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Pressure-induced order-disorder transitions in B-In,S;: an
experimental and theoretical study of structural and vibrational
properties

Samuel Gallego-Parra,® Oscar Gomis,** Rosario Vilaplana,® Vanesa Paula Cuenca-Gotor, Domingo
Martinez-Garcia,© Placida Rodriguez-Hernandez,Y Alfonso Mufioz, Aldo Romero,® Arnab
Majumdar,’& Rajeev Ahuja,*" Catalin Popescu’ and Francisco Javier Manjén?

This joint experimental and theoretical study of the structural and vibrational properties of -In,S; upon compression shows
that this tetragonal defect spinel undergoes two reversible pressure-induced order-disorder transitions up to 20 GPa. We
propose that the first high-pressure phase above 5.0 GPa has the cubic defect spinel structure of a-In,S; and the second
high-pressure phase (¢-In,S;) above 10.5 GPa has a defect a-NaFeO,-type (R-3m) structure. This phase, related to the NaCl
structure, has not previously observed in spinels under compression and is related to both the tetradymite structure of
topological insulators and to the defect LiTiO, phase observed at high pressure in other thiospinels. Structural
characterization of the three phases shows that a-In,S; is softer than B-In,S; while ¢-In,S; is harder than B-In,S;. Vibrational
characterization of the three phases is also provided, and their Raman-active modes tentatively assigned. Our work shows
that the metastable a phase of In,S; can be accessed not only by high temperature or varying composition but also by high
pressure. On top of that, the pressure-induced B-a-¢ sequence of phase transitions evidences that B-In,S;, a B",XY3
compound with an intriguing structure typical of A"B",X", compounds (intermediate between thiospinels and ordered-
vacancy compounds) undergoes: i) a first phase transition at ambient pressure to a disordered spinel-type structure (a-
In,S3), isostructural with those found at high pressure and high temperature treatment in other B",X"; compounds; and ii) a
second phase transition to the defect a-NaFeO,-type structure (¢-In,Ss), a distorted NaCl-type structure that is related to
the defect NaCl phase found at high pressure in A"B",XV', ordered-vacancy compounds and to the defect LiTiO,-type phase
found at high pressure in A"B",XV!, thiospinels. This result shows that In,S; (with its intrinsic vacancies) has a similar pressure
behaviour than thiospinels and ordered-vacancy compounds of the A"B", XV, family, making B-In,S; the union link between
such families of compounds and showing that group-13 thiospinels have more in common to ordered-vacancy compounds
than to oxospinels and thiospinels with transition metals.

to implement reliable and eco-friendly devices due to the
environmental and biological issues concerning the use of toxic
semiconductors in an ever-increasing demand for solar cells. In this

Spinels constitute a class of technologically important materials used
in a wide range of applications, such as in dielectrics, sensors, solar
cells, and energy materials. High-performance In-based nontoxic (Cd
free) semiconductors are under the attentive watch of the industry
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context, In-based semiconductors, like spinel-type In,Ss, have drawn
a relevant interest for buffer layers to replace CdS. More specifically,
several works have evaluated In,S3-buffered thin films in solar cells,
achieving efficiencies between 12.9 and 16.4% by various deposition
techniques.’ These results make In,S; a worthy competitor of CdS
in solar cells. Moreover, as an n-type semiconductor, In,S; exhibits a
bandgap around 2.2 eV (depending on the growth conditions),*® a
high optical transmission in the visible region,” modest electrical
transport properties,® a low lattice thermal conductivity®, and
excellent chemical stability.

Due to the above properties, different In,S; phases have been
exploited not only in buffer layers, but also in other devices and
applications, such as photodetectors, lithium-ion batteries, oxygen
sensors, as well as in thermoelectric, luminescent, and photocatalytic
applications.19-16 Up to three phases of In,S; have been described at
ambient pressure and different temperatures: i) the B phase, with
tetragonal defect spinel structure (space group (S.G.) 14,/amd, Z=16,
Fig. 1a)) at ambient temperature; ii) the a phase, with cubic defect
spinel structure (S.G. Fd-3m, Z=10.67, Fig. 1b)) above 749 K; and iii)
the y phase, with trigonal structure (S.G. P-3m1, Z=1) above 1100 K.
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The stable phase at ambient conditions, B-In,Ss, features In cations
occupying 2/3 of tetrahedral (Td) positions, the Td(8e) sites, and
totally occupying octahedral positions (Oh), the Oh(16h), and Oh(8c)
sites. Curiously, 1/3 of the Td positions, the Td(4a) sites, are empty.”-
21 No other B",XV'; compound shows the defect spinel structure at
ambient pressure to our knowledge and only Al,S; and Al,Se; are
known to show this phase at high pressure (HP) and high
temperature (HT).2% 23 Indeed, the empty Td(4a) sites can be treated
as ordered vacancies, so B-In,Ss is in fact the only In-based ordered-
vacancy compound (OVC). In this context, B-In,S; can be considered
a defective A"B", XY, compound (it can be reformulated as InggIn,Sa
and found at the ICSD database). This material is located between
A'B", XV, compounds with cubic spinel structure and those with
defect chalcopyrite and defect stannite (or famatinite) structures.

Figure 1. a) Crystal structure of B-In,Ss. Ordered cation vacancies are
located in Td(4a) sites (blue tetrahedra). In atoms are placed in
Td(8e), Oh(8c), and Oh(16c) sites (orange tetrahedra, green and dark
green octahedra). b) Crystal structure of o- In,S;. Fractional
occupation of In atoms occurs in Td(8a) sites (light orange
tetrahedra) coming from Td(8e) and Td(4a) sites of the B phase.
Oh(8a) sites are fully occupied by In atoms.

On the other hand, a-In,S; is a phase characterized by a single Td site,
the Td(8a) site, which is shared by vacancies and In atoms as a
consequence of the order-disorder transition taking place in In,S3
above 749 K. In other words, above that temperature vacancies
spread over all Td(4a) and Td(8e) sites of the B phase and the
structure changes from tetragonal to cubic with a single Td site in the
structure.!® 2426 The cubic defect spinel phase was also observed in
Al,S; both when Al is partially substituted by a 2% As?’” and in Al,S;
and Al,Se; at HP-HT conditions (4 GPa and 673 K).23 The HT B-a phase
transition (PT) in In,S3 has been revisited quite recently.?® In addition,
several recent studies have studied the B-a PT at ambient
conditions.?% 30 Aluminium substitution in B-In,S; at relatively high
concentration leads to chemical disordering between In and Al
cations in the Td(8e) and Td(4a) sites and thus inducing the B-a PT.?®
On the other hand, an extensive study on the B-a PT has been carried
out by playing with the composition, x, in In;_,Vac,In,S,;, where Vac
stands for the vacancy.3° This B-a PT has been induced by Se(Te)-for-
S substitution as well.3! Therefore, in view of these studies, the B-a
PT can be triggered by HT or by composition.

2| J. Name., 2012, 00, 1-3

Above 1100 K, another order-disorder transition occurs with
vacancies being randomly distributed over both Td and Oh cation
sites. This additional disorder thus leads to the y phase,?*26 that was
refined by Pistor et al. during a reinvestigation of the HT PTs.26 A few
studies have considered the possibility of stabilizing y-In,S; at
ambient conditions by adding a 5% of As, Sb, or Bi.32 33 The y-phase
of In,S3 is similar to the trigonal A-type phase of rare-earth
sesquioxides, typical of La,03; however, In atoms at the La 2d sites
(2~0.25) of the La,03 structure are splitted into two 2d sites of z~0.19
and 0.35 with fractional occupations in y-In,Ss. Noteworthy, the A-
type phase of rare-earth sesquioxides was observed in In,Se; at HT
with a z~0.19,3% so it is possible that the same phase is observed in y-
In,S3 and that problems with Rietveld refinement had yielded an
additional 2d site with an abnormally high value of z (z~0.35).

HP studies in B-In,S; have raised even more controversies than HT
studies. The € phase, with a corundum-like structure (S.G. R-3¢c, Z=6),
was quenched from HP & HT studies (3.5 GPa and 800 K),3* and this
phase was also observed in Al,S3.36 As regards HP studies carried out
at ambient temperature, several X-ray diffraction (XRD)
measurements have addressed the structural properties of the B
phase under compression.3-3° Three HP-PTs near 6.6, 11, and 35.6
GPa (the last one aided by laser heating) were reported by Lai et al.3”
The structure of the first two HP phases could not be determined,
but the third one (hereafter named 6-In,S;) was identified as a defect
ThsP4-like structure (S.G. /-43d, Z=5.33).37 In agreement with Lai et
al., Yao et al. observed a HP-PT at 7.1 and 4.3 GPa in undoped and
Ce-doped B-In,Ss, respectively.3® Concerning the 1t HP phase, they
indexed it to a cubic structure, but no more details about the
structure were given. Curiously, no HP-PT was found in a more recent
HP-XRD work that studied B-In,S; up to 41.3 GPa.3? Despite this
result, the same authors observed a pressure-induced metallization
of In,S; around 6.8 GPa in a later study;*° a result that is in agreement
with the first HP-PT seen in the two first HP-XRD studies. Finally, we
must stress that the 15t HP-PT in B-In,S; has been also recently
evidenced by HP-Raman scattering (RS) and impedance spectroscopy
measurements around 7 GPa.*! Moreover, a semiconductor-metal
PT at 41.2 GPa has been also reported.*!

Despite the recent HP studies on B-In,S;, many questions are still
open, being the most important ones related to the nature of the 1
and 2" HP phases that remain unknown. On the other hand, no ab
initio simulations of structural and vibrational properties of the B
phase at HP have been conducted yet, to our knowledge, to help us
to understand the obtained experimental results. Finally, neither of
the already mentioned HP studies has explored if the B-a PT could be
induced by pressure.

In this work, we present the results of a joint experimental and
theoretical study on B-In,S3 under compression. HP-XRD and HP-RS
measurements up to 15.0 and 21.2 GPa, respectively, are
complemented with ab initio simulations to shed light on the above
commented issues. We will show there are two HP-PTs whose onset
isaround 4.9 and 10.2 GPa. We will propose that the 1t HP phase has
the cubic defect spinel structure (a-In,S;) and that the 2" HP phase
(hereafter named ¢-1n,S3) has a defect a-NaFeO,-type structure. This
is the first time, to our knowledge, that the defect a-NaFeO,-type
structure has been proposed as a post-spinel phase and the first time
that it is commented on the possibility that the B-a PT could be
induced by pressure. Moreover, we will show that the defect a-
NaFeO,-type structure bears a relation to the tetradymite-type
structure, which is a typical structure of group-15 B",X"; compounds

This journal is © The Royal Society of Chemistry 20xx
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with topological insulating properties.*? We will also provide an
experimental and theoretical characterization of the structural and
vibrational properties of the three phases (B, a, and ¢). For this
purpose, and due to the difficulty in simulating disordered
structures, like a-In,S3 and ¢-1n,S3, we will discuss the properties of
these two phases by comparison with isostructural compounds
CdIn,S, and Na(Ag)InS,, respectively.

