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ABSTRACT: High-pressure structural, vibrational, and electrical transport properties of CrCl;
were investigated by means of Raman spectroscopy, electrical conductivity, and high-resolution
transmission electron microscopy under different hydrostatic environments using the diamond
anvil cell in conjunction with the first-principles theoretical calculations up to 50.0 GPa. The
isostructural phase transition of CrCl; occurred at 9.9 GPa under nonhydrostatic conditions. As
pressure was increased up to 29.8 GPa, CrCl; underwent an electronic topological transition
accompanied by a metallization transformation due to the discontinuities in the Raman
scattering and electrical conductivity, which is possibly belonging to a typical first-order
metallization phase transition as deduced from first-principles theoretical calculations. As for the
hydrostatic condition, a ~2.0 GPa pressure delay in the occurrence of two corresponding
transformations of CrCl; was observed owing to the different deviatoric stress. Upon
decompression, we found that the phase transformation from the metal to semiconductor in
CrCl; is of good reversibility, and the obvious pressure hysteresis effect is observed under
different hydrostatic environments. All of the obtained results on the structural, vibrational, and
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electrical transport characterizations of CrCl; under high pressure can provide a new insight into the high-pressure behaviors of
representative chromium trihalides CrX; (X = Br and I) under different hydrostatic environments.

1. INTRODUCTION

In recent years, chromium trihalides CrX; (X = Cl, Br, I), a type
of binary semiconductors belonging to the VI-VII group
compounds, have motivated intense studies in the fields of
heterostructures, spintronic devices, and sensing nanodevices
owing to their peculiar electronic and magnetic properties.””
Among CrX; semiconductors, CrCl; is the most stable
compound with a monoclinic crystal sgmmetry and space
group of C2/m under ambient conditions.” The C2/m phase of
CrCl; is of a two-dimensional layered structure, where each
chromium atom is coordinated by six neighboring chlorine
atoms to constitute edge-shared octahedra in a monolayer, and
the layers are stacked along the c-axis direction through the weak
van der Waals interlayer forces."”

As usual, pressure is one of the most important influential
factors of regulating the lattice vibration and electrical transport
properties for some layered metallic compounds (e.g., MoS,,
MoSe,, MoTe,, ReS,, As,S;, As,Tes, Sb,S;, CrCl,, etc.).*"" Asa
representative transition-metal trihalide, CrCl; has rarely been
studied under high pressure. To our knowledge, only one high-
pressure investigation on the structural, magnetic, and electronic
properties of CrCl, has been performed by Ahmad et al. (2020)
up to 40.9 GPa in a diamond anvil cell (DAC) under different
hydrostatic environments by virtue of synchrotron X-ray
diffraction (XRD), Raman spectroscopy, photoluminescence
spectroscopy measurements, and first-principles theoretical
calculations.'” Their synchrotron XRD and Raman scattering
results for CrCl, revealed an isostructural phase transition (IPT)
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at 11.0 GPa based on the discontinuities in volume and axial
ratios, the mergence of M2 and M3 Raman peaks, the inflection
points in the Raman shift, spacings in the Raman shift, and
Raman full width at half-maximum (fwhm). Further, the
photoluminescence spectroscopy and first-principles theoretical
calculations results confirmed that the IPT belongs to a
semiconductor-to-semiconductor phase transition, which is
accompanied by a magnetic transformation from the ferromag-
netic to antiferromagnetic phases. Upon further compression
above 28.0 GPa, an electronic topological transition (ETT) was
identified from the redshift of the M1 Raman mode and the
significant broadening of Raman peaks. Notably, they acquired
similar pressure points of phase transitions under different
hydrostatic environments, which is probably caused by the
inevitably pressure-induced solidification of silicone oil around
3.0 GPa.'® On the other hand, it is well known that the
hydrostaticity of the sample chamber of DAC plays a vital role in
exploring the pressure-induced structural transition for some
layered metallic compounds (e.g,, MoS,, MoSe,, MoTe,, ReS,,
As,Te,, etc.). " 5100 1 comparison with the lower solid-
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ification pressure point of silicone oil, some representative noble
gases (e.g., helium, neon, etc.) have been considered as a better
pressure medium due to their stable physicochemical properties
and high hydrostaticity, which have been widely applied to
various material physical characterizations under high temper-
ature and high pressure in the DAC.>*%'>'>'? As far as CrCly is
concerned, systematic research is crucial for exploring the
influence of hydrostaticity on the phase transition pressure
points under different hydrostatic environments. Besides, it is
generally accepted that high-pressure electrical conductivity and
Raman scattering measurements are efficient methods in
disclosing the occurrences of the IPT and ETT for some
metallic compounds.'®'®*°~** Until now, there is no related
report on high-pressure electrical conductivity data of chromium
trihalides.

