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SPECIAL TOPIC — Structures and properties of materials under high pressure
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The compressive behavior of Cr,S3 in a quasi-hydrostatic environment was investigated by synchrotron x-ray diffrac-
tion using silicone oil as the pressure-transmitting medium in a diamond anvil cell. The maximum pressure was 34 GPa.
We found that Cr,S3 undergoes a structural phase transition at a pressure of 8.5 GPa and the bulk modulus before the phase
transition was fitted to be 88 GPa, which corresponds to a bulk modulus of 67 GPa calculated by first-principles theory. In
addition, we also investigated the electrical resistance of Cr,S3 at different pressures and temperatures and found that the
resistance decreases rapidly with increasing pressure or temperature and then remains almost unchanged with an increase
in pressure or temperature. This indicates that CrpS3 undergoes a structural phase transition around 8 GPa. In order to
accurately confirm the phase transition pressure, high-pressure Raman experiments were used. We found that the position
of Raman peak 3 increases approximately linearly at low pressure and remains constant above 8 GPa, indicating that a
structural phase transition occurs at 8 GPa. Finally, the deviatoric stress of Cr,S3 at high pressures was investigated by the
linewidth analysis method. The results show that the deviatoric stress increases approximately linearly at low pressures in

the range of 2.8-6.2 GPa.
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1. Introduction

As an important layered transition metal sulfide, Cr,S3
possesses a series of novel physical properties such as ferro-
magnetism, semiconductivity and thermoelectricity under spe-
cific conditions. It is well known that Cr,S3 has a ferromag-
netic Néel temperature of about 130 K and a Curie temperature
of about 180 K, as well as ferromagnetic properties. !

Cr;S3 has two crystal structures, tripartite and rhombohe-
dral, under ambient conditions, with the corresponding space
groups P-31c¢ and R-3, respectively. In the case of the rhom-
bohedral structure, for example, the sulfur atoms first form the
structural skeleton by dense hexagonal packing and then the
chromium atoms occupy the octahedral voids of the S¢ octa-
hedra. There are two cases in the filling process: a “CrS” layer
consisting of CrSg octahedra shared by the edges is fully occu-
pied and a “Cr; 35 layer shared by a third of the neighboring
layers keeps the structure stable.”! The electrical and mag-
netic properties of Cr,S3 can be controlled by varying the tem-
perature and pressure due to the presence of chromium atomic
vacancies in the metal layers. [*!

Previous high-pressure experimental and theoretical stud-
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ies on Cr,S3 are very scarce. Li e al.’! reported the struc-
tural and electrical transport results of Cr,Ss3 at high pressure,
and the authors found that a structural phase transition oc-
curred at 7-17 GPa. In order to further investigate the phase
transition pressure of Cr,S3, in situ synchrotron radiation x-
ray diffraction (XRD) experiments, electrical transport exper-
iments and Raman scattering experiments with Cr,S3 at high
pressures were carried out in a diamond anvil cell (DAC). In
addition, the bulk modulus of Cr,S3 at ambient pressure and
the Young’s modulus at high pressures were obtained using
first-principles calculations.

The sample of Cr;S; used for the high-pressure ex-
periments was purchased from Shanghai Aladdin Biochemi-
cal Technology Co., Ltd., and the purity of the sample was
99.99%. One of the structures of Cr,S3 is a rhombohedral
structure (space group R-3; see left inset of Fig. 1) at ambi-
ent pressure and room temperature. Through scanning elec-
tron microscopy (SEM) tests, we found that the average grain
size of CryS3 is about 10 um (see right inset of Fig. 1).
From this, we concluded that the Cr,S3 sample is a bulk ma-

terial. From the diffraction patterns of Cr,S3 obtained by
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Cu-target XRD (wavelength 1.5406 A) at room temperature
and ambient pressure (shown in Fig. 1), we found that the
structure of Cr,S3 conforms to the rhombohedral structure
with the space group R-3; the resulting cell parameters are
a=b=15.9414(0.0009) A and ¢ = 16.6756(0.0036) A, with
cell volumes of 509.7958(0.1225) A3. A T301 gasket was pre-
pressed by a DAC to a thickness of ~ 30 um, and then a hole
of diameter 120 um was drilled in the center of the indentation
by a laser drilling device. A ruby chip with a diameter of about
10 um was used as a pressure sensor.!*! Silicon oil was cho-
sen as the pressure-transmitting medium in the high-pressure
XRD experiments.

