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Abstract: This study reports high-pressure structural and spectroscopic studies on polycrystalline
cubic chromium spinel compound LiInCr;Og. According to pressure-dependent X-ray diffraction
measurements, three structural phase transitions occur at ~14 GPa, ~19 GPa, and ~36 GPa. The
first high-pressure phase is indexed to the low-temperature tetragonal phase of the system which
coexists with the ambient phase before transforming to the second high-pressure phase at ~19 GPa.
The pressure-dependent Raman and infrared spectroscopic measurements show a blue-shift of the
phonon modes and the crystal field excitations and an increase in the bandgap under compression.
During pressure release, the sample reverts to its ambient cubic phase, even after undergoing multiple
structural transitions at high pressures. The experimental findings are compared to the results of first
principles based structural and phonon calculations.
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1. Introduction

The chromium spinels ACr,O4 belong to the widely studied geometrically frustrated
systems, owing to their varied magnetic couplings, magnetostructural transitions, and
exotic ground states. With the A-site occupied by a non-magnetic ion, the magnetic
chromium ions (Cr3*) at the B-site form a network of corner-linked Cry tetrahedra, i.e., the
pyrochlore lattice. The dominant antiferromagnetic (AFM) interactions between the Cr3*
ions in the pyrochlore network leads to strong magnetic frustrations, which result in Jahn-
Teller-driven structural distortion and antiferromagnetic ordering at low temperatures.
Due to their varied response to external parameters, the chromium-based spinels could
be used in magnetic sensing devices, data storage or spintronic devices [1]. There have
also been studies reporting their use as a potential electrode support material [2]. A study
also suggested cobalt containing chromium spinels as possible candidates for catalytic
combustion [3].

An archetype derived by substituting two different ions at the A-site of ACryOy
was first reported by Joubert and Durif in 1966 [4]. The difference in ionic radii at the
A-site led to an alternate arrangement of small and large Cry tetrahedra at the B-sites,
known as the breathing pyrochlore lattice (see Figure 1) [5-8]. This new family of Cr
spinels, namely LiMCr4Og (with M = In, Ga, Fe), are being actively investigated due
to the geometrical frustration and the Cr—Cr bond alternations in these materials. The
substitution of different ions at the A-site leads to the loss of inversion symmetry found in
the conventional spinels, and the crystal symmetry is reduced to F43m. The alternating
smaller and larger Cr-Cr bonds between Cry tetrahedra also cause a difference in the
nearest-neighbour magnetic interactions, without relieving the frustration in the system.
The magnitude of AFM interactions between neighbouring Cr ions is denoted as J and J’
for small and large tetrahedra, respectively. The ratio of ] and ] is defined as the breathing
factor B e, B = J'/], and determines the degree of frustration in the system [5].
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The physical properties of this family of frustrated breathing pyrochlores LiMCr;Og
(with M = In, Ga, Fe) are highly dependent on the cationic radii at the A-site, which define
the breathing factor and in turn have an overwhelming influence on the response of the
material to different thermodynamic conditions. Recent studies have been conducted to
improving the understanding of the structural and magnetic response of these materials at
low temperatures. A temperature-dependent neutron diffraction experiment on LiInCrsOg
indicated the opening of a spin gap below 65 K, which is followed by a long-range magnetic
ordering at ~15.9 K [5]. An NMR study on LiInCr4Og suggested a singlet ground state
with a gap at 18 K and a structural transition at 16 K followed by a second-order AFM
transition at 13 K [6]. However, another study reported a structural transition at 18 K
followed by magnetic ordering at 12 K [7]. The related compound LiGaCr4Og has been
reported to show short-range AFM ordering close to ~50 K, which is followed by a first-
order magnetostructural transition around ~15 K [5,6]. However, another study reported
it as two consecutive events of magnetic and structural transitions at 14.1 K and 14.5 K,
respectively, [8]. As opposed to LiInCrsOg and LiGaCr4Og, the compound LiFeCrsOg has
been reported to undergo a ferrimagnetic transition at 94 K. Furthermore, the opening of a
spin gap at ~60 K and a magnetostructural transition at ~23 K were found [9]. It is to be
noted that all three compounds, having different degrees of frustration, show a structural
instability at low temperature.

Although low-temperature-induced structural and magnetic responses have been
explored and reported for this class of compounds, high-pressure studies have not been
reported to the best of our knowledge. In this work, we study the structural phase tran-
sitions in LiInCr4Og induced by high pressure using synchrotron-based X-ray diffraction
(XRD) and Raman and infrared (IR) spectroscopic measurements supplemented by density
functional theory (DFT)-based simulations.

Figure 1. Sketch of the breathing chromium spinel LiInCr,Og crystal structure with LiO4 and InO4
tetrahedra and CrOg octahedra as structural units.

2. Materials and Methods

Polycrystalline LilnCryOg was synthesized using the solid-state reaction method
reported previously [5,8], where the stoichiometric amounts of InpO3 and Cr;O3 and 10%
excess of LipCO3 were thoroughly ground, pelleted, and heated in a furnace at 1100 °C for
48 h in an alumina crucible with intermittent grinding. As lithium is volatile, a slow rate of
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cooling was maintained. The phase purity of the synthesized compound LiInCr4Og was
characterized using XRD measurements performed in the angle-dispersive mode at the
ECXRD beamline (BL-11), Indus-2, RRCAT. X-rays with energies of 19.7 keV (A = 0.6280 A)
were incident on the synthesized polycrystalline sample. NIST standard LaBgs was used to
calibrate the distance from sample to detector.

