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∥MALTA Consolider Team - Departamento de Física Aplicada-ICMUV, Universitat de Valeǹcia, Edificio de Investigacioń, c/. Dr.
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ABSTRACT: We report X-ray diffraction measurements in
CdIn2S4, MgIn2S4, and MnIn2S4 thiospinels at room temper-
ature and high pressures. The pressure dependences of the
structural parameters have been determined and compared to
those from theoretical calculations. It is found that the three
thiospinels have similar bulk moduli (B0) between 75 and 80
GPa (B0′ ∼ 3). The degree of inversion of these thiospinels has
also been determined. The three thiospinels undergo a phase
transition toward a defect LiTiO2-type structure above 9.5, 8.3,
and 6.8 GPa in CdIn2S4, MgIn2S4, and MnIn2S4, respectively.
Interestingly, the low- and high-pressure phases belong to the
same symmetry group (Fd-3m), the transition mechanism
being associated to the migration of the tetrahedrally
coordinated cations to a Wyckoff position of higher multiplicity, where these cations present an octahedral environment. The
new postspinel phase exhibits a larger compressibility than the spinel phase for the three compounds, likely due to the presence
of stoichiometric vacancies in the unit cell as it occurs for defect chalcopyrites and stannites. The relation between the bulk and
the polyhedral compressibilities is discussed as well.

1. INTRODUCTION
Indium thiospinels of Cd, Mg, and Mn are semiconductors that
crystallize in the cubic spinel structure (space group Fd-3m, No.
227). The spinel structure is described by three symmetry-
independent sites: a tetrahedral site (T) and an octahedral site
(O) occupied by cations and a S atom bearing site (u,u,u).1

Therefore, the cubic spinel structure has only two structural
variables: the unit-cell parameter a and the anion internal
positional parameter u. Curiously, the anion sublattice forms a
quasi-ideal close-packed fcc structure since the internal
parameter u is slightly larger than 0.25. In (A)[In2]S4 spinels,
the A (A = Cd, Mg, Mn) and In cations are distributed over the
T and O sites, respectively (normal spinel), but they can
partially interchange their sites (inversion) creating a partial
cation disorder. Thus, in the formula unit (A1−xInx)[AxIn2−x]S4,
the ratio of A cations in O sites (Wyckoff position 16d, orange
atoms in Figure 1a) may vary between x = 0 for the normal

spinel and x = 1 for the inverse spinel. Consequently, the x
parameter denotes the degree of inversion of the spinel.2

In the last decades, there has been an increasing interest in
understanding the high-pressure (HP) behavior of compounds
belonging to the spinel family, especially since MgAl2O4

became a technologically important compound.3 Besides its
electronic applications and prototypical character for ceramics,
MgAl2O4 plays a significant role in geophysics as a common
constituent of the shallow upper mantle.4 The thiospinel
subfamily forms an interesting group of materials for
optoelectronic applications given their nonlinear optical
properties.5 Their partial degree of cation inversion makes
them defect semiconductors with a high concentration of
antisite defects. The concentration of these defects can be
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tuned by means of pressure application, making the thiospinels
useful materials for defect engineering applications.6 The
unusual physical properties of thiospinels have attracted current
interest because they present a new type of metal−insulator
transition7,8 and a pressure-induced superconductor−insulator
transition.9 Furthermore, indium thiospinels have been recently
proposed as ideal materials for photovoltaic cells operating with
an intermediate band.10

Finger et al. found empirically that the bulk moduli of normal
oxide spinels at zero pressure is around 200 GPa,11 a result
which was confirmed by many experiments.12−14 This
observation has been justified theoretically on the basis of the
substructure of oxygen anions which form a nearly close-packed
fcc structure.15,16 These works suggested that the compressi-
bility of spinels is governed by the anion sublattice. Recently,
the similar bulk moduli (∼90 GPa) found in selenide spinels
seem to confirm the above hypothesis, thus evidencing that the
compressibility of selenide spinels is governed by the selenium
substructure.17−20 Therefore, on the basis of the larger size of S
with respect to O and the smaller size of S with respect to Se,
one would expect a similar behavior for sulfide spinels with a
bulk modulus around 120 GPa; however, there are very few

high-pressure data on thiospinels, and the available data do not
seem to confirm such a hypothesis.21−24

X-ray diffraction and absorption,25 Raman,26,27 and optical
absorption experiments,28 as well as total energy pseudopoten-
tial calculations,29,30 were previously performed to study the
effect of pressure on the properties of indium thiospinels. These
studies have shown that pressure-induced phase transitions in
thiospinels occur at much lower pressures (∼10 GPa) than in
spinel oxides (P > 30 GPa). Therefore, a systematic study of
thiospinels can contribute to the understanding of the behavior
of oxides at much higher pressures and shed some light over the
ambiguities that persist about the nature of postspinel
structures despite the great efforts done to clarify it.
The present study is devoted to the investigation of the

structural behavior of indium thiospinels under pressure. We
aim at resolving the equations of state of CdIn2S4, MgIn2S4, and
MnIn2S4, studying the degree of inversion of these thiospinels
as a function of pressure and resolving the postspinel structures
by in situ high-pressure X-ray powder diffraction at room
temperature. Our experimental results are supported by ab
initio total energy calculations. The obtained results are
analyzed in light of previous structural studies of spinels
under pressure. In particular, we found that sulfide spinels are
highly compressible in comparison with oxide spinels, with bulk
moduli comparable to those of selenide spinels. The relation of
the bulk compressibility with the polyhedral compressibility is
discussed. Also, a postspinel structure is reposted and its
structure refined. The HP structure is also cubic and can be
described by the same space group as spinel; however, it is
characterized by the location of all cations in octahedral
positions and the appearance of stoichiometric vacancies in the
unit cell. This causes (i) a volume collapse and (ii) the HP
phase to present a larger compressibility than the spinel phase.
The present research work contributes to achieve a better
understanding of how atom replacement affects the high-
pressure behavior of spinels.