Intensity

(024)
(021)

10 20 30 40
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Fig. 1. The XRD (x-ray wavelength is A = 1.5406 A) spectrum of the
powdered copper target of Cr,S3 at room pressure and it is well indexed
to the rhombohedral structure for each diffraction peak; the Miller in-
dices are indicated in the figure. The left inset is the crystal structure of
the investigated Cr,S3 at ambient pressure and room temperature, and
the right inset is a SEM image of the Cr,S3 sample.

In situ synchrotron XRD (wavelength 0.6199 A) high-
pressure experiments were performed at the BL15U1 beamline
of the Shanghai Synchrotron Radiation Facility. Diffraction
patterns at high pressures were received by a MarCCD detec-
tor, and the detector tilt angle and detector-to-sample distance
were calibrated by a CeO, standard sample. The correspond-
ing exposure time for all diffraction patterns was 10 s. The
diffraction spectra acquired by the MarCCD at different pres-
sures were then processed by Fit2d software,®! resulting in
integral spectra of diffraction angle and diffraction intensity.

Cr,S; was subjected to in situ high-pressure and low-
temperature electrical transport measurements in a DAC. To
load the samples into the DAC, a T301 gasket was pre-
indented to a thickness of approximately 30 wum. Then, a sam-
ple hole with a diameter of 250 um was drilled in the mid-
dle of the gasket indentation. A thin layer of cubic boron ni-
tride (cBN) was pressed onto the gasket to insulate the elec-
trode from the gasket. A 130 pm diameter hole was then
drilled in the middle of the cBN and the Cr,S3; powder sample

was loaded into the DAC. To ensure good electrical conduc-
tivity between the electrode and the sample, and to prevent
the possible introduction of impurities and electrode short-
circuiting, no pressure-transmitting medium was added in the
experiment. DC impedance was used to measure electrical
transmission.[®! The method was to connect two electrodes
to the sample and measure the DC impedance in the DAC.
The DC impedance spectra were measured using a CS353
impedance analyzer (Wuhan Corette Instrument Co., Ltd.)
and the measurement frequency range was from 0.01 Hz to
10 MHz. After modeling the data, the sample resistance can
be measured in Ohms. Based on the above method, the re-
sistance of Cr,S3 can be measured at different pressures and
temperatures.

Raman spectra of backscattered structures were mea-
sured by an Acton SpectraPro 500i spectrometer with a lig-
uid nitrogen-cooled charge-coupled device (CCD) detector
(Princeton Instruments, 1340 x 100 pixels). The samples were
excited by a diode-pumped frequency-doubled neodymium-
doped vanadate laser (A = 532 nm) with a focused beam di-
ameter of 2-3 um. Raman spectra were obtained by back-
scattering through a 1800 grooves/mm holographic grating
with a resolution of about 2 cm~!. Sample images were ac-
quired by achromatic lenses and then focused onto a CCD de-
tector for visual monitoring.

The Vienna Ab-initio Simulation Package (VASP)
program!”! is used to perform density functional theory (DFT)
calculations. The exchange—correlation is handled using the
Perdew—Burke—Ernzerhof function in the generalized gradi-
ent approximation (GGA).!®! The projected additional plane
wave (PAW) pseudopotential®! with a kinetic energy cutoff
of 500 eV is used to describe the expansion of the electronic
eigenfunctions. The Monkhorst—Pack k-points are sampled
from the Brillouin zone integration at the center of I" and
are 7x 7 x 7. All atomic positions are fully relaxed until
the energies and forces reach the tolerances of 1 x 1075 eV
and 0.02 eV/A, respectively. Long-range interactions!'%! are
treated using the dispersion-modified DFT-D method.