High-pressure XRD (HPXRD) measurements on LiInCr,Og were performed at the
XPRESS beamline of the Elettra synchrotron radiation source, Italy. Powdered sample
was loaded into a Mao-Bell type diamond anvil (DAC) along with gold (Au) as a marker
to determine the pressure with an accuracy of ~0.1 GPa. [10,11]. The diamonds had a
culet diameter of ~400 pm. A tungsten gasket of thickness ~180 um was pre-indented
to a thickness of ~50 pm before drilling a hole of 150 um at the centre of the gasket. A
methanol-ethanol mixture in a 4:1 ratio served as a quasi-hydrostatic pressure transmitting
medium (PTM) [12]. Monochromatic X-rays of energy 25 keV (A = 0.4957 A) were incident
on the sample. A MAR345 detector was used to record the diffraction patterns. Standard
LaBg loaded in the DAC was used to calibrate the experimental setup. The diffraction
images were reduced into 20-intensity patterns using the program Fit2D [13], and the
refinement of the XRD patterns obtained were performed using GSAS [14].

Raman spectroscopy measurements were performed with a confocal micro-Raman
setup (Jobin—Yvon T64000 spectrograph, single stage mode, 1800 groves/mm grating, and
a resolution of 2 cm ') using a 50 x objective in the back scattering geometry. A 488 nm
argon ion laser was used as excitation source. The pressure-dependent Raman scattering
measurements were carried out using a gas membrane type DAC, with diamonds with
~500 um culet diameter. The pressure inside the DAC was monitored using the well-known
ruby fluorescence shift with an accuracy of 0.1 GPa [15]. A methanol-ethanol mixture in a
4:1 ratio was used as PTM.

The infrared spectroscopic measurements were performed using a Bruker Vertex
FTIR spectrometer coupled to an IR microscope (Bruker Hyperion). The ambient pressure
infrared reflectivity measurements were carried out in the spectral range 100-25,000 cm !
on a polycrystalline sample pressed into a pellet of thickness 72 um. The resolution for the
various frequency ranges, viz., FIR, MIR, NIR-VIS, amount to 2 eam 1, 4em™1, and 8 em ™1,
respectively. Reflection from an aluminium mirror was used for the reference measurement,
for normalizing the sample spectrum. The optical conductivity o; was obtained by Kramer—
Kronig (KK) transformation. For the KK transformation, the reflectivity spectrum was fitted
with the Lorentz model and extrapolated to zero frequency based on the fitting model; in
the high-energy range, a constant extrapolation up to 10°> cm~! was used, and beyond this,
an extrapolation following a 1/w* dependency was chosen.

For the pressure-dependent infrared transmittance measurements in the spectral range
500-20,500 cm~! with a resolution of 4 cm ™1, the powder sample was diluted with Csl in
the ratio 1:20 and pressed into a pellet of thickness 64 pum. A small piece of this diluted
pellet was loaded into a membrane type DAC (500 um culets) along with ruby spheres
and well-ground Csl powder serving as reference for normalizing the sample spectrum
while at the same time acting as a quasihydrostatic PTM [16]. The absorption spectrum
was calculated using the formula A = —logio(T), where A is the absorbance and T is the
measured transmittance spectrum.

Ab initio-based simulations for structural relaxations were performed using DFT within
the framework of the projected augmented wave (PAW) method [17], as implemented in
the Quantum Espresso 6.4.1 package [18]. Calculations were performed using Perdew,
Burke, and Ernzerhof (PBE) [19] generalized gradient approximations (GGA) for exchange
and correlation functional. Structural relaxations were performed on a primitive cell of
LiInCr4Og with fourteen atoms of four different types in a non-magnetic configuration.
Simulations were performed by considering one valence electron of Li (2s!), thirteen valence
electrons of In (5s2 5p1 4d19), six valence electrons of Cr (4s2 3d*), and six valence electrons
of O (2s? 2p*). A plane wave cut-off energy of 160 Ry was used for expanding the basis set.
The Brillouin zone integration was performed at the zone centre ona 6 x 6 x 6 Monkhorst-



Crystals 2023, 13,170

40f19

Pack k-point mesh [20]. The Hellman-Feynman forces were converged until the largest
force component was less than 1 x 10~°. For the purpose of phonon-mode assignments,
density functional perturbation theory (DFPT) [21] calculations were performed using
Martins-Trouilier [22] pseudopotentials with local density approximation (LDA) on the
primitive lattice of LilnCr4Og at ambient volume.

3. Results
3.1. Ambient Pressure Results

LiInCr4Og crystallizes in the cubic space group F43m with four formula units per unit
cell [5]. The lattice parameter, shape profile parameters, and asymmetry corrections were
refined during the Rietveld refinement of the ambient pressure XRD pattern, shown in
Figure 2. The background was fitted using a Chebyschev polynomial. The synthesized
sample contains less than 2% unreacted Cr,O3 as observed from Figure 2. The refined
lattice parameter is a = 8.4038(1) A and the unit cell volume amounts to V = 593.52(2) A3,
with R, = 0.075 and Ry = 0.109. These values are in good agreement with the reported
values of a = 8.4205 A and V = 597.05 A3 [4,5]. The fractional coordinates, occupations,
and Wyckoff sites as reported by an earlier study [5] and the refined thermal parameter
obtained from the Rietveld analysis are given in Table 1.

