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Abstract

®

CrossMark

This work reports the structural and vibrational properties of nanocrystals of corundum-type
In,O5 (th-In,O3) at high pressures by using angle-dispersive x-ray diffraction and Raman

scattering measurements up to 30 GPa. The equation of state and the pressure dependence of the
Raman-active modes of the corundum phase in nanocrystals are in good agreement with
previous studies on bulk material and theoretical simulations on bulk rh-In,O3. Nanocrystalline
rh-In,O5 showed stability under compression at least up to 20 GPa, unlike bulk rh-In,O3; which
gradually transforms to the orthorhombic Pbca (Rh,O3-11I-type) structure above 12—14 GPa. The
different stability range found in nanocrystalline and bulk corundum-type In,O5 is discussed.

Keywords: indium oxide, corundum, nanocrystals, x-ray diffraction, Raman spectroscopy, high-
pressure, ab initio calculations

(Some figures may appear in colour only in the online journal)

1. Introduction

Indium oxide (In,O5) is a sesquioxide whose stable phase at
room conditions is the cubic bixbyite-type structure [1] (space
group (SG) Ia-3, N. 206, Z = 16). This phase has been widely
studied for optoelectronic applications due to its special
properties as a transparent conducting oxide (TCO) [2, 3].
The widespread use of cubic In,O3 (c-In,O3) in industrial
processes covers the fabrication of window layers in solar
cells, [3-5] light-emitting diodes, [6, 7] electrochromic win-
dows, [8] liquid-crystal displays, [9, 10] and gas sensors

0957-4484/17/205701+10$33.00

[11, 12]. However, the scarcity and high cost to obtain indium
metal has led to the study of new systems, like Sn-doped
In,O5 (ITO) and In,_5,7Zn,Sn O3 (x < 0.4, also named ZITO
or IZTO), in order to cut the price of its production process
[13-15].

Rhombohedral corundum-type (SG R-3¢, N. 167, Z = 6)
In,05 is also known to be a metastable phase at room condi-
tions that can be obtained after high pressure (HP)-high
temperature (HT) treatment, but also at room pressure [16—40].
Modern calculations of pure and doped rhombohedral In,O;
(rh-In,O3), suggest that this phase could be even better TCO

© 2017 IOP Publishing Ltd  Printed in the UK
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than c-In,O3; thus opening a new way to search for improved
TCOs [41-44].

Given the above result, it is clear that the study of the HP
phases (perhaps metastable at ambient conditions) of a tech-
nological important compound, like In,03, is crucial for the
advancement of science and technology [45-47]. In this
respect, three additional orthorhombic phases of In,O3; have
been theoretically predicted and indeed obtained by applica-
tion of HP: Rh,O5-1II type (SG Pbca, N. 61, Z = 8), [36, 37]
Rh,O3-1I type (SG Pbcn, N. 60, Z = 4), [32, 48-51] and a-
Gd,S;3-type (SG Pnma, N. 62, Z = 4) [52]. Among them only
the Pbcn phase has been claimed to be metastable at ambient
conditions, [49-51] despite the Pbca phase is a phase reported
at lower pressures than the Pbcn phase [36, 37].

Working with nanocrystals opens the door to enhanced
properties of materials; [53, 54] and adds the possibility of
obtaining metastable HP crystalline and amorphous phases at
room conditions with different properties from the original
material [47, 55-57]. It is well known that most nanocrystals
undergo a pressure-induced phase transition at larger pres-
sures than in the bulk and that many nanocrystals suffer a
pressure-induced amorphization; [55] however, many ques-
tions remain open regarding the behavior of nanocrystals at
HP in comparison with bulk materials. In particular, the dif-
ferent thermodynamic stability of crystalline phases in
nanocrystals as compared to bulk material, [55, 56] and
whether the compressibility of nanocrystals is different to that
of bulk material or if the different compressibility comes from
a different degree of hydrostaticity affecting micro and
nanocrystal powders.

Several works have been devoted to the study of In,O;
nanocrystals at HP, some have focused on nanocrystals of
cubic bixbyite-type In,Os3, [58-60] and some have been
devoted to study nanocrystals of rhombohedral corundum-
type In,O3 [49, 50, 59]. In fact, a different stability range of
the rhomobohedral phase under compression has been
observed depending on the sample size. Gurlo et al, who
studied nanocrystals of rh-In,O;, suggested that this com-
pound is stable at room temperature between room pressure
and 30 GPa; [49] however, two recent studies reported that
bulk rh-In,O3 undergoes a transformation above 12-14 GPa
in good agreement with theoretical simulations [36, 37]. The
apparent lack of phase transition in nanocrystals up to 30 GPa
suggests the existence of large kinetic barriers to explain their
extended structural stability.

