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ABSTRACT: Lacunar spinels, GaM,X; (M =V, Nb, Mo, Ta, W; X = S, Se,
Te), constitute a rare class of compounds with multiferroic properties.
Recently, one member of this family, GaV,Sy, received global attention due to
the Néel-type skyrmions discovered in this material. Previous investigations
strongly indicate the important role of the structure behind the multi-
ferroicity, for example, the strong impact of ferroelectric transition on the
exchange interactions at ~40 K. Inspired by the delicate entanglement of
lattice, spin, and charge degrees of freedom, in the present work, we aimed to
use pressure to alter the structure and thus change the material’s properties to
establish the inter-relation between the structural, optical, and electrical
properties for a better understanding of this skyrmion host material. Upon
this objective, in situ high-pressure measurements of single crystal/powder X-
ray diffraction, electrical conductivity, and Raman spectroscopy were carried
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out by using a diamond anvil cell. These studies revealed the pressure-induced structural transformation from cubic to orthorhombic,
along with a transition from semiconductor to metallic state in GaV,Sg. The phase changes coincide with the variation in the optical
property in this material explored by Raman spectra. We also determined the bulk modulus of the two phases of GaV,Sg by fitting
the data set of unit cell volumes against pressure with the second-order birth-Murnaghan equation of state, and explained the
mechanisms of phase transitions by means of the Jahn—Teller effect and the anisotropic changes in bonding lengths during

compression.

B INTRODUCTION

GaV,Sg is one of the most popular materials in multi-
disciplinary research fields, including condensed matter
physics, chemistry, and materials science, mostly because of
its unique electromagnetic properties.l_7 For instance, in
recent years, for the first time, the skyrmion lattice (SKL) was
detected in GaV,Sg, a polar crystal with a C;, symmetry. This
experimental discovery triggered considerable worldwide
attention, although this phenomenon had been theoretically
predicted three decades ago.”® The exceptional nature of
SKL is its periodic spin vortex array. The orientation of the
vortices in SKL is anisotropic and energetically favorable to
align with the magnetic easy axis.*” Briefly, there are two types
of SKL: Bloch and Neel. In a Bloch-type SKL domain, the
rotation of spins is within the tangential planes, which are
perpendicular to the radial directions; that is, the whirlpools of
the spins are parallel to the domain wall of SKL. In contrast, in
Neel-type SKL, spins rotate toward the periphery from the
core along the radial direction. The Bloch-type SKL has been
observed in a number of magnetic materials with chiral
symmetry.'°"*° However, so far, the Neel-type SKL was
experimentally observed only in GaV,S; representing a
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breakthrough in strong correlated systems.” The broad range
of survival temperature along with the little dependence of its
vortices orientation on the external magnetic field makes SKL
robustly useful in many high technologies. For example,
magnetic skyrmion may have an extraordinary capability to
store information for the memory gadget and logic device as
well as to provide a solution to the challenges faced in the
racetrack-type-in-memory logic computing technologies.”' >
GaV,Sg is a representative member of the family of the
lacunar spinel compounds with a generic chemical formula of
AM,X,, in which A = Ga and Ge and M =V, Mo, Nb, and Ta,
along with X = S and Se.”* This family of structures can be
obtained by the removal of every second A cation in the
conventional spinel system. The cation deficiency alters the
bonding and structure, shifting the M atoms off the center of
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the MX; octahedral and thus arranging the ions into a network
consisting of two kinds of molecular units: tetrahedral AX, and
cubane MX, cluster. Under ambient pressure and temperature
conditions, GaV,Sg crystallizes in a face-centered cubic
structure (space group: F43m, No. 216, Z = 4), as shown in
Figure 1. A previous measurement and computation revealed

Figure 1. Visualization of the cubic phase of GaV,Sg, including two
polyhedrals, VS4 and GaS,, in which green, red, and yellow balls
represent the atoms of Ga, V, and §, respectively.