Most importantly, we will finally show in this work that thiospinels
(either with B'",XVl; or A'B",XY!, composition) undergo pressure-
induced order-disorder transitions similar to those of ordered-
vacancy compounds. In other words, they tend to HP phases related
to the NaCl structure, typical of AX or ABX, compounds (with the
same number of cations and anions) as if vacancies could be counted
as additional cations. Consequently, we will show that thiospinels at
HP behave more similarly to ordered-vacancy compounds than to
oxospinels and propose new experiments to verify it.

Experimental and theoretical details

B-In,S; powders of high purity (99.999%) used in the present study
were commercially acquired from Alfa Aesar company. Additionally,
a-1n,S3 powders of high purity (99.99%) were commercially acquired
from Sigma Aldrich company. Powders were characterized at
ambient conditions to verify the presence of either the B or the a
phase. HP measurements on B-In,S; at 300 K were performed using
a membrane-type diamond-anvil cell (DAC) with 400 um diameter
culet. Powder samples were placed in a 150-um diameter hole
performed in a 40 um-thick stainless-steel gasket and pressurized by
a pressure-transmitting medium (PTM), like 4:1 methanol-ethanol
mixture (M-E), that remains quasi-hydrostatic up to 10 GPa.*> 44

Angle dispersive powder HP-XRD measurements were carried out up
to 15 GPa in BLO4-MSPD beamline at ALBA synchrotron using a
monochromatic X-ray beam with A = 0.4246 A and a Rayonix
MARCCD detector located at 240 mm from the sample.*> Copper was
placed inside the pressure cavity and used as the pressure sensor
through copper EoS*, and a pinhole placed before the sample
position was used as a cleanup aperture for filtering out the tail of
the X-ray beam, which was focused down to 20 x 20 um? using
Kickpatrick-Baez mirrors. Powder XRD patterns were integrated as a
function of 20 using Dioptas software in order to obtain
conventional, one-dimensional, diffraction profiles*” that were
refined using GSAS-Il program package.*®

Unpolarized HP-RS measurements were carried out up to 21 GPa
using a Horiba Jobin Yvon LabRAM UV HR microspectrometer
equipped with a thermoelectrically cooled multichannel charge
coupled device detector that allows a spectral resolution better than
2 cm~L. The Raman signal was excited with a HeNe laser (632.8 nm
line) with a power of less than 10 mW and collected in backscattering
geometry using an edge filter working in perpendicular configuration
and cutting around 100 cm~1. Raman signals down to 50 cm~ or even
less can eventually be detected by adjusting the angle between the
edge filter and the light containing the Raman signal. The pressure
was determined by the ruby Iluminescence method.*? The
frequencies of the Raman-active phonons were experimentally
obtained by fitting Raman peaks with Voigt profiles of fixed Gaussian
line width to the experimental setup resolution (1.6 cm™1).50, 51

First-principles density-functional theory (DFT)%? calculations at 0 K
for B-In,Ss, cubic spinel CdIn,S,, and AgInS, and NalnS, (both with a-

This journal is © The Royal Society of Chemistry 20xx
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NaFeO,-type structure) were carried out with the Vienna Ab-initio
Simulation Package (VASP),>3 using the projected augmented wave
(PAW) scheme.® 3> Calculations were performed with the
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzenhof revised for solids (PBEsol).>® The basis set of plane waves
was extended up to a cutoff 530, 600, and 530 eV for the B-In,Ss,
thiospinel CdIn,S,, and AgInS, and NalnS,, respectively, in order to
achieve highly converged results. For each relaxed structure,
calculations were performed with the automatic k-point generation
method included in the VASP package (Monkhorst-Pack scheme®’)
with Hellman-Feynman forces smaller than 0.004 eV/A per atom and
deviations of the stress tensor from the diagonal hydrostatic form
smaller than 0.1 GPa.

Lattice dynamics calculations were performed at the zone center (I'-
point) of the Brillouin zone. The supercell method with the primitive
cell was employed for the calculation of the dynamical matrix at the
l-point.>3 38 In order to obtain the phonon density of states at 0 GPa,
a 2x2x2 supercell was used for B-In,S3; and CdIn,S,.

Structural search by theoretical means were employed to try to
identify the 2" HP crystalline structure phase of B-In,S;. The
potential energy surface was systematically explored with the help
of the minima hopping and evolutionary genetic methods. The first
was employed in the multidimensional potential energy landscape of
In,S; with 5, 10, 15, 20, and 40 atoms in the unit cell. We have used
the minima hopping method to identify the lower energy
configurations at ambient pressure,®® % and at least ninety
symmetrically different local minima energy structures were
identified for each cell size. The evolutionary genetic method was
used as it is implemented in the USPEX code.®¥63 Initially, the first
generation of prediction consisted of 300 structures by considering 1
to 10 formula units for fixed composition search in the unit cell. From
the second generation onwards, structures were obtained by
applying the 40% heredity (of each generation), 20% soft-mutation,
and 20% transmutation operators. The remaining 20% of each
generation was generated by using random® and topological
generators.®®> This procedure was performed for 6 and 10 GPa
pressure points, near those experimental transition observed. The
structures predicted for both methods were kept according to their
high symmetry, i.e., those with the least inequivalent atomic
positions and a high number of symmetry operations. The study of
partially occupied structures has been conducted with the Supercell
program® to explore the different supercell configurations
describing the analyzed structure. In this way, few theoretical XRD
reflections and Raman modes are expected, as our HP-XRD and HP-
RS measurements exhibit. For each method, each one of the selected
structures was reoptimized with VASP and symmetrized by using
similar convergence criteria than in the case of the vibrational
analysis. Only those structures with the smallest energies and a few
XRD peaks, like the ones obtained experimentally, were considered
for further analysis.

Results and discussion

A. Structural properties under high pressure

Figure 2a) shows the evolution of the XRD patterns of B-In,S; upon
compression and decompression (d). For the sake of clarity, we have
included the Miller indices (h k /) of the most intense reflections of
the B phase at 0.9 GPa. An example of Le Bail refinement of the B
phase at 0.9 GPa is shown in Fig. 3. At 4.9 GPa, most reflections of B
phase occur. Only the most intense peaks of the B phase, namely, (1

J. Name., 2013, 00, 1-3 | 3
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03),(109),(206), (0012),(318),(2212), (22 15)and (40 8)
reflections remain. Above 4.9 GPa, the B phase cannot be refined
anymore; therefore, we consider that this is the onset transition
pressure of the 15t HP-PT. Despite the PT, the Miller indices (h k /) of
the B phase are used above 4.9 GPa to refer to the relevant
reflections from the HP phases. Above 8.2 GPa, several weak
reflections disappear (Fig. 2). At 10.2 GPa, the (1 1 6) reflection
disappears and the relative intensities between the (1 09) and (2 0
6) reflections changes. Therefore, we consider that a 2"d HP-PT
occurs above 10.2 GPa. On decompression down to 0.6 GPa, most of
the reflections that disappeared during compression emerge again,
thus pointing out the reversibility of the effect exerted by the
pressure on B-In,Ss.
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Figure 2. a) HP-XRD patterns of B-In,S; on compression up to 15.0
GPa and decompression (d) down to 0.6 GPa. Labels for the most
representative (h k 1) indices for B-In,S; are given. Green ticks
represent the B-In,S; reflections at the lowest pressure on upstroke.
Black, red, and magenta colors represent the three B, a, and ¢
phases, respectively.
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Figure 3. Le Bail refinement of selected XRD patterns of B-In,S; at
0.9 GPa and of a-In,S3 at 4.9 and 10.2 GPa. Copper, B- and a-In,S;
reflections are marked with red, green and blue ticks, respectively.

Analysis of the structural parameters of B-In,S; under compression
has been obtained by LeBail refinement (see Fig. 4) and compared to
those provided by theoretical calculations. A rather good agreement
is found between the experimental and theoretical lattice
parameters a and ¢ and their evolution with pressure (Fig. 4a)). In
fact, there is a better agreement of theoretical calculations with the
a lattice parameter than with the c lattice parameter (that is slightly
overestimated). Consequently, the theoretical volumes are slightly
overestimated in comparison to experimental ones (Fig. 4b)). To
evaluate the effect of pressure on the lattice parameters a and ¢, we
have calculated the experimental (theoretical) zero-pressure axial

compressibilities, defined as Ky = —%, which are: k, = 5.2:1073
(6.2:103) GPa and k. = 6.4:103 (6.7-103) GPa. Our results show that
the theoretical and experimental values for k. are closer than those
for k,, unlike the case for the lattice parameters. Additionally, it is
found that the long lattice parameter c is more compressible than
the short lattice parameter a. This result can be understood if we
consider that the ordered vacancies are placed along a 4, screw axis
parallel to the c axis.
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Figure 4. Pressure dependence of the lattice parameters (a) and
volume per formula unit, V/Z (b), in B-, a-, and &-In,S;. The
theoretical pressure dependence of lattice parameters (dash lines) in
B-In,S;3 is plotted in a). Experimental (solid lines) and theoretical
(dash lines) BM3-EoS for B-In,S; are shown in b). Only experimental
BM3-EoS (solid lines) are shown for a-, and ¢-In,S; in b).

To evaluate the experimental and theoretical pressure dependence
of the unit-cell volume of the B phase, we have used both a 2" and
3rd -order Birch-Murnaghan equation of state (BM2- and BM3-EoS).
A good agreement between experimental and theoretical data and
the corresponding BM3-EoS can be seen in Fig. 4b). Our experimental

This journal is © The Royal Society of Chemistry 20xx
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and theoretical zero-pressure volume (Vy), bulk modulus (Bo), and
first pressure derivative (By’) show a good agreement, as can also be
seen in Table 1. Our By values for B-In,S; are very close to that
reported for In,S;:Ce nanoparticles,3® slightly smaller than those
reported for In,S; nanoparticles3® and for bulk In,S; in Ref. 31 and
larger than those reported for bulk In,S; in Ref. 32, Again, the use of
different PTMs and their associated hydrostatic limits*® vyield
different values for By. In particular, our By values are smaller than
those of works using less hydrostatic PTM, like solid powders or
silicon 0il,37 38 and larger than those of works using equal or more
hydrostatic PTM, like M-E and Ne.3? In fact, we think that our results
and those of Ref. 3 are not so different. The main differences
between the two works stem from the pressure range used to fit the
EoS. In this work, the EoS was fitted up to 4.5 GPa, while in Ref. 3% it
was fitted up to 41.3 and 21.4 GPa, with M-E and Ne, respectively. It
must be mentioned that the bulk modulus of B-In,S; is similar to
those of some OVCs, like a’-Ga,S;%7 and Ga,Ses,%8 and also similar to
that of layered a-In,Se; and B’-In,Ses.%° In particular, the similar bulk
modulus of an OVC, like B-In,Ss, and of a layered material, like a-
In,Ses, could be surprising since this last compound is a van der Waals
compound that does not present vacancies in its structure; however,
the gap between layers in van der Waals materials can be considered
to be formed by intrinsic vacancies, as recently suggested,’® and this
justifies the similarities of both bulk moduli.