O |

Obs

- ICal

§ — Ipigr
b i LiInCr,O, Bragg peaks

i Cr,0, Bragg peaks

(111)
(200)
(220)

Intensity (Arb. units)

Figure 2. Rietveld refinement of the X-ray diffraction pattern of LiInCr,Og at ambient pressure.

Table 1. The Wyckoff sites, fractional coordinates, and occupations as reported in an earlier study [5]
and thermal parameter U as obtained from Rietveld refinement of LilnCr4Og at ambient conditions.
Space group F43m, Z = 4, a = 8.4038(1) A, V = 593.52(2) A.

Atoms Wyckoff Sites X y z Occupancy U
Lil 4a 0.0000 0.0000 0.0000 0.9920 1.090
Inl 4a 0.0000 0.0000 0.0000 0.0080 0.350
Li2 4d 0.7500 0.7500 0.7500 0.0080 1.090
In2 4d 0.7500 0.7500 0.7500 0.9920 0.350
Cr 16e 0.3719 0.3719 0.3719 1.0000 0.140
01 16e 0.1377 0.1377 0.1377 1.0000 0.380

02 16e 0.6107 0.6107 0.6107 1.0000 0.180
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DFT-based simulations were performed using LDA and GGA pseudopotentials and
the results for ambient volume calculations are compared in Table 2. The A-site cations Lil*
and In®** at 4a and 4d crystallographic sites form LiO4 and InOy tetrahedra, respectively,
and share corners with CrOg at the B-site (see Figure 1). The CrOg octahedral units at the
general 16e Wyckoff positions have shared edges between them, and the Cry tetrahedra
form the breathing pyrochlore lattice. The Cr—Cr distances are usually short enough to
facilitate electron hopping in some of the conventional spinels (Mott insulators). The quality
of synthesized sample was verified by determining the degree of distortion (d’/d) due
to the two different Cr—Cr bond lengths of Cr4 tetrahedra from the Rietveld refinement,
where the ratio d’/d is found to be 1.051, which matches with the reported value [4,5,8].
This ratio of dissimilar Cr-Cr distances can be directly associated with the breathing factor
Bf in LiInCI'40g.

Table 2. Comparison of experimental and theoretical primitive cell volume together with the distor-
tion parameter and the reported values from the literature.

Reported Present Simulations
from [5] Study LDA GGA
Volume of
Primitive cell 149.24 148.38 149.9925 149.0278
(A%)
distortion parameter
(d'/d) 1.051 1.05 1.32 1.33

For a primitive cell containing one formula unit (14 atoms), the factor group analysis
gives the following irreducible representations:

rtotﬂ] = 3A1 + 3E ‘|‘ 3T] + 8T2
This can further be classified as:

Locoustic = T2
g =7Ts
T'Raman = 3A1 +3E+ 7T,

From the expected 13 Raman-active modes at ambient conditions, we experimentally
observe nine modes, which are denoted as M1, My, ... Mg in Figure 3. Due to the loss of
inversion symmetry in comparison with conventional spinels, LiInCr4Og has T, modes
which are both IR- and Raman-active. The weak mode at ~530 cm ™! has been assigned
to CryO3 [23,24]. The peak observed at ~220 cm lisa plasma line from the excitation
source used, which served as an internal calibrant. The ambient pressure Raman spectrum
of LilnCr4Og in Figure 3 matches well with a recently reported study [25], except for
the low-energy Raman mode M;, which is not observed in the recorded spectral range
of Ref. [25]. Because there has been no detailed report on the vibrational properties of
LiInCr4Og, DFPT calculations were carried out for explicit assignment of Raman and IR
modes. These calculations were performed on a primitive cell consisting of 14 atoms using
the Martins-Trouilier pseudopotentials with LDA approximations. The phonon modes
were assigned with the help of Molden, a visualization software [26]. Simulations were
also performed using PAW potentials with GGA approximations at ambient volume. The
theoretical results are compared with experimental findings, summarized in Table 3.

Predominantly, the observed Raman modes can be classified as the internal vibrations
of polyhedral units (viz., LiOy4, InO4 and CrOg). Due to the covalent nature of In-O and
Cr-O bonds, they are expected to have stronger contributions in the Raman spectrum. The
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symmetry of a free CrOg ion is reduced inside the crystal site. Table 4 shows the changes
in the internal modes of a free CrOg ion at the crystal site (C3v) of the ambient pressure
cubic phase (T;). Of these CrOg modes, only the A; and T, modes are Raman active in
LiInCr4Og.

