Volume 10 | Number 23 | 7 December 2023

ANNIVERSARY

INORGANIC
CHEMISTRY

FRONTIERS

CCS N ™ L OvAL SOCIETY . L :
SaTiisas D ‘ OF CHEMISTRY rsc.li/frontiers-inorganic




Published on 07 September 2023. Downloaded by Chengdu Library of Chinese Academy of Science on 4/22/2024 2:32:42 AM.

INORGANIC CHEMISTRY

FRONTIERS

RESEARCH ARTICLE

’ M) Check for updates ‘

Cite this: /norg. Chem. Front., 2023,
10, 6849

Received 15th June 2023,
Accepted 23rd August 2023

DOI: 10.1039/d3qi01126g

rsc.li/frontiers-inorganic

Introduction

[olelyy CHINESE ™ L OYAL SOCIETY
ASISSN CHEMICAL
EEYY SOCIETY PN OF CHEMISTRY

View Article Online

View Journal | View Issue

Pressure-driven structural and electronic
transitions in a quasimolecular layered compound
of antimony triiodidef

*3 Haiying Hu, {2 *2 Xinyu Zhang,*° Chuang Li,®°
9 Limin Zhang,*® Zhongying Mi® and

Meiling Hong,? Lidong Dai,
Xiaolei Feng,“ Shidong Yu,
Sivakumar Aswathappa®

Quasimolecular layered metal triiodides Mz (M = Sb and Bi) hold immense promise in applications of
solid-state batteries, radiation detectors, and photocatalysts owing to their favorable physicochemical
properties. As a representative Mls compound, antimony triiodide (Sbls) exhibits high-pressure phase
stability beyond 16.0 GPa and its electrical transport behaviors remain largely unknown. In this study, we
systemically investigated the structural and electronic transitions of Sbls during compression and decom-
pression under different hydrostatic environments using synchrotron X-ray diffraction, Raman spec-
troscopy, electrical conductivity, and first-principles theoretical calculations. During compression, Sbls
endured two isostructural phase transitions (IPTs) at the respective pressures of 3.4 GPa and 10.3 GPa
stemming from the prominent compression of the c-axis and Sb—| bond. Upon further compression to
32.3 GPa, an electronic transition from the semiconductor to metal occurred in Sbls under non-hydro-
static conditions, which was possibly associated with the rhombohedral (R3)-to-monoclinic (C2/m) struc-
tural transformation. Under hydrostatic conditions, a considerable pressure hysteresis of ~5.0 GPa was
detected for the emergence of metallization owing to the faint deviatoric stress. During decompression,
the phase transition of Sbls was revealed to be irreversible under different hydrostatic environments,
which was probably caused by the huge kinetic barrier for the continuous high-pressure structural tran-
sitions. Our high-pressure study on Sbls offers an in-depth insight into the correlations between crystal-
line and electronic structures, and may facilitate the application of quasimolecular layered crystals in
optoelectronic devices.

state batteries, radiation detectors, and photocatalysts.>™® Sbl,
forms a quasimolecular layered crystal, where each layer is

The VA group metal triiodides MI; (M = Sb and Bi), a class of
novel two-dimensional (2D) compounds, have attracted much
interest owing to their unique physicochemical properties and
versatile applications.”” A distinctive member in MI;
materials, SbI; possesses excellent optical and electrical pro-
perties, and thus emerges as a promising candidate for solid-
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constituted by an I-Sb-1 sandwich via strong covalent-ionic
bonds, and the adjacent layers are piled up along the c-axis
direction by weak van der Waals interactions.””® At ambient
conditions, Sbl; is a wide bandgap semiconductor (~2.2 eV)
and crystallizes into a rhombohedral system with a space
group of R3.4*™!