In this work we report a HP study of the structural and
vibrational properties of nanocrystals of corundum-type In,O;
by means of angle-dispersive powder x-ray diffraction (XRD)
and Raman scattering (RS) measurements up to 30 GPa. Both
the equation of state and the pressure dependence of the
Raman-active modes of the corundum phase in nanocrystals
are reported, showing a nice agreement with previous studies
on rh-In,O3; nanocrystals [49]. These results have been
compared with experimental and theoretical structural and
lattice dynamics results on bulk rh-In,O; offering an expla-
nation to the previously apparent contradicting results
observed between bulk and nanocrystalline rh-In,Os.

2. Methods

2.1. Experimental details

Rh-In,O5; nanoparticles were synthesized by thermal
dehydration of InOOH nanoparticles previously prepared
from a solvothermal reaction between indium nitrate and
tetramethylammonium hydroxide [61]. XRD measurements
confirm that nanocrystalline powders are pure and crys-
tallize in corundum-type structure with an hexagonal unit
cell showing a lattice parameters a = b = 5.485 A and
¢ = 14.530 A, which are in good agreement with reference
JCPDS card 220336 (a = b = 5.487 A and ¢ = 14.510 A).
On the other hand, transmission electron microscopy con-
firmed both the crystalline structure and purity and deter-
mined that nanocrystals have a rice-grain type morphology
with an average length (width) of 20 (13) nm and a uniform
distribution between 10 (6) and 30 (20) nm [61]. Room-
temperature experiments in rh-In,O; nanocrystals were
conducted up to 30 GPa in a membrane-type diamond anvil
cell. In HP-XRD and HP-RS experiments, powder sample
was loaded inside a 150 um diameter hole drilled in an
inconel gasket together with a mixture of methanol-etha-
nol-water (MEW) in a 16:3:1 proportion as a quasi-
hydrostatic pressure-transmitting medium (PTM) as in a
previous work, [37] in order to compare results for bulk
and nanocrystalline rh-In,O3 under the same conditions.
Additionally, a second XRD experiment with Ar as PTM
was done in order to prove if nanopowders could be
affected by non-hydrostatic effects using MEW and to
compare with previous results described in the literature
[37]. For pressure calibration in angle-dispersive powder
XRD and RS measurements we introduced inside the
pressure cavity Cu powder [62] and ruby, [63] respectively.
In the XRD experiments we collected also two patterns,
one in the region where the Cu peaks are strong and the
other where there is no Cu signal. The first pattern was used
to determine pressure and the second one to analyze the
crystal structure of In,0Oj3.

Angle-dispersive powder XRD measurements at different
pressures were performed in the MSPD beamline [64] at
ALBA synchrotron facility. This beamline is equipped with
Kirkpatrick—-Baez mirrors to focus the monochromatic beam
and a SX165 CCD detector with a diameter of 165 mm. We
used a wavelength of 0.4246 A and the sample-detector dis-
tance during the experiment was set to 240 mm. The 2D
diffraction images were integrated with FIT2D software [65].
Lattice parameters of XRD patterns were obtained with
Rietveld refinements performed using POWDERCELL [66]
and GSAS [67] program packages. On the other hand, RS
measurements at room temperature and different pressures
were excited using the 632.8 nm HeNe laser (with a power
below 10 mW) 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 ™).
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2.2. Theoretical calculations

Total-energy ab initio calculations were performed for bulk
rh-In,O3 within the density functional theory [68] using the
Vienna Ab initio Simulation Package [69] as described in [37]
for bulk rh-In,Os5. In particular, we have used the projector-
augmented wave [70] scheme implemented in this package
and the generalized gradient approximation was used for the
description of the exchange-correlation energy with the
PBEsol prescription [71].

We have also performed lattice dynamics calculations of
the phonon modes in bulk rh-In,O5 at the center of the Brillouin
zone (I'point) using the direct force constant approach (or
supercell method) [72] already described in [37]. Our theoretical
results provide both the frequencies of the normal modes and
their polarization vectors and enable us to assign the Raman-
active modes observed in nanocrystalline rh-In,O; as pre-
viously done for bulk rh-In,O5 [37].