From the DFPT calculations, the Raman-active T, mode observed at 164 cm™" is
assigned to the translation motion of In. The modes M, and M3 at 310 cm ! and 443 em ™},
respectively, are both assigned to the translation motion of Li ions. The Raman modes at
460 cm~! and 491 em ™! (M4 & M) are associated with asymmetric and symmetric O-Li—
O bending vibrations, respectively. The strongest Raman mode observed at ~590 cm ™!
is related to the O-Cr-O symmetric bending and O-In symmetric stretching vibrations,
whereas the adjacent T, mode at ~582 cm ™! is related to the O-Cr—O asymmetric bending
and In-O asymmetric stretching vibrations. In a recent study, the DFT-based calculations
for LiGaCr4Sg show large differences in the calculated Cr—Cr distances in magnetic and
non-magnetic configurations of the system [27]. This could explain the large difference in
the calculated and observed Mg and My modes, as all the calculations are performed in
a non-magnetic configuration in the present study. The Raman modes at 718 cm~! and
739 cm~! (Mg and M) are assigned to asymmetric and symmetric stretching vibrations of
Li-O. A study on LiFeCr4Og has assigned the strongest observed mode to Cr-O stretching
vibration [9]. However, as the CrOg octahedra have shared edges, they restrict the Cr-O
stretching motion in this structure, and hence only the bending modes are prominent.

1

o Raman spectrum of LilnCr 403

Al

—— Fitting 8

| Observed i
| Cry,03
| GGA

Plasma_line

Intensity (Arb. units)

200 300 400 500 600 700 800
Raman shift (cm'l)

Figure 3. Ambient pressure Raman spectrum of LiInCr4Og, together with the fitting curve. Shown
also are the theoretical mode frequencies (GGA) and the Raman mode frequencies for Cr,O3 [23,24].

Table 3. Mode assignment and comparison of experimental and theoretical mode frequencies
(in em™1). (w), (m), and (s) denote the strength of active mode, viz., weak, medium and strong,

respectively.
Modes Raman IR
Assigned Obs LDA GGA Obs LDA GGA
Ty 165 (m) 160 157 - 160 157
E - 245 244
To 310 (m) 300 294 - 300 294

Aq - 349 352
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Table 3. Cont.

Modes Raman IR
Assigned Obs LDA GGA Obs LDA GGA
To - 359 368 406 359 368
E - 398 395
T, 444 (m) 471 447 473 471 447
T, 461 (m) 475 467 529 475 467
E 491 (s) 503 485
T, 582 (m) 561 558 581 561 558
Aq 591 (s) 642 650
Aq 718 (m) 731 715
T, 739 (w) 756 735 651 756 735

Table 4. Internal modes of CrOg octahedra.

Modes Free CrOg Ion Site Symmetry Crystal Symmetry
(Op) (Cs0) (T
1 — Alg — Aq — Aq
vy — E¢ — E — E
1%} — F1u — A] +E — Tz
V4 — Fiu — A+E — T,
Vs — Fog — A+E — T,
Vg — Fy, — A>+E — Ty
Vyot — F1g — A1 +E — T,
Viran — Fy, — A1+E — To

Figure 4a depicts the ambient pressure reflectivity spectrum of LilnCr4Og over a broad
frequency range, together with the Lorentz fitting. The inset shows the low-frequency
range up to 800 cm~!, where the phonon modes are located. The corresponding optical
conductivity 07 obtained from the KK transformation is depicted in Figure 4b. The o
spectrum shows strong phonon contributions in the far-infrared range, which is followed
by the onset of electronic excitations around ~0.1 eV, which gradually increases to two
prominent absorption bands centred at ~1.65 and 2.4 eV. Based on previous studies, the
absorption bands can be assigned to intra-atomic d-d excitations, i.e., crystal field (CF)
excitations, of the Cr3t ions in an octahedral environment. Electronic excitations from the
4A2g ground state to the 4T2g and A, ¢ excited states are expected in the spectral ranges of
~13,000 to 17,000 cm~! and ~13,000 to 17,000 cm ™!, respectively, and the spin-forbidden
transitions from 4A2g to 2E¢ and ZEzg are expected in the spectral ranges of 13,000 to
14,400 cm ! and 18,000 to 19,200 cm !, respectively, [28-36].

The inset in Figure 4b shows the observed ten phonon modes fitted with Lorentzian
oscillators. However, the group theoretical analysis predicts only seven T, modes for
LICO. Therefore, modes were assigned to the strongest modes after comparison with DFPT
calculations to the closest calculated values (see Table 3). An earlier infrared spectroscopic
study on LiFeCr4Og has assigned the observed five phonon modes to the internal vibrations
of the polyhedral units, viz., Li-O stretching modes in the range 400-500 cm~! and CrOy
and FeOy vibrations around 500 cm~! and ~640 cm ™!, respectively [37]. In the present
study, based on the DFPT calculations, the phonon modes above 600 cm~! are assigned to
the Li-O stretching vibrations. The low-energy modes are assigned to the In-O vibrations
and those observed around ~500 cm~! belong to the CrOg internal vibrations.
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Figure 4. Ambient pressure (a) reflectance and (b) optical conductivity spectrum of LiInCr4Og in the
range 100-22,000 cm ™!, together with the Lorentz fitting. The insets of (a,b) depict the corresponding
low-frequency range (200-800 cm 1) of the reflectance and optical conductivity spectrum, respectively,
where the phonon modes are located, together with the Lorentz fitting.