In the present study, we reported an isostructural phase
transition and a semiconductor-to-metal transformation for
CrCl; under nonhydrostatic and hydrostatic environments up to
50.0 GPa in a DAC combined with Raman spectroscopy,
alternating current (AC) impedance spectroscopy, high-
resolution transmission electron microscopy (HRTEM), and
first-principles theoretical calculations. Furthermore, the
observed pressure-induced phase transitions of CrCl; were
discussed under compression and decompression processes in
detail.

2. EXPERIMENTAL DETAILS

2.1. Sample Preparation and Characterization. High-purity
(99.9%) CrCl; powder with a purple surface color (see the inset in
Figure 1) was purchased from Alfa Aesar as the starting samples for
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Figure 1. Representative XRD pattern of the starting sample. Here, the
red vertical lines represent the standardized peak positions of the
monoclinic structure of CrCl;. Major peaks of the initial sample are
marked by (hkl) indices. Inset: optical microscope photograph and the
corresponding lattice parameters for the initial sample.

high-pressure Raman scattering and electrical conductivity measure-
ments. We determined the crystalline structure of the initial sample
using the XRD analysis using an Empyrean-type X-ray powder
diffractometer with the diffraction angle ranging from 10 to 70°. The
lattice parameters of the starting sample were acquired by fitting the
XRD pattern with MDI Jade 6.5 software. A typical XRD pattern for the
starting sample is displayed in Figure 1, which demonstrates that the
sample initially has a monoclinic structure with the space group of C2/
m (JCPDS no. 73-0309). The corresponding lattice parameters for the
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initial sample were listed as follows: a = 5.9617 A, b = 10.3361 A, ¢ =
6.1244 A, a0 =y =90.0°, f = 108.6°, and V = 357.7 A, which match well
with prior results.”**

2.2. High-Pressure Raman Spectroscopy Experiments. A
symmetric DAC with a culet diameter of 300 #m and bevel angle of 10°
was employed for in situ Raman scattering and electrical conductivity
experiments. A 250 um thick T-301 stainless steel gasket was
preindented into ~40 ym in thickness. Successively, we manufactured
a centrical hole, having a diameter of 100 ym with a laser drilling
machine, which acted as the sample chamber. The sample along with a
ruby sphere, serving as pressure calibration, was loaded into the sample
chamber. Two sets of independent Raman spectroscopy experiments
were implemented under different hydrostatic environments, without
pressure medium for the nonhydrostatic condition and helium as the
pressure medium for the hydrostatic condition, respectively. We
investigated the high-pressure Raman spectra of CrCl; using a
Renishaw 2000 microconfocal Raman spectrometer coupled with a
514.5 nm argon ionic excitation source. Single-crystal silicon with a
characteristic Raman peak at 520.0 cm™" was utilized to calibrate the
Raman spectroscopy system prior to measurement. Raman spectra of
CrCl, were gathered within the wavenumber range of 100—600 cm ™ in
the backscattering geometry with the spectral resolution of 1.0 cm™
and exposure time of 120 s, respectively. The pressure equilibrium
within the sample chamber was realized by waiting 15 min between
each measurement. We processed the obtained Raman spectra with a
Lorentzian-type function in Origin 8.5 software to extract the Raman
peak position and its corresponding fwhm.

2.3. High-Pressure Electrical Conductivity Experiments. In
our high-pressure electrical conductivity experiment of CrCl;, a clean
T-301 stainless steel gasket was firstly preindented to ~60 ym, and then
a 180 ym centrical hole was drilled into the indentation. We pressurized
the insulating powder composed of boron nitride and epoxy into the
hole, and another hole having a diameter of 100 ym was fabricated as
the insulation sample chamber. The remaining part of the gasket was
covered by the insulating cement. For the sake of avoiding the
introduction of additional errors, a no-pressure medium was applied in
our electrical conductivity measurements. We measured the impedance
spectra of CrCl; through a Solartron-1260 impedance/gain phase
analyzer within the frequency range of 107" to 10’ Hz and at a signal
voltage of 1.0 V. During variable-temperature electrical conductivity
measurements, a low-temperature condition was produced by the
refrigeration of liquid nitrogen, and the temperature was monitored
through a standard k-type thermocouple adhered to the side face of the
diamond. More details of the high-pressure experimental technique and
measurement procedures have been published previously.*'>*°