Pressure is an efficient and powerful tool for modulating
the crystalline and electronic structures of 2D materials, giving
rise to the emergence of structural and electronic transitions
under high pressure.’”'® The high-pressure structural stability
and electrical transport behavior of antimony triiodide were
explored using synchrotron X-ray diffraction, Raman spec-
troscopy, and first-principles theoretical calculations in pre-
vious studies.”'”*® However, there exist some unresolved
issues concerning the phase stability beyond 16.0 GPa and the
deficiency of experimental evidences for metallization in Sbl;.
Anderson et al (1998) deduced that Sbl; experienced a
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sequence of reversible phase transitions at 0.3, 0.8, and 4.9
GPa from the evolution of high-pressure Raman spectra. As the
pressure increased to 8.3 GPa, an irreversible structural trans-
formation occurred and the high-pressure phase remained
stable up to the highest experimental pressure of ~16.0 GPa."”
Subsequent synchrotron X-ray diffraction and Raman scatter-
ing measurements on SbI; showed an IPT associated with the
molecular-to-ionic crystal switching, and Sbl; further trans-
formed into the monoclinic phase (P2,/c) above 4.0 GPa.’ More
recently, the rhombohedral (R3)-to-monoclinic (P2,/c) struc-
tural transition was theoretically predicted at ~6.5 GPa based
on the low enthalpy criterion."® Furthermore, the bandgap of
the P2,/c structural phase significantly decreased with the rise
of pressure and ultimately closed at ~55.0 GPa, implying the
occurrence of metallization. Although theoretical calculation
results suggested the presence of metallization in pressurized
Sbl;, the experimental evidences of an electronic transition
under high pressure have remained scarce until now.'®
Meanwhile, when the pressure is higher than 16.0 GPa, the
phase stability of Sbl; is ambiguous.

No pressure medium (PM) was employed in previous high-
pressure synchrotron X-ray diffraction and Raman scattering
measurements due to the fact that SbI; possibly undergoes a
chemical reaction with potassium bromide (KBr) or dissolves
into the mixture of methanol and ethanol (4:1 volume
ratio).”!” Different from potassium bromide and the mixture
of methanol and ethanol, noble gases (e.g., helium, argon,
neon, nitrogen, etc.) were considered as a better choice due to
their stable physicochemical properties and high hydrostaticity,
which has been reported to prominently influence the structural
properties of 2D materials under high pressure.">*'*2> As for
Sbl;, the related research on the high-pressure structural beha-
viors under both non-hydrostatic and hydrostatic conditions is
still lacking.

In this work, Sbl; endured the pressure-induced IPTs and
metallization under different hydrostatic environments up to
50.0 GPa using a diamond anvil cell (DAC) coupled with syn-
chrotron X-ray diffraction, Raman spectroscopy, alternating
current impedance spectroscopy and first-principles theore-
tical calculations. The two phase transitions and metallization
of Sbl; during compression and the irreversibility of phase
transformation during decompression are discussed in detail.

Experimental section
Sample preparation and characterization

High-purity (99.99%) polycrystalline SbI; powders with red
surface color were commercially purchased as the starting
materials. The chemical composition and crystalline structure
of the initial specimen were determined by energy dispersive
X-ray spectroscopy (EDS) and an Empyrean-type X-ray powder
diffractometer with copper Ko radiation (1 = 1.5406 A). The
EDS spectrum revealed the characteristic peaks of antimony
and iodine. Furthermore, the atomic ratio of antimony and
iodine was determined as 1 :2.88, which is close to the chemi-
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cal formula of Sbl; (see Fig. 1a). As shown in Fig. 1b, the
Rietveld analysis results of the X-ray diffraction (XRD) pattern
can be well-indexed to the rhombohedral Sbl; system with a
space group of R3 (JCPDS no. 74-0456), yielding the lattice
parameters of @ = b = 7.495 + 0.001 A, ¢ = 20.957 + 0.004 A, a =
f=90° y =120° and V = 1019.55 + 0.29 A® at ambient con-
ditions. Furthermore, our acquired lattice parameters of Sbl;
are in good agreement with prior results.®>*?*

High-pressure Raman spectroscopy, electrical conductivity and
synchrotron X-ray diffraction experiments

