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ABSTRACT
This work reports the high-pressure and high-temperature (HP-HT) synthesis of pure
rhombohedral (corundum-type) phase of indium oxide (In2O3) from its most stable polymorph,
cubic bixbyite-type In2O3, using a multi-anvil press. Structural and vibrational properties of
corundum-type In2O3 (rh-In2O3) have been characterized by means of angle-dispersive powder
X-ray diffraction and Raman scattering measurements at high pressures which have been
compared to structural and lattice dynamics ab initio calculations. The equation of state and the
pressure dependence of the Raman-active modes of the corundum-type phase are reported and
compared to those of corundum (α-Al2O3). It can be concluded that rh-In2O3 is stable under
compression up to 15 GPa and it gradually transforms to the orthorhombic Rh2O3-III structure
between 15 and 26 GPa. The bulk modulus, axial compressibilities and the pressure range of
stability of the corundum-type phase in group IIIA sesquioxides A2O3 (A=Al, Ga, and In) are
discussed.

INTRODUCTION
The combination of optical transparency and electrical conductivity properties in
transparent conducting oxides (TCOs) made them essential in the development of modern
optoelectronic devices.1,2 The most widely studied materials employed for optoelectronic devices
that accomplish these properties are several binary oxides like: In2O3, Ga2O3, Al2O3, ZnO, SnO2
and TiO2.3-5
The widespread use of In2O3 in industrial processes covers the fabrication of window
layers in solar cells,6-8 light-emitting diodes,9,10 electrochromic windows,11 liquid-crystal
displays,12,13 and gas sensors.14,15 Due to the scarcity and high cost to obtain indium metal, new
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systems, like Sn-doped In2O3 (ITO) and corundum-type In2-2xZnxSnxO3 (x ≤ 0.4, or ZITO), have
been developed to cut the prize of the production system.16-18
At ambient conditions In2O3 usually crystallizes in the cubic bixbyite-type phase (space
group (SG) Ia-3, N. 206, Z=16),19 and other phases of In2O3 can be obtained by the application
of pressure and temperature: rhombohedral corundum-type (SG R-3c, N. 167, Z=6),
orthorhombic Rh2O3-II type (SG Pbcn, N. 60, Z= 4), and orthorhombic α-Gd2S3-type (SG Pnma,
N. 62, Z= 4).20-41 Moreover, a new orthorhombic Rh2O3-III (SG Pbca, N. 61, Z= 8) phase has
been recently discovered, which is considered to be the high-pressure structure of corundum-type
In2O3 at ambient temperature.42 All these phases are going to be named hereafter as c-In2O3, rhIn2O3, o1-In2O3, o2-In2O3 and o3-In2O3, respectively.
The properties of the high-pressure phases of In2O3, some of which can be obtained in a
metastable form at ambient conditions, are largely unknown despite their important
applications.37-41 In particular, a decrease on the bulk modulus is expected for the corundum-type
structure of sesquioxides A2O3 (A= Al, Ga, In) on increasing the cation ionic radius. In fact, Cr3+doped Ga2O3 was already postulated as a possible substitute of ruby (Cr3+-doped Al2O3) for
pressure sensor.43 Similarly, corundum-type Cr3+-doped In2O3 could be more sensitive than ruby
as pressure calibrant. With this aim, the knowledge of the equation of state (EOS) and stability
range of rh-In2O3 is mandatory. In this respect, the EOS of rh-In2O3 has been studied by means
of theoretical calculations,33,44,45 but the experimental determination of its bulk modulus at
ambient pressure has only been estimated by extrapolation of high-pressure data to ambient
pressure.46,47 Furthermore, there is a controversy regarding the pressure range of stability of rhIn2O3. Gurlo et al. showed that rh-In2O3 is stable at ambient temperature between ambient
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pressure and 30 GPa;37,39 however, in a recent study we have reported that rh-In2O3 undergoes a
transformation to o3-In2O3 above 12.4 GPa at 300K.42
In this paper, we focus on the structural and vibrational properties of rh-In2O3 under
pressure. For that purpose, we have synthesized rh-In2O3 in a multi-anvil cell and characterized it
by angle-dispersive powder x-ray diffraction (XRD) and Raman scattering (RS) measurements at
high pressure. Experimental structural and vibrational properties of rh-In2O3 have been analysed
with the help of theoretical ab initio calculations. Our study has allowed us to obtain the bulk
modulus of rh-In2O3 at ambient pressure in a more accurate way and shows that the corundumtype phase is only stable up to 15 GPa, because it undergoes a phase transition to the Pbca phase.
These results are in good agreement with our previous work.42 A comparison between the
properties of rh-In2O3 and rh-Al2O3 (known as corundum or α-Al2O3) at different pressures is
discussed and extended to other sesquioxides.