that under low temperature the original cubic GaV,Sg distorts
into a rhombohedral structure (space group: R3m; No. 160;
formula units Z = 3) at ~40 K.*° This structural trans-
formation is regarded as a Jahn—Teller (JT) transition
accompanied by an elongation of the tetrahedral GaS, unit
along the direction of (111), and the phase transition
temperature, ~40 K, is dubbed as Tj;. The onset of long-
range magnetic ordering into a state with cycloidal spin
arrangement is at 13 K.” Interestingly, the magnetic phases of
GaV,Sg depend on not only the temperature but also the
externally applied magnetic field. Below 13 K, multiple phases,
including regular ferromagnet, cycloidal, and Neel-tyPe SKL,
appear in the complex phase diagram of GaV,Sg.™ Under
cooling from room temperature to 2 K, the material shows
semiconducting behavior with a sudden drop of the electrical
resistivity at TJT.S’25 Above Ty, the electronic transport is
dominated by the purely thermal activated behavior while,
below Tjr, it is controlled by the variable range hopping or
multielectron hopping.”*’

Like temperature, pressure is another controllable variable
that can be externally altered to tune and probe the physical
natures (lattice structure, optical, and electrical properties) of
GaV,S; due to the strong coupling between lattice, electronic,
and spin degrees of freedom in this compound. More
interesting, whether the Jahn—Teller effect, which has been
observed in GaV,Sg at the cooling condition as well as in
CuwO,, MnCr,0, NiCr,0,, and ZnCr,S, under high
pressure, is enabled to be induced by compression at room
temperature in this compound.”*™*’ However, the literature
gives very limited information about the high-pressure
behavior of GaV,Sg;"’° Even its crystal structure trans-
formation under room temperature compression is unknown.
In the present study, we used high-pressure synchrotron single
crystal and powder X-ray diffraction to detect the delicate
change in the crystal structure of this material under a broad
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pressure range from ambient to 60 GPa. We identify the crystal
structure of the high-pressure phase and determine the
compressibility of the bulk materials as well as the change in
bonding lengths during the compression. Meanwhile, we
conducted the high-pressure electrical resistance measure-
ments at room temperature and elevated temperatures and,
thus, construct the relation between the crystal structure
transformation and the electrical phase transition. Further-
more, we carried out the Raman spectroscopic measurements
under high pressure to complement the X-ray diffraction data.
Overall, our study gives a complete scenario of the evolution of
this compound under high pressure at room temperature,
disclosing how its structure, electrical feature, and optical
properties change under the influence from external
compression.

B METHODS

The starting materials are GaV,Sg single crystals and powders,
respectively. Details of the sample synthesis have been
reported elsewhere.”’ The high-pressure X-ray diffraction
experiments were carried out by using a diamond anvil cell
with a culet size of 300 m. Samples (powders or a single
crystal) were loaded into a hole (working as the sample/
pressure chamber) of 130 ym in diameter and ~4S ym in
depth drilled in the center of a rhenium gasket preindented by
diamond anvils. A ruby crystal (<15 um in diameter) was also
placed into the sample chamber for pressure calibration via
using an online Ruby system.”” To minimize the impact of
strain/stress during measurements, the gas loading system at
GSECARS of Argonne National Laboratory was used to fill
argon gas, which served as the pressure-transmitting-medium
(PTM), into the pressure chamber to attain a hydrostatic
environment surrounding the sample.”>”*° The varied
pressures were realized by utilizing a membrane system. We
used synchrotron X-ray diffraction at the beamline 13-BM-C of
Advanced Photon Source (APS) of Argonne National
Laboratory to detect the changes in the powders and single
crystal of GaV,Sg, respectively, under high pressure up to 60
GPa. The incident monochromatic X-ray with a wavelength of
0.4340 A was collimated to dimensions of about 12 um
(horizontal) X 18 um (vertical), measured as the full width at
half-maximum. A MAR34S image plate, placed 198 mm
(powder diffraction) and 154 mm (single crystal diffraction)
away from the sample, was used to collect the X-ray diffraction
data, respectively. Those distances between the sample and the
image plate and the tilting of the image plate were calibrated by
using the ambient powder diffraction pattern of LaBg4 collected
at the same diffractometer prior to the departure of the high-
pressure measurements. Dioptas was used to convert the
powder diffraction Debye rings into conventional X-ray
diffraction patterns,”® which were then refined via the Rietveld
refinement method using GSAS-II to obtain the lattice
parameters and unit cell volume of GaV,Sg at each pressure
point.”” In Rietveld refinement, the sample’s diffraction
background coming from the noncharacteristic emissions of
the X-ray tube, air scattering, sample fluorescence, and so on, is
treated by a Chebyshev Polynomial, and the peak width/shape
is formulated by a so-called peak shape function, which is a
convolution of three functions: the instrumental broadening,
wavelength dispersion, and the specimen function.*®