A symmetrical DAC mounted with 200 pm-diameter culets was
utilized for high-pressure Raman scattering, electrical conduc-
tivity and synchrotron X-ray diffraction experiments of Sbl;. In
Raman spectroscopy measurements, the experimental sample
and ruby acting as the pressure calibration were sealed into a
100 pm-diameter sample chamber. Two groups of Raman scat-
tering experiments were implemented, one with helium as the
PM to reach hydrostatic condition and the absence of PM in
another run for non-hydrostatic condition. Meanwhile, the
hydrostaticity under different hydrostatic environments was
checked by loading several ruby balls in the center and edge of
the sample chamber. From Fig. S1,{ with the rise of pressure,
the deviatoric stress increased considerably under non-hydro-
static condition, whereas a relatively feeble pressure-dependent
deviatoric stress was detected under hydrostatic condition,
which verified the excellent hydrostaticity using helium as the
pressure medium. Raman spectra of SbI; were recorded by a
Renishaw 2000 micro confocal Raman spectrometer with the
diode laser (A = 785 nm) as an excitation source in the back-
scattering geometry. As for the electrical conductivity measure-
ments, the insulation powder constituted by epoxy and boron
nitride was firmly compressed into a 180 pm-diameter central
hole. Afterwards, another 100 pm-diameter hole was laser-
drilled as the insulating sample chamber, and the remaining
segment of the gasket was uniformly coated by the insulation
cement. Double-parallel-plate electrodes were integrated onto
the upper and lower sections of the sample chamber for elec-
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Fig. 1 (a) The EDS spectrum of the starting sample. (b) Representative
XRD pattern for the initial specimen at ambient conditions. Therein, the
red vertical lines are the standardized peak positions for the rhombohe-
dral Sblz system with a space group of R3. Inset: Optical microscope
photograph and some crucial crystalline parameters for the pristine
sample.
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trical conductivity measurements. No pressure medium was
applied in the electrical conductivity experiments to provide
the non-hydrostatic condition and efficiently avoid introducing
additional impurities. In the case of the employment of extra
pressure medium during high-pressure electrical conductivity
experiment, it will seriously affect the precision of experi-
mental results. The complex impedance spectra of the sample
were measured by a Solartron-1260 impedance/gain phase ana-
lyzer coupled with a Solartron-1296 dielectric interface over the
frequency range of 107'-10” Hz at an applied voltage of 3.0 V.
In variable-temperature electrical conductivity experiments, a
low temperature was created by liquid nitrogen and the temp-
erature was directly measured with a K-type thermocouple
adhered to the side of a diamond anvil. The angle-dispersive
synchrotron X-ray diffraction experiments were performed at
the 4W2 beamline of the Beijing Synchrotron Radiation
Facility (BSRF), Beijing, China. The incident X-ray wavelength
is 0.6199 A. The collected XRD patterns of SbI; were processed
by the Rietveld refinement using the General Structure
Analysis System (GSAS) software package to resolve the struc-
tures and retrieve the lattice parameters.”> Moreover, experi-
mental samples with a similar grain size of 1-3 pm were uti-
lized in high-pressure Raman scattering, electrical conductivity
and synchrotron X-ray diffraction experiments under different
hydrostatic environments to avoid the possible influence of
grain size on the vibrational property, crystalline structure and
electrical transport behavior under high pressure. More details
of the experimental procedures referred to our previous
WOrkS.lZ_lG’ZZ

Computational details

First-principles theoretical calculations of Sbl; were performed
with density functional theory (DFT) as implemented in the
Vienna ab initio Simulation Package (VASP) code at the
National Supercomputing Centre (NSCC), Singapore.>® The
strongly constrained and approximately normed (SCAN) meta-
GGA functional and projector augmented wave (PAW) theory
was employed in the geometric optimization and electronic
band structure calculations.”’ > In the PAW potentials, the
55°5p and 5s®5p°> valence electrons were considered for Sb
and I, respectively. The maximum kinetic energy cut-off for
plane wave expansions of the wavefunctions was set to 520 eV.
The Monkhorst-Pack grid with a spacing of 0.5 A™" was uti-
lized in the integration of the DFT total energies. The crystal-
line parameters and ionic positions were fully relaxed with the
residual forces on the atoms at less than 10 mev A™",

Results and discussion
High-pressure Raman spectra of Sbl;

Fig. 2a-c are the representative high-pressure Raman spectra
of Sbl; under the conditions of 0.4-48.1 GPa and atmospheric
temperature. At 0.4 GPa, four prominent Raman peaks at 41.2,
62.7, 134.6 and 156.9 cm™"' were identified within the wave-
number range of 30-300 cm ™", which can be assigned as the

This journal is © the Partner Organisations 2023
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Fig. 2 High-pressure Raman spectroscopy of Sbls under non-hydro-
static condition within the pressure range of (a) 0.4-9.9 GPa, (b)
10.3-23.0 GPa, and (c) 24.5-48.1 GPa. (d) The pressure dependence of
Raman shift for Sbls during compression. Errors in both Raman shifts
and pressures are within the size of the symbols.