2. EXPERIMENTAL DETAILS

Single crystals of (Mg,Mn,Cd)In2S4 were grown by chemical
vapor transport using iodine as a transport agent.31 Chemical
analyses certify the stoichiometric composition of the crystals.
To perform powder XRD measurements, they were crushed in
a mortar with a pestle to obtain a micrometer-sized powder.
Ambient condition XRD data confirmed that our samples had
the spinel-type structure.
Two independent high-pressure ADXRD experiments were

conducted at room temperature for each compound with two
different fluid pressure transmitting media. Experiment 1 was
carried out up to 19 GPa with an Xcalibur diffractometer
(Agilent Tech.). XRD patterns were obtained on a 135 mm
Atlas CCD detector placed at 110 mm from the sample using
Kα molybdenum radiation (0.7107 Å). The X-ray beam was
collimated to a diameter of 300 μm. The same setup was used
previously to successfully characterize the high-pressure phases
of other sulfides in the same pressure range.32−34 Measure-
ments were performed in a modified Merrill-Bassett diamond-
anvil cell (DAC) with diamond culets of 500 μm. The powder
sample was loaded in a 200 μm diameter hole of the stainless-
steel gasket preindented to thickness of about 50 μm. A 4:1
methanol/ethanol mixture was used as pressure-transmitting
medium. The CrysAlis software, version 171.34.49, was used
for data collection and preliminary data reduction.

Figure 1. (a) Spinel structure of the AIn2S4 (A = Cd, Mg, Mn)
sulfides. The yellow spheres represent the S atoms, whereas the gray
and orange spheres correspond to the tetrahedrally (Wyckoff position
8a) and octahedrally coordinated (Wyckoff position 16d) atoms. (b)
LiTiO2-type structure adopted by the high-pressure phase. However,
in our case, the octahedral positions 16c, here depicted as gray spheres,
would only be half-occupied.
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Experiment 2 was performed at beamline ID09 of the
European Synchrotron Radiation Facility (ESRF). Membrane-
type DACs with 600 μm culet diamonds and stainless steel
gasket holes of 200 μm initial diameter were used to measure
the CdIn2S4, MgIn2S4, and MnIn2S4 samples up to about 20
GPa. MnIn2S4 was further studied up to 41 GPa in a similar
DAC but with 350 μm culet diamonds and 150 μm gasket hole.
In this synchrotron experiment, the pressure-transmitting
medium used was nitrogen. The diffraction images were
collected using a MAR345 image plate and integrated using the
Fit2D software.35 The incident X-ray monochromatic wave-
length varied in the different runs but was always of the order of
0.41 Å. The sample to detector distance was approximately 360
mm. Preliminary results of XRD measurements in MnIn2S4 up
to 20 GPa were previously published.25

Pressure was measured by the ruby fluorescence method.36

The observed intensities were integrated as a function of 2θ to
give conventional, one-dimensional diffraction profiles. The
indexing and refinement of the powder diffraction patterns
were performed using the FULLPROF37 and POWDER-
CELL38 program packages.

3. COMPUTATIONAL DETAILS
We have performed ab initio total-energy calculations on ideal
AIn2S4 thiospinels (A = Cd, Mg, Mn) within the density
functional theory (DFT)39 using the plane-wave method and
the pseudopotential theory with the Vienna ab initio simulation
package (VASP).40−43 We have used the projector-augmented
wave scheme (PAW)44,45 implemented in this package to take
into account the full nodal character of the all-electron charge
density in the core region. Basis sets including plane waves up
to an energy cutoff of 370 eV were used to achieve accurate and
highly converged results and an accurate description of the
electronic properties. The description of the exchange-
correlation energy was performed with the local density
approximation (LDA).46 We used dense special k-points
sampling (600 k-points) for the Brillouin zone (BZ) integration
to obtain very well-converged energies and forces. At each
selected volume, the structures were fully relaxed to their
equilibrium configuration through the calculation of the forces
and the stress tensor. In the relaxed equilibrium configuration,
the forces on the atoms are less than 0.004 eV/Å, and the
deviation of the stress tensor from a diagonal hydrostatic form
is less than 1 kbar (0.1 GPa). For the MnIn2S4 spinel, we have
performed the study in the framework of the LDA + U
approach. Mn is a transition metal prototype of a strongly
correlated system, which is poorly described by standard DFT.
To include the strong correlation effects, we use a U value of
5.25 eV as described in ref 47. The application of DFT-based
total-energy calculations to the study of semiconductor
properties under high pressure has been reviewed in ref 48,
showing that the phase stability and electronic and dynamical
properties of compounds under pressure are well described by
DFT.
The DFT method allows obtaining a set of energy and

volume data for a selected structure which was fitted with an
equation of state to obtain the pressure, equilibrium volume
(V0), bulk modulus (B0), and the first derivative. From the
values of energy, volume, and pressure, the enthalpy of each
structure was calculated to determine the most stable phase
among those considered at each pressure and zero temperature
(zero-point motion effects were not included). Using the
entalphy difference taking as a reference the low-pressure