3. Results

3.1. XRD measurements

Figure 1(a) shows a selection of the experimental angle-dis-
persive powder XRD patterns of rh-In,O3 at room temper-
ature at different pressures up to 20.5 GPa obtained in the first
experiment (using MEW mixture as PTM). Figure 1(b) shows
similar results up to 29.8 GPa obtained in the second
experiment (using Ar as PTM). All the XRD patterns can be
indexed with the corundum-type structure. Under compres-
sion some of the peaks shift faster to higher angles than others
due to the anisotropic compressibility of In,O3; which will be
discussed in detail later. This phenomenon is illustrated in
figures 1(a) and (b) by the (104) and (110) Bragg peaks which
gradually merge under compression because the interplanar
distance associated to the (104) peak decreases faster than that
corresponding to the (110) reflection with increasing pressure.
In the second experiment, in addition to the Bragg peaks of
the sample, Bragg peaks of Ar are also detected. These peaks
can be easily identified because, due to the large compressi-
bility of Ar, they shift faster to higher angles under com-
pression than the peaks corresponding to In,O3. The Ar peaks
were used to confirm the pressure determined from Cu using
the equation of state of Ar [73]. The pressure determined from
Ar agrees within 0.1 GPa with the pressure determined from
Cu. The results of both XRD experiments indicate that the
phase transition to the Pbca-type phase observed in bulk rh-
In,O3 above 12-14 GPa, [36, 37] is not observed in nano-
crystals even at 29.8 GPa. We would like to comment here
that beyond 20 GPa all the peaks assigned to corundum-type
In,O3 can be also explained with the Pbca-type structure.
However, this structure has a peak at low angles, the (002)
peak expected to be located around 3.2°, which is not present
in the corundum-type structure. In our experiments, we did
not observe this peak, which supports the stability of the
corundum-type structure up to 29.8 GPa. This result is in
agreement with the larger stability of the corundum phase

measured by Gurlo et al in nanocrystalline rh-In,O5; samples
with particle size between 50 and 100 nm [49]. XRD peaks in
our first experiment show slight broadening with increasing
pressure above 10 GPa which could be due to a slight loss of
quasi-hydrostatic conditions of the PTM. The same broad-
ening is observed in the second experiment but around
20 GPa. This is a consequence of the better quasi-hydrostatic
conditions generated by Ar than by MEW above 10 GPa [74].
In this regard, it is expected that small non-hydrostatic
stresses do not influence the structural stability of relatively
uncompressible compounds like sesquioxides [75].

In this work, we have extracted the evolution of the
structural parameters of nanocrystalline rh-In,O; under
compression by Rietveld refinement. In figure 1, one can see
the experimental diffraction pattern (black symbols), the
Rietveld refinement performed (black line) and the residuals
(red lines) showing a good fit to the experimental data.
Figure 2 represents the experimental pressure dependence of
the hexagonal unit-cell volume, lattice parameters a and ¢ and
the ¢/a ratio in nanocrystalline rh-In,O3. The experimental
data of the unit-cell volume up to 29.8 GPa can be fitted
with a third-order Birch-Murnaghan EOS, [76, 77] which
yields V, = 376.7(4) A*, By = 169(6) GPa and B; = 6.2(9).
These values are in good agreement with theoretical data
of bulk material fitted up to 30 GPa (V, = 383.3 A3 By =
169GPa and Bj = 3.3) and with previous experimental
(By = 176-180 GPa) and theoretical estimations in bulk
material [37]. Note that the value of the bulk modulus for
th-In,O5 nanocrystals is slightly smaller than that in bulk
material (see table 1). In relation to this, it must be noted that
a decrease of the bulk modulus in nanocrystals with respect to
bulk material has been observed in a number of oxides, like
TiO,, [78, 79] ZrO,, [80, 81] SnO,, [82] MgO, [83] ZnO,
[84] and Al,O3 [85].