3.2. High-Pressure Results
3.2.1. X-ray Diffraction Measurements

A few XRD patterns at selected pressures are presented in Figure 5. According to
these results, the sample remains in the ambient phase up to ~14 GPa. Above 10 GPa,
i.e., beyond the hydrostatic pressure limits of the PTM used, the peaks at higher values
of 260 become weaker and undergo a pressure-induced broadening, thereby making it
difficult to trace their behaviour precisely with pressure. However, the peaks at lower
angles provide clear signatures of phase transitions. Above 10 GPa, the (200) and (220)
reflections show a broadening. Beyond ~14 GPa, they undergo a splitting, which is an
indication of a first-order structural phase transition to a high-pressure phase (HP-1). The
clear splitting of these off-diagonal planes into two peaks while the diagonal planes (111)
remain intact is an indication of a cubic-to-tetragonal structural phase transition. Previous
temperature-dependent XRD studies on LiMCrsOg (M = In, Ga, Fe) compounds have
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reported a cubic-to-tetragonal phase transition at very low temperatures. Based on earlier
reported studies, the HP-1 phase was indexed to a tetragonal structure (space group 14m2)
with two formula units per unit cell (Z = 2). The Rietveld refinement of our XRD data
collected at ~14.3 GPa indicated the coexistence of the ambient and HP-1 phases (see
Figure 6). The refined lattice parameters of the HP-1 phase at ~14 GPa are a = 5.9030(26) A,
¢ =8.0681(60) A, and V = 281.13(22) A%, with R, = 0.038 and Ry, = 0.058. The structural
information from the Rietveld analysis for the coexisting ambient and the HP-1 phases are
given in Table 5 and Table 6, respectively. This information is also shown in Figure 8. For
both the ambient and HP-1 phases, the atomic positions and their occupations were not
refined and are used as reported in earlier studies [5,8]. The structural refinement of the
diffraction patterns above 14 GPa could not be performed; hence, only one data point of
the HP-1 phase is shown in Figure 8. Detailed information regarding the coordination of
polyhedral units cannot be extracted from this powder diffraction as the oxygen positions
remain unrefined to maintain the reliability of the Rietveld refinement. The volume per
formula unit in the ambient pressure phase is 148.38 A3 and that of the HP-1 phase is
140.57 A3, which gives a compression of 5.3% per formula unit.

Table 5. The Wyckoff sites, fractional coordinates, and occupations as reported in an earlier study [5]
and the thermal parameter U as obtained from Rietveld refinement of LiInCryOg in the ambient
structure at ~14 GPa. Space group Fi3m, Z = 4, a = 8.2624(13) A and V = 564.05(26) A3.

Atom Wyckoff X y z Occupancy U
Lil 4a 0.0000 0.0000 0.0000 0.9920 0.0610
In1 4a 0.0000 0.0000 0.0000 0.0080 0.0900
Li2 4d 0.7500 0.7500 0.7500 0.0080 0.8000
In2 4d 0.7500 0.7500 0.7500 0.9920 0.0636
Cr 16e 0.3719 0.3719 0.3719 1.0000 0.0064
o1 16e 0.1377 0.1377 0.1377 1.0000 0.0301
02 16e 0.6107 0.6107 0.6107 1.0000 0.0671

Table 6. The Wyckoff sites, fractional coordinates, and occupations as reported in an earlier study [8]
and the thermal parameter U as obtained from Rietveld refinement of LiInCr4Og in the HP-1 phase
at ~14 GPa. Space group [4m2, Z = 2, a = 5.9030(26) A, ¢ = 8.0681(60) A, and V = 281.13(22) A3.

Atoms Wyckoff Sites X y z Occupancy U
Li 2a 0.0000  0.0000  0.0000 1.0000 0.0224
In 2d 0.0000  0.5000  0.7500 1.0000 0.0875
Cr 8i 0.2607  0.0000  0.6272 1.0000 0.0067
o1 8i 0.2840  0.0000  0.6340 1.0000 0.0029
02 8i 0.2510  0.0000  0.1080 1.0000 0.0069

The low-temperature XRD studies on LiInCr4Og reported the tetragonal phase coexist-
ing with the ambient cubic phase down to the lowest recorded temperature of ~2 K [7,8].
Consistently, our high-pressure studies also show that the sample does not completely
transform to the tetragonal phase with further compression. Instead, before this cubic
to tetragonal transition is completed, the reflections from the (111) set of planes undergo
a broadening at the next recorded pressure (~16 GPa) and then split into two peaks at
higher pressures. The XRD pattern recorded at ~19.7 GPa shows clear changes, indicating
the existence of a new high-pressure phase (HP-2 phase). The transition from the HP-1
to HP-2 phase is a slow and sluggish first-order structural phase transition where the
HP-1 coexists with the evolving HP-2 phase. This new high-pressure phase (HP-2 phase)
remains stable up to ~35 GPa. With further compression, the diffraction pattern recorded
above ~35 GPa shows the emergence of some new peaks, suggesting a possible transition
to a lower-symmetry structure (HP-3 phase). The transition to the HP-3 phase was not
completed at the highest pressure recorded in this experiment (i.e., ~36.7 GPa). Due to
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the broadness of the diffraction peaks, overlapping with the strong reflections from the
pressure marker (Au) and the gasket (W) used in these experiments, the high-pressure
phases could not be identified. During decompression, the HP-1 and HP-2 phases coexist
down up to 12 GPa. Below 8 GPa, the sample slowly transforms to the parent phase and
reverts to the ambient pressure crystal structure on complete release of pressure.

f Amb
‘J 10.8
‘ 21.0
24.7

Release | |
\ 36.7
i 27.3
' \ 23.0
i 19.7
15.9

14.3
‘ ' 12.7

"' 10.5

.