EXPERIMENTAL DETAILS
Pure rh-In2O3 was synthesized from commercial c-In2O3 (99.99% pure from SigmaAldrich Inc.) as starting material using a Sumitomo 1200 tons multi-anvil press to generate highpressure and high temperature conditions. c-In2O3 was compacted and placed inside a 25 µm
thickness Re capsule. This metallic capsule was located in a high resistivity graphite furnace,
using a MgO cylinder as a spacer. The MgO cylinder isolates electrically the metal capsule from
the heater and serves together with graphite as pressure-transmitting medium (PTM). The sample
assembly is loaded into a 18 mm MgO:Cr octahedra which is compressed between eight tungsten
carbide anvils in the 18/11 multi-anvils configuration. c-In2O3 was maintained for 6 hours at HPHT conditions (12 GPa and 1375 ºC). Subsequently, the sample was quenched in temperature
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and decreased slowly in pressure. The recovered sample was composed of different micron sized
crystals of rh-In2O3. These crystals were annealed to 300 ºC during 3 hours in a furnace to
improve the crystallinity of the sample and ground to obtain fine rh-In2O3 powder.
Room-temperature angle-dispersive powder XRD and RS experiments at high pressures
were conducted in annealed rh-In2O3 samples up to 15.9 and 30.0 GPa, respectively, in a
membrane-type diamond anvil cell (DAC). In both experiments, powder sample was loaded
inside a 150 µm diameter hole drilled in an inconel gasket together with a mixture of methanolethanol-water in a 16:3:1 proportion as a PTM. For pressure calibration in angle-dispersive
powder XRD and RS measurements we introduced inside the pressure cavity Cu powder48 and
ruby,49 respectively. Our measurements in rh-In2O3 allow direct comparison with previous
experiments in isostructural compounds; e.g., rh-Al2O3, studied with different PTM.
On the one hand, angle-dispersive powder XRD measurements at different pressures
were performed in the MSPD beamline50 at ALBA synchrotron facility. This beamline is
equipped with Kirkpatrick-Baez mirrors to focus the monochromatic beam and a Rayonix CCD
detector with a sensitive area of 165 mm. We used a wavelength of 0.4246 Å and the sampledetector distance during the experiment was set to 244.0347 mm (refined value). The 2-D
diffraction images were integrated with FIT2D software.51 Lattice parameters of XRD patterns
were obtained with Rietveld refinements performed using POWDERCELL52 and GSAS53
program packages. On the other hand, RS measurements at ambient temperature and different
pressures were excited using the 632.8 nm HeNe laser and collected in backscattering geometry
with a Horiba Jobin Yvon LabRam HR UV spectrometer equipped with a thermoelectrically
cooled multichannel CCD detector (resolution below 2 cm-1). RS spectra have been analyzed by
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fitting Raman peaks with a Voigt profile by fixing the Gaussian linewidth to the experimental
setup resolution in order to obtain the three free parameters of the Lorentzian profile.

THEORETICAL CALCULATIONS
Total-energy ab initio calculations were performed for both rh-In2O3 and α-Al2O3 within
the density functional theory (DFT)54 using the Vienna Ab initio Simulation Package (VASP).55
In particular, we have used the projector-augmented wave (PAW)56 scheme implemented in this
package. The PAW method takes into account the full nodal character of the all-electron charge
density distribution in the core region. The generalized gradient approximation (GGA) was used
for the description of the exchange-correlation energy with the PBEsol prescription.57 The set of
plane waves employed extended up to a kinetic energy cutoff of 520 eV due to the presence of
oxygen and we used dense special k-point grids appropriate to sample the Brillouin zone (BZ).
The cutoff energy and the k-point sampling employed ensure a high convergence of 1-2 meV per
formula unit in the total energy as well as an accurate calculation of the forces on the atoms. At
each selected volume, the structure was fully relaxed to their optimized configuration through the
calculation of the forces on atoms and the stress tensor.57 For each relaxed configuration, the
forces on the atoms were smaller than 0.005 eV/Å, and the deviations of the stress tensor from a
diagonal hydrostatic form were less than 0.1 GPa. We obtain a set of E, V, and P (pressure, like
others energy derivatives, is obtained theoretically from the value of the calculated stress tensor)
for each phase as well as the evolution of its structural properties with increasing pressure.
We have also performed lattice dynamics calculations of the phonon modes in rh-In2O3 at
the center of the BZ (Γ point). Our theoretical results enable us to assign the Raman-active
modes observed in corundum-type In2O3 (see Fig. 1b) because calculations provide information
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about the symmetry of the modes and polarization vectors, which is not readily accessible in the
present experiment. Highly converged results on forces are required for the calculation of the
dynamical matrix. We used the direct force constant approach (or supercell method).58 The
construction of the dynamical matrix at the Γ point of the BZ involves separate calculations of
the forces in which a fixed displacement from the equilibrium configuration of the atoms within
the cell is considered. The use of crystal symmetries aids by reducing the number of such
independent displacements, and consequently the computational effort required to study of the
different structures considered in this work. Diagonalization of the dynamical matrix provides
both the frequencies of the normal modes and their polarization vectors. This theoretical
procedure was also used to explain satisfactorily the pressure dependence of the structural and
vibrational properties in c-In2O3 up to 30 GPa with similar experimental conditions as those in
this work.59

RESULTS AND DISCUSSION
A) Characterization of samples at ambient conditions
Figure 1 shows angle-dispersive powder XRD pattern (a) and RS spectra (b) at ambient
pressure of both as-grown and annealed samples of In2O3. A typical CCD images of X-ray
diffraction is showed in Figure S1 in the supplementary material. The powder XRD pattern of
the annealed sample has been indexed with DICVOL0660 obtaining lattice parameters a =5.4854
Å and c=14.5107 Å in an hexagonal crystal system with figures of merit M(17)=27.2 and
F(17)=75.2. The observed systematic extinctions correspond with the R-3c space group of the
corundum-type structure. Rietveld refinement of experimental angle-dispersive powder XRD
pattern of the annealed sample at ambient conditions yields experimental lattice parameters and
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atomic positions which compare well to those from our ab initio theoretical calculations (see
Table I) and also with previous experiments and calculations.
The corundum-type structure has a primitive unit cell with 2 formula units. Group theory
predicts that this structure should have 30 vibrational modes with the irreducible representation61