2.4. HRTEM Observation. Microscopical structural character-
izations for the starting and recovered samples decompressed under
nonhydrostatic and hydrostatic environments were investigated using
HRTEM, which was operated at the State Key Laboratory of
Environmental Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences, Guiyang, China. A small amount of sample was
homogeneously distributed onto a carbon-film-coated copper grid for
the HRTEM observation, which was performed through a Tecnai G2
F20 S-TWIN TMP with an acceleration voltage of 200 kV. We precisely
measured the interplanar spacings of the samples through Digital
Micrograph software.

2.5. First-Principles Theoretical Calculations. First-principles
theoretical calculations on CrCl; were conducted using the Vienna Ab
Initio Simulation Package (VASP) based on density functional theory
(DFT) over a wide pressure range from 0 to 50.0 GPa at the Hefei
Advanced Computing Center of China.’*?” The electron—ion
interactions are represented by the projector augmented wave
(PAW) scheme within the generalized gradient approximation
(GGA).*®* In order to realize much higher calculating accuracy and
precision, the cut-off energy of 800 eV and the Monkhorst—Pack k
meshes with a grid spacing of approximately 0.03 A™' were adopted in
the theoretical calculations. The electronic structure of CrCl; was
optimized at each corresponding pressure point until all the forces
acting on ions were less than 0.01 eV/A per atom at the pressure range
from 0 to 50.0 GPa. The enthalpies were calculated on the basis of the
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Figure 2. (a—c) Raman spectra of CrCl, under conditions of 1.3—39.5 GPa within the wavenumber range of 100—600 cm™" upon compression. (d)
Corresponding pressure dependence of the Raman shift for CrCl; under nonhydrostatic conditions. Errors in Raman wavenumber are within the size

of the symbol.

optimized free energy, pressure, and volumes. On the one hand, a series
of calculated parameters characteristic of the crystalline constants,
including the pressure-dependent unit cell volume, lattice constant,
angle, lattice constant ratio, and normalized lattice constant, were
successfully obtained over a wide pressure range from 0 to 50.0 GPa. On
the other hand, a series of calculated parameters characteristic of the
electronic structures, including the pressure-dependent band gap
energy and density of state (DOS), were obtained at three
representative pressure points of 0, 17.9, and 34.7 GPa, respectively.
Besides, in order to further check the possible existence of the strong
correlation behavior of chromium electrons at high pressure, two
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different U values (U = 0.0 €V and U = 3.0 eV) of the Hubbard-type
correction were selected in the electronic structure calculations at a
fixed pressure of 34.7 GPa.*>*' For more detailed calculation methods
and procedures for the first-principles theoretical calculations, please
refer to our recently reported results.*> ¢

3. RESULTS AND DISCUSSION

3.1. High-Pressure Raman Spectroscopy Results.
Raman spectroscopy is a powerful method of probing subtle
changes in lattice vibration and thus has been extensively

https://doi.org/10.1021/acs.inorgchem.1c03486
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adopted to investigate structural phase transitions of layered
Figure 2a—c show the high-
pressure Raman spectra for CrCl; within the pressure range of

metallic compounds.

4—6,8,10—16

4855

1.3—39.5 GPa under nonhydrostatic conditions. The Raman
shift of CrCl; under high pressure and the corresponding fitting
results are displayed in detail in Figure 2d and Table S1,

https://doi.org/10.1021/acs.inorgchem.1c03486
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respectively. As illustrated in Figure 24, six representative Raman
peaks at 116.6, 165.9, 208.8, 247.7,299.8, and 344.4 cm™" were
observed within the wavenumber range of 100—600 cm™" at a
pressure of 1.3 GPa, which can be attributed to the A, mode
deriving from the intralayer vibration.””*® To effectively
distinguish these Raman peaks, we defined the Raman peaks
at 116.6, 165.9, 208.8, 247.7, 299.8, and 344.4 cm™" as the A,
Ay Agy Ay Ags, and Ay modes of CrCly, respectively.
Moreover, all of these Raman peaks for CrCl; agree well with