phase, one can obtain the theoretical transition pressure (see ref
48).
The inverse MgIn2S4 spinel was also simulated. This was

achieved by defining the spinel structure (S.G. Fd-3m, Nr. 227,
Z = 8, lattice parameter a) with the orthorhombic subgroup
Imma (Nr. 74, Z = 4, a′ = a/√2, b′ = a/√2, and c′ = a). The
symmetry reduction causes the Wyckoff position 16d occupied
with In atoms in the cubic normal spinel to split into two
independent positions (4b and 4c) in the orthorhombic space
group, while the 8a site is equivalent to the 4e site in the Imma
structure. The lattice parameters and atomic coordinates of
both the cubic Fd-3m and the orthorhombic Imma structures
are collected in Table 1. Thus, this splitting permits the

interchange of In and Mg atoms between the T and O sites and
the description of an inverse spinel (x = 1). What’s more, the
space group Imma also allows us to describe the experimentally
observed HP phase since the splitting of 16c sites of spinel into
4a and 4d sites of the Imma structure also permits us to leave
vacant either 4a or 4d sites, while the other is occupied by A
cations. This will be discussed in Section 4.2. Note that
hereafter the unit-cell volumes obtained for the Imma structures
will by multiplied by 2 to be easily compared to Fd-3m data.

4. RESULTS AND DISCUSSION
4.1. Low-Pressure Spinel-Type Phase. As already

discussed, we performed high-pressure XRD measurements in
CdIn2S4, MgIn2S4, and MnIn2S4 up to 19, 20, and 41 GPa,
respectively. In good agreement with previously reported data
on MnIn2S4,

25 high-pressure X-ray patterns could be indexed
and refined using the initial cubic spinel-type phase up to 9.5,
8.3, and 6.8 GPa for CdIn2S4, MgIn2S4, and MnIn2S4,
respectively. The unit cell volumes at ambient pressure are
collected in Table 2. Figures 2a−c show our ADXRD data from
experiment 2 at two selected pressures for CdIn2S4, MgIn2S4,
and MnIn2S4, respectively, and compare them with the
diffraction patterns measured at atmospheric pressure. The
observed, calculated, and difference X-ray diffraction profiles are
represented as black, red, and blue solid lines, respectively. At
ambient conditions, the X-ray patterns correspond to the cubic
spinel-type structure previously reported (S.G. Fd-3m, No. 227)
with reasonably similar lattice parameters.49,50

The Rietveld refinements of the structures at 1 atm allow us
to obtain the atomic coordinates and the degree of inversion

Table 1. Theoretically Calculated Lattice Parameters and
Atomic Coordinates of the MgIn2S4 Spinel Structure at
Ambient Pressure Described in the Initial Cubic Fd-3m
Space Group and the Orthorhombic Imma Space Group
Used for Describing the Inverse Spinela

aThe splitting of the 16d position permits the interchange of Mg and
In atoms.
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(x) of the Mg and Mn spinels which are collected in Tables 3
and 2, respectively. The cation distribution is based on the
comparison between diffraction intensities observed exper-
imentally and those calculated for hypothetical crystal
structures. Note that from our powder diffraction measure-
ments we can not estimate the degree of inversion of the
CdIn2S4 spinel since Cd and In atoms differ only in one
electron. Note also that throughout this paper we chose the
origin of the coordinate system at the center of inversion.11 Our
results confirm that MgIn2S4 is almost an inverse spinel with x
= 0.727(5), whereas MnIn2S4 is closer to a normal spinel with x
= 0.245(9). This means that, in these thiospinels, 72.7% of the
Mg atoms and 24.5% of the Mn atoms are octahedrally
coordinated. These values compare reasonably well with other
literature results50−53 and suggest that, in indium sulfide spinels,
the A atoms with smaller atomic radius54 and larger
electronegativity values55 have a natural tendency to occupy
the tetrahedral positions (e.g., Mn), whereas A atoms with
larger radius and smaller electronegativities (e.g., Mg) tend to
occupy the octahedral ones.
It is noteworthy that the degree of inversion of the different

spinels we have estimated does not change much up to the
proximity of the transition pressure, where the degree of
inversion decreases slightly (see Figure 3). In the case of
MnIn2S4, it would adopt an almost normal spinel structure (x ∼

0) before the transition. Our pressure dependence of the degree
of inversion can be compared with the results obtained from
Raman scattering data.27 In this sense, both XRD and Raman
data confirm that the x values of MnIn2S4 decrease with
pressure, while the slight decrease of the inversion degree of
MgIn2S4 observed by XRD is not confirmed by Raman
scattering measurements that show that it is approximately
constant until 8 GPa. These results suggest that the distribution
of cations in these spinels could be slightly modified by
applying pressure, in a similar way as changing the synthesis
temperature.56

From the X-ray diffraction data, we obtained the evolution
with pressure of the unit-cell volumes of the spinel phases (see
Figures 4a−c, where we compare them with those obtained in
our theoretical calculations). The pressure−volume curves were
analyzed using a third-order Birch−Murnaghan equation of
state (EOS), obtaining the zero-pressure volumes (V0), the
bulk moduli (B0), and their pressure derivatives (B0′). These
characteristic parameters are collected in Table 4. Experiments
carried out using different pressure media (MeOH:EtOH and
N2) give similar results. As can be seen in Table 4, the values of
the bulk moduli of this family of compounds are confined
within a very narrow range (B0 ∼ 78 GPa and B0′ ∼ 3).
Essentially, the explanation is based on the fact that the sulfur
atoms that form the fcc net and the In atoms occupy most of
the crystal AIn2S4 volume, and so the overall compressibility is
mainly determined by the In2S4 sublattice.