Γ30 = 2 A1g ( R) + 2 A2u ( IR) + 5E g ( R) + 4Eu ( IR) + 2 A1u + 3 A2 g + A2u + Eu
where E modes are doubly degenerated. These vibrational modes can be divided into 3 acoustic
modes (A2u and Eu) and 27 optical modes, thus resulting in 7 Raman-active (R) modes, 6
infrared-active (IR) modes, and 5 silent (A1u and A2g) modes. In fact, Fig. 1(b) shows seven
Raman-active modes in our samples. The Raman spectrum is dominated by the lowest-frequency
A1g mode located at 161 cm-1 at ambient pressure. The number of Raman-active modes and the
frequencies and intensities are in good agreement with previous studies reporting the synthesis of
rh-In2O3.25,35 Therefore, our RS measurements confirm the corundum-type structure of our
samples. Three broad extra Raman-modes, denoted with asterisks in Fig. 1(b), are observed in
as-grown samples but disappear after the annealing process. These extra modes, whose origin is
unknown but which do not correspond to other known polymorphs of In2O3, could be secondorder modes which are better observed in slightly defective samples with small grains and lowcrystalline quality than in annealed samples with larger grains and better crystalline quality.
B) XRD measurements at high pressures
Figure 2(a) displays a selection of the experimental angle-dispersive powder XRD
patterns of rh-In2O3 at ambient temperature at different pressures up to 15.9 GPa. Bragg
reflections located at ~11.7 and 13.5 degrees at 1.2 GPa correspond to (111) and (200) cubic
(Fm-3m) Cu, respectively and were used to determine the pressure inside the DAC. The rest of
the Bragg reflections at 1.2 GPa can be attributed to rh-In2O3. Above 5 GPa, hexagonal
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(P63/mmc) Re Bragg reflections (see # marks) appear in the XRD pattern. Probably, a small
flake of Re metallic layer, which protects the sample from possible contaminations during the
synthesis process, has been unintentionally mixed with the powdered sample. Note that Rietveld
refinement was performed using the complete XRD patterns in order to keep as much
information as possible from our experimental data. In the experiment, the pressure was
smoothly increased up to 15.9 GPa and then released down to 1 GPa (see XRD pattern of the
recovered sample in Fig. 2(a)). Diffractograms up to 13.5 GPa can be indexed with rh-In2O3. At
14.5 GPa, the beginning of the phase transition from rh-In2O3 to o3-In2O3 is observed. Both
structures coexist until the maximum pressure reached in the XRD experiment (see Rietveld
refinements in Fig. 2(b)). Tables S1, S2 and S3 (in the supplementary material) summarize the
experimental lattice parameters and atomic positions obtained from Rietveld refinements shown
in the Fig 2(b) and their comparison with theoretical calculations at similar pressures. The results
for both rh-In2O3 and o3-In2O3 are in good agreement with our previous results.42 Consequently,
the larger stability of the corundum-type phase previously reported by Gurlo et al. could be
related to the nanocrystalline size of the samples synthesized by those authors, which were
obtained by compressing nanocrystalline c-In2O3.37 Finally, we want to comment that rh-In2O3 is
recovered on decreasing pressure, thus showing the reversibility of the rh-In2O3 to o3-In2O3
transition in good agreement with our previous work.42
We must note that Bragg reflections in our experiment show a slight broadening with
increasing pressure above 10 GPa which could be due to a slight loss of quasi-hydrostatic
conditions of the PTM.62 In this respect, small non-hydrostatic stresses should not influence the
structural stability of relatively uncompressible (B0 > 150 GPa) compounds as sesquioxides.63
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We will show below that this hypothesis is well supported by the good agreement between
experiments and theoretical calculations.
Figure 3 graphs the experimental and theoretical pressure dependence of the unit cell
volume of rh-In2O3. Both experimental and theoretical data were fitted to a third-order BirchMurnaghan EOS64,65 in the hydrostatic region of the PTM (below 11 GPa). Again, a rather good
agreement between the experimental and theoretical EOS is found. Taking into account the unit
cell volume of rh-In2O3 at ambient pressure (V0= 62.86 (3) Å3), we have estimated the density
(ρrh = 7.398 (4) g/cm3) of rh-In2O3 at ambient pressure in good agreement with previous
estimations.21,22 These values can be compared to the values reported in the literature for volume
(V0 = 64.28 Å3) and density (ρc = 7.179 g/cm3) of c-In2O3 at ambient pressure.42
Our experimental bulk modulus at ambient pressure for rh-In2O3 (B0 = 176 (7) GPa)
matches in between our theoretical GGA-PBESol calculations (158 GPa) and previous
calculations (176-184 GPa) using local density approximation (LDA).33,44,45 Clearly, our
experimental bulk modulus for rh-In2O3 is consistent with theoretical values and considerably
smaller than previous experimental values (212-215 GPa),46,47 which were obtained from XRD
measurements performed only in the high-pressure region.
Table II summarizes our experimental and theoretical results for the equation of state of
rh-In2O3 along with results from the literature for several sesquioxides in different phases. It is
rather curious that the bulk modulus of rh-In2O3 is smaller than that of c-In2O3 despite the
smaller volume of the rhombohedral corundum-type phase compared to the cubic phase. In fact,
a volume (density) decrease (increase) of around 3.0% is found when the crystal structure going
from c-In2O3 to rh-In2O3. Both the smaller experimental volume and bulk modulus of rh-In2O3
compared to c-In2O3 are in good agreement with our ab initio calculations which show similar
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trends (see Table II). In contrast, a much smaller bulk modulus has been found in rh-In2O3 (176
GPa) than in the corundum-type phases of Al2O3 and Ga2O3, whose bulk moduli are well above
220 GPa (see Table II).33,66,67 This trend is in good agreement with the larger volume of the
corundum-type phase in In2O3 than in Ga2O3 and Al2O3 and is also in good agreement with
available theoretical calculations (especially with our own calculations in both In2O3 and Al2O3
using GGA-PBESol for the sake of comparison). Thus, the agreement of experimental and
theoretical results supports the goodness of our calculations. It is also noteworthy that the bulk
modulus of rh-In2O3 is much smaller than the bulk modulus of corundum-type Ti2O3 (>206
GPa),68,69 and Cr2O3 (222-231 GPa)70,71 taking fixed B0’= 4. A comparison with corundum-type
Fe2O3 and V2O3 is not possible since these two sesquioxides show controversial results with bulk
moduli ranging from 150 GPa to 260 GPa.70,72-76 Our theoretical estimations for both compounds
are of the order or larger than 200 GPa and at present we have no idea for the possible deviation
between experimental and calculated bulk moduli in these two compounds. In summary, our
structural results confirm that rh-In2O3 is one of the sesquioxides with corundum-type structure
with the smallest bulk modulus.
Figure 4 shows the experimental and theoretical pressure dependence of the a and c
lattice parameters in rh-In2O3 in the hydrostatic region of the PTM. For comparison, we have
included in Fig. 4 the lattice parameters obtained in the downstroke and those obtained at
ambient pressure in crystals of rh-In2O3 by Bekheet et al.41 Both a and c parameters have been
fitted to a modified Murnaghan’s equation of state with free parameters a0, B0 and B0’.