Synchrotron XRD images were analyzed by Fit2d
software.l>] The diffraction spectra integration plots at differ-
ent pressures are shown in Fig. 2(a). The pressures were ob-
tained using a ruby pressure marker./*! The maximum pres-
sure for the high-pressure experiments was 34 GPa. It can
be seen that the diffraction peaks at low pressure can be well
indexed to the rhombohedral structure with the space group
R-3, and numerous diffraction peaks such as (-120), (113) and
(116) are present. In addition, when the pressure was reduced
from the highest pressure to 0.1 GPa, the original rhombo-
hedral structure of the CryS; sample returned. However, as
shown in Fig. 2(a), only the (113) diffraction peak undergoes
splitting at 4.7 GPa and 6.2 GPa. One possible reason is that
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the grain size of Cr,S3 is not uniform (3-20 pum; see the right
inset of Fig. 1). Under non-hydrostatic stress, some larger
grains can cause pressure discontinuity leading to the split-
ting of the (113) diffraction peak. Larger grains near the edge
of the sample pores may withstand lower pressure, resulting
in the (113) diffraction peak appearing at a smaller diffrac-
tion angle. Another possible reason is that the Cr,S3; sample
experiences strong shear stress in the uniaxial compression di-
rection leading to changes in the crystal structure. However,
further research is required to confirm this.[!!]

The peak positions of the (-111), (-120), (113) and (116)
diffraction peaks were used to fit the cell parameters and vol-
ume of Cr,S3 at low pressure. The volume at high pressures
clearly shows a discontinuity, which leads us to believe that
the Cr,S3 sample undergoes a structural phase transition at
8.5 GPa. The compression data from the high-pressure XRD
experiments in this work, the data reported by Li et al.!*! and
the theoretical results obtained in the present work are shown
in Fig. 2(b), from which it can be seen that the thombohedral
structure of Cr,S3 still exists at 7.5 GPa whereas an obvious
structural phase transition occurs at a high pressure of 8.5 GPa.
The function used to fit the cell parameters and volume at high
pressures is the third order Birch-Murnaghan equation and is

expressed as!!?]

rssel(2) ()]
{odmsl(B) ) o

Here Ky, Vo and K(’) are the bulk modulus, cell volume and
first-order derivatives of the bulk modulus, respectively, under
ambient conditions.

The bulk modulus and first-order derivatives of the
bulk modulus of Cr,S; obtained by the third-order Birch—
Murnaghan fit in this work are Ky = 88(14) GPa and K, =
12.8(8.5), respectively. In addition, 67 GPa is the bulk mod-
ulus calculated by DFT theory. It can be seen that the error
between the experimental and theoretical values of Cr,S3 bulk
modulus in the present work is 24%. There are two primary
reasons for the significant discrepancy between the bulk mod-
ulus values obtained from experiments and theoretical calcula-
tions. Firstly, DFT transforms the actual multi-electron prob-
lem into a single-electron problem to compute the effective
potential of a single electron, the total energy of the electron
gas is solely a function of the electron density, and the corre-
sponding density is the ground state density of a single par-
ticle. In the GGA approximation, the exchange—correlation
energy is related to both the density and the density gradi-
ent. Furthermore, compared with the GGA approximation,
the electron temperature in real materials under environmen-
tal conditions is not absolute zero.!'3l Secondly, the signif-

icant discrepancy between the theoretical and experimental
bulk modulus is attributed to the non-hydrostatic properties
of the pressure medium. The DAC is a uniaxial stress de-
vice. True hydrostatic conditions can only be achieved when
the sample is placed within a fluid pressure medium. At room
temperature, no known pressure medium can maintain a fully
hydrostatic environment above ~ 13 GPa due to solidification
under high pressure. It has long been recognized that the pres-
ence of non-hydrostatic stress introduces bias into equation of
state (EOS) determinations from DAC measurements. In all
cases, volumes derived from non-hydrostatic pressure curves
exceed those from quasi-hydrostatic curves by 10%—-20%, par-
ticularly for polycrystalline samples. (!4
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Fig. 2. (a) The effect of pressure on normalized XRD patterns of Cr,S3.
D represents depressurization. (b) Compression curves of CrpS3 at high
pressure. The blue pentagons are the compression data obtained by Li
et al.!?! The solid line is the fitted curve of the experimental data in this
work and the dashed line is the fitted curve obtained from the theoretical
calculations in this work.