T,, V4, v1 and v; modes of Sbl;, respectively. Herein, the v; and
vz modes are related to the Sb-I stretching vibration and the v,
mode arises from the I-Sb-I bending vibration. Meanwhile,
the T, mode derives from the optical translation.®”®
Furthermore, our observed Raman peaks of SbI; match well
with prior results.®™®

Within the pressure range of 0.4-2.5 GPa, the Raman peaks
of Sbl; exhibited red shifts with the application of pressure,
indicating the structural instability or phase transition.>'”
When the pressure elevated to 3.4 GPa, a new Raman peak at
87.5 cm™" (defined as the V; mode) emerged and its Raman
peak intensity enhanced appreciably under compression.
Beyond 3.4 GPa, all of these Raman peaks of the sample
shifted toward higher wavenumbers with the rise of pressure.
Concurrently, the v; Raman peak became dominant, whereas
the T,, v, and v; Raman peaks tended to be weakened and
broadened significantly. At 10.3 GPa, both T, and v, Raman
peaks disappeared, accompanied by a substantial broadening
of the remaining Raman peaks. Upon further pressurization

Inorg. Chem. Front., 2023, 10, 6849-6859 | 6851
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above 10.3 GPa, three predominant Raman peaks of V4, v; and
v3 continuously shifted toward higher wavenumbers. As the
pressure approached to 32.3 GPa, the v; Raman peak became
invisible. Noteworthily, another absolutely new Raman peak at
180.5 cm™" (named as the V, mode) appeared and presented a
faint red shift with increasing pressure. Simultaneously, two
well-resolved Raman peaks of V; and v; displayed continuous
blue shifts until the highest experimental pressure of 48.1
GPa. The corresponding evolution of the Raman shift as a
function of pressure for Sbl; is plotted in Fig. 2d, and the
detailed pressure coefficients (dw/dP) are summarized in
Table S1.1 It makes clear that the Raman shifts and pressure
coefficients of the sample exhibited three prominent inflection
points at 3.4, 10.3 and 32.3 GPa, which is probably attributed
to the emergence of phase transitions in Sbls. In addition, the
Raman peaks of the sample became asymmetrical with the
rise of pressure, which is well illustrated by the symmetric
factor. As seen in Fig. S2a,f the v; Raman peak is of larger
symmetric factor below 8.1 GPa, indicating the higher order of
the local structure. Within the pressure range of 8.1-13.5 GPa,
the symmetric factor decreased significantly, which is possibly
caused by the local structural disorder. However, the obvious
enhancement of the symmetric factor above 13.5 GPa is pre-
sumably associated with the improved local order with increas-
ing pressure.

Upon depressurization, all of these Raman peaks of the
sample monotonically shifted toward lower wavenumbers and
the V, Raman peak presented progressive weakening, as
depicted in Fig. 3. When the pressure was released to 32.6
GPa, the v; Raman peak centered at 235.5 cm™' reemerged,
concomitance with the disappearance of the V, Raman peak.
Upon further decompression to 1.2 GPa, the T, and v, Raman
peaks of the sample located at 44.6 cm™" and 67.2 cm™" reap-
peared and an entirely new Raman peak at 75.1 cm™" (desig-
nated as the V; mode) emerged. Moreover, another new
Raman peak at 155.8 cm™' (assigned as the V, mode) was
identified as the pressure was quenched down to 0.6 GPa.
Notably, after the complete release of pressure, the recovered
sample presented a different Raman spectrum in comparison
with the starting sample, indicating that the decompressed
sample cannot transform back to the original rhombohedral
SbI; phase. Moreover, a conspicuous color transformation
from red to black was noticed as the pressure increased from
0.4 GPa to 32.3 GPa (see Fig. S31), which is a possible manifes-
tation of metallization in pressurized Sbl;, as previously
reported in other halides (e.g., Bl;, SnBry, etc.).>**' Meanwhile,
the very distinct surface color between the pristine and recov-
ered specimens further confirmed the irreversibility of the
phase transition.