A deviation of the compressibility of nanocrystals above
certain pressure has been found in other works. In particular,
nanocrystals of anatase TiO, pressurized with a 4:1 methanol-
ethanol mixture were found to undergo deviations of the
compressibility of the a axis and unit-cell volume above
10-12 GPa which were attributed to the appearance of an
intermediate local distortion (~2 A) with TiO,-1I structure
[86]. On the other hand, a significantly lower bulk modulus
(148 = 5GPa) compared to theoretical calculations
(169.4 GPa) has been recently observed in c-In,O3; nano-
crystals with a high defect density under compression with a
4:1 methanol-ethanol mixture as PTM [60] In that work,
authors claimed that the different bulk modulus of two
nanocrystalline samples with similar sizes and morphologies
were due to their different defect densities. Another possibi-
lity is that the change in compressibility observed above
8 GPa in In,O3 nanocrystals could be due to non-hydrostatic
conditions as it was reasoned for nanocrystalline TiO, anatase
[78]. Note that nanocrystalline powder is more prone to non-
hydrostatic conditions than bulk powder because the surface
area of nanocrystalline grains tend to be more surrounded by
other nanocrystalline grains than by the molecules of the
PTM. On the other hand, the surface area of microcrystalline
grains tend to be more surrounded by the molecules of the
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Figure 1. Selected x-ray diffraction patterns of nanocrystalline rh-In,O3 at several pressures using MEW (a) and Ar (b) as PTM. Diffraction
patterns have been shifted vertically for clarity. Different diffraction peaks are assigned in the graph to rh-In,O3 (R-3¢), Ar and Cu phases.

Refinements and residuals of the fit to these phases are also shown.

PTM than by other grains. In any case, it was demonstrated
for nanocrystalline TiO, anatase that the EOS obtained prior
to observation of non-hydrostatic conditions is in good
agreement with the EOS obtained under truly hydrostatic
conditions along the whole range of the experiments [78].
Since measurements in nanocrystalline rh-In,O; using MEW
or Ar show similar results (see figure 2), we are confident of
the bulk modulus obtained for nanocrystals with an average
grain size around 20 nm up to 30 GPa. It must be stressed that
the bulk modulus we have obtained for rh-In,O5; nanocrystals
in the present study is much smaller than that reported
(305 GPa) in a previous work [58]. In fact, [58], also reports
an overestimation of the bulk modulus in rh-In,O5 as was also
confirmed in our previous work [37]. The main reason for the
overestimation of the bulk modulus in [58] is the lack of
structural data for the corundum-type phase at low pressures
and the inherent uncertainty caused by the extrapolation of the
bulk modulus from data above 20 GPa.

On the other hand, our experiment shows that both a and
c lattice parameters show a rather similar pressure dependence
in both bulk material and nanocrystals, also observed in the

¢/a ratio (inset of figure 2(b)). The lattice parameters of rh-
In,O3 nanocrystals show an almost linear variation with
pressure. Both a and ¢ parameters have been fitted to a
modified Murnaghan’s equation with free parameters ag, By
and B;.

ey

1
Nl
a:ao(l—i—%P) °

0

The results of these fits are shown in table 2. The axial

compressibilities of the a- and c-axis defined as x, = _—12—;
X

(where x = a, ¢) can be obtained as x, = 3% with the By

values obtained with the Murnaghan EOS fit %or the lattice
parameters. The experimental compressibility of the a (¢) axis
is 1.4 (3.0) 10~ GPa™'. This result indicates that the ¢ axis is
more than two times more compressible than the a axis as it
occurs in bulk rh-In,O3 [37]. Consequently, we can conclude
that the major contribution to the compressibility of nano-
crystalline th-In,O3 comes from the larger compressibility of
the ¢ axis than that of the a axis. These behaviors are in
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Figure 2. Pressure dependence of the unit-cell parameters (a) and
volume (b) in nanocrystalline th-In,O; for our first experiment (closed
symbols) and the second experiment (open symbols). The inset shows
the pressure dependence of the c/a ratio in nanocrystalline rh-In,Os.
Red dashed lines correspond to theoretical data of bulk rh-In,Os.

Table 1. Comparison of theoretical and experimental zero pressure
unit-cell volume per formula unit, bulk modulus, and its pressure
derivative for bulk and nanocrystalline rh-In,Os.