15,18

From total-energy calculations we obtain that, in MgIn2S4,
the inverse spinel (x = 1) is thermodynamically more stable
than the normal spinel (x = 0) in the range of the LP phase. In
Figure 4b and Table 4, we can see that the calculated unit-cell
volumes for the MgIn2S4 spinel are clearly dependent on its
degree of inversion. Thus, the inverse spinel has smaller
volumes than the normal spinel. The variation of the cell
volume with pressure in both sets of data seems to present an
overall good agreement with the experimental results with a
slight underestimation of the cell volumes characteristic of the
LDA approximation. However, from theoretical results

Table 2. Rietveld-Refined Unit-Cell Volumes and Degrees of
Inversion of the Different AIn2S4 Spinel Structures at
Ambient Conditionsa

CdIn2S4 MgIn2S4 MnIn2S4

V0 (Å
3), experimental 1273(1) 1227(1) 1232(1)

X, experimental -- 0.727(5) 0.245(9)
V0 (Å

3), theoretical 1239.9 1211.9 (x = 0) 1200.0
1194.8 (x = 1)

V0 (Å
3), literature 1258.749 1220.649 1231.650

X, literature 0.2−0.551 0.8452 0.2,50 0.3453

aOur results are compared with previous bibliographic values.

Figure 2. X-ray powder diffraction patterns of (a) CdIn2S4, (b) MgIn2S4, and (c) MnIn2S4 at three selected pressures. The observed, calculated, and
difference X-ray diffraction profiles are represented as black, red, and blue solid lines, respectively.
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collected in Table 4, it can be concluded that the bulk modulus
of the inverse (In)[MgIn]S4 spinel is around 4.4% larger than
that of the normal (Mg)[In2]S4 spinel. Hence, it could be
argued that there also exists a slight dependence of the
compressibility of the substance on the disordering of the
cations.
Our results indicate that sulfur spinels have a slightly higher

compressibility (lower bulk modulus) than their selenium
counterparts (∼90 GPa), although it is important to remark
that our B0′ values are significantly smaller. This is quite a
surprising feature since one would expect bulk moduli in
between those of oxygen (∼200 GPa) and selenium spinels
(∼90 GPa). This fact could be intimately related to the
experimentally observed unit cell volumes since the three
thiospinels investigated in this manuscript present similar or
even larger volumes than Se spinels. For instance, the
experimental value of V0 for CdCr2Se4

18 is 1240 Å3, whereas
the value of V0 here reported for CdIn2S4 is 1274 Å3.
Nevertheless, in some cases, the bulk modulus of thiospinels
seems to contradict the empirical B0−V inverse law. This occurs
for chromium thiospinels, where the thiospinel ZnCr2S4 with
V0 = 992.1 Å3 has a bulk modulus of 97 GPa (B0′ fixed to 4),24

which is slightly smaller than the selenium-based spinel
CdCr2Se4 (V0 = 1240 Å3, B0 = 101 GPa, B0′ = 5.2).18 The
anomaly of the bulk modulus of thiospinels does not occur in
AB2X4 compounds with defect chalcopyrite structure. For

example, CdGa2S4 has a larger bulk modulus (64 GPa)57 than
CdGa2Se4 (42 GPa).58 In conclusion, more experimental and
theoretical work is needed to understand why thiospinels
exhibit smaller or comparable bulk modulus than selenide
spinels despite their difference in unit cell volumes.
Another interesting aspect of the compression is that,

refining the atomic positions of the S atoms (32e, u, u, u),
we found a very small displacement from the initial value u =
0.257 toward u = 0.25 (see insets of Figures 5a−c), which
entails a more symmetric distribution of anions in the structure.
This fact has been observed for many representatives of the
spinel group.1 However, the nonlinear pressure dependency of
the positional parameter u is a more rare feature which has only
been observed in certain spinels such as MgAl2O4.

1,11 Here, the
compression seems to be quasi-isotropic below 4−5 GPa, and
with further pressure increase the u(P) slope changes rapidly.
The dependence of the geometry and compressibility of the
different polyhedra on the value of the positional parameter will
be discussed in Section 4.3. The decrease of the u parameter
has also been observed in our and previous theoretical
calculations.59 However, this decrease is less pronounced than
in the experiment, varying between u = 0.275 at ambient
pressure and u = 0.255 at 12 GPa for MgIn2S4. The variation
calculated for the other two spinels is similar. Our calculations
also fail in reproducing the observed steep decrease of u prior
to the phase transition. Curiously, the beginning of the drop of
u occurs at roughly the same pressures as the onset of the
change of the inversion parameter (see Figure 3 and Figure
6(a) in ref 27). Both facts could then be related, the instability
of the spinel structure at certain pressure leading to an
interchange of cations that would also induce a decrease of the
u parameter. In this way, our calculations could not reproduce
the steep decrease of the u parameter because they are
performed for fixed atomic positions and do not allow cation
displacements as pressure increases.