 =  1 + 









,

Eq. (1)
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The results of these fits are shown in Table III. The axial compressibilities of the a- and c-axis
defined as κ x =

− 1 ∂x
1
(x = a, c) can be obtained as κ x =
with the B0 values obtained from
x ∂P
3B0

the fit of the lattice parameters to Eq. (1). It can be observed that the c lattice parameter is more
compressible than the a lattice parameter. There is a much better agreement between the
experimental and theoretical evolution of the a lattice parameter than of c lattice parameter with
pressure, despite both experimental and theoretical data show similar trends. Furthermore, one
can compare the relative compressibilities of the experimental lattice parameters of isostructural
rh-In2O3 and rh-Al2O3.77 The experimental relative compressibility of the a (c) lattice parameter
defined by ∆a/a0 (∆c/c0) is 1.57% (3.69%) for rh-In2O3 and 0.96% (1.34%) for rh-Al2O3 in the
same pressure range (up to 15.9 GPa).49,66,70,78-80 Consequently, we can conclude that the major
contribution to the increase of sensitivity of the crystalline structure of rh-In2O3 to pressure
compared to rh-Al2O3 comes from the larger compressibility along the c axis in rh-In2O3 than in
rh-Al2O3.
In order to understand the larger compressibility of rh-In2O3 compared to rh-Al2O3 we
have studied the evolution under pressure of the theoretically calculated cation-anion distances in
both compounds (see Fig. 5). Unlike the cubic bixbyite-type structure of A2O3 sesquioxides,
which has two non-equivalent A atoms surrounded by six O atoms, the corundum-type structure
is characterized by only one type of A atoms (12c Wyckoff position). The A atom is surrounded
by six O atoms (18e Wyckoff position) forming an octahedron composed of two connected
trigonal pyramids (see inset of Fig. 5). This structure is then structurally characterized by a and c
lattice parameters and two internal parameters: the z internal parameter (off-center position in the
octahedra) of the A atom and the x atomic coordinate of the O atom. In the most regular atom
distribution of the corundum-type structure, A atoms are located at (0, 0, 1/6), while O atoms are
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located at (1/3, 0, 1/4). Therefore, our experimental and theoretical data at ambient pressure (see
Table I) indicate that rh-In2O3 has a slightly distorted corundum-type structure. Figure S2 shows

the theoretical and experimental atomic positions (x of O and z of In) obtained from Rietveld
refinements up to 5 GPa. Moreover, the pressure dependence (quadratic fit) of the theoretical
atomic positions of O and In in rh-In2O3 is shown in Table S4. The good agreement between
experimental and theoretical data observed in Fig. S2 gives confidence to use our calculated data
at higher pressures in order to discuss the pressure dependence of cation-anion bond distances.
The octahedral volume of rh-In2O3 at ambient pressure (13.47 Å3) is larger than that of
rh-Al2O3 (9.14 Å3). The larger volume for rh-In2O3 can be explained by the larger In ionic radius
compared with that of Al. The main difference between both compounds is that octahedra are
slightly more distorted in rh-In2O3 than in rh-Al2O3, as evidenced by the slightly large difference
in the bond distances between the two trigonal pyramids in both compounds: 2.1341 Å (In-O1)
and 2.2599 Å (In-O2) for rh-In2O3 and 1.8617 Å (Al-O1) and 1.9741 Å (Al-O2) for rh-Al2O3.
The theoretical values of the In-O distances in rh-In2O3 are in good agreement with our
experimental values (2.1624 Å and 2.1836 Å) and experimental values previously reported (2.07
Å and 2.27 Å).21 Figure 5(a) shows the experimental and theoretical pressure dependence of the
A-O (A=Al, In) relative bond distances in rh-In2O3 and rh-Al2O3 and Table S5 (in the
supplementary material) shows the linear fit of these theoretical data. As observed, the cationanion bond lengths decrease with pressure at a higher rate in rh-In2O3 than in rh-Al2O3. This
different behaviour shows that rh-In2O3 is more compressible (smaller bulk modulus) than rhAl2O3 in good agreement with our experimental volume data.
Another interesting issue of the calculations is the rather different decrease rate of the two
cation-anion bond distances (In-O1 and In-O2) for the octahedron of rh-In2O3 compared to those
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of rh-Al2O3 (Al-O1 and Al-O2), which decrease at a similar rate. This result indicates a quite
different deformation of the AO6 polyhedron in both compounds. In order to understand better
the deformation in the octahedron with increasing pressure Fig. 5(b) displays the pressure
dependence of the quadratic elongation (λ) for rh-Al2O3 and rh-In2O3, which gives a reliable
indication of the distortion in the octahedron.81 This parameter has been calculated by the
average of the distortion in the bond-lengths implied in the octahedron, as described by equation
(2),