Phase  Vy (A°) B (GPa) B, Method
Nano R-3c  6278(1) 169(6) 62(9)  Exp (XRD)"
R-3c 6149 3055 2.9 Exp (XRD)"
Bulk R-3c  62.86(4) 180(7)  3.2(1.2) Exp (XRD)
R-3c  63.88 167 33 Theo (GGA-
PBEsol)?
 This work.

b Reference [58].
¢ Reference [37].
4 Data up to 30 GPa.

agreement with experiments and theoretical calculations
already published for bulk rh-In,O5 [37] and theoretical cal-
culations (table 2). Similarly, the ¢/a ratio in bulk and
nanocrystalline rh-In,O; shows the same tendency in good

agreement with our theoretical calculations; however, this
behavior is different to that reported in corundum-type Al,Os,
V,0;3, Cr,03, and Fe,03, [87] as already discussed in our
previous work regarding bulk rh-In,O5 [37].

3.2. Raman scattering

The corundum structure of In,O; has 7 Raman-active modes
whose frequencies at ambient pressure have been already
reported in bulk material and nanocrystals [22, 30, 37, 39, 40].
Figure 3 shows selected Raman spectra of nanocrystalline rh-
In,O3 at different pressures up to 29.3 GPa using MEW as
PTM. As observed, the RS spectrum of nanocrystals is domi-
nated by the A;, mode with lowest frequency (near 163 cm ' at
room pressure). Table 3 summarizes the Raman-active modes
of our nanocrystals at ambient conditions, which are also
compared to those found in bulk material. All Raman fre-
quencies in nanocrystals differ by less than 10 cm ™' from those
of the bulk material. In order to analyse the influence of the
morphology of the nanocrystals in their Raman frequencies,
different nanocrystalline geometries can also be compared.
Hierarchical nanocrystals orderly dendrite-like aggregates [39]
and 3D rh-In,O5 nanoflowers [40] were characterized by XRD
and Raman spectroscopy at room conditions. In the former
geometry, the Raman spectrum showed peaks at 164, 222, 273,
385, 504, and 595 cm ™! whereas in the latter, the Raman modes
appeared at 163, 219, 384, 501 and 590 cm™'. Regarding the
XRD patterns of these samples at room conditions, both studies
reported a good correlation with lattice planes obtained from the
JCPDS database. It can be concluded that the difference in
Raman frequency between the different geometries of rh-In,O;
nanocrystals is less than 5 cm_l, which reveals the low influ-
ence of the morphology in the vibrational properties.

As regards the pressure dependence of the Raman-active
modes, the A, mode of the corundum phase is observed up to
24.8 GPa; i.e., almost up to the same pressure as in bulk rh-
In,O3 (26 GPa) [37] However, a slight change in the RS
spectrum is observed above 21.5 GPa (more clear in the
spectra at 24.8 and 29.3 GPa) with the appearance of new
peaks which are coincident with the decrease of the intensity
of the A;, peak of the corundum phase. The new modes can
be reasonably attributed to Pbca-type In,O3 (with RhyO5-1I1
structure) since the most intense mode of this phase has a
slightly larger frequency (near 183 cm™ ') than the A, ¢ mode
of the corundum phase [36, 37]. In this way, all RS modes of
the sample at 29.3 GPa can be attributed to the orthorhombic
Pbca phase. Finally, in the downstroke process, the rhom-
bohedral phase was recovered below 8 GPa (see top RS
spectrum in figure 4); i.e., at a similar pressure as in bulk
material [37]. This result indicates that the hysteresis in rh-
In,O3 nanocrystals is larger than in bulk material.

It is noteworthy that a HP phase transition from the
corundum type phase to the Pbca phase is observed above
20 GPa in RS measurements, but not in XRD measurements.
The explanation for this discrepancy could come from dif-
ferent aspects. First, it is well known that RS measurements
are more sensitive to local structural changes than XRD
measurements and HP phase transitions are observed at lower
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Table 2. Experimental lattice parameters and their bulk modulus and pressure derivative of bulk modulus at room pressure in nanocrystalline
rh-In,O3 as compared to experimental and theoretical parameters in bulk rh-In,O;.

ao (A) Bo, (GPa) B co (&)  Bo. (GPa) B! Method
5.4831(8) 233(16) 11.8 14.461(8) 1093) 048 Our Exp. (XRD)
5.479(2) 220(30) 11.8 14.511(5) 121(7)  0.48 Exp. (XRD)
5.520(1) 216(3)  11.84) 14.552(1) 106.09) 0.48(11) Theo. (GGA-PBEsol)
R PTM. This means that the HP phase transition measured in
GPa RS measurements using MEW could be retarded when using
23 Ar, which will explain the lack of phase transition even up to
30 GPa in this work and on that of Gurlo et al [49]. Sup-
{ 29.3 porting this assumption, we already observed a similar
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=]
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Figure 3. Selected RS spectra of nanocrystalline rh-In,O; at different
pressures on upstroke up to 29.3 GPa. In the RS spectrum at