. 2,17,37-39
previous results.
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As seen from Figure 2a—c, the Ay, Ay, Ay, Agyy Agsy and Age
modes of CrCl; shifted toward higher wavenumbers as the
pressure raised with greater rates of 3.06, 5.88, 1.52, 3.72, 6.18,
and 5.73 cm ™ GPa™' up to 9.9 GPa. Simultaneously, the Raman
peak intensity of A,; diminished remarkably with enhancing
pressure, and further, the Ay peak disappeared when the
pressure reached 9.9 GPa. Within the pressure range of 9.9—29.8
GPa, the Ay, Ay, Ay Ay, and Ay modes exhibited gentle
blueshifts with the application of pressure at the speeds of 1.09,
3.18, 2.20, 3.45, and 3.04 cm™' GPa™}, respectively. The
vanishing of the A3 Raman peak and the evident inflection point

https://doi.org/10.1021/acs.inorgchem.1c03486
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Figure 6. Representative complex impedance spectra of CrCl, within the pressure ranges from 1.7 to 44.5 GPa. Here, (a) 1.7—-10.3, (b) 11.3-20.5, (c)
22.6—29.7, and (d) 31.2—44.5 GPa, respectively. Within the pressure range of 1.7—29.7 GPa, an equivalent circuit of R/ CPE was established in parallel
to fit these impedance arcs (Ry; and Ry, are the resistances of the grain interior and grain boundary, respectively; CPE,; and CPE,, represent the
constant phase elements of the grain interior and grain boundary, respectively). Above 31.2 GPa, a simple resistance (R) was employed to fit the
oblique line in the fourth quadrant. The signals of Z" and Z” stand for the real and imaginary parts of the complex impedance, respectively.

in the pressure-dependent Raman shift confirm the occurrence
of the IPT in CrCl; at 9.9 GPa. Above 29.8 Gpa, the A;; mode
displayed a redshift at a rate of —0.24 cm™' Gpa™, and the
remaining Raman modes of Ay, Ay, Ays, and Ay monotonically
shifted toward higher wavenumbers with smaller rates of 1.64,
1.40, 2.02, and 1.78 cm™ Gpa™, respectively. The observable
29.8 Gpa of inflection point from the pressure-dependent
Raman shift can provide robust evidence for the occurrence of
the electronic topological transition (ETT), which widely exists
in some representative metallic compounds (e.g., Sb,S;, Sb,Se;,
Sb,Te;, Bi,S;, Bi,Se;, Bi,Te;, Ag,Te, AgBiSe,,
etc.).'%?°72%40~% BErom Ahmad et al. (2020), no variations in
volume and the Wyckoft positions of atoms were observed using
synchrotron XRD during the occurrence of the ETT for CrCl,."
However, the ETT is typical of a second-order IPT, which can be
effectively determined using Raman spectroscopy based on the
discontinuities in the pressure-dependent Raman shift and
Raman fwhm.””***"** Consequently, we made a detailed
analysis of the Raman fwhm and spacings in the Raman shift
versus pressure for CrCls, as illustrated in Figures 3 and 4a. The
corresponding linear fitting results for the pressure-dependent
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Raman fwhm and spacings in the Raman shift are presented in
Tables S2 and S3, respectively. It makes clear that the Raman
peak intensity of CrCl; weakened progressively, accompanying
the pronounced broadening in the Raman peaks with increasing
pressure, particularly beyond 29.8 Gpa. Furthermore, two
remarkable inflection points at 9.9 and 29.8 Gpa were found,
which further verifies the occurrences of the IPT and ETT in
CrCl;. In short, all of these abovementioned clues, including the
disappearance of the A, Raman peak, the notable disconti-
nuities in the pressure-dependent Raman shift, Raman fwhm,
and spacings in the Raman shift, provide sufficient evidence for
the presence of the IPT and ETT in CrCl; at 9.9 and 29.8 GPa,
respectively.

Upon decompression, all of the Raman peaks for CrCl;
exhibited continuous redshifts, and no evident discontinuity
was found in the pressure dependence of the Raman shift within
the pressure range of 36.8—2.1 GPa. As the pressure was released
to 1.8 GPa, the A;; Raman peak emerged as denoted by an
asterisk in Figure 5b. Upon further decompression to 0.8 GPa,
all of the Raman peaks for CrCl; returned to their initial
positions, indicating that the IPT is reversible. In addition, the
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evident discontinuities in the pressure-dependent Raman shift
and spacings in the Raman shift at 1.8 GPa further confirmed the
reversibility of the IPT. However, there existed a considerable
pressure hysteresis for the IPT, which is probably correlated with
the greater kinetic barrier upon decompression.