〈〉 = ∑ 


 



,

Eq. (2)

where li is the cation-anion bond length that forms the real polyhedron and l0 is the theoretical
bond length in the most regular polyhedron. Table S6 shows the linear and quadratic fit of the
quadratic elongation for rh-Al2O3 and rh-In2O3, respectively. As observed, the mean quadratic
elongation of the polyhedron of rh-In2O3 increases with pressure; i.e., the octahedron becomes
more distorted as pressure increases. A similar behaviour has been found in hematite (rh-Fe2O3),
72

whereas the opposite is observed in rh-Al2O3, whose polyhedron becomes more regular with

pressure. This trend could explain the high stability of rh-Al2O3 under pressure. In fact,
theoretical and experimental studies show the phase transition from rh-Al2O3 to the Rh2O3-IItype (Pbcn) structure to occur above 96 GPa.81 In contrast, rh-In2O3 shows a much lower phase
transition pressure (15 GPa) from rh-In2O3 to o3-In2O3 (Rh2O3-III-type or Pbca structure).
C) RS measurements at high pressures

Selected Raman spectra of rh-In2O3 at different pressures are reported on upstroke to 30.0
GPa (Fig. 6(a)) and downstroke to ambient pressure (Fig. 6(b)). From ambient pressure to 15.4
GPa, we can observe all seven Raman-active modes of rh-In2O3 predicted by group theory.
Above this pressure, we observed a decrease in the intensity of the Raman modes related to rh-
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In2O3, being the lowest-frequency A1g mode, the last one in disappear above 26 GPa. Meanwhile,
new peaks related to another phase (identified as o3-In2O3)42 appear, being the dominant peak
around 183 cm-1 (see vertical arrow in Fig. 6(a)). Note that o3-In2O3 is also characterized by two
additional Raman modes around 142 and 239 cm-1 at 15.4 GPa. This result is in good agreement
with Raman results observed for this phase in Ref. 42. Thus, our RS measurements indicate that
on upstroke rh-In2O3 is stable up to 15 GPa and it coexists with a new phase (o3-In2O3) up to 26
GPa. In the downstroke process, the o3-In2O3 phase is stable down to 8 GPa. Below that
pressure, the sample transformed again in the metastable rh-In2O3 phase (see Fig. 6(b)).
Curiously, no coexistence is found between both phases on downstroke.
Figure 7 shows the pressure dependence of the experimental and theoretical frequencies

of the first-order Raman-active modes of rh-In2O3. Our frequencies at ambient pressure are in
good agreement with previous reports25,35 and with our ab initio calculations. Moreover, thanks
to our ab initio calculations we have assigned the symmetry (A1g or Eg) of the different observed
Raman modes. As observed, all Raman-active mode frequencies increase with pressure in a
monotonous way up to the maximum pressure attained in the experiment and a good agreement
is found between the pressure dependence of experimental and theoretical frequencies of the
first-order Raman-active modes.
Table IV summarizes the ambient pressure experimental and theoretical frequencies,

pressure coefficients and the Grüneisen parameters of the Raman-active modes of rh-In2O3 and
rh-Al2O3. When comparing data of isostructural corundum-type In2O3 and Al2O3 in Table IV it
can be observed that frequencies of the same modes are larger in Al2O3 than in In2O3 due to the
smaller mass of Al than In. Moreover, the pressure coefficients of the two highest-frequency
modes are much larger in rh-In2O3 than in rh-Al2O3, thus showing a larger sensitivity to pressure
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of Raman stretching modes in rh-In2O3 than in rh-Al2O3. This result is in good agreement with
the larger variation of In-O distances than of Al-O distances with increasing pressure already
discussed. In fact, Grüneisen parameters are rather similar for the two highest-frequency modes
in rh-In2O3 and rh-Al2O3. Since the pressure coefficients of the stretching modes reflect the rate
of decrease of interatomic cation-anion distances, the above result suggests that both compounds
have similar sensitivity for stretching A-O forces. However, the Grüneisen parameters are
smaller for low-frequency modes in rh-In2O3 than in rh-Al2O3. Furthermore, both Grüneisen
parameters for low- and high-frequency modes are similar in rh-Al2O3 and quite different (up to
a factor 1.7) in rh-In2O3. These results indicate a different sensitivity of both compounds for
bending A-O forces and that both stretching and bending forces are more similar in rh-Al2O3 than
in rh-In2O3. All these results are in good agreement with the different distortion of the octahedral
AO6 units discussed in the previous section where an increase (decrease) of the regularity of
octahedron in rh-Al2O3 (rh-In2O3) has been observed. Now, the different distortion of the
octahedron of the corundum structure can be understood as a consequence of the different
behaviour of stretching and bending forces in this unit in both compounds.
Finally, we would like to stress that the higher sensitivity of rh-In2O3 to compression than
its isostructural compounds Al2O3, Ga2O3, and Cr2O3 could be relevant for its use as pressure
calibrant. The most usual method for pressure calibration in the laboratory relies on
spectroscopic techniques. In particular, the pressure dependence of the photoluminescence lines
R1 and R2 of ruby, assigned to internal transitions in the Cr3+ cation, follows a well-known
tendency.49,82 However, the relatively small pressure coefficient of these lines leads to a
considerable error in the determination of pressure in the low-pressure range. Therefore, the
existence of compounds with structures more sensitive to pressure than ruby and with the
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possibility to host Cr3+ cations opens a new path in the search for more accurate pressure sensors.
In this context, the possibility to obtain metastable rh-In2O3 at ambient conditions (reported by
many authors in the last years),36,41 the stability of the rh-In2O3 up to 15 GPa at ambient
temperature, and the low value of the bulk modulus of rh-In2O3 here reported suggest that Cr3+doped rh-In2O3 could be a possible candidate to substitute ruby at least below 15 GPa. It is
expected that the higher sensitivity of the host material (rh-In2O3) would produce an increase in
the pressure coefficient of the luminescence lines of Cr3+ with respect to ruby and consequently,
a more accurate determination of pressure. However, for that purpose metastable corundum-type
Cr3+-doped In2O3 must be prepared in an easy way as a single crystalline phase and its
photoluminescence under pressure must be studied for different concentrations of Cr3+ doping.