4.2. High-Pressure Phase. Upon further compression,
above 9.5, 8.3, and 6.8 GPa for CdIn2S4, MgIn2S4, and MnIn2S4,
respectively, the intensity of the peaks changes significantly (see
Figure 2). The reflections corresponding to the (220), (311),
(422), and (511) interatomic planes decrease in intensity,
whereas those of the (400) and (222) become more intense.
This fact indicates the onset of a phase transition in AIn2S4
thiospinels. The completion of the phase transition is almost
instantaneous in the case of the Mn compound. In the Cd and
Mg spinels, on the contrary, the transition takes place gradually,

Table 3. Rietveld-Refined Fractional Coordinates for the Low-Pressure Spinel Structure and the High-Pressure Defect LiTiO2-
Type Structure of AIn2S4 Compounds (Both with S.G. Fd-3m, No. 227)a

atom Wyckoff position x y z occupation factor

spinel phase A 8a 0.125 0.125 0.125 1 − x
In 8a 0.125 0.125 0.125 x
A 16d 0.5 0.5 0.5 (x/2)
In 16d 0.5 0.5 0.5 (2 − x)/2
S 32e ∼0.257(3) ∼0.257(3) ∼0.257(3) 1

defect-LiTiO2-phase A 16c 0 0 0 (1 − x)/2
In 16c 0 0 0 x/2
A 16d 0.5 0.5 0.5 x/2
In 16d 0.5 0.5 0.5 (2 − x)/2
S 32e ∼0.248(3) ∼0.248(3) ∼0.248(3) 1

aIn intermediate X-ray patterns, the occupation factors of the 16d positions remain fixed, while the occupation factors of the 16c position increase at
the expense of the positions 8a. The x values coincide with the spinel degree of inversion, which are plotted in Figure 3 for (Mg, Mn)In2S4 and
different pressures. The evolution of the internal positional parameter u of the S atoms with pressure is represented in Figure 5.

Figure 3. Spinel degree of inversion as a function of pressure for
MgIn2S4 and MnIn2S4.
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and the final high-pressure phase is only obtained above 11.6
GPa (after 2.1 and 3.3 GPa, respectively). Our values of the
phase transition pressure are in excellent agreement with results
of previous studies on the optical absorption and the Raman
scattering of AIn2S4 thiospinels under pressure.

27,28 Moreover,
the transformation to the new structure type (see Discussion
below), which is basically the same for the three considered
compounds, implies a volume change of ca. 5.7, 3.0, and 4.5%

at the transition for CdIn2S4, MgIn2S4, and MnIn2S4,
respectively (see Figure 4).
It is also interesting to take into account the hysteresis

observed in the decompression process. On downstroke we
took several XRD patterns showing a large hysteresis in the
transition pressure of MgIn2S4 and no appreciable hysteresis in
MnIn2S4. The same observation was done in Raman scattering
studies of these compounds under pressure.27 More XRD data
on the decompression are needed to draw clear conclusions
from the hysteresis of CdIn2S4, but it seems that the hysteresis,
if any, would be small, as already observed in Raman scattering
measurements.27 From all these results, rather coarse system-
atics can be outlined. In this sense, it seems that the size of the
metal atoms occupying the T positions in spinel is correlated
with the transition pressure, its hysteresis, and the range of the
coexistence of phases; i.e., a larger atomic radius (Mn < Mg <
Cd ∼ In) would imply larger pressures for the phase transition’s
onset, larger ranges of coexistence of phases, and larger
hysteresis in the decompression process. This is directly related
with the fact that the phase transition always occurs when the
tetrahedral volumes reach a value of ca. 6.7 Å3 (distance T − S
= 2.3 Å), as can be seen in Figure 5. Smaller volumes seem not
to be suitable to accommodate the different cations,
independently of their size and nature.
The high-pressure phase adopts a defect LiTiO2-type

structure (a partially ordered double-NaCl structure, see Figure
1b) in the three compounds studied, in accordance with
previous results on MnIn2S4.

25 This structure can be described
in the same cubic space group, Fd-3m, as the initial spinel
structure, the phase transition consisting of a progressive
displacement of the atoms placed in tetrahedral sites of the
sulfur lattice (Wyckoff position 8a) to octahedral sites (Wyckoff
position 16c and occupation factor of 0.5). This migration leads
to the occurrence of stoichiometric vacancies in 16c positions
and could correspond then to a displacement of (−1/8, −1/8,
−1/8) of the 8a atoms along the diagonal of the cube,
approximately 2 Å, these atoms increasing their coordination
number from 4 to 6. In this phase transition, atoms at the 16d
position and at the 32e position (S atoms) remain immovable.
An intermediate structural model that draws together the

atomic positions of both the LP and HP phases (see Table 3)
has been used to refine with the Rietveld method the HP
diffraction patterns, leading to the unit-cell volumes collected in
Figure 4. The observed and calculated XRD patterns of our
three sulfides during and after the phase transition are shown in
Figure 2 to illustrate the quality of the refinement. It should be
remarked that, for MgIn2S4 and MnIn2S4, the better refinement
of the HP phase still presents 5% and 10% of the In and Mn
atoms in tetrahedral positions, respectively (recall that MgIn2S4
was initially almost an inverse spinel). In other words, its
structure would not fully correspond to the defect LiTiO2-type.
On the other hand, in CdIn2S4, all the cations are located in
octahedral sites. Here, it is also important to point out that the
ratio of A/In atoms in the position 16d keeps constant at the
transition, and therefore, the rest of the A and In atoms will
partially occupy the position 16c. The refinement of the
position of the S atoms in the HP phase indicates that the u
parameter (i) is approximately constant with a value of ∼0.25
for MgIn2S4 and (ii) decreases smoothly with pressure adopting
values smaller than 0.25 in the cases of CdIn2S4 and MnIn2S4.
Theoretical calculations of the HP phase described in the

experimental cubic Fd-3m unit cell are not possible due to the
existence of vacancies (occupation factor in 16c = 0.5).