The data collecting and processing of single crystal
diffraction data were somewhat different from those of powder
diffraction data. Details have been reported elsewhere.”” We
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collected two types of single crystal X-ray data, wide-angle X-
ray diffraction images and step diffraction images, at each
pressure point. The wide-angle X-ray diffraction image covers
46°, the total axial opening angle of the DAC, with a single
exposure time of 60 s, while the single image covers 1° with a 4
s exposure time. Therefore, at each pressure point, the total
opening angle of 46° was scanned by consecutive 46
diffractions. Like the powder diffraction patterns, the wide-
angle diffraction images were integrated into conventional X-
ray profiles (intensity vs 26 as well as intensity vs d-spacing).*®
We used ATREX/RSV software to determine the crystal
structures of the high-pressure phase of the sample by
analyzing the single crystal diffraction data.** The lattice
parameters and the unit cell volume of the single crystal
GaV,Sg at each pressure point were calculated by using a
program embedded in Microsoft Excel.' The representative
visualization image of the crystal structure of GaV,Sg was
generated by using the software package of VESTA.*

An inVia Renishaw Raman system operated with a green
laser (wavelength 512 nm) and a grating of 2400 g/cm was
used to carry out the high-pressure Raman measurements. The
pressure environment was generated by using a diamond anvil
cell in which silicon oil served as the PTM.**** The
uncertainty of the measured pressure depends on the pressure
applied onto the sample. The higher the pressure, the larger
the uncertainty. In our measurements, using Ar and silicon oil,
respectively, as the PTMs, the pressure uncertainty is about
~0.4 GP up to 60 GPa. The uncertainty of the determination
of the Raman spectroscopic peak is about 1 cm™'. The high-
pressure electrical resistivity was measured by using a standard
four-probe system installed in a diamond anvil cell in which no
PTA was employed.*”* The isolation between electrodes was
realized by a layer of a mixture of epoxy and cubic boron
nitride smeared on the surface of a steel gasket where the four-
probe was mounted. The electrodes, which directly contact the
sample, were made of platinum, and copper wires were used to
connect the electrodes to a 4050 Keithley digital multimeter by
which the voltage and current passing through the sample were
probed, and thereafter, the resistances of the sample under
pressure were calculated by the van der Pauw method."” We
used single crystals of GaV,S; to perform the high-pressure
Raman/electrical resistivity measurements.

B RESULTS AND DISCUSSION

The sample was compressed at room temperature by using a
diamond anvil cell coupled with synchrotron X-ray, and the
diffraction patterns are shown in Figure 2. The ambient pattern
indicates that the starting material is pure GaV,Sg without any
detectable impurity. Furthermore, the X-ray data refinement
suggests that at ambient conditions GaV,Sg adopts a face-
centered cubic structure, F43m space group (#216), with a
lattice parameter of 9.665 A, which is in good agreement with
the previous studies.”>”> With pressures increasing, the peaks
of powder X-ray diffraction patterns gradually shift to the
higher angle positions, since the external force squeezes atomic
layers moving toward each other. Besides the peaks’ shifts, the
powder X-ray diffraction patterns do not show any abrupt
changes until the pressure reached ~30 GPa, where three new
peaks located at ~5°, 8°, and 10° appear, as shown in Figure 2.
It may suggest the starting of a phase transformation, and this
process spans a wide range of pressure, from 29.4 GPa to 52.6,
during which the sample is a mixture consisting of the starting
and high-pressure phases. Above 55.6 GPa, the entire sample
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Figure 2. X-ray patterns of the sample under various pressures. Black,
red, blue, and purple ones are the patterns of starting cubic phase, the
mixture of the starting and high-pressure phases, and the pure high-
pressure phase, and the recovered sample, respectively. The arrows
denote the main Bragg peaks of the orthorhombic structure, a high-
pressure phase of GaV,S,.