Table 1. Experimental (exp.) and theoretical (th.) unit-cell volume at zero
pressure (Vo, in A3), bulk modulus (B, in GPa), and first pressure derivative
(By') for B-In,S;. PTM used, and transition pressure (TP, in GPa) are also
indicated. Results of previous HP works have been added for comparison.37-3°
The volume per formula unit (V/Z, in A3) for B-In,S; (Z=16) is shown as well.

Vo Bo By’ v/z TP PTM
B-In,S;  exp.b 1876(2) 57(4) 4.5(7) 117(1) 49 M-E?
1875(1) 58.2(7) 4.0, fixed  117(1)
th.b 1895.0(6)  53.1(9) 4.1(4) 118(1)
1895.0(4)  53.5(3)  4.0,fixed  118(1)
exp. 1880.4¢ 37.8(2) 4.4(1) 118(1) NoTP M-E?
1882(1) 39.7(2) 4.0, fixed  118(1)
1880.4¢ 42.8(3) 4.1(1) 118(1) NoTP Ne
1883(1) 42.7(2) 4.0, fixed  118(1)
exp.© 1875(3) 63(3) 4.0, fixed 117(1) 6.6 s?
6.8 LiFf
exp  1880.7(1) 87(4) 4.0, fixed  118(1) 7.1 s?
1918.1(1) 56(4) 4.0, fixed  120(1) 4.3h
exp.' 6.8 No PTM
exp.J ~7.2 He
6.8 No PTM

3M-E: 4:1 methanol-ethanol, S: silicone oil.

bPresent work.

°Ref. 3,

d Authors in Ref. 3 fix Vo to 1880.4 A2 for the BM3-EoS for the different PTMs used.
¢Ref. 37.

fNo EoS is given in Ref. 37.

&Ref. 38,

hn,S3:Ce nanoparticles.

iRef. 4. 1t PT observed by electrical measurements.

iRef. 41, 15t PT observed by Raman and electrical measurements.

A deep analysis of the decrease of the relative volume of the
different polyhedral units in -In,Ss, as provided by our theoretical
calculations (Fig. S1 in the Supplementary Information (Sl)), shows
that the small bulk modulus of B-In,S; is mainly given by the
compression of the polyhedral volume associated to the vacancy
(Vac); i.e. the VacS, tetrahedron (centered at 4a sites). The In-based
polyhedral units, InS, tetrahedra (centered at 8e sites) and InSg
octahedra (centered at 8c and 16h sites), compress at a much smaller
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rate than the tetrahedron around the vacancy. BM2-EoS fit of
polyhedral volumes yield a low bulk modulus (9.1 GPa) for the VacS,
tetrahedron, which is much smaller than those for the InS,
tetrahedron and InSg octahedra (8c and 16h sites), whose values are
54.8, 99.7, and 84.7 GPa, respectively. Therefore, the soft bulk
modulus of B-In,S3 (¥57 GPa) can be explained by the strong
compression of the polyhedral unit around the vacancy. In fact, if one
considers the polyhedral bulk moduli obtained from theoretical
calculations and the multiplicity of each site in the tetragonal defect
spinel structure, one can calculate a bulk modulus of ~65.5 GPa for
B-In,Ss, which is in relatively good agreement with the theoretical
values for the bulk modulus obtained from the unit-cell volume (see
Table 1).

A significant larger compression of the tetrahedron around the
vacancy than of In-based polyhedra is noticed when comparing the
theoretical Vac-S and In-S distances (Fig. S2 in the Sl). For the sake of
completeness, we have also provided in Fig. S3 in the Sl the pressure
dependence of the distortion index (D), quadratic elongation (M),
bond angle variance (0?), and effective coordination number (ECoN)
corresponding to InS; and VacS, tetrahedra and both InSg octahedra
in B-In,Ss3. Our calculations show a gradual change of all parameters
with increasing pressure and, apparently, there is no abrupt change
or singular value that could suggest the onset of the order-disorder
PT taking place in B-In,S; above 4.9 GPa.

We will now discuss the 15t HP phase observed above 4.9 GPa. The
15t PT is characterized by the disappearance of most reflections of the
tetragonal defect spinel phase and the lack of appearance of new
peaks; i.e. the B phase seems to be a superstructure of the 15t HP
phase. Considering the group-supergroup relation between the a
and B phases of In,S;, we considered the a phase with cubic spinel
structure as a potential candidate for the 1t HP phase of the
tetragonal B phase. In fact, we have successfully performed a LeBail
refinement of XRD pattern of the 15t HP phase with the a phase from
4.9 to 10.2 GPa (see Fig. 3). For this purpose, we have used the
structural data of the a phase from Pistor et al.2® Above 10.2 GPa,
the a phase does not fit the experimental XRD patterns anymore.

It is interesting to mention that the cubic spinel structure has also
been observed in Al,S;, Al,Ses, CdAl,S,;, HgAl,S;, CdAl,Se,s, and
HgAl,Se, at HP-HT conditions (around 4-7 GPa and 673-873 K).23 71
Therefore, we consider that we have identified the nature of 15t HP
phase of B-In,S3 and it corresponds to the cubic spinel structure. This
phase is isostructural to a-In,S;, observed also at HT and under
varying composition.

It must be stressed that in previous HP studies of B-In,S; the nature
of the 1t and 2" HP phases could not be revealed. Indeed, our
assignment of the 1%t HP phase to the cubic a phase agrees with the
cubic symmetry found for the 15t HP phase in a previous work (the
S.G. was not provided).3® The main difference between our work and
Ref. 38 is that our HP-XRD measurements at 4.9 GPa do not show the
emergence of new peaks, unlike in Ref. 38, In this sense, we want to
comment that the XRD patterns from Ref. 38 do not exhibit a good
peak resolution, likely due to the non-uniform nanoparticle size used
in that study, so the appearance of new peaks close to those of the
original phase must be considered with caution. It must also be noted
that the disappearance of most of the weak reflections of the  phase
was also observed in Ref. 3%, despite the fact that no PT was claimed
to occur in that study.
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For the sake of comparison with the B phase, we have plotted the
lattice parameter a (Fig. 4a)) and the volume per formula unit, V/Z,
(Fig. 4b)) of a-In,S; as a function of pressure. We must note that Z is
8 for a typical AB,X; spinel; however, we must reformulate Z in terms
of B,X; stoichiometry, like B-In,S;, to compare the V/Z of the
different phases studied. For this purpose, we have to consider the
Td(8a) fractional occupation of 2/3 and the multiplicity of both In and
S atoms. In this way, a renormalized Z=10.67 for the cubic spinel
phase of a-In,S; is obtained. By looking at the pressure dependence
of V/Z for the B and a phases, we have observed a relative decrease
of 3.3% at the 15 PT in B-In,Ss. Curiously, this value is similar to the
volume changes reported between the low pressure (LP) and HP
phases of the Aln,S, thiospinels.”? This means that this small relative
volume change seems to be typical of pressure-induced order-
disorder PTs in both B/,XV; and A"B",XV', thiospinels.

The a lattice parameter compressibility, k,, of the a phase (7.9-10°3
GPa) is larger than those of the a and c axes of the B phase. On top
of that, the bulk modulus, By, of the a phase (obtained either with
BM2- or BM3-EoS, see Table 2) is smaller than that of the B phase
(Table 1). The softer pressure behaviour of the a phase, reflected in
its K, and By, is justified by the fractional occupation of the Td(8a)
sites in the a phase, coming from ordered Td(8e) and empty Td(4a)
sites in the B phase. An estimation of the unit-cell volume fraction
associated with vacancies at 0 GPa yields a 1.54 and 3.22% for the B
and a phases, respectively. These values reflect the larger fraction of
the unit-cell volume occupied by vacancies in the a phase than in the
B phase that supports the softer pressure behavior of the a phase
compared to the B-phase. In this context, the disorder of cations and
vacancies in the Td(8a) sites of the defect cubic spinel phase of a-
In,S; also explains its smaller By in comparison with the cubic spinel
phase of Aln,S, compounds, that do not present vacancies in their
occupied atomic positions (see Table 2).

Table 2. Experimental (exp.) unit-cell volume at zero pressure (Vo, in A3), bulk
modulus (B, in GPa), and first pressure derivative (B,’) obtained for a-In,S;.
Experimental and and theoretical (th.) data for the low-pressure (LP) and
high-pressure (HP) defect-LiTiO,-type phases of the Aln,S, thiospinels (A=Cd,
Mg, Mn) are given for comparison.’? The volume per formula unit (V/Z, in A3)
for a-In,S; (2=10.67), as well as for the spinel (Z=8) and defect-LiTiO,-type
(2=8) phases of the Aln,S, thiospinels are also shown. Note that the Z value of
the defect-LiTiO, structure is renormalized to that of the typical AB)X,
composition of spinels. PTM used, and transition pressure (TP, in GPa) are
indicated.

Vo Bo By’ v/z TP PTM
o-In,S; exp.b 1245(9) 39(3) 4.5(8) 117(1) 82  M-E
1240(9) 42(3) 4.0, fixed  116(1)
Cdin,S;  LPexp.c 1274(2) 78(4) 3.1(8) 159(1) 95  M-E?
LPth.c 1241.45(2)  79.8(2) 4.65(6) 155(1) 115
HP exp.© 1206(6) 74(4) 4.0, fixed 151(1)
HP th.c 1174.6(8)  71.6(4) 4.0, fixed  147(1)
Mgin,S;  LPexp. 1227(1) 76.3(3) 2.8(7) 154(1) 83  M-E
LPth. 1211.9(4)  75.4(9) 4.3(3) 152(1) 6.0
HP exp.¢ 1222(6) 55(2) 4.0, fixed 153(1)
HP th.c 1124.8(6)  68.8(4) 4.0, fixed  141(1)
Mnin,S;  LPexp. 1230(1) 78(4) 3.2(1) 154(1) 6.8  M-E
LP th.c 1200.7(5) 80(2) 3.9(3) 150(1) 6.9
HP exp.¢ 1187(2) 62(1) 40, fixed  148(1)
HP th.c 1121.0(4)  70.1(3) 4.0, fixed  140(1)

3 M-E: 4:1 methanol-ethanol, S: silicone oil.
bPresent work.
Ref. 72,
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It must be noted that a smaller B, value of the 15t HP phase of the
Aln,S, (A= Cd, Mn, Mg) thiospinels, with defect LiTiO, structure, than
that of the cubic spinel phase has also been observed (Table 2).72
Again, this is a result of the pressure-induced order-disorder PTs. In
the cubic spinel phase of Aln,S, thiospinels, all cations are mainly
ordered with A cations occupying Td(8b) sites and In cations
occupying Oh(l6c) sites. However, in the defect LiTiO,
structure, A and In cations are disordered in the Oh(16c) sites,
resulting in a larger compressibility than that of the cubic spinel
phase.