0.2 GPa, first-order Raman modes of rh-In,O; are indicated by
arrows, while second-order Raman modes are denoted with asterisks.
Above 20 GPa, arrows in the RS spectra indicate the new peaks
assigned to the Pbca phase. The top RS spectrum at 2.3 GPa shows
the reversibility of the sample to the corundum phase on downstroke.

pressures in RS measurements than in XRD measurements
[88]. In our nanocrystals, this fact could lead to the obser-
vation of the HP transition beyond 25 GPa by XRD mea-
surements. Second, the nanometric size of samples, leading to
broader XRD peaks than those in bulk material, and the fact
that many peaks of the rhombohedral R-3c and orthorhombic
Pbca phases are coincident in the range between 20 and
30 GPa, provides additional difficulty to the observation of
the HP phase transition even beyond 25 GPa since the small
peak near 3.2° could be smeared out in nanocrystals. Third, it
has been recently shown that HP transformations in nano-
crystals can be affected by internal defects [60] or even sur-
face effects, [89, 90] which could eventually depend on the

behavior on bulk c-In,O; under compression [36]. The
transition pressure from cubic-to-orthorhombic Pbcn phase
appeared at 35 GPa using the most hydrostatic PTM (helium),
whereas it was observed at slightly lower pressures (31 GPa)
using MEW. Finally, it must be stressed that some transitions
not observed by XRD at ambient temperature can be induced
by local laser heating in small bandgap materials or in sam-
ples with dark defects which are precursors of the HP phase
transition [91]. The lack of radiation damage by laser heating
in rh-In,O5 nanocrystals is supposed by the large bandgap
energy of this compound (above 3.75 eV at ambient pressure)
[92]. In fact, the energy bandgap of rh-In,O; under com-
pression remains in the UV region up to around 20 GPa. The
origin of this controversy could be unveiled by new single
crystal XRD experiments well above 20 GPa in rh-In,0O;
nanocrystals using a nanosize beam [93] and using argon,
neon or helium as PTM.

Figure 4 shows the pressure dependence of the exper-
imental and theoretical frequencies of the first-order Raman-
active modes of rh-In,O3 nanocrystals. All Raman-active
mode frequencies increase with pressure in a monotonous
way up to the maximum pressure attained in the experiment
in good agreement with previously reported experimental and
theoretical Raman modes for bulk rh-In,Oz [37]. Table 3
summarizes the zero-pressure experimental and theoretical
frequencies, pressure coefficients and the Griineisen para-
meters of the Raman active modes of rh-In,O; nanocrystals.
Above 20 GPa new peaks have been attributed to the Pbca
phase due to the similarity to previously reported RS spec-
trum and pressure dependences of the observed peaks. It must
also be considered that different rh-In,O3 nanocrystals with
different morphologies other than rice-grain type have been
grown in the last decade [39, 40]. A priori, we expect that all
nanoparticles with similar size behave in a similar way [79].
In any case, future HP experiments using rh-In,O; nano-
crystals with different morphologies will help to understand
the HP behavior of rh-In,O5 nanocrystals.

Finally, we would like to stress that the higher sensitivity
of rh-In,O3 to compression than its isostructural compounds
Al,O3, Gay03, and Cr,O; could be relevant for pressure
calibration. As commented in our previous work on bulk rh-
In, O3, [37] the most usual method for pressure calibration in
the laboratory relies on spectroscopic techniques in ruby,
whose sensitivity is related to the bulk modulus of this



Table 3. Room-pressure frequencies, pressure coefficients and Griineisen parameters of the Raman active modes of experimental and theoretical bulk and experimental nanocrystalline rh-In,Oj3.