transforms into the high-pressure phase. The broad peaks,
weak signals, plus the unsymmetrical peak shapes, suggest the
disordered fine grains (even partially amorphized) in this high-
pressure phase.

Up to 60.2 GPa, the high-pressure phase is well maintained
without any transition. Meanwhile, the phase is unquenchable.
As the pressure is released to the ambient conditions, it reverts
to the starting structure. We also see the board peaks in the
recovered X-ray pattern compared to those from the starting
materials, suggesting that after the high-pressure test, though
the crystal structure goes back to the original one, the
constituent grains in the recovered sample are much smaller.

To identify the high-pressure phase, a single crystal
diffraction measurement was performed and the representative
patterns are shown in Figure 3ab. The diffraction pattern
shows that at ~34 GPa the starting cubic phase departs to
transform to a new phase. This departure pressure is slightly
higher than that determined from the powder diffraction,
which may be due to the different sizes and morphologies of
the constituent crystals in the samples as well as the distinct
data processing approaches. The single crystal X-ray diffraction
data provided solution to the crystal structure of the high-

https://dx.doi.org/10.1021/acs.jpcc.0c10527
J. Phys. Chem. C 2021, 125, 5771-5780


https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10527?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10527?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10527?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10527?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c10527?ref=pdf

The Journal of Physical Chemistry C pubs.acs.org/JPCC
C) wR =1.30% —58.1 GPa
R(F*)=0.05
T TR TR T TR N N TR IR (RURUII
wR = 0.90%
2)
k(F*) = 0.06 P=41.6 GPa

Intensity (arb.)

s Ambient

WR = 0.48%
R(F?) = 0.06

10 12
2 theta (degree)

Figure 3. (a) The single crystal X-ray diffraction pattern at 43.2 GPa. The reflections are marked with circles, and due to the twinning, there are
two sets of diffraction peaks, distinguished with different colors. (b) The single crystal diffraction pattern collected at ambient conditions. (c) The
representative refinements of X-ray powder diffraction patterns collected at different pressures. The open circles represent the observed data, and
the solid lines are the calculated patterns while the differences between observations and calculated results are depicted underneath the patterns.
The peak positions are also illustrated with bars just above the difference curve. The ambient pattern is from the starting material with a cubic
phase. The pattern collected at 41.6 GPa includes cubic plus orthorhombic phases. The pattern collected at 58.1 GPa is from the pure
orthorhombic phase. Few tiny bumps in the diffraction patterns may come from the PTM of Ar. Inset: the image of crystals of the starting GaV,Ss.

pressure phase, turning out that the high-pressure phase adopts
an orthorhombic structure (space group Imm2, No. 44), which
is the symmetry of GeV,Sg at its low-temperature polar
phase.”> The crystallographic data are tabulated in Table 1.
The high-pressure Imm2 phase is a subgroup of the starting
F43m phase, and there is no coordination change whatsoever,
so these two structures are very similar. The slight difference
between these two structures lies in the lengths of the lattice
sides: the cubic structure is the most symmetrical system with
lattice parameters of a = b = cand a = f# = y = 90°, while in
orthorhombic structure, @, f, and y are equal to 90°, while all
of its sides are not equal in length. Then we went back to
process the powder X-ray diffraction patterns of the high-
pressure phase by using this determined structure, resulting in
refinements with very small uncertainties, as shown in Figure
3c.