Further support to the assignment of the 15t HP In,S; phase to the a
phase comes from the value of the lattice parameter a of the a phase
extrapolated to 0 GPa: a= 10.758 A (10.745 A) from our BM3-EoS
(BM2-E0S). This value compares well with the lattice parameter a of
10.736 A obtained from the commercial sample powders of a-In,S;
at ambient pressure (see Fig. S4a) in the Sl). These values can be
nicely compared with data reported in the literature for the a phase.
In fact, a value of a= 10.774 A was reported many years ago at
ambient conditions,® and a little bit longer lattice parameter a of
10.832 A was refined at 749 K.26 Moreover, the a phase was observed
with a lattice parameter a of 10.769 and 10.758 A in In,_,Vac,In,S,
with In contents of 40.5 and 41.0 %, respectively.3° As observed,
these values of the lattice parameter a for the a phase match quite
well with our experimental values, thus confirming the nature of the
15t HP phase of B-In,Ss.

As already commented, the B-a PT that is induced by HT or varying
composition yields the mixing of the ordered Td(8e) and empty
Td(4a) sites in the B phase within a unique disordered Td(8a) site in
the a phase. Considering that 2/3 of Td positions in the B phase (the
Td(8e) sites) are occupied when these sites mix with the empty
Td(4a) sites, the occupation fraction in Td(8a) sites in the a phase
must be 2/3. This is confirmed in the studies of HT24-26 and it is also
expected for HP since no change of composition is expected in either
HT or HP studies. Unfortunately, we cannot provide the occupation
fraction of Td(8a) sites in the a phase obtained at HP due to the
impossibility to perform Rietveld refinements of our HP-XRD
patterns. In this context, it must be noted that the a phase obtained
by introducing a high In content exhibit an occupation fraction in the
Td(8a) site that is higher than 2/3,3° in opposition with what is
observed at HT and is expected at HP. This reasoning allows us to
predict that a slightly higher bulk modulus of the a phase should be
observed in Ini_,Vac,In,S; samples with a high content of In than in
stoichiometric a-In,Ss. In fact, this hypothesis is indirectly supported
by the smaller values of the lattice parameter a found in Ini_
WVac,In,S,samples with a high content of In3° with respect to samples
of almost stoichiometric a-In,S3,8 if one considers the typical inverse
relationship between volume and bulk modulus. Therefore, the
results on Iny_,Vac,In,S4 samples give support to our assignment of
the nature of the 1%t HP phase in B-In,Ss.

Now, we will focus on the 2" HP phase observed above 10.2 GPa.
First of all, we want to remember that a 2" PT was reported above
11 GPa in Ref. 37. In that work, the 2" PT was identified by the
emerging of new peaks at about 2.6 and 3.0 A of d spacing, but the
nature of the 2"d HP phase was not identified perhaps due to the lack
of an enough number of diffraction peaks and because of the
weakness of the few peaks observed.?” It must be noted that the new
peaks observed in Ref. 37 should be located around 8 and 9 degrees
in our XRD patterns, near the (2 0 6) and (0 0 12) reflections of the
previous B phase, respectively. Curiously, no new peaks appear near
these reflections appear in our HP-XRD measurements. On the other
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hand, the HP-XRD patterns of Ref. 3% show the disappearance of the
(1 1 6) reflection as well as the change in the relative intensity of (1
09) and (2 0 6) reflections of the previous B phase, as occurs in our
HP-XRD patterns (Fig. 2 and 3). Therefore, we can conclude that the
results of Ref. 39 provide evidence of the 2" PT, despite the authors
of Ref. 3° said that no PTs were observed in their HP-XRD
measurements.

To identify the 2" HP phase of B-In,Ss, several approaches have been
undertaken. First, we tried with several polymorphs observed on
In,S3 either at HP, at HT, or at HP-HT. They include the € phase, the y
phase, and the § phase.3” Moreover, LP and HP phases seen in other
compounds with AX (NaCl, CrB, LuS, TIS, CoO and NiO), ABX, (LiTiO,,
LiFeOz and NaFeOz), A2X3 (Gszg, U253, Th253, 052A|3 and |n25e3), ABX3
(perovskite, post-perovskite), and AB,X; (post-spinel CaMn,0,,
CaTi,04 and CaFe,0,4) compositions have been tested. Further to this,
we decided to use structure prediction methods to help us obtain the
crystalline structure of the 2" HP phase of B-In,S;. After all this
challenging task, we found that the rhombohedral a-NaFeO,-type
(S.G. R-3m, Z=3) structure, a layered distorted variant of the NaCl-
type structure’? observed in ABX, compounds,’478 was the only one
compatible with our XRD patterns. LeBail refinements of the 2"d HP
phase with a defect a-NaFeO,-type structure at two pressures (11.2
and 15 GPa) are plotted in Fig. 5. This 2"@ HP phase (¢$-In,Ss) is also a
defective phase with vacancies and cations mixed at the same
Wyckoff sites and has a smaller number of reflections than those in
a-In,Ss. In particular, the peak located around 6.8 degrees in a-In,S3
(Fig. 3) disappears in ¢-In,S; (Fig. 5). Furthermore, the notable
widening of the peaks located around 8.5 and 13.8 degrees around
15 GPa (Fig. 5) comes from the splitting of many reflections of ¢-
In2$3.

Figure 5. Le Bail refinement of selected XRD patterns of ¢-In,S; at 11.2 and
15.0 GPa. Copper and ¢-In,S; reflections are marked with red and purple
ticks, respectively.
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We must stress that this is the first time, to our knowledge, that a
post-spinel phase with defect a-NaFeO,-type structure has been
proposed. Noteworthy, this phase has been obtained by chemical
lithiation of spinel LiTi,047° and in spinel LiCoO, at HT.8 Additionally,
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the spinel structure is also found in high-energy irradiated a-
NaFe0,.8! These are clear examples of the relation between the
rhombohedral R-3m a-NaFeO,-type structure of ABX, compounds
and the cubic Fd-3m spinel structure of AB,X,; compounds. On top of
that, the a-NaFeO,-type structure has been found at ambient
conditions in several B",XV'; compounds, like Sc,S3,%% Ti,S3%3 and
Zr,Ses.8* These last compounds have 2 equal octahedra in 3a and 3b
sites for the B cation and an occupation fraction of 1/3 in the 3b sites.
Due to the lack of Rietveld refinements, we propose for ¢-In,S; the
same occupation observed in the above mentioned B"XV;
compounds with this a-NaFeO,-type structure (see Fig. 6a)); i.e., a
full occupation of 3a sites by In atoms and a 1/3 occupation of 3b
sites by In atoms. For the sake of comparison, we have included the
structure of NalnS, (Fig. 6b)), where Na cations are in those sites
where the ¢-In,S; has 1/3 of occupation fraction. In conclusion, we
propose the defect a-NaFeO,-type structure as the 2" HP phase of
¢-In,S; at ambient temperature.

Figure 6. Comparison of ¢-In,S; a), a-NaFeO, b), and a-Bi,Te; c) structures.
Note that vacancies have been added at 3b sites (those between the layers)
in the tetradymite structure of a-Bi,Te; to highlight the similitudes the a-
NaFeO,-type and tetradymite-type structures.

Curiously enough, if we remove 1 of every 3 cation layers (from
partially occupied 3b sites) of the defect a-NaFeO,-type structure
(S.G. R-3m), we can obtain the tetradymite-like structure (also S.G.
R-3m) observed in many B",XV'; compounds, like Bi,Se; (Fig. 6¢)). In
this way, the structural relation between the defect NaFeO,-type
structure and tetradymite structure is emphasized. In a recent work,
it has been proposed that the array of intrinsic vacancies forming the
gap between the layers in van der Waals materials, like those having
a tetradymite structure, should be considered as part of the
crystalline structure.” If we apply this rule, both structures are even
more connected. In this way, it seems that for B",X’; compounds
with B cations in octahedral coordination, like in the NaCl-type
structure, some cations that mix well with vacancies can lead to the
defect a-NaFeO,-type structure, like in Sc,Ss, while other cations that
do not mix well with vacancies can lead to the tetradymite-like
structure, like in Bi,Ses;, where atoms and vacancies group into
separate planes leading to quintuple layers.

For the sake of comparison with the previous phases, we have
plotted the lattice parameters a and c (Fig. 4a)) and the volume per
formula unit, V/Z, (Fig. 4b)) of ¢-In,S; as a function of pressure.
Again, reformulating Z for ¢-In,S; we got Z=2 by considering the
occupation fraction of 1/3 in the 3b sites and the multiplicity of both
In and S atoms. Attending to the pressure dependence of V/Z for the
a and ¢ phases, a relative volume decrease of 2.0% at the 2" PT in
B-In,Ssis obtained. Again, this value is similar to the volume changes
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reported between the LP and HP phases of the Aln,S, thiospinels,”2
so this result confirms that this small relative volume change seems
to be typical of pressure-induced order-disorder PTs in both B',XV;
and A"B", XV, thiospinels.

The a and c lattice parameter compressibilities, k, and k., of the ¢
phase (3.1:103 and 5.4-103 GPa, respectively) are smaller than those
of the a and c axes of the B phase and than that of the g axis of the a
phase. On top of that, the bulk modulus, By, of the ¢ phase (obtained
either with BM2- or BM3-EoS, see Table 3) is larger than those of the
B and a-phases. Note that the unit-cell volume fraction associated
with vacancies in the ¢ phase is ~11.11 %; i.e. larger than those in
the B and a phases, but this does not result in a softer pressure
behaviour of the ¢ phase than the other two phases. The harder
pressure behaviour of the ¢ phase is not justified by its fractional
occupation of 1/3 in the octahedral cation 3b sites, but for the
smaller compressibility of octahedra than of tetrahedra in all spinel-
related structures. In addition to this, the low V/Z of the ¢ phase (109
A3 (z=2)) in comparison to those of B and o phases (117.25 (Z=16)
and 116.68 (Z=10.67) A3, respectively) support the largest
incompressibility of the ¢ phase. It must be stressed that the
experimental bulk modulus found for ¢-In,S; is like the theoretical
ones predicted for isostructural AgInS,, with a similar V value, and
larger than NalnS,, with a larger V value (see Table 3). This result is
in good agreement with the already mentioned inverse relation
between volume and bulk modulus.