The high-pressure Raman spectra of CrCl; under hydrostatic
conditions and the corresponding evolution of the Raman shift,
Raman fwhm, and spacings in the Raman shift against pressure
are depicted in detail in Figures S1, S2, and 4b, respectively.
Experimental results manifested that the IPT and ETT of CrCl,
occurred at higher pressure points of 11.7 and 32.2 GPa
compared with those under nonhydrostatic conditions. Besides,
upon decompression, the pressure dependence of the Raman
shift and spacings in the Raman shift have similar variation
tendencies with those under nonhydrostatic conditions, and a
comparable phase transition pressure point of 2.6 GPa was
obtained. The discrepancy in the phase transition pressure
points for CrCl; under different hydrostatic environments can
be reasonably explained by the deviatoric stress. In the case of
the absence of the pressure medium, larger deviatoric stress
exists in the sample chamber of the DAC, which promotes the
occurrence of phase transition. By contrast, when the pressure
medium is applied, the pressure hysteresis of phase transition
probably origins from the protective effect of helium, which
enters the interlayer space of CrCl; and thus reduces the
deviatoric stress. Actually, a similar phenomenon of distinct
phase transformation pressure points under different hydrostatic
environments has also been reported in our previous
investigations on other layered metallic com})ounds (e.g,
MoS,, MoSe,, MoTe,, ReS,, As, Te,, etc.). "3

3.2. High-Pressure Electrical Conductivity Results. A
series of complex impedance spectra for CrCl; measured under
conditions of 1.7—44.5 GPa and room temperature are
illustrated in Figure 6. Within the pressure region of 1.7—29.7
GPa, the complex impedance spectra in the first quadrant were
comprised of two parts: a high-frequency semicircle standing for
the grain interior contribution of CrCl; and a low-frequency
oblique line associating with the grain boundary contribution.
We designed an equivalent circuit consisting of a resistance (R)
and a constant phase element (CPE) in parallel to fit each
impedance semicircular arc with Zview software. As the pressure
reached 31.2 GPa, an oblique line representing the grain interior
of CrCl;, located in the fourth quadrant, and a simple resistance
(R) was adopted to fit it. We calculated the electrical
conductivity of CrCl; using the equation

oc=1L/SR (1)

where S and L represent the cross-sectional area of the electrode
(cm?) and the distance between electrodes (cm), and R and ¢
are the resistance (£2) and the electrical conductivity (S/cm) of
CrCl;, respectively. Figure 7 plots the logarithmic electrical
conductivity of CrCl; as a function of pressure upon both
compression and decompression. Based on diverse pressure-
dependent electrical conductivity slopes, three pressure regimes
were distinguished: 1.7—10.3, 11.3—29.7, and 31.2—44.5 GPa.
Within the pressure range of 1.7—10.3 GPa, an obvious
enhancement in electrical conductivity at a rate of 0.063 S
cm™! GPa™! was detected. However, the electrical conductivity
of CrCl; remained relatively stable with a speed of 0.010 S cm ™
GPa™' between 11.3 and 29.7 GPa. The remarkable inflection
point in electrical conductivity at 10.3 GPa agrees well with our
Raman scattering results and can be attributed to the IPT.
Noteworthily, when the pressure was enhanced up to 31.2 GPa,
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Figure 7. Variation of the logarithm of electrical conductivity along
with the pressure in CrCl; during both processes of compression and
decompression within the pressure ranges from 1.7 to 44.5 GPa.

the electrical conductivity of CrCl; raised steeply by about 3
orders of magnitude and then rose gently from 0.40 to 1.38 S/cm
in the pressure range of 31.2—44.5 GPa. In fact, our previous
high-pressure electrical conductivity studies have already
disclosed that the noticeable jump in electrical conductivity is
a typical characteristic of the semiconductor-to-metal tran-
sition.**™*¢ Besides, above 31.2 GPa, the feeble electrical
conductivity dependence relation with pressure provides
another credible proof of metallization. Furthermore, the
pressure point of metallization accords with that of the ETT,
and thus, it is reasonable to speculate that the ETT may be
accompanied by the metallization of CrCl;. Upon decom-
pression, a smooth decrease in electrical conductivity with a
speed of 0.009 S cm™' GPa™" was obtained from 42.1 to 1.7 GPa.
After being quenched down to 0.9 GPa, the electrical
conductivity of CrCl; reverted to its original order of magnitude,
implying that the metallization is reversible upon decom-
pression.