Bulk rh-In,O3

Nano rh-In,O3

Ab initio calculations Experimental” Experimental
Mode Wo Ow (cm™! D*w(cm™! wo Ow (cm™! D*w(cm™! wo Ow (em™!
(Sym) em  op\Gpa) P2\ GP2 ¥ em™  aplGpa) opr2\GPa2 7 (em™) 9P\ GPa ¥
Aqg 156(1) 0.65(3) —0.012(2) 0.66 162.3(2) 0.85(4) —0.015(1) 093  163.2(2) 0.590(14) 0.61
E, 169(1) 0.73(3) —0.010(2) 0.68 177.12) 1.01(6) —0.022(3) 1.01  181.3(5) 0.54(4) 0.50
E, 214(1) 1.54(3) —0.023(2) 1.14 218.1(3) 1.85(8) —0.039(5) 1.50 2239 (5) 1.30(3) 0.97
E, 265(1) 1.11(6) —0.005(5) 0.66 270.7(4) 1.33(13) —0.011(7) 0.87  270(1) 1.49(11) 0.93
E, 373(2) 4.91(5) —0.040(4) 2.08 383.8(6) 4.69(16) —0.022(8) 2.16  388.3(9) 4.61(6) 2.0
Ajg 486(2) 4.46(6) —0.033(4) 1.45 501.9(9) 3.92(25) 0.005(14) 1.38  502.5(6) 4.75(5) 1.6
E, 569(2) 6.14(5) —0.059(4) 1.70 590.3(6) 5.95(18) —0.058(12) 1.78  599(1) 5.42(11) 1.53

102502 (£2102) 82 ABojouyosioueN

% Theoretical By = 158 GPa used for calculating the Griineisen parameter.
> From [37] (experimental By = 177 GPa used for calculating the Griineisen parameter).
¢ Experimental By = 169 GPa used for calculating the Griineisen parameter.
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Figure 4. Pressure dependence of the Raman-active mode frequen-
cies in nanocrystalline rh-In,Oj3 (violet circles) and Pbca-type In,O3
(orange squares). Full (empty) symbols correspond to the upstroke
(downstroke) process. Solid lines correspond to ab initio simulated
Raman-active modes of bulk rh-In,O3. The symmetry of the Raman-
active modes of rh-In,O; is indicated.

material. Therefore, the existence of compounds with a
smaller bulk modulus than ruby and with the possibility to
host Cr*" cations opens a new path in the search for more
accurate pressure sensors. In this context, the low value of the
bulk modulus of rh-In,O3 and the stability of the rh-In,O;
nanocrystals at least up to 20 GPa (8 GPa more than bulk
material at least) at room temperature [37] suggest that Cr’*-
doped rh-In O3 nanocrystals could be a possible candidate to
substitute ruby at least below 20 GPa. It is expected that the
higher sensitivity of the host material (rh-In,O3) would pro-
duce an increase of the pressure coefficient of the lumines-
cence lines of Cr’* of about 30% with respect to ruby and
consequently, a more accurate determination of pressure.
However, for that purpose metastable corundum-type Cr’'-
doped In,O5 nanocrystals must be prepared in an easy way as
a single crystalline phase and its photoluminescence under
pressure need to be studied for different concentrations of
Cr’* doping.

4. Conclusions

We have presented the structural and vibrational behavior of
rh-In,O3 nanocrystals up to 30 GPa and compared them to

those of the bulk material and theoretical simulations. Angle-
dispersive powder XRD measurements in rh-In,O3; nano-
crystals have allowed us to obtain a more accurate exper-
imental equation of state for this compound in good
agreement with theoretical calculations and experiments for
bulk rh-In,O;. Also similar pressure coefficients for the
Raman-active modes have been observed in nanocrystals,
thus confirming the similar bulk modulus of our nanocrystals
and bulk material.

Our RS measurements confirm that rh-In,O3 nanocrystals
undergo a phase transition towards the Pbca phase at much
higher pressures (above 20 GPa) than in bulk material.
However, such a phase transition has not been confirmed with
our powder XRD measurements even up to 30 GPa. The
origin of this discrepancy has been circumscribed to three
possible effects, proposing a new experiment to solve it. On
the downstroke, the original corundum-type phase was
observed in nanocrystals below 8 GPa, as it occurs in bulk
material.

Finally, it must be stressed the difference in the structural
stability established between nanocrystalline and bulk rh-
In,O3 but keeping a similar compressibility, which extends
the possible applications of this compound at larger pressure
ranges. Those effects are important in forthcoming studies of
the possibility to use Cr’*-doped rh-In,O; nanocrystals at
room temperature as a more sensitive pressure sensor than
ruby at least up to 20 GPa.
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