Table 3. Experimental (exp.) unit-cell volume at zero pressure (Vo, in A3), bulk
modulus (B, in GPa), and first pressure derivative (B,’) obtained for ¢-In,Ss;.
Theoretical (th.) data for NalnS, and AgInS, are given for comparison. The
volume per formula unit (V/Z, in A3) for $-In,S; (Z=2) and Na(Ag)InS, (Z=3) are
shown as well.

Vo B, By’ v/z
&-InyS;  exp. 217(3)  78(3) 4.4(4) 109(1)
216(3)  82(4) 4.0, fixed  108(1)
NalnS,  th. 248.9(1)  51(5) 4.6(7) 83(1)
247.8(4)  56(2) 4.0, fixed  83(2)
Agins,  th. 229.6(2)  86(2) 4.3(2) 77(1)
229.2(3) 93(2) 4.0, fixed  76(1)

B. Vibrational properties under high pressure

For B-In,Ss, containing 16 molecules in the unit cell, group theory
predicts the 120 vibrational modes at the Brillouin zone center:

=9 A+ 5An+4 A+ 11 Ay + 9B+ 5B, + 4By +11 By + 17 E, + 14 E,

From these modes, there are 3 acoustic modes (A,, + E,) and 117
optic modes that correspond to 42 infrared-active modes (10 A, +
16 E,), 50 Raman-active modes (9 Ay + 9 By + 4 By + 14 E), and 25
silent modes (5 Ay, + 4 Ay + 5 By, + 11 By,) that are all hyper-Raman-
active except for the 4 Ay, modes. Therefore, 36 Raman-active and
26 IR-active peaks are expected since E; modes (as well as E, modes)
are doubly degenerated. A superindex has been added to the
symmetry of the vibrational modes of the different phases to classify
them as a function of increasing frequency.

Fig. 7a) shows a selection of HP-RS spectra of B-In,S; under
compression up to 21.2 GPa and decompression (d) down to ambient
pressure. The Raman modes of the B phase disappear above 4.5 GPa;
i.e. at the onset of the 1%t PT in good agreement with our HP-XRD
measurements. When this PT occurs, the relatively narrow Raman
peaks of the B phase disappear, and eight broad bands appear that

8| J. Name., 2012, 00, 1-3

are consistent with the disorder of cations and vacancies in
tetrahedral sites, as expected for the a phase. Moreover, the Raman
intensity of most peaks lowers noticeably (at about a 25% of the B
phase’s signal). For that reason, selected normalized Raman spectra
from 5.6 to 21.2 GPa are shown in Fig. 7b). Above 8.6 GPa, the Raman
signal becomes even worse (at about a 10% of the B phase’s signal),
and only two broad bands can be distinguished. This marks the onset
of the 2" PT that is in good agreement with our HP-XRD
measurements. Finally, upon decompression from 21.2 GPa, we
observed several broad bands, as during upstroke, and the
appearance of the main Raman modes of the  phase below 1.2 GPa;
thus supporting the partial reversibility of the two observed PTs. This
result is again in good agreement with our HP-XRD measurements.

Figure 7. a) Stacked Raman spectra of B-In,S; under compression up to 21.2
GPa and under decompression down to ambient pressure b) Normalized
Raman spectra under compression in the range of 5.0 and 21.2 GPa, where
HP phases a-In,S; and ¢-In,S; are seen. Up and down arrows in both panels
show the Raman peaks that disappear/emerge under both compression and
decompression.
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The Raman spectrum of B-In,S; at ambient conditions (see the
bottom Raman spectrum of Fig. 7a)) is similar to that published in
previous works.3% 41 887 The Raman spectrum covers a wide range
(between 40 and 400 cm) and shows similar features to those
reported by Kambas et al.8> Moreover, our Raman spectra at
different pressures are in agreement with those already found in
previous HP-RS measurements.*! However, unlike in Ref. 41, we have
measured a considerable frequency shift of the Raman-active modes
of B-In,S; (see Fig. 8 and Table 4), especially for the high-frequency
modes. These Raman shifts do not agree with the almost negligible
Raman shifts reported in Ref. 4! for both hydrostatic and non-
hydrostatic HP-RS measurements. The experimental and theoretical
pressure dependence of the frequencies corresponding to the
Raman-active modes of the B phase are plotted in Fig. 8. The good
agreement between the experimental and theoretical zero-pressure
Raman frequencies and their pressure coefficients has allowed us to
tentatively assign the symmetry of the 22 observed Raman-active
modes of the B phase (see Fig. 7 and Table 4). With the exception of
the B%g mode, we have assigned all the predicted modes to every
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observed peak below 120 cm™. At higher frequencies, the
assignment is more doubtful due to the large number of Raman-
active modes of the B phase and the lack of clear observation of a
number of them. It can be noticed that, in general, the pressure
coefficient of the frequency of the Raman-active modes increases as
the frequency increases (see Table 4). The two lowest frequencies E4
modes (near 50 cm™) show negative pressure coefficients, while the
modes above 300 cm™ show the highest-pressure coefficients. In
particular, the Eég mode exhibits the highest theoretical pressure
coefficient (10.1 cm1GPal).

Figure 8. Pressure dependence of the experimental (symbols) Raman
frequencies of B-, a-, and ¢-In,S; during compression. For comparison with
experimental data of the three phases, theoretical (lines) for B-In,Ss, CdIn,S,,
and NalnS, have been plotted.
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Table 4. Theoretical (th.) and experimental (exp.) Raman-active frequencies
at zero pressure (wo, in cm™) and pressure coefficients (@1, in cm-GPa’l; dz,
in 102 cm-GPa?) in B-In,S; according to fits to Wo + a1P + azP?,

B-In,S; th. B-In,S; exp.
Mode Wy a; a; Wo a az
Eb  444(1) -09(1) -3(1) 44(1) -03(2) -6(4)
EZ  55.4(1) -0.02(1) 58(1)  -0.06(1)
B},  63.6(1) 10(1) -9(1) 63(2) 2.1(3)  -20(6)
Aty 712(1)  09(1)  -5(1)  73(2)  1.1(2) -6(3)
E5  815(1) 06(1) -5(2) 85(3) 08(3)  -9(6)
Bl, 885(1) 16(1) -14(1) 90(3) 2.0(2)  -16(4)
Bi,  99.5(1)  09(1)  -6(1)
Ej  1022(1) 1.1(1)  -4(2) 102(3) 1.0(2)  -3(4)
A}, 1116(1) 1.8(2) -11(3) 115(2) 2.0(2)  -16(5)
E5  1234(1) 1.9(1) -11(2) 125(3) 1.3(1)
B, 1341(1) 21(1) -6(2) 1353) 4.0(1)  -34(8)
Afy  159.0(1) 3.0(1) -23(1) 156(4) 3.0(2)
B3, 169.7(2) 3.7(2)  -2(4)
ES  172.4(1) 40(1) -19(2) 171(4) 8.0(1) -88(20)
B3, 179.9(2) 2.6(2)  -6(4)
Af,  182.5(1) 32(1) -10(2) 182(4) 4.0(1)  -15(10)
Ej  1965(2) 4.1(2) -15(5) 197(4) 5.0(1) -35(10)
Bf, 213.8(2) 46(2) -22(4)
ES  2140(1) 63(1) -33(3) 217(4) 8.1(4) -64(10)
Ej  219.0(3) 43(4)  7(7)
A3, 2382(3) 4.4(4) -27(5) 245(2) 4.4(2) -23(4)
Bi, 242.1(2) 21(3) -7(5)
EY  2428(2) 413) -10(5)
EF' 252002 33(2)  4(3)
A§,  256.3(1)  3.9(1)  13(1)
By 259.9(1) 5.8(1) -19(2)
B3, 260.1(2) 5.1(3) -18(5)
EP  2697(2) 4.7(2) -12(4) 266(2) 4.0(1)  6(20)
Bly 2953(2) 3.5(2) -12(4)
EP 2956(3) 10.1(4) -28(7)
Aly  2963(2) 3.4(2) -8(3) 308(2) 3.4(3)  -7(6)
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BY, 311.1(2) 86(2) -25(4) 311(3) 9.0(1) -23(13)
EF*  315.0(4) 7.2(4) -20(7) 326(2) 7.8(3) -43(7)
B}, 346.9(1) 5.9(2) 340(4) 3.9(1)

A}, 3465(3) 7.8(3) -23(6)

A}, 3487(3) 9.8(3) -33(6) 367(2) 9.1(2) -36(3)

The spread of the theoretical and experimental Raman-active modes
along the frequency axis and the increasing pressure coefficients of
such modes with increasing frequency in B-In,S; (Fig. 8) is similar to
those observed in many OVCs, like Ga,S3,%” CdGa,S,,%8 HgGa,S,,%°
ZnGa,Se;,° CdGa,Se,s,®t HgGa,Ses,? CdAILS,? and Cdin,Ses.®*
However, these OVCs exhibit phonon gaps between low-frequency
modes (with negligible or negative pressure coefficients) and high-
frequency modes (with positive pressure coefficients) that are not
observed in B-In,Ss. As can be observed in Fig. $5a) in the SI, the one-
phonon density of states (PDOS) of B-In,S; only has a unique narrow
phonon gap below 280 cm™. The reason for the lack of a phonon gap
in B-In,Ss, unlike in other OVCs, could be related to the existence of
4- and 6-fold coordinated In atoms in B-In,Ss, in contrast to other
OVCs, whose cations are only 4-fold coordinated. We must recall that
the stretching and bending modes of InSg octahedra have smaller
frequencies than those of InS; tetrahedra because of the more
considerable In-S bond distances in the octahedra than in the
tetrahedra. Therefore, the lower frequencies of the bending modes
of the octahedra that will extend in the region below 200 cm allow
explaining the lack of the phonon gap in B-In,S;, unlike in
tetrahedrally-coordinated OVCs. Another relevant difference
between B-In,S; and tetrahedrally-coordinated OVCs is the lack of
the breathing mode of the vacancy in the Raman spectrum of 3-In,Ss.
This mode is usually the strongest peak of the Raman spectrum in
tetrahedrally-coordinated Ga-based OVCs, and it is also notably
strong in CdIn,Se, near 133 cm™.%* Thanks to our lattice dynamics
calculations and with the use of the J-ICE visualizer,®® we have found
that the breathing mode in B-In,S; is the Bcz)u silent mode at 296.86
cm, The silent nature of this mode explains why the breathing mode
is entirely absent in the Raman spectrum of B-In,Ss.

Regarding the 15t PT, we must comment that the related abrupt
change observed in the Raman spectrum at 5.0 GPa (Fig. 7a)) has also
been reported at a slightly higher pressure (around 6.5 GPa) in
previous HP-RS measurements with different PTM.#! In particular,
four broad Raman bands were reported between 6.5 and 10 GPa in
the Raman spectra under hydrostatic (He as PTM) and non-
hydrostatic conditions (no PTM).** Therefore, we conclude that
existing HP-RS measurements confirm the existence of this 15t PT in
agreement with HP-XRD measurements.