Amb
I [ I T O T '

Intensity (Arb.units)

KR
|

5 10 15 20 25 30
20 (degrees)
Figure 5. Pressure-dependent XRD patterns at few selected pressures. The pressure values on the

right are in GPa. The red arrows indicate the emerging new reflections. The red and black ticks at the
bottom are from Au (pressure marker) and W (gasket), respectively.

IObs

14 GPa ic"“

— lpigr
I LiInCr,Oq4 Bragg peaks
I HP-1Bragg peaks
| Au Bragg peaks

W Bragg peaks

¢
.

Intensity (Arb. units)

5 10 15 20 25
20 degrees

Figure 6. Rietveld refinement of the XRD pattern at ~14 GPa, demonstrating the coexistence of the
HP-1 (space group 14m2) phase with the ambient pressure cubic phase.
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It is well known that the diffraction peak width has its origins from instruments,
particle size, and stress-induced broadening. In this study, the XRD pattern from stan-
dard CeO; inside the DAC recorded at ambient conditions was used to characterize the
instrumental broadening. Changes in the peak width under compression observed in the
present study can be attributed to inhomogeneous strain and change in crystallinity due to
phase transformation. For a better understanding of the deformation at high pressures, the
behaviour of the diffraction peaks and X-ray peak broadening were studied by plotting the
variation of the peak position and the full-width-at-half-maximum (FWHM) value for the
reflections from the (111), (200), and (220) planes as a function of pressure in Figure 7a,b,
respectively. Structural phase transitions to the HP-1, HP-2, and HP-3 phases at ~14 GPa,
~19 GPa, ~35 GPa, respectively, can be clearly observed from Figure 7b. The FWHM
value of all peaks remains almost constant up to ~10 GPa. Above ~10 GPa, all the peaks
show a slight discontinuity and broadening, which can be attributed to the non-hydrostatic
stresses [38]. However, the (hk0) and (h00) peaks show a significant change in the FWHM
as compared to the (111) set of planes. This sudden change is observed in FWHM just
before the structural transition at ~14 GPa. Immediately after the phase transition, i.e.,
above ~14 GPa, both (220) and (200) undergo a clear splitting due to the transition from the
cubic to tetragonal phase. Above ~16 GPa, the (111) reflection also shows a sudden change
in FWHM, which is an indication of beginning of another structural transition. With further
compression, the (111) reflection exhibits a clear splitting (see Figure 7a).

12 B(%%%) 0o OI:O ojpo© (@)
o 000 0000 9o 3860 @ o o |om
0 (311) ! D
Q) ~ 1
%)Dlooooo oooioogg :gooooo n
3 (220
o gl !
o (200) |
0 000 0000 0B8 18800 ® o o [o®
6oooo ooo:oooo 0830000 88
111 |
Y LLE LD S O
o (111)
o (200) | (b)
085 4 (220)
 » HP-1
% 0.6F » HP-1 |
HP-2 | o
= | .
R~ 04f ° HPZ 3
HP-2 ! o
02_0HP-3 :OZE: Qﬁ”"}:: E’
. 0:oo°° > pO> » » >
888 60
0.0I * L + . n 1 R L X | ) . ) .
0 5 10 15 20 25 30 35
Pressure (GPa)

Figure 7. Behaviour of the (a) Bragg peaks and (b) FWHM with pressure. The vertical red dashed
line indicates the hydrostatic limit of the PTM used. Solid black lines mark the transition pressures.
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To determine the structural stability of LiInCr4Os, the lattice parameter a2 and the
volume per unit cell V were determined for each recorded pressure from the structural
refinements. Both parameters are plotted in Figure 8, where the abrupt decrease in com-
pressibility is notable above ~10 GPa due to nonhydrostatic conditions [39,40]. The P-V
data up to ~10 GPa (hydrostatic limit of PTM used) was fitted with a Murnaghan equation
of state according to V(p) = Vo - [(By/Bo) - p+1]7V/ By [41], where the first-order derivative
of the bulk modulus Bj, was fixed to 4 (see Figure 8). The bulk modulus By of the ambient
phase was found to be 186.7 & 6.1 GPa. From the DFT calculations, the ambient pressure
crystal structure was relaxed at different target pressures. The energy per formula unit and
the corresponding volumes were fitted with the Murnaghan equation of state to compare
with the experimental findings. The calculated By and B} amount to 176.8 & 0.1 GPa and
4.63 £ 0.02, respectively. The difference in the experimental and calculated ambient volume
and the non-magnetic configuration of the calculated system could explain the discrepancy
between the experimental and theoretical values of the bulk modulus.
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Figure 8. (a) Experimental lattice parameters 2 and ¢ and (b) volume per unit cell V of the ambient
phase and high-pressure HP-1 phase (scale on the right side of the graph) as a function of pressure.
The pressure dependence of the volume is fitted with a Murnaghan equation of state (EOS), as defined
in the text.