CONCLUSIONS

We have synthesized rh-In2O3 at HP-HT in a multi-anvil cell and performed an
experimental and theoretical study of their structural and vibrational properties under pressure.
Thanks to XRD and RS measurements and ab initio calculations, we have performed a detailed
and exhaustive comparison of the evolution of rh-In2O3 and rh-Al2O3 structures under pressure.
XRD measurements in rh-In2O3 under pressure have allowed us to obtain an accurate
experimental equation of state that is in good agreement with theoretical calculations. We have
found a smaller bulk modulus for rh-In2O3 than for isomorphic rh-Al2O3, rh-Ga2O3, and rhCr2O3. This result suggests the possibility to use Cr3+-doped rh-In2O3 at ambient temperature as a
more sensitive pressure sensor than ruby at least up to 15 GPa. The increase of the quadratic
elongation parameter of rh-In2O3 with pressure suggests the presence of a mechanical instability
of this structure at higher pressures. This result is in good agreement with the much lower
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stability (phase transition pressure) of rh-In2O3 than of rh-Al2O3. Our ab initio calculations have
allowed us to assign the symmetry of the different observed first-order Raman active modes of
rh-In2O3. RS measurements confirm the phase transition to o3-In2O3 (Pbca-type) observed by
angle-dispersive powder XRD above 14 GPa, as well as the behaviour of the octahedral unit and
the cation-anion distances with increasing pressure as described by our theoretical calculations.

18

FIGURES
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Figure 1(a). Angle-dispersive powder XRD pattern and (b) RS spectrum of rh-In2O3 at ambient
pressure. In both cases, the bottom pattern or spectrum corresponds to the as-grown sample while
the upper one corresponds to the annealed sample. The seven first-order Raman-active modes
theoretically predicted for the corundum phase are marked with vertical ticks at the bottom. Three
modes not corresponding to first-order modes of rh-In2O3 are observed in the as-grown sample
(marked with and asterisk). Inset: Picture of the as-grown rh-In2O3 micro-crystals.
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Figure 2(a). Selected X-ray diffraction patterns of rh-In2O3 at several pressures up to 15.9 GPa.
Diffractograms have been shifted vertically for clarity. Different Bragg reflections are assigned
in the graph to their corresponding phase: rh-In2O3 (R-3c) ()׀, cubic (Fm-3m) Cu ( )׀and o3-In2O3
(Pbca) ()׀. Some impurities of hexagonal (P63/mmc) Re are marked with (#). (b) Refinements of
the experimental angle-dispersive XRD patterns on upstroke (u) at 1.2 GPa with the rh-In2O3 and
at 15.9 GPa with a mixture of rh-In2O3 and o3-In2O3 and on downstroke (d) at 1.0 GPa with the
rh-In2O3. Residuals of the Rietveld refinements are plotted below the experimental (circles) and
fitted (lines) X-ray diffraction profiles. Bragg reflections of Cu are assigned by (*) and some
impurities of hexagonal (P63/mmc) Re are marked with (#).
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Figure 3. Pressure dependence of the unit-cell volume in rh-In2O3. Experimental data (triangles)
during the upstroke (full) and downstroke (empty). The value at ambient pressure from Bekheet
et al.41 (red circle) is also shown for comparison. 3rd order Birch-Murnaghan EOS curves fitted to
experimental data (dashed line) in the hydrostatic region of the PTM (below 11 GPa) and to
theoretical data (solid line) are also shown.
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Figure 4. Pressure dependence of the lattice parameters in rh-In2O3. Experimental data
(triangles) during the upstroke (full) and downstroke (empty). The values at ambient pressure
from Bekheet et al.41 (red circle) are shown for comparison. Experimental data fit (dashed line)
to the modified Murnaghan’s equation in the hydrostatic region of the PTM and theoretical ab
initio calculations (solid line) are also shown. Note that a different scale has been used for the
vertical axes.
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Figure 5(a). Pressure dependence of the experimental (circles) and theoretical (solid lines)
cation-oxygen bond lengths of the AO6 polyhedron (A=Al, In) in corundum-type A2O3
sesquioxides. Inset: Representation of the AO6 polyhedron of the corundum phase in A2O3
sesquioxides, where the cation is not located in the center of the polyhedron. b) Pressure
dependence of the experimental (circles) and theoretical (solid lines) quadratic elongation of rhAl2O3 and rh-In2O3.
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Figure 6. Selected RS spectra of rh-In2O3 at different pressures on upstroke up to 30.0 GPa (a)
and on downstroke down to ambient pressure (b). Ticks at the bottom of the Raman spectrum
represent the ab initio calculations of the rh-In2O3 Raman mode frequencies. RS spectra of o3In2O3 are taken in a longer wavenumber range than those of rh-In2O3 in order to detect more
first-order Raman-active modes in the former phase as predicted by ab initio calculations.
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Figure 7. Pressure dependence of the Raman-mode frequencies of rh-In2O3 (violet circles) and
o3-In2O3 (orange squares). Full (empty) symbols correspond to the upstroke (downstroke)
process. The symmetry and the theoretical pressure dependence of Raman-active mode
frequencies of rh-In2O3 (solid lines) are also plotted.
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TABLES
Table I. Experimental (from Rietveld refinement) and theoretical values of the lattice parameters