Figure 4. Pressure dependence of the unit-cell volume for the two
different phases of our three compounds: (a) CdIn2S4, (b) MgIn2S4,
and (c) MnIn2S4. Experiment 1 and experiment 2 upstroke
(downstroke) results are represented by solid (empty) squares and
stars, respectively. Calculated data for the ideal spinel-type and the
defect-LiTiO2-type phases are represented by blue and red solid
curves, whereas the inverse MgIn2S4 spinel is depicted as a solid green
line.
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Nevertheless, the orthorhombic Imma subgroup permits us to
describe the defect-LiTiO2 structure, leave 50% of these O sites
vacant, and perform ab initio total-energy calculations. The
Wyckoff position 16c splits into two positions, 4a and 4d,
allowing A cations to occupy only one of these positions and
leaving the other vacant. The lattice parameters and atomic
coordinates of the HP phase in both the Fd-3m and Imma space
groups are collected in Table 5. Thus, in the theoretical
energy−volume curves of the initial and HP calculated
structures (Figures 6), it can be clearly seen that both curves
cross each other at high pressure. As shown in the enthalpy
difference as a function of pressure curves (Figure 6, insets), the
HP phase becomes more stable than spinel at 11.5, 7.8, and 6.9
GPa for CdIn2S4, MgIn2S4, and MnIn2S4, after a transition in
which the volume change is about 6.5, 7.0, and 7.5%,
respectively. Transition pressures are in good agreement with
the experimental data, but the volume collapse differs
significantly. At this point, it is important to remark that the
lattice parameters of the calculated Imma HP phase deviate
slightly (<1.5%) from the ratio a = b = c/√2 (corresponding to
the experimentally observed HP-cubic phase) when relaxing the
structure.
The phase transition is caused by transposition of cations

from tetrahedral sites to octahedral ones unoccupied in the
parent spinel. The high-pressure structure may be derived from
the rock-salt motif. It consists of a cubic close-packed S2− fcc
arrangement interpenetrated by a similar arrangement that
consists of octahedral sites occupied by Cd and In and 1/4
occupied by vacancies. The octahedra are corner-linked. As
mentioned above, this phase transition likely occurs because the
pressure causes the tetrahedral sites to close so that they
become unsuitable for cations, while the octahedral sites
become more favorable as their geometry allows for a 6-fold
coordination with larger bond distances. The observed decrease
in the unit cell volume at the transition could be explained by
the fact that octahedra can be better packed. It is noteworthy to
mention that a similar transition was induced by ion-beam
irradiation in MgAl2O4.

60

The pressure dependence of the unit cell volumes of the HP
defect LiTiO2-type phases of the AIn2S4 compounds has been
fitted to a third-order Birch−Murnaghan equation of state
where the values of the bulk modulus (B0) and cell volume at
zero pressure (V0) are left to vary freely and B0′ is fixed to 4.

The obtained characteristic parameters are reported in Table 4.
Here, it is important to remark that, considering all the
experimental P−V data of MnIn2S4 up to 41 GPa and leaving
the B0′ parameter to vary freely, a very large value of the
pressure derivative is obtained (B0 = 30(6) GPa and B0′ =
7.3(9)). This is due to the fact that N2 ceases being hydrostatic
at the highest pressures. Our results agree reasonably well with
previous reported data on the manganese indium sulfide25 and
with our theoretical results for the three compounds (see Table
4).
As mentioned above, the phase transition is fully reversible,

and the spinel-type phase is recovered at ambient pressure.
Moreover, after releasing pressure, the S atoms return to the
initial positions (u ∼ 0.256). Regarding the inversion degree of
the recovered spinels, it can be said that x in MnIn2S4 is 0.14,
that is, closer to a normal spinel structure than the sample
before being pressurized. MgIn2S4, on the other hand, presents
a similar degree of inversion.

4.3. Analysis of the Compressibility of Both LP and HP
Phases. The high symmetry of our compounds allows
calculating the volumes of the T and O polyhedra formed by
the S sublattice in the LP spinel and the HP LiTiO2-related
structures. This will let us relate the bulk compressibility of the
thiospinels with that of the different polyhedra. Their volumes
are fixed by the values of the two structural variables, a and u, in
the following way

= · · − = · · · −
V

a u
V

a u u8 ( 0.125)
3

and
16 ( 0.375)

3tet

3 3

oct

3 2

Figures 5a−c show the evolution of the polyhedral volumes
with pressure for the three compounds. As can be seen, the
volumes of the tetrahedra collapse at the transition, as a
consequence of drastic change of the positional parameter,
while the volumes of the octahedra vary in a more continuous
way. It is remarkable, however, that two cusps in the P−Voct
curves were observed close to the transition pressures in
CdIn2S4 and MgIn2S4. The movement of the Cd and In/Mg
atoms from the tetrahedra to the octahedra corresponding to
the 16c positions during the phase transition process would
then provoke a small expansion of these polyhedra as inferred
from these results, while the movement of the Mn atoms seems
not to produce such enlargement, likely due to the smaller
atomic radius of Mn than those of Mg and Cd.