A comparison of the ambient pressure bulk modulus
and the first-order derivatives of the bulk modulus of Cr;S3
with those of the five halcogenides,!'>-?*! namely, Cr,Os3,
Bi, O3, Bi;S3, SbyO3 and Sb,S3, is shown in Table 1. It
can be seen that the bulk modulus of Cr;Ss is very close
to that of BiO3,"”! much higher than those of Bi,S3,[1%19]
Sb,032%1 and Sb,S3,12!22! but much smaller than that of
Cr,05.115:16] The bulk modulus of CryS5 obtained in this work
and Li ef al.'” is much higher than those of Bi»S3!'®1°! and

Sb,S3,21:221 while that of Cr,03!'3:19 is much higher than
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those of Bi»O317! and Sby03.12% This is most likely because
the bulk modulus of Cr (165 GPa)/?*! is much higher than
those of Bi (35.3-42.7 GPa)!>*?) and Sb (35.8 GPa).1**! Un-
fortunately, we have not solved the problem of the new struc-
ture after the phase transition at high pressure. In addition, we
have tested the structure (y-Cr,S3) reported by Li ez al.l*”] for
indexing the high-pressure diffraction integrals of Cr,S3; and
found that the structure is not consistent.

Table 1. A comparison of the results of different methods for calculating the

bulk modulus (K) and the first-order derivative of the bulk modulus (K{) for
CrS3 and Ay X3 (A =Cr, Bi, Sband X = O, S).

Sample Method Ko (GPa) K}
Cr,S3  Present exp. 88(14) 12.8(8.5)
Present calc. 67 -
Exp. 59.8(6)121 9.1121
Cr,03 Exp. 241(1),151 259(5)1101  4.0(3),15) 5.0(6)!1°!
Biy03 Exp. 85.4(5)1171 2.6(5)117
Calc. 90.1(8)!17! 4.8(H7
BirS3 EXp. 38.9(8),[181 37.5(3) 119 5.5(1),1181 461191
Calc. 36.51181 5.91181
Sb,0;3 Exp. 20(1)120 9.4(1)[201
Sb,S;3 Exp. 37.6(1),1211 26.91(14)(2% -
Calc. 32.2021 -

For the experiments in Fig. 3(a), we find that at low pres-
sures (4.5 GPa and 7.8 GPa) the resistance decreases rapidly
with increasing temperature and then remains almost constant.
We believe that this is also a process of change from semi-
conductor to metal. After decompression from the highest

pressure to 0.2 GPa, the sample becomes metallic, and as the

temperature increases the resistance first decreases rapidly and
then remains almost constant. Therefore, under low-pressure
conditions (both compression and decompression), the resis-
tance first decreases rapidly with increasing temperature and
then remains unchanged. As can be seen in Fig. 3(b), the re-
sistance decreases rapidly with increasing pressure at different
temperatures and then remains constant. This phenomenon in-
dicates that Cr,S3 undergoes a process of change from semi-
conductor to metal. In addition, at 8 GPa, the trend of de-
creasing resistance slows down rapidly. At this pressure, the
Cr,S; sample may have undergone a structural phase transi-
tion. After decompressing the Cr,S3 samples from the highest
pressure to 13 GPa and 0.2 GPa one by one, the resistance
values remained almost the same and showed metallic proper-
ties at all temperatures studied. In addition, we decompressed
from the highest pressure to 0.2 GPa and then continued com-
pression (see Fig. 4). It was found that the resistance remained
metallic throughout, first decreasing rapidly and then remain-
ing almost constant as the pressure increased. Pressure modi-
fies the crystal structure or electronic structure, which results
in a change in resistance. In addition, as the temperature in-
creases, the amplitude and frequency of the thermal vibration
of atoms in the metal lattice increase significantly with in-
creasing temperature and the probability of collision of free
electrons with the vibrating atoms during directional motion
increases, leading to a shortening of the mean free path of the
electrons and a decrease in the resistance.
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Fig. 3. (a) Variation of resistance with temperature of Cr,S3 at various pressures of 4.5 GPa, 7.8 GPa and 0.2 GPa. (b) Graph of the variation
of resistance with pressure for Cr, Szunder various temperature conditions of 100 K, 140 K, 220 K and 300 K.

