spacings for
the full set of tetradymite-like BYX3' (B = As, Sb, Bi; X = S, Se, Te)
sesquichalcogenides.®®®° (The theoretical results are obtained
with PBEsol and dispersion-corrected PBE.)

Fig. 7 shows that the compounds usually synthesized in the
tetradymite-like structure, viz. B-As,Tes, a-Sb,Te;, o-Bi,Te; and
a-Bi,Se;, have a very small vdW gap spacings (typically below
2.9 A) and large X-X plane spacings (typically above 3.4 A). It is
particularly striking that the Te-Te plane spacing in -As,Te; is
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below 3.5 A, which is very different to other Te sesquichalco-
genides and close to the Se-Se plane spacings in Se sesquichal-
cogenides such as Bi,Se;. From this analysis, we can therefore
inferr that all the compounds with a stable tetradymite-like
structure under ambient conditions (see Fig. 5 of ref. 88) have
relatively small vdW gap spacings and X-X plane spacings
between 3.4 and 3.8 A. Since As,Se; and Sb,Se; do not usually
crystallize in the tetradymite-like structure, it can similarly be
inferred that X-X plane spacings below 3.4 A and vdwW gap
spacings above 2.9 A are outside the limit of stability for
tetradymite structures of the BYX3' and AV'ByX}" chalcogenides.
This is consistent with: (i) the locations of o-Bi,Se; and B-As,Te;
close to the lower limit of the X-X plane spacing; (ii) the
metastable tetradymite-like phase of B-As,Te; being obtained
under ambient conditions; and (iii) the metastable orthorhom-
bic Pnma phase of Bi,Se; (guanajuatite) being obtained under
ambient conditions.'”*”"*° The latter is isostructural to Bi,S;,
Sb,S; and Sb,Se; and has been observed in high-pressure
studies on o-Bi,Se; (paraguanajuatite) on decreasing the
pressure.>*%°

Most importantly, the vdW gap spacings and X-X plane
spacings calculated for Sb,Se; with PBEsol and dispersion-
corrected PBE are similar to those obtained for other group-
15 tetradymite-like sesquichalcogenides. This lends further
support to the idea that the R3m phase of Sb,Se; should be
synthetically accessible with a structure similar to that pre-
dicted in our calculations. Unfortunately, despite the fact that
R3m Sb,Se; does appear to have been synthesized recently,****
a complete structural characterization has yet to be reported
and therefore several of our calculated parameters cannot be
compared to experimental measurements. We thus hope that
the present study will stimulate further attempts to prepare and
characterise the R3m phase of Sb,Ses.

Finally, the analysis in Fig. 7 shows that all the group-15
sesquisulphides for which the theoretical R3m structures have
X-X plane spacings below 3.4 A do not seem to be stable in this
phase under ambient conditions according to our calculations.
This is in good agreement with the high predicted enthalpies of
these phases of Sb,S; and Bi,S;. However, this does not
necessarily mean that the R3m phase of these compounds
cannot be synthesized, as R3m As,Se; can be prepared at high
pressure and high temperature, which indicates that the
tetradymite-like structure of As,Se; is metastable under ambi-
ent conditions.®*>'°°7'%* It is therefore possible that tetradymite-
like As,S;, Sb,S; and Bi,S; could also potentially be synthesized
under the right conditions.

4 Conclusions

We have performed a comparative theoretical study of the Pnma
and R3m phases of Sb,Ss, Bi,S;, and Sb,Se; at applied pressures
of up to 10 GPa. Our calculations predict that at ambient
pressure the R3m (tetradymite-like) phase of Sb,Se; is energe-
tically more stable than the Pnma phase, in contrast to Sb,S;
and Bi,S;. This result contradicts the fact that all three
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compounds are usually grown on the Pnma phase. Further
energetic studies of both Sb,Se; phases show that the higher
energetic stability of the R3m phase with respect to the Pnma
phase is predicted by three different XC functionals and is
unaffected by the phonon contributions to the free energy and
thermal expansion at finite temperature. Lattice dynamics and
elastic tensor calculations further show that both the phases of
Sb,Se; are dynamically and mechanically stable at zero pres-
sure. Our calculations therefore suggest that the formation
of this phase should be feasible under close to ambient
conditions.