and atomic positions obtained for the rh-In2O3 at ambient conditions. Values of previous works
are given for comparison. The same atomic setting is employed to facilitate the comparison.
a (Å)
5.483
5.487
5.490
5.481
5.519
5.493
5.479

c (Å)
14.493
14.510
14.520
14.498
14.554
14.424
14.415

Method
Exp.a
Exp.b
Exp.c
Exp.d
Theo.a
Theo.e
Theo.f

a

This work
Refs. 20 and 22
c
Ref. 21
d
Ref. 41
e
Ref. 42
f
Ref. 43
b

rh-In2O3
Atom

Wyckoff site

Experimental
x

y

Theoretical
z

x

y

0.144
0.166b

0

0

0.25

0.2958a
0.2961c
0.2954d

0

a

In

O

12c

0

18e

0.295a
0.305b

0

0

z
0.1426a
0.1424c
0.1423d
0.25

a

This work
Ref. 21
c
Ref. 44
d
Ref. 45
b
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Table II. Comparison of theoretical and experimental ambient pressure volume, bulk modulus,

and its pressure derivative for the corundum-type structure (R-3c) of Al2O3, Ga2O3, and In2O3.
Values for cubic-type (Ia-3) In2O3 are also given for comparison. Last column indicates the EOS
type used (BM2 = Birch-Murnaghan of 2nd order, BM3 = Birch-Murnaghan of 3rd order).

Al2O3
Ga2O3

In2O3

Phase
V0 (Å3)
B0 (GPa)
B0 ’
Method
EOS type
R-3c
42.51
257 (6)
4
Exp. (XRD)a
BM2
R-3c
42.8(4)
257 (1)
4
Theo. (GGA-PBEsol)b
BM2
R-3c
42.41
240 (5)
3.97
Theo. (LDA)c
BM3
d
R-3c
48.16 (4)
223 (2)
4
Exp. (XRD)
BM2
R-3c
47.24
243
4.0
Theo. (LDA)d
BM3
R-3c
62.86 (3)
180 (7)
3.2 (1.2)
Exp. (XRD)b
BM3
R-3c
62.87 (3)
176 (7)
4
Exp. (XRD)b
BM2
R-3c
213 (8)
4.62
Exp. (XRD)e
BM3
f
R-3c
215.2 (1.9)
4.74
Exp. (XRD)
BM3
R-3c 63.968 (12) 162.8 (2.0) 3.8 (3) Theo. (GGA-PBEsol)b
BM3
R-3c 63.993 (13) 161.3 (2.0)
4
Theo. (GGA-PBEsol)b
BM2
R-3c
62.82
183.6
4.62
Theo. (LDA)g
BM3
R-3c
63.25
182
3.0
Theo. (LDA)d
BM3
R-3c
62.46
176
4.24
Theo. (LDA)h
BM3
d
Ia-3
64.78
144 (8)
4
Exp. (XRD)
BM2
Ia-3
64.28 (13)
184 (10)
4
Exp. (XRD)i
BM2
BM2
Ia-3
65.72 (2)
169.4(1.2)
4
Theo. (GGA-PBEsol)i

a

Ref. 64
This work
c
Ref. 83
d
Ref. 33
e
Ref. 47
f
Ref. 46
g
Ref. 44
h
Ref. 45
i
Ref. 42
b
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Table III. Theoretical and experimental lattice parameters, bulk modulus and pressure derivative of bulk modulus at ambient pressure
in rh-In2O3 obtained from a fit to modified Murnaghan’s equation. The axial compressibilities κa and κc for the a- and c-axis are also
included.
a0 (Å)
5.479 (2)
5.5200 (3)

B0a (GPa)
220 (30)
216 (3)

B0a’
11.8
11.8 (4)

κa (10-3 GPa -1)
1.5 (2)
1.54 (2)

c0 (Å)
14.511 (5)
14.552 (1)

B0c (GPa)
121 (7)
106.0 (0.9)

B0c’
0.48
0.48 (11)

κc (10-3 GPa -1)
2.75 (16)
3.14 (3)

Method
Exp. (XRD)
Theo. (GGAPBEsol)
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Table IV. Ambient-pressure experimental frequencies, pressure coefficients and Grüneisen parameters of the Raman active
modes of rh-In2O3 and rh-Al2O3.

rh-In2O3
Ab initio calculations
∂ω
∂P
 cm −1

 GPa

rh-Al2O3
Exp.