LiInCr4Os with two different Cr—Cr distances (d = 2.90 A and d’ = 3.05 A) has val-
ues that lie in the range of conventional spinels such as ZnCr,O4 with a uniform Cr-Cr
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distance of 2.944 A, and that of CdCr,Oy is 3.041 A. A theoretical study on MgCr,Oy,
MnCrpOy4, and ZnCrpOy4 reports their bulk moduli to be 197.3 GPa, 205.8 GPa, and 215 GPa,
respectively, [42], whereas experimentally, MgCr,Oy is reported to have a bulk modulus of
189 GPa [43,44] and that of ZnCr,Oy is 183.1 GPa [45]. LiCrO; is reported to have a bulk
modulus of 161 GPa [46]. The experimentally obtained value of By for LiInCr;Og from the
present study is comparable with that of other chromium spinels.

3.2.2. Raman Spectroscopy Measurements

To investigate the pressure-induced changes in the vibrational properties of LilnCr4Og,
high-pressure Raman spectra were recorded in the spectral range ~120-850 cm ™. Figure 9
depicts Raman spectra at selected pressures. At the lowest recorded pressure of ~0.4 GPa,
the spectrum shows a splitting of a few Raman modes in the range of 450-600 cm 1.
Because the high-pressure XRD measurements do not provide any indication of a structural
transition at such low pressures, the splitting of the Raman modes can be attributed to
a loss of accidental degeneracy. All observed Raman modes shift to higher frequencies
under pressure due to the pressure-induced stiffening of the lattice. The intensity of the
Raman mode observed at ~164 cm~! drops drastically with compression, and this mode
vanishes above ~2.5 GPa. Mode M, at ~310 cm ™! also undergoes a significant decrease in
the intensity with pressure. Both these modes are associated with the translational motion
of the A-site cations. The modes My and Mg, which are related to the O-Li-O bending and
O-In stretching vibrations, respectively, undergo a splitting at ~ 0.4 GPa. The modes M3
and My combine into a single mode at ~9 GPa. At ~2.5 GPa, a further splitting of mode
Mg is observed, and this new mode can be traced up to ~10 GPa. The splitting of modes
associated with internal vibrations of polyhedral units can be attributed to the distortion
under pressure. No significant changes in the Raman spectrum are observed with further
compression up to ~14 GPa. Above 14 GPa, the splitting of the mode at ~545 cm~ can be
associated with the structural phase transition as observed from XRD measurements. The
most intense mode (My), associated with the O—Cr-O bending vibrations, remains the most
intense peak up to the highest recorded pressure of ~ 18 GPa.

The frequency shift of the Raman modes with pressure is summarized in Figure 10,
where the emerging new modes can be clearly seen. During pressure release (see Figure 9),
the sample slowly reverts to its ambient pressure phase, where the modes at ~310 cm !
reappear at around 7 GPa, and the mode at ~164 cm~! can be observed at ~3 GPa. Ac-
cording to the decompressed spectrum at ambient conditions, the sample has transformed
to its ambient phase, consistent with our pressure-dependent XRD results.

The calculated pressure coefficients of Raman modes and the corresponding Griineisen
parameters (y; = (Bo/w;)(dw;/dP)) are tabulated in Table 7. By is the experimentally
obtained bulk modulus which was used to calculate the mode Griineisen parameters
for the ambient phase. The modes Mg and My show relatively larger value of the pres-
sure coefficient, indicating an increase in the force constant under pressure. The tabu-
lated mode Griineisen parameter relates the vibrational properties to the crystal defor-
mations. The macroscopic Griineisen parameter 7 is a weighted sum of individual v;’s.
The relation between the two is given as [y = (L; 7:C;)/(X; C;)], where C;’s are the mode
contributions to the material’s specific heat [47]. Using Einstein’s specific heat relation,
Ci = Rlx;%exp(x;)]/lexp(x;) — 1]* (where x; = hiw;/kpT and R is the universal gas con-
stant) [48], the macroscopic Griineisen parameter was calculated using the observed modes
from M; to Mg at ambient pressure and its value was found to be v = 0.99. A negative
contribution to thermal expansion can be associated with a negative mode Griineisen pa-
rameter. In the ambient phase, all the modes are notably contributing to a positive thermal
expansion, consistent with recent studies [27,49] stating a positive expansion observed in
LiInCr4Og, whereas other isostructural compounds LiGaCrsOg and LiInCr4Sg are reported
to exhibit negative thermal expansion. A softening of the M;_gp mode is, however, ob-
served in the high-pressure phase. All the other modes observed above 14 GPa still show a
positive shift with compression.
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Figure 9. Raman spectra of LiInCr,Og at selected pressures. The numbers on the right are in GPa
scale. Red arrows indicate the emergence of new Raman modes.
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modes emerging under pressure.
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Table 7. Pressure at which the modes are observed, frequency w; of observed Raman modes, pressure
coefficients dw; /dP of Raman modes, and mode Griineisen parameter ; (see text).