3.3. Temperature-Dependent Electrical Conductivity
Results. To confirm whether CrCl; underwent a metallization
transition, we carried out temperature-dependent electrical
conductivity measurements at some predesigned pressure points
0f21.0,28.5, 30.2, 31.8, and 33.1 GPa upon compression. Based
on classical solid-state physics, the electrical conductivity of a
semiconductor increases with the rise of temperature due to the
thermally activated charge carriers. On the contrary, a negative
relationship between the electrical conductivity and temperature
is detected for metal owing to the enhancement of electron-
phonon scattering.”'>*> Therefore, we can make an effective
distinction between a semiconductor and metal through
temperature-dependent electrical conductivity experiments.
Below 30.2 GPa, the positive temperature-dependent electrical
conductivity relations reflect that CrCl; is of semiconducting
property (Figure 8a). As the pressure reached 31.8 GPa, the
electrical conductivity decreased with increasing temperature,
indicating that CrCl; underwent a metallization transition
(Figure 8c). At the same time, we also measured the temperature
dependence of electrical conductivity for CrCl; during the
process of decompression at several representative pressure
points of 23.1, 11.5, 3.9, 2.1, and 1.3 GPa to illustrate the metal-
to-semiconductor transformation and accurately determine the
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Figure 8. A series of variable-temperature electrical conductivity experiments for CrCl; at some predesigned pressure points. Here, (a) denotes all of
these results at pressures of 21.0, 28.5, 30.2, 31.8, and 33.1 GPa upon compression; (b) denotes a typical semiconducting property of CrCl; at 30.2
GPa; (c) denotes the metallic behavior of the sample at 31.8 GPa and (d) denotes the metallic state for the sample at 33.1 GPa, respectively.

transition pressure point. Above 3.9 GPa, the sample exhibits a
typical metallic behavior (Figure 9a). Obviously, a positive
temperature-dependent electrical conductivity relation is
observed as the pressure was released to 2.1 GPa, which is a
representative feature of semiconductors (Figure 9c). In brief,
our temperature-dependent electrical conductivity experiments
provide robust evidence that semiconducting CrCl; transformed
into a metallic state at 31.8 GPa upon compression, and the
metallic CrCl; reverts to the initial semiconducting state at 2.1
GPa upon decompression. However, our obtained semi-
conductor-to-metal phase transition result for CrCly is at
variance with the semiconductor-to-semiconductor phase
transition result previously reported by Ahmad et al. (2020)."”

3.4. HRTEM Results. To thoroughly explore the micro-
scopic crystalline structure of the samples, we performed
HRTEM analyses on the starting and recovered samples
decompressed from 39.4 GPa under nonhydrostatic conditions
and decompressed from 39.7 GPa under hydrostatic conditions.
As shown in Figure 10a,c, the initial and recovered samples
under hydrostatic conditions possessed well-resolved and
distinct lattice fringes with similar interplanar spacing values of
0.51 and 0.50 nm, which correspond to the (020) crystallo-
graphic plane of the monoclinic structure of CrCl;. However, a
smaller interplanar spacing value of 0.47 nm was acquired for the
recovered sample under nonhydrostatic conditions (Figure
10b). Additionally, the corresponding fast Fourier transform
(FFT) patterns of the HRTEM images provide more crystalline
structural information for the starting and recovered samples, as
illustrated in Figure 10d—f in detail. All of these acquired FFT
patterns were composed of a series of diffraction spots,
indicating the single-crystalline nature of the samples. As
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shown in Figures 10d,f, clear and defined diffraction spots
were observed, suggesting that the initial and recovered samples
under hydrostatic conditions have a high crystalline quality.
However, the diffraction spots were relatively blurry and weak,
indicating the low crystalline quality for the recovered sample
under nonhydrostatic conditions (Figure 10e). The well-
preserved crystalline structure for the recovered sample under
hydrostatic conditions can be ascribed to the protective effect of
the pressure medium. Under hydrostatic conditions, the smaller
helium molecule with a diameter of approximately 0.26 nm may
permeate the interlayer of CrCl; and thus relieve the interlayer
interaction induced by compression, leading to the well-
preserved interplanar spacing and crystallinity for the recovered
sample. By contrast, without the protection of the pressure
medium, the interplanar spacing will slightly reduce, and its
crystallinity will be destroyed feebly for the recovered sample
under nonhydrostatic conditions. Besides, the similar inter-
planar spacing values and the FFT patterns for the starting and
recovered samples indicate that the pressure-induced phase
transition in CrCl; is well reversible under different hydrostatic
environments.