The single crystal diffraction patterns maintain resolvable up
to 47 GPa, beyond which the crystals crushed into powders,
thus, preventing us from further doing the single crystal
analysis. Therefore, our single crystal diffraction study on the
high-pressure phase is limited to the pressure range of 34—47
GPa.
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Table 1. Crystallographic Data of the Starting and High-
Pressure Phases of GaV,Sg

space group F43m Imm2
pressure ambient 43.2 GPa
a (A) 8.985(1) 6.990(1)
b (A) 6.412
¢ (A) 7.500
V (A3) 725.36(1) 336.14(9)
atomic Ga(1):4a [0,0,0] Ga(1):2a [0,0,0]
coordinates  yr(1).16e [0.6056(3),0.6056(3), V(1):4d [0,0.2112(6),
0.6056(3)] 0.6056(3)]
S(1):16e [0.3720(1),0.3720(1), V(2):4c [0.2112(6),
0.3720(1)] 0,0.3943(7)]
S(2):16e [0.8635(1),0.8635(1), S(1):4d [0,0.7440(1)
0.8635(1)] ,0.3720(1)]
S(11):4¢ [0.2560(1)
,0,0.6280(1)]
S(2):4d [0,0.7270(1)
,0.8635(1)]

S(21):4¢ [0.2730(1),
0,0.1365(1)]

We also calculated the bulk moduli of cubic and
orthorhombic structures via fitting the P—V data set to a
second-order Birch—Murnaghan equation of state,***’

https://dx.doi.org/10.1021/acs.jpcc.0c10527
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Here B, is the bulk modulus, V, refers to the volume at
ambient conditions, and V stands for the volume at a given
pressure. In the present study, the derivative of the bulk
modulus with respect to pressure is fixed to 4. The least-
squares fitting, shown in Figure 4, yielded bulk moduli of 132

Transition
zone

Orthorhombic

30
Pressure (GPa)

40

Figure 4. Volume occupied by individual atom versus pressure. The
data from powder diffraction patterns are illustrated with open black
and red circles while those from single crystal data are depicted with
open purple and green squares. The error bars of the pressures and
volumes are smaller than the symbols as presented in the figure. The
solid curves represent the EOS fitting results (black color for cubic
and red for orthorhombic phase). The phase transition is
accompanied by a reduction in volume by ~6%.

+ S and 225 + 9 GPa for cubic and orthorhombic phases,
respectively, indicating that the high-pressure phase is stiffer
than the cubic phase with a more than 70% increase in the bulk
modulus. The errors in the fitting results come from the fitting
process without including the propagation of uncertainties
from pressure and volume. The bulk modulus of the cubic
phase of this lacunar spinel compound is different from other
conventional spinels, such as ZnGaZO4,50 ZnCrZSe4,5[
CoCr,0,,”* CuCr,0,,”>* ZnCr,S,** MnCr,0,,”” NiCr,0,,>’

CdCr,Se,,”* and so on. The discrepancies are predominantly
caused by the different crystal structures, F43m versus Fd3m, in
these two systems.

Raman spectroscopy is a useful approach to probe materials’
optical characteristic and in turn may give us hints about the
change in the electrical property under high pressure.
Meanwhile, it provides information to complement the phase
transition scenario derived from the X-ray diffraction data.
Figure Sa shows the high-pressure Raman spectra collected
from the crystal facet of (111) in GaV,Sg at room temperature.
According to group theory, 12 Raman active modes (34, 3E,
and 6F,) are expected to be present in the spectra.’ In the
present study, at low pressures, five active modes are detected.
The peak at ~410 cm™' contains two Raman modes of 404
and 411. As pressure increases, these two modes become
resolvable due to their different pressure sensitivities. Though
both shift to higher wavenumbers as pressure increases, the
411 mode moves faster, so at pressures above 5.3 GPa, these
two peaks clearly split. In the entire pressure range, we did not
observe any new mode emerging or existing mode suddenly
vanishing, but we saw that the intensities of the signals
decrease gradually with pressures compared to the background
scattering and become totally featureless at 34.3 GPa.
Meanwhile, we observed the different sensitivities of the
Raman modes to the pressure. The wavenumber of one of the
F2 modes, located at 134 cm™' at 1.2 GPa, decreases with
pressure up to the disappearance of the Raman signature. This
soft mode, the searched Jahn—Teller active band, may be
linked to the distortion/translation of cubane V,S, unit relative
to the Ga atom.>® In contrast, all of the other modes hardened
upon compression. The disappearance of the soft mode is a
key indicator for the occurrence of a phase transition in a
material, which has been observed in other systems.’® All of
the evidence from X-ray and Raman measurements suggest
that the pressure induced crystal structural transformation is
perhaps accompanied by the change in the electrical property
of GaV,S;.