Let us now comment about the vibrational modes of the 1t HP
phase. For the cubic spinel structure, one expects 42 vibrational
modes at the I point. These modes result in 5 Raman-active (A+ E,
+ 3 Ty), 4 IR-active (4 Ty,), and 4 silent (2 Ay, + 2 T,,) modes, with £
and T modes being doubly and triply degenerated, respectively.®®
Due to the inverse cation distribution in Aln,S; thiospinels; i.e.
disorder between 4-fold coordinated A cations and 6-fold
coordinated In atoms, a partial breakdown of the Raman selection
rules occurs due to the loss of translation symmetry, and IR-active
and silent modes could be observed in the Raman spectrum.®’
Therefore, a total of 13 modes could be observed in the Raman
spectrum of a-In,S;. We have measured 8 modes in the Raman
spectrum of the 1%t HP phase (see Fig. 7b)). The frequencies and
pressure coefficients of the 8 modes measured and assigned to a-
In,S3 are summarized in Table 5. The pressure coefficients were
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obtained from the experimental data fitting to the equation wo + a1
(P —Po), with Py= 5.0 GPa.

The fractional occupation in the Td(8a) sites of a-In,S; complicates
the simulation of its structural and vibrational properties. Therefore,
in order to help assigning the symmetry of the experimentally
observed modes of the a phase, we have tabulated in Table 5 the
theoretical and experimental®® modes of CdIn,S, thiospinel, as an
approach to the observed modes of a-In,S3. That approximation is
justified by the similarity of Cd and In masses and by the proximity of
the molecular masses of both compounds per unit cell: 3763 and
3474 for CdIn,S, (Z=8) and a-In,S; (Z=10.66), respectively. Therefore,
similar vibrational frequencies would be expected for both
compounds at similar pressures. With this information, we have
tentatively assigned the modes observed in the Raman spectrum
obtained from the commercial sample powders of a-In,S; at ambient
pressure (Fig. S4b)) and at HP in Fig. 7b). For a better comparison,

the Griineisen parameter for each vibrational mode, y=Bo-a1/(Do, is
used to normalize the pressure coefficients of the modes observed
in both a-In,S3 and CdIn,S, (see Table 5). Since the value of B, for
CdIn,S, is almost twice that for a-In,S; (see Table 2), y'values for
CdIn,S, are almost twice those for a-In,S; (see Table 4).

Table 5. Experimental (exp.) zero-pressure frequencies (w,, in cm™), pressure
coefficients (@1, in cm™GPa?; a2, in 102 cm™GPa?) and Grineisen
parameters, Y= Bo~a1/mo (wo at 0 GPa), of the observed modes in a-In,S; as
obtained from fits of Raman data to wo + ai(P —Po), with P, = 5.0 GPa.
Frequencies of a-In,S; from commercial powders and from extrapolations of
HP data are also given for comparison. Also summarized are theoretical (th.)
and experimental zero-pressure frequencies, pressure coefficients, and
reduced slopes of Raman-, IR- and silent-active modes in CdIn,S,;. The
theoretical data of CdIn,S, have been fitted to wo + a1P. To calculate v, we
have used B,= 39 GPa for a-In,S; and 79.8 GPa for CdIn,S, and the frequencies
measured at 0 GPa.

a-In;S; (exp.) CdinS, (th.)* Cdin,S, (exp.)°

Mode We¢ a; % g we® wo a; Y Wo a Y

This) — 482)  -05(2) -04Q2) 49(3)  43()  4953) -09(1) -L5(2)

Thry  742)  -10(1)  05(2)  793)  70(1)  694(3) -111) -12(2)  70(1) 07(2)  08(3)

Ty 1192  112)  043) 113(1) 110()  92(1)  07(1)  06(1) 93(1) 05(2)  04(3)

T () 169.7(2)  2.6(1)  1.0(2)

A ) 1850(2)  16(1)  0.7(1)

Eqry  198(3)  19(3)  04(1) 187(2) 185(1) 189.1(2) 23(1)  10(1)  188(1)  27(2)  11(})

Thry — 236(3)  45(1)  08(1) 2103) 217(1) 2164(3) 354)  13(1)  207()  26@2)  10(1)

Thu(s) 227.73) 381  13(1)

Ty ®) 2415(4)  37(1)  12(1)  249(1)  44Q2)  14(1)

Tl — 29103) 5(1)  07(2)  270(2)  264(1)  299.7(4)  60(1)  16(2)  315(1) 5(2) 1.2(1)

Thiry  323(3)  44(3) 06(2) 2982) 305(1) 3012(1) 35(2)  17(1)  301(1)  33@2)  09(1)

A3 (s) 341(1)  354(1)  62(1)  1.4(1)

A 3780) 5(1)  06(2) 354(3) 370(1)  357(1)  58(1)  13(1)  360(1)  61(2)  13(1)
36701 612 1.3(1)

2Present work.

bRef. %.

Frequencies of a-In,S; at 5.0 GPa (from data fitting).

dFrequencies of a-In,S; at 0 GPa (extrapolated from fits to HP data).
¢Frequencies of a-In,S; at 0 GPa (experimental data from commercial a-In,Ss).

1
fThis mode can be assigned either the T2 symmetry or as a second order (SO) mode. Further details
in the text.

#419 mode associated with the vibration of InS, tetrahedral units, according to Ref. %,
415 mode associated with the vibration of CdS4 tetrahedral units, according to Ref. %,

According to our experimental results on a-In,S; and the comparison

with isostructural CdIn,S;, the bands observed in the Raman
spectrum of a-In,S3; at ambient pressure (Fig. S4b)) can be explained
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as follows (see Table 5). The first band located at 43 cm™ should
correspond to a silent T3. mode that is calculated to be around 49.5
cmtin CdIn,S,. A negative value of y is observed for this mode in a-
In,S3 and also predicted in CdIn,S,. This T}, mode is neither Raman-
nor IR-active and becomes Raman-active due to the cation-vacancy
disorder in the T4(8a) sites of the a phase. Concerning the T%, and
A%u modes, their theoretical W do not compare well with those
observed experimentally in our HP-RS measurements (Table 5). On
top of that, they cannot be assigned properly the Raman spectra of
the commercial a-In,S; powders of Sigma Aldrich at ambient
pressure because of the broad band between 150 and 250 cm™ (Fig.
S4b)). However, we have tentatively assigned the A3, mode, the
highest-frequency silent mode, to the right shoulder of that peak
located at about 300 cm™ (Fig. S4b)). The band at about 70 cm™ can
be assigned to the IR-active Tty mode, with a1 quite close to that
calculated for CdIn,S; and both with negative y. Curiously, the
experimental pressure coefficient of this mode in CdIn,S, was found
to be of opposite sign to that of calculations.®® This soft mode was
also observed in MgIn,S,,%, while in Mnin,S,, the T1, mode was not
observed. The T%u mode, not observed either in a-1n,S; or in CdIn,S,,
should be located around 170 cm, in accordance with our
calculations for CdIn,S,. The T3, and T1, modes in a-In,S; have been
assigned to the broad peaks located in our Raman spectra around
217 and 305 cm™ (236 and 323 cm™ near 5 GPa in Fig. 7b)), by means
of the agreement among the ai and wgof our a-In,S; (those
extrapolated at 0 GPa, see Table 5) and both experimental and
theoretical ones of the CdIn,S,. Furthermore, these T3, and Tt
modes can be likely associated with the peaks observed around 237
and 306 cm™ near 6.6 GPa in Ref. 4, but the a1 reported in Ref. 4! for
these modes do not match with those collected in our Table 5. The
y values for the T%u mode in a-In,S; and CdIn,S,; are the highest
below 230 cm™. Regarding the Tt mode, the experimental and
theoretical y values in a-In,S3 and CdiIn,S,, respectively, are the
highest above 230 cm™.

The rest of the broad bands seen in the Raman spectra of the
commercial a-In,S; sample at ambient pressure and in the 15t HP
phase of B-In,S; are tentatively attributed to Raman-active modes of
o-In,S;. The broad bands located around 110 and 264 cm! at
ambient pressure (119 and 291 cm™ near 5 GPa in Fig. 7b) can be
assigned to the T34 and T35 modes. It must be stressed that the T34
could also be assigned as a second-order mode, as Ursaki et al.
assigned for the mode observed with a zero-pressure frequency
around 110 cm™ in CdIn,S4.%8 On the other hand, we consider that
the T%g mode is not observed in our Raman spectra of a-In;Ss. This
mode should be placed between 249 and 285 cm!, where the wg of
CdIn,S4, MgIn,S,, and Mnlin,S, thiospinels are placed for this mode.®®
On the other hand, we have assigned the broad peak located around
185 cm™ at ambient pressure (198 cm™ around 5 GPa in Fig. 7b) to
the E4 mode on the basis of the close values of the experimental and
theoretical a1 and wo in CdIn,S,, which are also in agreement with
those experimental a; reported for the Mgin,S; and Mnin,S,
thiospinels.®® In addition, positive y values are observed in a-In,S; for
this Eg mode, as well as in Aln,S, thiospinels.® Last but not least, we
have tentatively assigned the highest-frequency broad peak placed
around 370 cm™ at ambient pressure (378 cm™ around 5 GPa in Fig.
7b) to the A1y mode, according to the experimental and theoretical
aj and wg in CdIn,S,. This A1g mode can also be assigned to the broad
band observed near 373 cm™ around 7 GPa in Ref. 4. As was stressed
by Ursaki et al.%, the A1g mode refers to the breathing mode (In-S
symmetric stretching of InS,); i.e. the vibration of S atoms towards
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the centre of the tetrahedron. This mode splits into two bands in
inverse Aln,S, thiospinels, associated with the S motion in AS, and
InS, tetrahedra due to cation disorder. The pressure evolution of
these two bands has been experimentally seen in the HP-RS
measurements of Aln,S, thiospinels, and this mode was found to
have one of the highest values of the pressure coefficients,? in good
agreement with our HP-RS measurements in a-In,Ss. Similarly, the
A1g mode must also split in a-In,Ss;, due to the cation-vacancy
disorder at Td(8a) sites, between the S motions of VacS,; and InS,.
Unfortunately, we do not presently know the location of such a local
vibrational mode if it exists.