In order to investigate the phase transition pressure of
Cr;S3, Raman experiments were conducted with pressures
ranging from 0.6 GPa to 34.3 GPa. As shown in Fig. 5(a),
some Raman peaks (1, 2, 3 and 4) in the range of 1350-

3400 cm~! can be clearly seen. In the low-pressure range
from 1.6 GPa to 7.2 GPa, the frequencies of Raman peaks 1,
2 and 3 are redshifted with increasing pressure (see Fig. 5(b)),
which may be due to the distortion of CrS¢ octahedra.!?8! Be-
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sides, the splitting of peak 2 at around 3 GPa may also be
attributed to a minor structural phase transition, specifically a
slight distortion of CrS¢ octahedra. In particular, Raman peak
3 decreases its position from 4 GPa to 22 GPa. The position
of Raman peak 1 decreases at low pressure and increases at
8 GPa. On the other hand, the peak position of Raman peak
4 first increases with pressure, remains constant after 8 GPa,
then continues to increase from 15 GPa and finally decreases
at 30 GPa. Based on the previous phenomena, we conclude
that the Cr,S3 sample probably underwent a structural phase
transition at 8 GPa. This phase transition pressure is consis-
tent with that derived from the current XRD data (8.5 GPa) and
resistance data (8.0 GPa). In addition, new phase transitions
may occur at 15 GPa and 30 GPa, respectively, which need to

be confirmed by future studies.
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Fig. 4. The resistance trend chart of changes in resistance with increas-
ing pressure after decompressing from the highest pressure and main-
taining at room temperature for further compression.
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Fig. 5. (a) Representative Raman spectra of Cr,S3 under different pressures in the frequency range of 1350-3400 cm ™. (b) Pressure-induced
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The deviatoric stresses in materials at high pressures can
be analyzed using the linewidth analysis theory proposed by
Singh and his co-workers. >l If 2 is defined as the full width
at half maximum (FWHM) of the diffraction peak on the 26
scale, it follows that the microstrain 7 is

(2@hk1 €03 Oh1)* = (A /D)* + Mg sin” Oy, (2)

where @y, D and A are the FWHM of the diffraction peaks la-

beled with the corresponding Akl Miller indices (see Fig. 6(a)),
grain size and synchrotron wavelength, respectively.
The deviatoric stress (strength) ¢ can be expressed as

1= (M) E /2. 3)

The symbol =2 in Eq. (3) means approximately equal or
equal to, (Muy) means the average value of the diffraction
peaks of Ny and E is the aggregated Young’s modulus. Ac-
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cording to Eq. (2), we can find that (2e;cos6) ) is linearly
related to sin® 6y;;. Therefore, the microstrain 7N can be calcu-
lated from the slope of nhki? in Eq. (2). In addition, the devi-
atoric stresses at different pressures can be calculated from the
Young’s modulus at high pressures. The variation of the devi-
atoric stresses of CrpS3 at high pressures is shown in Fig. 6(b).
It can be seen that the strength of Cr,S3 increases approxi-
mately linearly in the pressure range from 2.8 GPa to 6.2 GPa,
and this result indicates that Cr,Ss3 is in an elastic deformation
state. The linear fitting equation of Cr,S3 in this work can be
expressed as

t =—0.59267+0.43259 x P, @)

In addition, at low pressure, the deviatoric stresses of
Cr,S3 in this work are lower than those of NbB; derived by
Xiong et al.®Y 1t can be inferred that the hardness of Cr,Sj is
likely to be lower than that of NbB,.

In summary, we have investigated the EOS of Cr,S;3 at
high pressures using synchrotron radiation and silicone oil as a
pressure-transmitting medium in a DAC. We found that Cr,S3
undergoes a structural phase transition at 8.5 GPa. The bulk
modulus of Cr,S3 obtained by fitting the structure at low pres-
sure is 88 GPa. Correspondingly, the bulk modulus calculated
by DFT is 67 GPa. In addition, we have investigated the elec-
trical resistance of CrpS3 at high pressures and different tem-
peratures. With increasing pressure or temperature, the resis-
tance first decreases rapidly and then remains almost constant,
indicating that Cr,S3; undergoes a transition from semicon-
ductor to metal. After decompression, Cr,S3 remains metal-
lic. High-pressure Raman experiments show that the peak po-
sitions of peaks 1, 2 and 3 are red-shifted with increase in
pressure, which may be due to the distortion of CrS¢ octa-
hedra. The peak position of peak 4 increases approximately
linearly at low pressure, but remains basically unchanged be-
yond 8 GPa. Therefore, we conclude that it is highly probable
that Cr,S3 undergoes a structural phase transition at 8§ GPa.
Finally, the deviatoric stress of CryS3 at high pressures was in-
vestigated by the linewidth analysis method. The results show
that at low pressure the strength of Cr,S3 increases approxi-
mately linearly. The deviatoric stress is 2.0 GPa at a pressure
of 6 GPa.
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