However, it has to be verified by the electrical conductivity
measurements. Since there is a phase transition, the further
question is at which pressure this transition starts? Because the
Raman spectra do not abruptly change under pressure, also
considering that high-pressure induced thinning of the sample
inherently gives rise to the weak signals in addition to the
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Figure 5. (a) Raman spectra collected at various pressures. At 29.4 GPa, the intensities of Raman modes abruptly decrease, which may indicate the
departure of phase transition. At 34.3 GPa, all of the peaks disappear, suggesting the new phase is a conducting material. (b) Peak positions of
Raman modes against pressures. The straight lines represent the linear data fitting.
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phase transition, it is difficult to accurately determine the
departure pressure. Nevertheless, if focusing on the higher
Raman shift region in the Raman spectra, one may find that at
~29.4 GPa, the intensities of three bands (tracing back to 336,
404, and 411 at the ambient conditions) decreases severely
compared to other lower pressure spectra. So, this mode
weakening may indicate the crystal structural transformation is
accompanied by the presence of a strongly anharmonic
potential energy for atomic displacement.”” The pressure
determined here, 29.4 GPa, is consistent well with the one for
the transition from cubic to orthorhombic demonstrated in the
X-ray diffraction data. Though the silicon oil and Ar were used
as PTAs for the X-ray diffraction and Raman measurements,””
respectively, the quite similar hydrostatic conditions generated
by them surrounding the sample under compression further
support our conclusion that the transformation detected by X-
ray diffraction and the one probed by Raman measurement are
most likely coincident. We also calculated the pressure
coefficients, dw/dp, by fitting the data of Raman peak position
versus pressure, as shown in Figure S5b. The pressure
coefficients of this material are much larger (almost doubled)
than another nano spinel CoFe,0,.”® These discrepancies may
be attributed to the different crystal structures and the
dimensions (single crystal for the present study vs nanosizes
of CoFe,0,) of the constituent crystallites between these two
materials. Based on the pressure coefficients and the bulk
modulus, B,, determined from X-ray diffraction study, the
Griineisen parameters (y) for each mode was calculated by
%:(3—;’), where @, is the wavenumber of
the phonon mode at the ambient conditions. Because single
crystal was adopted for the Raman measurements, here we
used the bulk modulus, 116.3 GPa, of single crystal for the
calculation. Among the values of y, as listed in Table 2, one of

using equation y =

Table 2. Raman Band, Band Frequency at the Ambient
Condition, and Griineisen Parameters for the Cubic Phase

of GaV,Sg; The Estimated Uncertainty for i—;’ is about 0.01

-1
cm
( GPa )

band , (cm™) dw dP (cm™ GPa) Y
F, 134(1) —-0.1 —-0.11(5)
F, 191(1) 2.0 1.19(S)
A 286(1) 3.6 1.48(5)
E 330(1) 4.1 1.44(S)
A, 403(1) 3.6 1.05(S)
A 402(1) 5.0 1.45(5)

the F, bands has a negative number, while all others are
positive ranging from ~2 to S. These results are consistent with
our observation that the modes located at higher wavenumber
positions shift faster with the pressure increasing. It suggests
the anisotropic effect of the volume changes, as observed from
the X-ray measurements, induced by external stress on the
photons” dynamics. These values are critical for the
determination of other physical properties, such as heat
capacities and vibrational entropy.