A final comment can be added regarding the pressure coefficients of
the B and a phases. It can be observed that the Raman modes with
the smallest frequencies in both phases show negative pressure
coefficients, unlike in ¢-In,S; (see Fig. 7a)). The negative pressure
coefficients of the low-frequency modes in both phases are due to
the softening of zone-edge TA phonons in tetrahedrally bonded
solids that is not present in octahedrally bonded solids.?® Some of
these zone-edge phonons become Raman active due to zone folding
of cubic structures in more complex structures with a smaller group
symmetry, like in B-In,Ss, or with a large number of atoms in the unit
cell, like in a-In,S3. Therefore, the negative pressure coefficient of
the lowest frequency mode in the 1%t HP phase of -In,S; is a direct
proof that tetrahedral coordination is still present in that phase, and
thus gives support to our assignment of the 15t HP phase of 3-In,S; to
the cubic spinel structure of a-In,S; where In cations are both
tetrahedrally and octahedrally coordinated as in -In,Ss.

Support for the identification of the 15t HP phase of B-In,S; with a-
In,S3 also comes from the matching between the Raman- and IR-
active modes observed in the 15t HP phase of B-In,S; and those seen
in a-In,S; thin films deposited on different substrates,*>*3 as well as
in quenched a-In,S; samples with high In contents.3° For example,
the lowest-frequency IR-active Tty mode has been observed weakly
on cubic In,S; thin films deposited on InAs substrates!® and in
quenched a-In,S; samples with higher In contents.3® The modes
found in several works around 126, 240, and 266 cm™ at ambient
pressure can be tentatively assigned to T%g, T%u, and T%g modes (the
last one not observed in our HP-RS measurements). These
frequencies have been traditionally attributed to the presence of a-
In,S; 0n annealed In,S; thin films deposited on glass substrates.101, 102
A broad band observed near 166 cm™ on In,S; thin films could be
attributed to the T3, mode (not seen in our Raman spectra), which
could also be consistent with the modes reported around 170 and
178 cm in quenched a-In,S; samples with In content of 41.0 and
41.5%, respectively.3° In these quenched samples, the modes around
206 and 211 cm™ found in samples with In content of 41.0 and 41.5%,
respectively, could be related to the Eg mode at 200 cm™ in our a-
In,S3 sample at ambient pressure . Finally, the high-frequency modes
T34, T1u, and A1g mode can be seen in In,S; thin films and in
quenched a-In,S; samples with a high In contents above 295 cm-.3%
100-103 Al in all, the vibrational information provided in this work for
the 15t HP phase of B-In,S; gives support to its a-In,S; nature.

Finally, we have included the theoretical PDOS of CdIn,S; at 0 GPa in
Fig. S5b) in the SI, as an approach to that of a-In,Ss;, in order to
compare the vibrational properties of a-In,S; and B-In,S;. As
observed, the narrow phonon gap of B-In,S; located at 280 cm! (Fig.
S5a) becomes wider in the a phase (Fig. S5b)). Furthermore, a
second-wide phonon gap appears around 340 cm™. Curiously, the
Raman spectra of the a phase under compression (Fig. 7b)) and that
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measured from the commercial powders of a-In,S; (Fig. S4b) do not
seem to show those two phonon gaps. In this context, we can
speculate that perhaps the cation-vacancy disorder in Td(8a) sites in
the a phase results in broad Raman bands that prevent the
observation of such phonon gaps in the Raman spectrum.

As regards the 2" HP phase of B-In,Ss, we have already commented
that above 8.2 GPa most Raman modes of the a phase disappear, and
only three broad bands are observed (see Fig. 7). In fact, one of these
modes corresponds to the A1g mode of the a phase that persists up
to 9.7 GPa. Therefore, only two broad bands between 200 and 350
cm! can be ascribed to the 2"d HP phase above 8.2 GPa (see Fig. 7b)).
According to group theory, the rhombohedral a-NaFeO,-type phase
has 12 vibrational modes at the I point with irreducible
representations:

[ = 1A15(R) + 2A5,(IR) + 1E4(R) + 2E,(IR) + 1A+ 1E,

where R and IR indicate the Raman- and IR-active modes. Therefore,
there are 2 Raman-active modes (E; and Ayg), 4 IR-active modes (2A;,
and 2E,), and 3 acoustic modes. The two Raman-active modes
correspond to anion movements in the stretching and bending
modes of the cation-anions bonds.”* The frequency shifts of the two
bands of ¢-In,S; upon compression up to 21.2 GPa are plotted in Fig.
8. Of these two peaks, the smallest (highest) in frequency was
previously followed under pressure up to 23 (43) GPa.*! In this
respect, our HP-RS measurements agree with those already
published.?! The main difference between both HP-RS studies is that
the previous work does not consider that there is a PT above 8.6 GPa,
despite there are clear changes in the Raman spectra supporting this
2" PT in B-In253.

To verify that the two observed Raman bands of the 2" HP phase of
B-In,S3 correspond to the R-3m structure of defect a-NaFeO,, we
have simulated the pressure dependence of the Raman-active
frequencies of isostructural NalnS, as an approach to the observed
modes of ¢-In,S; (see Fig. 8 and Table 6). That approximation is
justified by the proximity of the molecular masses of both
compounds per unit cell: 620 and 656 for NalnS, (Z=3) and ¢-In,S;
(z=2), respectively. Therefore, similar vibrational frequencies are
expected for both compounds at similar pressures. With this
information, we have tentatively assigned the modes observed in the
Raman spectrum of ¢-In,S; above 8.2 GPa in Fig. 7b), whose pressure
dependence of the vibrational frequencies are plotted in Fig. 8.

For a better comparison of ¢-In,S; and NalnS,, the Griineisen

parameter for each vibrational mode, yzBo-al/wo, is used to
normalize the pressure coefficients in both compounds (see Table 6).
A good agreement between the extrapolated experimental
frequencies of ¢-In,S; at ambient pressure and the experimental’
and theoretical frequencies of NalnS, at ambient pressure can be
observed. Moreover, both compounds show similar a1 and y values
(see Table 6). This result gives support to the assignment of the 2"
HP phase of B-In,S; to the defect a-NaFeO,-type structure.
Therefore, we can conclude that our HP-RS measurements provide
clear support for the existence of two pressure-induced order-
disorder PTs in tetragonal B-In,S; up to 20 GPa. Besides, Raman
spectra of the 15t and 2" HP phases are consistent with the cubic
spinel (a-In,S3) and the defect a-NaFeO,-type (¢-In,Ss) structures,
respectively, as suggested by Le Bail refinements of our HP-XRD
measurements.
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Table 6. Experimental (exp.) zero-pressure frequencies (w,, in cm™), pressure
coefficients (@1, in cm-GPa?; a2, in 102 cm™-GPa?) and Grineisen
parameters, y= Bo-al/wo (wo at 0 GPa), of the observed modes in ¢-In,S; as
obtained from fits of Raman data to wo + a1(P — Pg) + a2(P — Po)% Also
summarized are theoretical (th.) zero-pressure frequencies, pressure
coefficients, and Griineisen parameters of the Raman-active modes in NalnS,
with a-NaFeO, structure. The theoretical data of NaInS, have been fitted to
wo + a1P + a2P2, To calculate ¥ we have used B,= 78 GPa for ¢-In,S; and 51
GPa for NalnS,.

d-In,S; (exp.) NalnS,
Mode  wg? a; a, ¥ we? wet a¢ a* v Wt
E, 242(2) 5(1) 1(7) 16(2) 195(5) 165.1(2) 5.1(1) -5.0(2) 1.5(1) 158
A, 331(1) 4(1) -14(4) 09(2) 279(5) 284.6(2) 4.6(1) -5.1(2) 0.8(1) 289

2 Frequencies of d)»lnzsg at 9.7 GPa (from data fitting).

bFrequencies of ¢J-InZSK at 0 GPa (extrapolated from fits to HP data).
“Values for the NalnS, obtained from our theoretical calculations.
d Experimental frequencies of NaInS, at ambient conditions from Ref. 78.

To finish this section, we want to stress that the defect a-NaFeO,
structure bears a close relation with the defect LiTiO, structure found
as a HP phase in Aln,S, (A=Cd, Mg, Mn) thiospinels. It must be noted
that two broad Raman peaks were also observed in the HP phase of
Aln,S, (A=Cd, Mg, Mn) thiospinels,® as it occurs in the 2"d HP phase
of B-In,S3. In both kinds of thiospinels, a drastic decrease of the
Raman signal was observed at the PT (Fig. 5a)). In the case of Aln,S,
thiospinels, a defect NaCl-type structure (typical HP phase of
A'B", XV, OVCs) and later observed in CdAl,S,,?3 was first proposed
as a HP phase from HP-RS measurements.?® However, subsequent
HP-XRD measurements determined that the HP phase of Aln,S,
(A=Cd, Mg, Mn) thiospinels was a defect LiTiO,-type structure.’ In
this context, it must be stressed that both LiTiO, and a-NaFeO,
structures are typical phases of ABX, compounds and that both
structures derive from the NaCl-type structure, with all cations in
octahedral coordination. The main difference between both
structures is that in cubic LiTiO, cations are alternated in the
sequence A-X-B-X along the different spatial directions, much like the
NaCl structure, while in rhombohedral a-NaFeO, different types of
cations and anions are grouped in different layers in a sequence A-X-
B-X, thus resulting in the formation of a layered structure with atomic
planes perpendicular to the c axis of the hexagonal unit cell. It may
be speculated that the different arrangement of cations in these two
structures can be related to the different size of the cations (Li and Ti
have similar ionic radii, while Na and Fe have rather different ionic
radii). Following this line of reasoning, the different ionic radii of In,
on one hand, and the average of the mixture of an In atom and two
vacancies, on the other hand, could be responsible for the different
behaviour at HP of In,S; with respect to Aln,S; (A=Cd, Mg, Mn)
thiospinels.

C. Structural stability of B-In,S; at high pressure and
pressure-induced PTs

Let us now discuss the stability of B-In,S; under compression based
on the information provided in this and previous HP works, as
summarized in Table 1, and the implications of the pressure-induced
PTs found in B-In,Ss.

Clearly, our measurements show two PTs up to 20 GPa for the [

phase. Our first transition pressure (~4.8 GPa according to our HP-
XRD and HP-RS measurements) is in agreement with that observed
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in In,S3:Ce nanoparticles3? and smaller than those reported in In,S3
nanoparticles3? and in In,S; powders.3” 4% 41 We assume that the
difference in transition pressures between different works comes
from the different PTM and techniques employed since in many
previous HP works, rather non-hydrostatic PTMs have been used,
especially considering the softness of an OVC such as B-In,Ss.