3.5. First-Principles Theoretical Calculations of CrCl;.
In order to further disclose either first- or second-order phase
transition for CrCly at the pressure of 30—35 GPa, the first-
principles theoretical calculations of CrCl; were performed at a
wide pressure range of 0—50.0 GPa, as shown in Figure 11. Some
crucial parameters characteristic of the crystalline constants,
including the enthalpy, unit cell volume, lattice constants (a, b,
and ¢), angles (a, f3, and y), lattice constant ratio (a/c, a/b, and
b/c), and normalized lattice constants (a/a,, b/b,, and c/c,) for
the antiferromagnetic and metallic phases, were successfully
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Figure 9. The temperature dependence of electrical conductivity measurements for CrCl; at some given pressure points. Here, (a) denotes all of these
results at pressures of 23.1, 11.5, 3.9, 2.1, and 1.3 GPa upon decompression; (b) denotes a representative metallic property of the sample at 3.9 GPa; (c)
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Figure 10. High-resolution transmission electron microscopy (HRTEM) images and their corresponding fast Fourier transform (FFT) patterns for
CrCl;. Here, (a,d) images of the initial sample; (b,e) images for the recovered sample decompressed from 39.4 GPa under nonhydrostatic conditions;
(c,f) images for the recovered sample decompressed from 39.7 GPa under hydrostatic condition. The signal of PM stands for the pressure medium.

acquired, accordingly. As shown in Figure 11a—f;, the calculated
results make it clear that a huge volume reduction (or volume
compression), and the obvious discontinuities in the pressure-
dependent lattice constants (a and c), angle (/3), lattice constant
ratio (a/c, a/b, and b/c), and normalized lattice constants (a/a,,
b/by, and c/cy) at the pressure range of 31.9—34.7 GPa, well
proved the occurrence of metallization of CrCl,. In addition, it is
also evident that the metallization phase transformation in CrCl,
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at the pressure range of 31.9—34.7 GPa is possibly belonging to a
typical first-order phase transition owing to the huge reduction
of the unit cell volume. However, the variation of the unit cell
volume is not obvious in previously reported synchrotron XRD
results from Ahmad et al. (2020), which is possibly related to
only limited high-pressure experimental measurements beyond
35.0 GPa."” In the other words, the metallic phase of CrCl, will
be stabilized at only extremely high pressure above ~32.0 GPa.
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Inorg. Chem. 2022, 61, 4852—4864


https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03486?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03486?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03486?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03486?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03486?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03486?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03486?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03486?fig=fig10&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC
3¢ 110 ¢
; (a) g (b)
L K
: £~ 100
o F <
F ) Es
2 90
< i = E
2 o F z
- 9 80
< E : E
= F — E
e F ) E
= o @ 70 F
F N E
= sk =
= 60 F
21 Bl i 50 éu.nn.h.””.”|””.”.d”.::T::T:T:f
10 20 30 40 50 0 10 20 30 40 50
110 ¢ 5
1 7 (d)
09 E
_
< 108
N
= ~107f _B_
g < 7
= 2 106.E
=] on T
< = E
g <k
= F a
= 90 Msesss s 444 455 o
- ‘ y
4 AREERERE FERRRRERTI FERRERRRRE ERU N SRR ANE AR RN RANAT] 89 :||||||||||||||||||||||||||||||||l||||||||||||||||
0 10 20 30 40 50 0 10 20 30 40 50
1.9 B Lo
< Cble(®] = | ®
o 17 ’ s
g z
<
= 1.5 51 ala,
g o 0.9F
K] 2 b/b, b/b,
w - L
2 = : \o\
S 11 = 3 ala
L 0
8 l—‘:/—c—l : 0.8 \\‘
= 0.9 = cle,
- E < L
« 3 g E cle,
- 0.7 =
E alb alb °© [
E S
0.5 SETTRIRETI AR ERERNERE FERER RN ANU N XN n ANRNRNETE: 0.7_l||||||||||||||||||||||||||||||||||||||||||||||||
0 10 20 30 40 50 0 10 20 30 40 50
Pressure (GPa) Pressure (GPa)