To supplement the X-ray diffraction and Raman study, we
also measured the change in the electrical resistance of a single-
crystalline GaV,Sg under high pressure at room temperature, as
shown in Figure 6a. At ambient conditions, the resistivity of
GaV,Sg is ~240 Q-cm, suggesting that the starting material is a
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semiconductor, and the similar electrical property has been
observed in several ternary chalcogenides.””” As pressure
increases, the resistivity decreases almost linearly, indicating
more charge carriers have gained sufficient energy from
external compression and thus enabled to cross the band gap
thereby enhancing the conductivity of the material, and the
same behavior also detected in GaNb,Se;, GaTa,Se;, and
Cdyg0Zny, Te.>”’ Starting from ~15 GPa (point A in Figure
6a), the dropping in resistivity slows down up to ~40 GPa
(point B in Figure 6a), beyond which the resistivity is
independent of the pressure and the low resistivity suggests
that the bandgap reaches zero and the material fully transits
into a conductor from a semiconductor. A recent study
detected that GaV,Sg completely transforms into a conductor
at ~12 GPa, which is lower than our result here.*°
Additionally, the present investigation determined the pressure
range, 15—40 GPa, during which the electrical phase
transformation takes place. Comparing with the crystal
structural transformation determined from the X-ray data, we
seemingly saw a decoupling between these two trans-
formations. First of all, the transition pressure ranges are
somewhat different, 30—53 GPa for crystal structural trans-
formation versus 15—40 GPa for electrical phase transition,
though there exists an overlapping portion. Second, the cubic
phase exhibits subsequently semiconducting and conducting
characteristics depending on the externally applied pressure
while the orthorhombic structure only demonstrates the
conducting behavior. However, concerning the relatively
large deviatoric stresses developed across the sample under
compression during the electrical resistivity measurement,
compared to X-ray diffraction and Raman experiments, the
discrepancies among the departure pressures determined by
these three measurements perhaps are not so significant.

To scrutinize the metallization of GaV,Sg under high
pressure, we investigated the relationship between its resistivity
and temperature at five respective pressures, 2.0, 11.0, 19.0,
29.5, and 38 GPa. Under a given pressure as the sample was
heated from room temperature up to 420 K, the resistivity was
measured at each temperature point. As shown in Figure 6b,
when the pressure value is smaller than 29.5 GPa, we see a
negative slope of resistivity versus temperature, while at 29.5
GPa, the sample’s resistivity seems almost independent of the
temperature. Upon further increasing pressure to 38 GPa, we
observed a slight increase in the resistivity with temperature.
This evolution of the sample’s resistivity with temperature
under given respective different pressures suggests that the
metallization in GaV,S; takes place at ~29.5 GPa. Above this
pressure point, like a regular metal, the resistivity of GaV,Sg
increases with temperature due to the elevated thermal ions’
vibrations restricting the movement of delocalized electrons. At
a pressure below 29 GPa, the material behaves like a nonmetal
conductor. Upon temperature increasing, electrons become
more energetic due to the thermal energy injection externally
and thus more electrons participate in electrical transportation.
Therefore, we observe a negative slope in the curve of
resistivity versus temperature below 29 GPa. This mechanism
also can be used to explain the resistivity drops with pressure at
room temperature, as shown in Figure 6a, the only difference is
that the electrons inside the sample gain energy from the
external environment by a means of compression instead of
heating. Overall, GaV,Sg is a semiconductor at ambient
pressure and temperature conditions. As pressure increases,
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Figure 6. Evolution of the sample’s resistivity under pressure and temperature. (a) Resistivity vs pressure at room temperature. Inset: the image of
diamond anvil installed with the electrodes. (b) Resistivity vs temperature for five pressure points.
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Figure 7. (a) Electronic configuration of d-orbitals in V,S, cluster at ambient pressure. (b) Bond lengths vs pressure for cubic phase. The insets are
the units of VS (top) and Ga$S, (bottom). (c) Lattice parameters versus pressure for cubic phase (open circles) and orthorhombic phase (squares,
diamonds, and triangles) from powder diffraction data (red) and single crystal data (black).

the material transforms into a nonmetal conductor and then
metallic material.