On the other hand, results from Ref. 3° are more controversial since
no PTs were detected with different PTM, despite the fact that we
consider that the two PTs were observed in Ref. 3°. According to Fig.
2in Ref. 3%, the (1 1 2) reflection disappears and the (1 1 6) decreases
sharply at about 5.1 GPa with M-E (run-1), meanwhile both
reflections disappear at 5.9 GPa with Ne (run-2). The same feature
occurs in our HP-XRD measurements at 4.9 GPa (Fig. 2), thus
supporting the observation of the first PT in Ref. 3°. On the other
hand, it must be stressed that in Fig. 3 of Ref. 3%, peaks corresponding
to d spacing values greater than 5.0 A are not reported. Above this
value, the weak (0 0 4) peak, observed at 3.03 degree at 0.9 GPa, as
well as the (1 0 1) and (1 0 3) reflections can be observed in Fig. 2a).
In fact, the (1 0 3) peak is observed at 0.4 GPa in Fig. 1 of Ref. 3%, but
not the (0 0 4) and (1 0 1) peaks. In this context, it is important to
notice that both (0 0 4) and (1 0 1) reflections disappear at 4.9 GPa,
and only the (1 0 3) reflection remains in our HP-XRD measurements
at that pressure (Fig. 2). Besides, the disappearance of some
reflections was observed in Ref. 3° below 5.0 A (Figs. 3 a) and b) of
Ref. 3%) for run-1 and run-2 at 5.1 and 5.9 GPa, respectively, as occurs
in our HP-XRD measurements at 4.9 GPa (Fig. 2 a)). Noteworthy, the
same authors from Ref. 32 performed electrical measurements under
HP in Ref. 38, where they reported a semiconductor-metal transition
at 6.8 GPa by electrical measurement that is likely related to the
vacancy disorder occurring in -In,S; at the first PT. In this respect, it
is also noticeable that the HP-RS measurements from Ref. 39
evidenced an abrupt change in the Raman modes at 7.2 and 6.8 GPa,
with He and without PTM, respectively. Therefore, the B phase is not
stable under compression between 4.8 and 6.8 GPa. In conclusion,
we can confirm, on the basis of the similarities between our HP-XRD
measurements and those from Ref. 39, that the first PT is well
observed in our HP-XRD measurements and also in earlier HP
works.37' 38,40, 41

The existence of phase transitions in -In,S3; below 20 GPa is further
confirmed by our theoretical simulations of the energy vs volume
and relative enthalpy vs pressure between B-In,S; and ¢-In,S; (see
Fig. S6a) and S6b), respectively, in the Sl). Clearly, the simulated ¢-
In,S3 shows an enthalpy smaller than B-In,S; above 5 GPa. This result
is consistent with the a-¢ PT observed above 8.2 GPa. The disordered
0-In,S3 could be simulated due to few possible supercells (only 7
combinations) suggested by Supercell program.®® However, the
number of possible supercells to simulate a-In,S; is computationally
prohibitive (2.3-103), so no simulation of this phase has been
performed.

We also want to comment on the reversibility of the pressure effects
on B-In,Ss. In agreement with our HP-XRD measurements at 0.6 GPa
on dowstroke from 16 GPa (Fig. 2a)), our HP-RS measurements
below 1.2 GPa on downstroke from 21 GPa also show the appearance
of B-In,S; (Fig. 5a)). The reversibility of B-In,S3 was already
commented in a previous HP-RS work.3® In that work, the B phase
was recovered when the pressure was relaxed from 8.6 and 7.8 GPa,
with He and without PTM, respectively; however, the B phase was
not recovered from 43.0 GPa in both runs. This lack of reversibility of
B-In,S; from pressures beyond 40 GPa does not match with the

This journal is © The Royal Society of Chemistry 20xx
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reversibility observed by HP electrical measurements up to 41.6
GPa.?® Therefore, we can conclude that the different PTMs used and
the compression/decompression rates seem to provide different
conditions that influence in the reversibility of the pressure-induced
PTs in B-In,Ss.

It must be stressed that the two observed PTs we have observed up
to 20 GPa seem to be reversible under suitable conditions. The
reversibility of pressure-induced PTs was also found in Aln,S,
thiospinels,’? but not in pseudocubic CdIn,Se,;.?* The reversibility of
the pressure-induced PTs of B-In,Szis very interesting since a-In,Ss is
a metastable phase at ambient conditions, which is even sold by
Sigma Aldrich company, and it could be potentially retained upon
decompression from pressures above 12 GPa (once the PT to the 2™
HP phase of B-In,S; is completed). As already commented, the B
phase was not recovered on decreasing pressure from 43.0 GPa in
Ref. 41; however, the Raman spectrum at ambient pressure of our
commercial a-In,S3 sample (Fig. S4b)) and that obtained at ambient
pressure on downstroke in Ref. 4! are rather similar. Both show a
broad band between 150 and 380 cm™ that has a maximum near 300
cm ! and two shoulders near 200 and 350 cm™. Therefore, we think
that the sample recovered from 43.0 GPa in Ref. 4! corresponds to a
very disordered or amorphous a-In,S; structure. We consider that
this recovered sample has disorder also at anion sites because the
bands near 300 and 350 cm?, corresponding to S vibrations, are
much broader in the Raman spectrum of the recovered sample in
Ref. #! than in the Raman spectrum of commercial a-In,Ss. Therefore,
we can conclude that the pressure-induced PTs of B-In,S; are
reversible from 20 GPa, but are not reversible from 40 GPa. In the
last case, a disordered or amorphous a phase can be recovered,
which is in good agreement with the nature of the 15t HP phase of B-
In,S; we have reported.

Finally, we want to comment that this work has complemented
previous HP works on B",XY; and A'B", XY, compounds and has
found a new nexus between thiospinels and tetrahedrally-
coordinated OVCs of these two families of compounds. In particular,
it has been found that thiospinels undergo pressure-induced order-
disorder PTs either to the defect NaCl structure (typical of AX
compounds and tetrahedrally-coordinated OVCs), like CdAI,S,,°3 or
to defect LiTiO, and defect a-NaFeO, structures (two distorted NaCl-
type structures typical of ABX, compounds), like thiospinel Aln,S,
compounds (A= Cd, Mg, and Mn)72and In,S;, respectively.

In any case, the previous statement is far from being completely
proved and more studies need to be conducted. For instance, on the
basis of HP-RS measurements, ZnAl,S, thiospinel has been proposed
to undergo a PT towards the CaFe,O, structure, as many
oxospinels.l® On the other hand, an alternative sequence of
pressure-induced PTs related to corundum has been recently
predicted for Al,S; up to 200 GPa.% In particular, a PT from the
tetragonal defect spinel (/4,/amd) to corundum (R-3c) and then to
the Pbcn structure of In,05; at HP1% have been proposed for Al,Ss.
Therefore, this work prompts to carry out HP-XRD measurements on
Al,S; and spinel ZnAl,S, to prove whether the post-spinel phase of
these thiospinels is a defect NaCl-related phase, a CaFe,0, phase, or
a corundum-type phase.

Conclusions

We have revisited the pressure behavior of B-In,S; with tetragonal
defect spinel structure using HP-XRD and HP-RS measurements. Our

This journal is © The Royal Society of Chemistry 20xx
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measurements have been supported by ab initio calculations to
evaluate the effect of pressure on the stability of this interesting
OVC. As a result, we have observed two pressure-induced PTs above
5.0 and 10.5 GPa, respectively. The 1%t PT is a first-order PT
characterized by a 3.3% decrease of the relative volume per formula
unit and corresponds to the order-disorder B-a PT. The 2" PT is a
first-order PT characterized by a 2.0% decrease of the relative
volume per formula unit and corresponds to the a-¢ PT. Curiously,
the a phase (cubic spinel) exhibits a lower bulk modulus than the B
phase due to the larger fraction of vacancies in the volume per
formula unit in the a than in the B phase. Furthermore, this disorder
also explains the smaller bulk modulus of a-In,S; than those of
isostructural Aln,S, thiospinels (A=Cd, Mg, Mn).

After an extensive search through phases of materials with AX, ABX,,
B,X; and AB,X, composition, we have proposed that the 2" HP phase
of B-In,S; (d-In,S3) has the defect a-NaFeO,-type structure. This
structure is a derivative of the NaCl-type structure typical of ABX,
compounds. This is the first time that this structure has been found
as a post-spinel phase, to our knowledge. ¢-In,Ssis less compressible
than B- and a-In,S; because it has vacancies in octahedrally
coordinated positions that are less compressible than vacancies in
tetrahedrally coordinated sites, as it occurs in B- and a-In,Ss.

From the vibrational perspective, the B-a PT is characterized by an
abrupt change in the Raman spectra. A decrease in the number of
peaks, a considerable broadening of the peaks, and a much smaller
Raman intensity were observed. On the other hand, the a-¢ PT is
characterized by a reduction in the number of broad bands from 8 to
2 and further decrease of the Raman intensity. Thanks to our lattice-
dynamic calculations and their good agreement with our
experimental results, we have tentatively assigned the symmetry of
the experimentally observed Raman modes of the B phase.
Moreover, we have assigned the symmetry of the experimentally
observed Raman modes of the a phase by comparison with the
calculated Raman-, IR-, and silent-active modes of isostructural
CdIn,S, as an approach to a-In,Ss. Similarly, we have assigned the
symmetry of the experimentally observed Raman modes of the ¢
phase by comparing them with the calculated Raman-active modes
of isostructural NalnS, as an approach to ¢-In,S;. Moreover, our
identification of the a phase as the 15t HP phase of B-In,S; is
supported by the comparison of the XRD and RS measurements of
commercial a-In,S; powder samples at ambient pressure.

As regards the reversibility of the pressure-induced PTs, both our HP-
XRD and HP-RS measurements show the reversibility of the changes
induced by applying pressure on B-In,S; up to 21 GPa. Moreover, we
have shown that previous HP measurements on -In,S; up to 40 GPa
are consistent with the recovery of strongly disordered or
amorphous a-In,S3 at ambient pressure. In summary, the present
work proposes for the first time: i) that a-In,S; is accessible from the
stable B phase not only by HT or by varying composition, but also at
HP, and that it can be recovered from HP experiments under suitable
conditions, and ii) that a defect a-NaFeO,-type structure can be
another post-spinel phase in thiospinels.

Finally, we have shown that our present work represents an
important complement to previous HP works in thiospinels. In
particular, we have evidenced that many cubic group-13 thiospinels
undergo pressure-induced phase transitions to defect NaCl related
structures (defect LiTiO, and defect a-NaFeO,), which are typical of
AX and ABX, compounds (with the same number of cations and
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anions). Since pressure-induced PTs to the defect NaCl structure are
common in tetrahedrally-coordinated OVCs, our work suggests that
group-13 thiospinels with B",xV'; and A"B",XV!, (with a group-2 or
group-12 A cation) compositions show a pressure behavior closer to
tetrahedrally OVCs than to oxospinels or thiospinels with transition
metals. In summary, this work paves the way to better understand
the behaviour under pressure of compounds with B",XY'; and
AB,XV1, composition. We hope this work will stimulate HP-XRD
measurements on Al,S; and spinel ZnAl,S, that will be important to
validate the hypothesis here stated and get a more complete picture
of pressure-induced PTs in thiospinels.
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