Figure 11. Calculated (a) enthalpy, (b) unit cell volume, (c) lattice constant, (d) angle, (e) lattice constant ratio, and (f) normalized lattice constant as
a function of pressure for the antiferromagnetic and metallic CrCl; within the pressure range of 0—50.0 GPa. The calculated results make clear that a
huge volume reduction (or volume compression), and the obvious discontinuities in the pressure-dependent lattice constants (a and b), angle (f),
lattice constant ratio (a/c, a/b, and b/c), and normalized lattice constants (a/ay, b/by, and c/c,) at the pressure range of 31.9—34.7 GPa, well proved a

typical first-order metallization phase transition in CrCl;.

Before the phase transition occurs in CrCly, our calculated
normalized lattice constant (a/a,) is approximately 0.9 at the
pressure of 30.0 GPa, which is in good agreement with the
previously acquired results by Ahmad et al. (2020) from the
high-pressure synchrotron XRD. After the phase transition in
the sample is completed, our calculated normalized lattice
constant (a/a,) is approximately 0.8 at 35.0 GPa. In comparison
with the previous high-pressure synchrotron XRD from Ahmad
et al. (2020), we found that only one data point is illustrated in
their experimental results, and thus, it is difficult to precisely
determine the lattice parameters of CrCl; after the phase
transition from their high-pressure synchrotron XRD results. In
order to thoroughly resolve this issue, more detailed research
work from the synchrotron XRD on CrCl; is indispensable
under much higher pressure than 35.0 GPa.

At the same time, a series of calculated parameters
characteristic of the electronic structures were also obtained
for CrCl; under high pressure. In three representative pressure
points of 0, 17.9, and 34.7 GPa, the variations of the observed
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magnitude of the band gap energy and its corresponding DOS
are illustrated in Figure 12in detail. At atmospheric pressure, the
1.44 eV of the band gap energy in CrCl; is obtained, which is
very close to previous results from the theoretically calculated
value of 1.37 eV reported by Ahmad et al. (2020) at zero
pressure.'” When the pressure was increased up to 34.7 GPa, the
band gap energy of CrCl; is gradually decreased to zero, and
thus, the metallization of CrCl; appears at the pressure ranges
from 17.9 to 34.7 GPa. In brief, the presently available
metallization phase transition results of CrCl; based on the
first-principles theoretical calculations are well consistent with
our abovementioned electrical conductivity experiments under
non-hydrostatic conditions.

In addition, in order to reveal the possible existence of the
pressure-induced strong correlation behavior of chromium
electrons, we also calculated the detailed electronic band
structures of CrCl; by the first-principles theoretical calculations
under conditions of two different U values (U= 0.0 eV and U =
3.0 eV), which corresponds to a critical pressure point of 34.7
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Figure 12. Calculated electronic band structures (a,c,e) and their corresponding density of states (b,d,f) for CrCl; at three representative pressure
points of 0, 17.9, and 34.7 GPa, respectively. Here, the Fermi level is also shown as a green dashed line.

GPa before and after the occurrence of };hase transformation
from the semiconductor-to-metal phase.’””" We found that
there is no obvious difference under two different controlled U
values (3.0 eV) of the Hubbard-type correction. At a fixed
pressure of 34.7 GPa, the band gap energy of CrCl, is zero at the
condition of two different U values, as shown in Figure S4 in the
Supporting Information.

4. CONCLUSIONS

We comprehensively explored the structural, vibrational, and
electrical transport properties of CrCly under different hydro-
static environments up to 50.0 GPa by Raman spectroscopy, AC
impedance spectroscopy, HRTEM, and first-principles theoreti-
cal calculations. Under nonhydrostatic conditions, CrCl;
underwent an IPT at 9.9 GPa followed by an ETT at 29.8
GPa. Furthermore, the ETT was accompanied by a metallization
transformation, which was well confirmed by our variable-
temperature electrical conductivity experiments and first-
principles theoretical calculations. However, the phase tran-
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sition pressure points of the IPT and ETT were delayed by about
2.0 GPa under hydrostatic conditions owing to the protection by
the pressure medium. Upon decompression, the metallization of
CrCl; was found to be reversible, which was proved by HRTEM
results.
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