To aid in its identification, we have provided a theoretical
crystal structure and predicted IR and Raman spectra. We have
also discussed our results against the only two published
works, to the best of our knowledge, that have claimed to have
synthesized tetradymite-like Sb,Se;, and concluded that there
is a high probability that this phase has recently been synthe-
sized by molecular beam epitaxy on a thick buffer layer of
tetradymite-like Bi,Se;.

Finally, we have discussed the stability of the R3m structure
for all group-15 sesquichalcogenides by comparing the vdwW
gap and X-X plane spacings, which again suggests that the R3m
phase of Sb,Se; should be synthetically accessible. We hope
that this work will stimulate further investigation of
tetradymite-like Sb,Se; and the corresponding phases of As,Se;
and other sesquichalcogenides. These sesquichalcogenide
phases could potentially show topological properties interest-
ing for spintronics and quantum computation at moderate
pressures, and also be of interest as phase change materials
and highly-efficient thermoelectric materials, and for photonic
devices.

5 Appendices

5.1 Enthalpy vs. pressure curves obtained using different
exchange-correlation functionals

In order to verify that the variation of the enthalpy differences
between the Pnma and R3m phases of the three sesquichalco-
genides with pressure presented in Fig. 2 was not due to an
issue with the PBEsol functional, we performed similar calcula-
tions using dispersion-corrected PBE (PBE-D2; Fig. 8) and the
LDA (Fig. 9). For Sb,Se; both functionals also predict the R3m
phase to be the most energetically stable under ambient con-
ditions. There is however some variation in the predicted
transition pressure, with PBEsol and the LDA (Fig. 9) predicting
similar pressures but PBE-D2 predicting a slightly higher
transition point (Fig. 8).

5.2 Electronic properties of the R3m structural phase of
Sb,Se;

Fig. 10 shows the electronic band structure and atom- and
orbital-projected (partial) density of states of the R3m phase of
Sb,Se;. We have considered spin-orbit coupling effects in this
calculation due to their importance in determining the electro-
nic properties of many potential topological insulators. The

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Calculated relative enthalpy vs. pressure up to 10 GPa for the Pnma
and R3m phases of Sb,Ss (a), Bi»S3 (b) and Sb,Ses (c) relative to the lowest-
energy phases at ambient pressure, viz. the Pnma phases of Sb,Ss and
Bi,S3 and the R3m phase of Sb,Ses, obtained using PBE-D2.

valence band maximum (VBM) is mostly composed of Se p
states, whereas the conduction band minimum (CBM) is a
hybridization of Se and Sb p states with a small contribution
from Se s states. The band gap is direct and located along the
I'-Z segment of the dispersion in the vicinity of the I' point.
Both the VBM and CBM show a ‘‘Mexican-hat” feature -
indentation of the band dispersion - which indicates that our
DFT+SoC calculations predict the R3m phase of Sb,Se; to be a
topological insulator at ambient pressure. Sb,Se; differs from
similar topological insulators such as Bi,Te;'** and Bi,Se;'*
for which at zero pressure this feature only occurs in the VBM
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Fig. 9 Calculated enthalpy vs. pressure up to 10 GPa for the Pnma and
R3m phases of Sb,Ss (a), Bi,Ss (b) and Sb,Ses (c) relative to the lowest-
energy phase at ambient pressure, viz. the Pnma phases of Sb,Sz and Bi,Ss
and the R3m phase of Sb,Ses, obtained using the LDA.

but at moderate pressures the CBM also starts to develop a
“Mexican-hat” feature. The calculated PBEsol band gap is
around 0.23 eV. From a parabolic fitting of the band edges,"**
we obtain a hole effective mass m;, = —0.107 and an electron
effective mass m. = 0.098.
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