Experimental





∂ 2ω
∂P 2
 cm −1 


2 
 GPa 

γ

∂ω
∂P
 cm −1

 GPa

Mode
(Sym)

ω0 (cm-1)

A1g
Eg
Eg
Eg

156(1)
169(1)
214(1)
265(1)

0.65 (3)
0.73 (3)
1.54 (3)
1.11 (6)

-0.012 (2)
-0.010 (2)
-0.023 (2)
-0.005 (5)

0.66
0.68
1.14
0.66

162.3 (2)
177.1 (2)
218.1 (3)
270.7 (4)

0.85 (4)
1.01 (6)
1.85 (8)
1.33 (13)

Eg
A1g
Eg

373(2)
486(2)
569(2)

4.91 (5)
4.46 (6)
6.14 (5)

-0.040 (4)
-0.033 (4)
-0.059 (4)

2.08
1.45
1.70

383.8 (6)
501.9 (9)
590.3 (6)

4.69 (16)
3.92 (25)
5.95 (18)

a

ω0 (cm-1)





∂ 2ω
∂P 2
 cm −1

2
 GPa

b

c

Experimental d
∂ω
∂P
 cm −1

 GPa

γ

ω0 (cm-1)

ω0 (cm-1)

-0.015 (1)
-0.022 (3)
-0.039 (5)
-0.011 (7)

0.92
1.00
1.49
0.86

164

418.5
378.4
430.6
448.7e

1.70
1.34
2.79
1.66e

1.15
0.99
1.73
1.05e

-0.022 (8)
0.005 (14)
-0.058 (12)

2.15
1.37
1.77

576.4
645.2
750.6

2.76
3.48
4.22

1.28
1.49
1.52





221.8
273
309
385
504.5
596





γ

a

Obtained with theoretical B0= 158 GPa.
Obtained with experimental B0= 176 GPa.
c
Ref. 25
d
Ref. 84
e
Ref. 85
b
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Figure S1. Typical CCD images of angle-dispersive powder X-ray diffraction for the annealed
sample (300 ºC) at ambient pressure (a) and 10.8 GPa (b).

Figure S2. Experimental (circles) and theoretical (solid lines) pressure dependence of the (X, 0,
0.25) and (0, 0, Z) atomic positions of 18e (O) and 12c (In) Wyckoff positions, respectively in
corundum-type In2O3. Experimental results have been obtained from Rietveld refinements of
XRD data.

Table S1. Experimental and theoretical values of lattice parameters and atomic positions of rhIn2O3.
rh-In2O3

P (GPa)

a (Å)

c (Å)

Experimental

1.2

5.4637 (3)

14.4399 (12)

Theoretical

1.1

5.5092

14.4950

Atom
In
O
In
O

Wyckoff site
12c
18e
12c
18e

x
0
0.2980
0
0.2954

y
0
0
0
0

z
0.1427
0.25
0.1424
0.25

Table S2. Experimental and theoretical values of lattice parameters and atomic positions of rhIn2O3 and o3-In2O3.
rh-In2O3

P (GPa)

a (Å)

c (Å)

Experimental

15.9

5.421 (4)

13.906 (10)

Theoretical

16.3

5.4214

13.8484

Atom
In
O
In
O

o3-In2O3

P (GPa)

a (Å)

b (Å)

c (Å)

Experimental

15.9

5.378 (3)

5.494 (3)

14.516 (8)

Theoretical

16.1

5.4105

5.5251

15.5220

Wyckoff site
12c
18e
12c
18e

Atom
In1
In2
O1
O2
O3
In1
In2
O1
O2
O3

x
0
0.2937
0
0.2937

Wyckoff site
8c
8c
8c
8c
8c
8c
8c
8c
8c
8c

y
0
0
0
0

x
0.0003
0.9675
0.3591
0.2062
0.1455
0.0003
0.9974
0.3591
0.2062
0.1455

z
0.1495
0.25
0.1395
0.25

y
0.7840
0.7732
0.8682
0.5109
0.6525
0.7840
0.7305
0.8682
0.5109
0.6525

z
0.4310
0.1789
0.2012
0.3757
0.0531
0.4310
0.1830
0.2012
0.3757
0.0531

Table S3. Experimental (during downstroke) and theoretical values of the lattice parameters and
atomic positions of rh-In2O3.
R-3c
Experimental
Theoretical

P (GPa)
1.0
1.1

a (Å)

c (Å)

5.4687 (3)

14.4751 (15)

5.5092

14.4950

Atom
In
O
In
O

Wyckoff site
12c
18e
12c
18e

x
0
0.2816
0
0.2954

y
0
0
0
0

z
0.1436
0.25
0.1424
0.25

Table S4. Theoretical pressure dependence of the (x, 0, 0.25) and (0, 0, z) atomic positions for
the 18e (O) and 12c (In) Wyckoff positions, from a quadratic fit to x=x0+γP+δP2 and
z=z0+γP+δP2, respectively.

x (O – 18e)
z (In – 12c)

x0 or z0
0.29579 (3)
0.14261 (2)

γ (10-4 GPa-1)

δ (10-6 GPa-2)

-0.99 (4)
-1.56 (2)

-1.64 (13)
-1.87 (5)

Table S5. Theoretical cation-oxygen bond lengths in the AO6 polyhedron (A=Al, In) at ambient
pressure and its pressure coefficient in corundum-type A2O3 sesquioxides from a linear fit to l
(P)=l0+dl/dP·P).
Al – O1
Al – O2
In – O1
In – O2

l0 (Å)
1.8604 (4)
1.9728 (4)
2.129 (1)
2.2555 (9)

dl/dP (Å/GPa)
-0.00216 (3)
-0.00223 (3)
-0.00316 (6)
-0.00280 (5)

Table S6. Theoretical quadratic elongation (λ) and its pressure derivatives for rh-Al2O3 (after a
linear fit to λ=λ0+αP) and rh-In2O3 (after a quadratic fit to λ=λ0+αP+βP2).
rh-Al2O3
rh-In2O3

λ0
1.0202
1.03398 (5)

α (10-5 GPa-1)
-1.875 (2)
37.2 (7)

β (10-6 GPa-2)
8.1 (3)