Observed Pressure w;j (dw;/dP)
GPa Modes (cm™1) (cm~1GPa™1) i

Amb M; 165 0.21 0.23

“ M, 310 0.90 0.51

“ M;j 444 2.67 1.06

“ My 461 0.04 0.40

“ M5 491 3.02 1.09

“ Mg 582 1.36 041

“ My 591 3.35 1.00

“ Mg 718 5.82 1.43

“ My 739 4.28 1.02

0.4 Mip 468 3.92 1.48

0.4 My 555 3.45 1.10

2.5 M, 584 2.81 0.85
14.5 Mi_pp 469 —0.25 —0.09

“ My_pp 482 1.47 0.54

“ Ms_gp 536 1.62 0.53

“ My_pgp 601 1.59 047

“ Ms_pp 640 2.09 0.58

“ Mg_pp 802 2.79 0.62

3.2.3. Infrared Spectroscopy Measurements

The pressure dependence of the absorbance spectrum of LiInCrsOg is depicted in
Figure 11a for pressures up to ~17.4 GPa. The features observed close to 2000 cm ™! are
due to the multi-phonon absorptions in diamond. In the recorded range, we observed
four phonon modes at low frequencies followed by the onset of electronic transitions at
around 1000 cm~!. In comparison to the ambient pressure optical conductivity (Figure 4),
the onset of electronic transitions is spread out in the absorption spectrum, and the crystal
field excitation appears as a broad peak in the spectrum around 16,800 cm~! (2.05 eV),
corresponding to the spin-allowed intra-atomic d-d transition between the ground state
4A2g and the excited 4T1g and 4T2g states [28-32]. The pressure dependence of this onset is
extracted by extrapolation of a linear fit for each pressure value up to 10 GPa (Figure 12b).
Beyond this pressure, the change in the spectral slope leads to unrealistic values for linear
extrapolation. The onset of electronic transitions shifts to higher energies with increasing
pressure indicating an increase in the band gap under compression, in agreement with
the pressure-induced blue-shift of the crystal field excitation (Figure 12b). The observed
crystal field excitations were fitted to a Lorentzian profile to obtain the corresponding
energy position. This result is consistent with an earlier reported infrared absorption study
on CdCryO4, where a similar behaviour of the crystal field excitation under pressure was
observed [32]. Weak features slowly emerging close to ~14,500 cm ! at 4.6 GPa (marked
by black arrows in Figure 11a) can be ascribed to the spin-forbidden crystal field transitions
that may become infrared-active as a result of lattice vibrations which locally break the
centre of symmetry. The absorption spectrum at the highest pressure of ~17.4 GPa shows a
changed crystal field excitation profile, which we relate to the pressure-induced structural
phase transition observed at ~19 GPa in our XRD measurements. The slightly lower critical
pressure extracted from our infrared studies can be explained by the solid PTM used, which
is less hydrostatic than the PTM (alcohol mixture) of the XRD experiment [50,51].

The pressure-dependent frequencies of the infrared-active phonon modes are pre-
sented in Figure 12a. In this spectral region, the observed modes belong to the internal
bending vibrations of the CrOg octahedral unit and Li—O stretching vibrations. The ob-
served infrared-active modes show a blueshift under pressure, consistent with the pressure
behaviour of the Raman modes. The phonon modes P; and P, merge at 14 GPa, whereas
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the mode P4 shows a deviation from a linear fit at the same pressure. At the same pressure,
one observes a sudden change in the slope of the pressure-induced shift of the crystal
field excitation (Figure 12b). All these changes can be associated with the structural phase
transition observed from XRD measurements (discussed earlier). In Figure 12b, a sudden
jump in the onset energy is also observed at 7.4 GPa; this, however, cannot be associated
with any structural phase transition. The pressure coefficients (dw/dP) of the observed
(P;-P4) modes are 5.1, 5.24, 4.28, and 3.69 cm 'GPa~!, respectively. These values are
comparable and close to the pressure coefficients of the high-energy Raman modes (Ms,
My, Mg, and My) (see Table 7).
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Figure 11. (a) Pressure-dependent infrared absorbance spectra in a broad frequency range
500-20,500 cm~!. The two weak features indicated by black arrows are due to spin-forbidden
crystal field excitations. (b) Low-frequency absorbance spectra with phonon modes (labelled P1-P4)
as a function of pressure, fitted with Lorentz oscillators.
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Figure 12. (a) Behaviour of infrared-active phonon mode frequencies with pressure. (b) Onset of
electronic transitions and energy of crystal field (CF) excitation as a function of pressure. The vertical
line at ~14 GPa indicates the structural phase transition.

4. Conclusions

In summary, we report multiple pressure-induced phase transitions in the chromium
spinel LiInCr4Og. From the high-pressure XRD measurements, the HP-1 phase with tetrag-
onal structure appearing at ~14 GPa seems to be an intermediate metastable phase. The
system does not completely transform to this structure and always coexists with the ambient
pressure cubic phase. The high-pressure infrared and Raman spectroscopy measurements
confirm the structural phase transition at ~14 GPa. All the observed active modes show a
pressure-induced blueshift indicative of the stiffening of the lattice. The estimated onset
of the electronic transitions from the high-pressure infrared measurements indicates an
increase in the band gap under compression. Although the breathing pyrochlore structure
of LiInCr4Og is known to be a geometrically frustrated system, it appears to be highly
resilient when the system reverts to its ambient phase even after undergoing multiple
pressure-induced structural changes.
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