Table 4. Transition Pressures for the AIn2S4 Compounds (A = Cd, Mg, Mn) and the Cell Volumes at Zero Pressure (V0), Bulk
Moduli (B0), and the First Derivatives with Pressure (B0′) of Both the Low-Pressure (LP) Spinel- and the High-Pressure (HP)
Defect-LiTiO2-Type Phasesa

EOS transition pressure (GPa) V0 (Å
3) B0 (GPa) B0′

CdIn2S4 LP-experimental 9.5 1274(2) 78(4) 3.1(8)
LP-theoretical (x = 0) 11.5 1241.45(2) 79.8(2) 4.65(6)
HP-experimental -- 1206(6) 74(4) 4, fixed
HP-theoretical -- 1174.6(8) 71.6(4) 4, fixed

MgIn2S4 LP-experimental 8.3 1227(1) 76(3) 2.8(7)
LP-theoretical (x = 0) 6 1211.9(4) 75.4(9) 4.3(3)
(x = 1) 7.8 1194.8(1) 78.7(2) 4.16(4)
HP-experimental -- 1222(6) 55(2) 4, fixed
HP-theoretical -- 1124.8(6) 68.8(4) 4, fixed

MnIn2S4 LP-experimental 6.8 1230(1) 78(4) 3.2(1)
LP-theoretical (x = 0) 6.9 1200.7(5) 80(2) 3.9(3)
HP-experimental -- 1187(2) 62(1) 4, fixed
HP-theoretical -- 1121.0(4) 70.1(3) 4, fixed

aOur LDA theoretical results for the spinel and HP phase are also included.
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It is also noteworthy that the bulk compressibility of the HP
phase is larger than that of the LP spinel structure for the three
studied compounds (see Table 4). This fact is likely due to the
presence of stoichiometric vacancies in the unit-cell of the HP
phase. A smaller value of the bulk modulus in zincblende-
related compounds with stoichiometric vacancies in the unit-
cell, like defect chalcopyrites and stannites, than those with
zincblende structure with no vacancies in the structure has been
found. For example, the bulk modulus of defect stannite
ZnGa2Se4 is 47 GPa,57 a smaller value than that of zincblende
ZnSe (65.5 GPa).61 This can be seen in the polyhedra
compressibility plot as well. The P−Vpolyhedra data were

tentatively fitted using a Birch−Murnaghan equation, giving
polyhedral bulk moduli around 100 and 40 GPa (B0′ is fixed to
4) for the octahedra and tetrahedra, respectively, in both the LP
and the HP phases. Hence, the compressibility of these phases
is mainly governed by tetrahedra which, among the polyhedra,
suffer the greater volume reduction under pressure.
Another aspect to be highlighted is the geometry of the

polyhedra. At low pressures (P < 5 GPa), due to symmetry
implications, the spinel structure has ideal tetrahedra and
slightly distorted octahedra, as squeezed along the (111) 3-fold
axis of the cubic cell. On the other hand, at higher pressures,
when the positional parameter approaches the value u = 0.25,
the octahedra become perfectly symmetric, while the tetrahedra
remain ideal. In conclusion, high pressure leads to a more
regular geometry of the LP spinel phase and also of the HP
defect LiTiO2 phase.

5. CONCLUDING REMARKS
We have presented a detailed experimental picture of the high-
pressure behavior of the indium thiospinel family. We have
studied the high-pressure structural stability of AIn2S4 (A = Cd,
Mg, Mn) indium thiospinels by means of X-ray diffraction
experiments that have been complemented with ab initio total-
energy calculations. From our experimental data, we have
determined a similar bulk modulus (∼78 GPa) for the spinel-
type structure in the three compounds. Our results are
supported by theoretical calculations and confirm the
hypothesis that the compressibility of spinels is governed by
the anion sublattice. However, it remains to be understood
from a theoretical point of view why thiospinels do not show an
intermediate bulk modulus between oxide and selenide spinels.
We have also found experimentally that the compression

induces a phase transition at 9.5, 8.3, and 6.8 GPa for CdIn2S4,
MgIn2S4, and MnIn2S4, respectively, from the spinel-type to
another cubic Fd-3m structure, which can be described as a
defect LiTiO2-type structure. This phase transition involves a
volume collapse that depends on the nature of the A atom.
Essentially, this phase transition consists of a progressive
displacement of the atoms placed in tetrahedral 8a sites of the
spinel lattice in space group 227 to the octahedral 16c sites of
this space group. This migration would correspond to a
displacement of approximately 2 Å and results in the

Figure 5. Evolution of the volumes of the tetrahedra and octahedra
(divided by 3) of the almost ideal fcc S lattice with pressure. (a)
CdIn2S4, (b) MgIn2S4, and (c) MnIn2S4. The insets represent the
pressure dependence of the internal positional parameter u.

Table 5. (Left) Lattice Parameters and Atomic Coordinates
of the Defect-LiTiO2-Type Structure of MgIn2S4 at 15.9 GPa
Described in the Experimentally Observed Cubic Fd-3m
Space Groupa and (Right) Theoretically Calculated
Parameters and Coordinates for the Orthorhombic Imma
Space Group, Which Permits Us to Leave Vacant 50% of the
O Sites

aThe Wyckoff position 16c presents an occupation factor =0.5.
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incorporation of stoichiometric vacancies to the unit cell since
the atoms in the 16d position and the S atoms remain
immovable. Consequently, we have observed an interesting
feature, i.e., that the bulk compressibilities of the high-pressure
phases are larger than those of the low-pressure spinel
structures for the three studied compounds.
Finally, we have shown that the continuous transformation

from the spinel into this new postspinel structure can be
tracked using an intermediate structural model, which provides
an elegant way to describe such a phase transition. The analysis
of the evolution of the geometry of different environments and
the volume of the cation polyhedra evidence that a collapse of
the tetrahedral volumes, existing in the almost ideal fcc S lattice,
occurs at the phase transition together with a drastic change of
the positional parameter. On the other hand, the variation of
the octahedral volumes is more continuous, but small
enlargements in the octahedral cavities were observed close
to the transition pressures in CdIn2S4 and MgIn2S4 likely due to
the rather large atomic radii of the A cations.
In summary, we have presented a consistent experimental

picture of the high-pressure behavior of the indium thiospinel
family, which has been complemented with total-energy
calculations.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: dsantamaria@quim.ucm.es. Tel.: (34) 91 394 5206.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