Reminded by the Jahn—Teller effect during the transition
from cubic to rhombohedral phase at low temperature and
ambient pressure,”* we closely checked the changes in bonding
length, lattice parameters as well as the local electronic state
under pressure, as shown in Figure 7, to find the mechanism
for the cubic to orthorhombic transition accompanied by the
electrical transformation from semiconductor to metallic
material. As stated in the Introduction section, the V atom
shifts off the center of VS4 octahedron, which generates the
localized electronic structure in the V,S, cluster and thus
leading to the entire material’s unique magnetic and transport
properties.” According to the molecular orbital (MO)
calculation, the localized electronic structure consists of three
d-orbitals in V,S, cluster, namely, al (nondegenerate), e (2-
fold degenerated energy level), and t2 (3-fold degenerated
level), as shown in the MO scheme, Figure 7a.%¢ Among them,
t2 is the highest energy level. These three bonding states can
be completely filled with 12 electrons, while, in the case of
GaV,Sg, only seven electrons are accommodated with two,
four, and one electron in al, e, and t2 bonding orbitals,
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respectively. These bonding structures change with pressures,
as shown in Figure 7b. At the beginning of the compression,
both bond lengths of V(2)—S(4) within the V,S, cluster and
V(2)—S(3) bridging the V,S, clusters decrease. However, after
~15 GPa, the bond of V(2)—S(3) continues to shorten
whereas that of V(2)—S(4) remains almost the same,
suggesting that compression induces the V atom to move
toward the center of VS4 octahedra. This movement leads to a
decrease of the distortion of octahedra, and thereby an increase
of the hybridization of d-orbital in V,S, cluster which may
result in the enhancement of the hopping effect, as reflected by
the substantial drop of electrical resistivity. From ~31 GPa, the
bonds start to lengthen with pressure instead of shortening.
This distortion may be correlated with the crystal structure
phase transition confirmed by the appearance of new peaks at
~30.0 GPa, as shown in Figure 2.

As expected, lattice shortens continuously in the cubic phase
with pressures. However, in the orthorhombic phase, lattices
demonstrate anisotropic changes during the phase transition.
Lattices parameters a and ¢ shorten, but b elongates as pressure
increases. Beyond the phase transition zone, in the
orthorhombic structure, the lattice ¢ shortens gradually and
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smoothly as pressure increases, but the lattices a and b are
almost independent of the pressure, as demonstrated in Figure
7c. Therefore, lattice ¢ is a soft direction along which the unit
cells are largely squeezed while almost unchanged along a and
b directions. This geometrical distortion generating the Jahn—
Teller eftect may alter the degenerate electronic state in V,S,
cluster, tending to lower the global energy of crystals by means
of removing the degeneracy (for example, split the 3-fold
degenerated t, levels into nondegenerated level).

B CONCLUSIONS

In summary, GaV,Sg reveals a transition from cubic to
orthorhombic structure under high pressure determined by
both single crystal and powder X-ray diffractions. This
transition is sluggish lasting a wide pressure range from 31.5
to 52.6 GPa. We also found that the high-pressure phase with
an orthorhombic structure is stiffer than the starting cubic
phase. The supplementary high-pressure Raman measurements
verified the phase transition observed in the X-ray diffraction,
and also gave us a hint about the electrical property of the
orthorhombic phase. Furthermore, the electrical conductivity
experiments demonstrated that under high pressure GaV,Sg
transforms from the starting semiconductor into a nonmetallic
conductor and then into a metallic material. We attempted to
explain the mechanism behind the transition by scrutinizing
the lattice parameters and bond lengths under pressure. We
proposed that the phase transformations under pressure may
be induced by the Jahn—Teller effect which removes the
degeneracy of the 3-fold degenerated t, level.
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