Financial support from the Spanish Consolider Ingenio 2010
Program (Project No. CDS2007-00045) is acknowledged. The
work was also supported by Spanish MICCIN under projects
CTQ2009-14596-C02-01 and MAT2010-21270-C04-01/03/
04, as well as by Comunidad de Madrid and European Social
Fund, S2009/PPQ-1551 4161893 (QUIMAPRES), and by
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Menendez, J. M.; Gomis, O.; Ruiz-Fuertes, J.; Sans, J. A.;
Errandonea, D.; Recio, J. M. Inorg. Chem. 2012, 51, 5289−5298.
(33) Santamaria-Perez, D.; Vegas, A.; Muehle, C.; Jansen, M. Acta
Crystallogr. B, Struct. Sci. 2011, B67, 109−115.
(34) Santamaria-Perez, D.; Vegas, A.; Muehle, C.; Jansen, M. J. Chem.
Phys. 2011, 135, 054511.
(35) Hammersley, A. P.; Svensson, S. O.; Hanfland, M.; Fitch, A. N.;
Hausermann, D. High Pressure Res. 1996, 14, 235−248.
(36) Mao, H. K.; Xu, J.; Bell, P. M. J. Geophys. Res., Solid Earth Planets
1986, 91, 4673−4676.
(37) Rodriguez-Carvajal, J. Phys. B 1993, 192, 55−69.
(38) Nolze, G.; Kraus, W. Powder Diffr. 1998, 13, 256−259.
(39) Hohenberg, P.; Kohn, W. Phys. Rev. B 1964, 136, B864−871.
(40) Kresse, G.; Furthmuller, J. Comput. Mater. Sci. 1996, 6, 15−50.
(41) Kresse, G.; Furthmuller, J. Phys. Rev. B 1996, 54, 11169−11186.
(42) Kresse, G.; Hafner, J. Phys. Rev. B 1993, 47, 558−561.
(43) Kresse, G.; Hafner, J. Phys. Rev. B 1994, 49, 14251−14269.
(44) Blochl, P. E. Phys. Rev. B 1994, 50, 17953−17979.
(45) Kresse, G.; Joubert, D. Phys. Rev. B 1999, 59, 1758−1775.
(46) Kohn, W.; Sham, L. J. Phys. Rev. 1965, 140, 1133−1138.
(47) Floris, A.; de Gironcoli, S.; Gross, E. K. U.; Cococcioni, M. Phys.
Rev. B 2011, 84, 161102.
(48) Mujica, A.; Rubio, A.; Munoz, A.; Needs, R. J. Rev. Mod. Phys.
2003, 75, 863−912.
(49) Hahn, H.; Klingler, W. Z. Anorg. Chem. 1950, 263, 177−190.
(50) Wakaki, M.; Ogawa, T.; Arai, T. Nuovo Cimento Soc. Ital. Fis., D
1983, 2, 1809−1813.
(51) Burlakov, I. I.; Ursaki, V. V.; Tiginyanu, I. M.; Radautsan, S. I.
Raman scattering characterization of alpha-phase ZnAl2S4 and
CdIn2S4. In Ternary and Multinary Compounds; Tomlinson, R. D.,
Hill, A. E., Pilkington, R. D., Eds.; Iop Publishing Ltd: Bristol, 1998;
Vol. 152, pp 601−604.
(52) Gastaldi, L.; Lapiccirella, A. J. Solid State Chem. 1979, 30, 223−
229.
(53) Lutz, H. D.; Jung, M. Z. Kristallogr. 1988, 182, 177−178.
(54) Slater, J. C. J. Chem. Phys. 1964, 41, 3199−3204.
(55) Pauling, L. J. Am. Chem. Soc. 1932, 54, 3570−3582.
(56) Seminovski, Y.; Palacios, P.; Wahnon, P.; Grau-Crespo, R. Appl.
Phys. Lett. 2012, 100, 102112.
(57) Errandonea, D.; Kumar, R. S.; Manjon, F. J.; Ursaki, V. V.;
Tiginyanu, I. M. J. Appl. Phys. 2008, 104, 063524.
(58) Grzechnik, A.; Ursaki, V. V.; Syassen, K.; Loa, I.; Tiginyanu, I.
M.; Hanfland, M. J. Solid State Chem. 2001, 160, 205−211.

(59) Bouhemadou, A.; Haddadi, K.; Khenata, R.; Rached, D.; Bin-
Omran, S. Phys. B 2012, 407, 2295−2300.
(60) Ishimaru, M.; Afanasyev-Charkin, I. V.; Sickafus, K. E. Appl.
Phys. Lett. 2000, 76, 2556−2558.
(61) Semiconductors: Other Than Group IV Elements and III-V
Compounds; Springer-Verlag: Berlin, 1992.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp303164k | J. Phys. Chem. C 2012, 116, 14078−1408714087