The evolution of the Raman profiles and Raman shifts with
pressure for Sbl; under hydrostatic condition correlated well
with those under non-hydrostatic condition (Fig. S4 and S57).
Specifically, SbI; endured three phase transitions at the
respective pressures of 2.4, 11.2 and 37.6 GPa under hydro-
static condition. Upon depressurization, the phase transition
was found to be irreversible, as proved by the different Raman
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Fig. 3 High-pressure Raman spectra of Sbls under non-hydrostatic
condition at (a) 48.1-27.1 GPa, (b) 24.8-9.1 GPa, and (c) 7.6-0 GPa. (d)
The relationships between Raman shift and pressure at atmospheric
temperature during depressurization. Errors in both Raman shifts and
pressures are within the size of the symbols.

spectra between the initial and retrieved specimens. In com-
parison with the transition pressures of Sbl; under non-hydro-
static condition, we found that the first and second phase tran-
sitions occurred at similar pressures under different hydro-
static environments, which is probably related to the feeble
deviatoric stress below ~10.0 GPa. As the pressure exceeded
~10.0 GPa, the deviatoric stress was significantly enhanced
with increasing pressure under non-hydrostatic condition,
whereas a faint enhancement in deviatoric stress was detected
under hydrostatic condition, as shown in Fig. S1.7 Therefore,
the noticeable pressure delay of ~5.0 GPa for the emergence of
the third phase transition in SbI; under hydrostatic condition
is presumably caused by the smaller deviatoric stress, resem-
bling other 2D materials.'*"*®>?

High-pressure electrical conductivity of SblI,

Fig. 4 depicts the Nyquist diagrams of the complex impedance
spectra for Sbl; within the pressure range of 0.9-47.1 GPa and
room temperature. As seen in Fig. 4a and b, only one available
semicircular arc was detectable over the frequency range of
107'-10” Hz between 0.9 GPa and 22.4 GPa, which corresponds

This journal is © the Partner Organisations 2023
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Fig. 4 The Nyquist plots of the complex impedance spectra for Sbls at
atmospheric temperature and pressure range of (a) 0.9-9.6 GPa, (b)
10.8-22.4 GPa, and (c) 25.3-47.1 GPa, respectively. Herein, Z' and Z"
represent the real and imaginary parts of complex impedance spec-
troscopy. (d) The corresponding electrical conductivity of Sbls as a func-
tion of pressure during compression and decompression. Errors in elec-
trical conductivities are within the size of the symbols.

to the grain interior contribution of the sample. Beyond 25.3
GPa, a tilted line perpendicular to the real part of the complex
impedance (Z') appeared in the fourth quadrant (see Fig. 4c).
The resistance (R) of the sample was determined by fitting the
semicircular arc with the equivalent circuit comprising a resis-
tance (R,;) and a constant phase element (CPE) in parallel,
and the tilted line was fitted by the single resistance (R),
respectively. Subsequently, the electrical conductivity () of
Sbl; was calculated using the following formula:

6 =L/SR (1)

where, L denotes the distance between the electrodes (cm), S
presents the cross-sectional area of the electrodes (cm?) and R
is the resistance (Q). Fig. 4d shows the logarithmic electrical
conductivity of the sample versus pressure at room tempera-
ture. It should be noted that the electrical conductivity of Sbl;
is highly susceptible to pressure since a substantial enhance-
ment in electrical conductivity by roughly nine orders of mag-
nitude was discernable as the pressure was elevated from 0.9
GPa to 47.1 GPa. The Bode plots of the complex impedance
spectra at 0.9-22.4 GPa is presented in Fig. S6.1 Only one relax-
ation peak belonging to the grain interior was observable, and
the relaxation peak moved toward higher frequencies with
increasing pressure. Furthermore, we calculated the pressure
dependence of the activation energy (dH/dP) for Sbl; with the
following equation, and the corresponding results are listed in
Table S2,1

d(Inf)/dP = —1/ksT(dH /dP) 2)
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wherein, fis the relaxation frequency, P denotes pressure, kg is
the Boltzmann constant, T stands for temperature and H rep-
resents the carrier electrical transport activation energy. It
makes clear that the activation energy of the sample decreased
with the rise of pressure, suggesting that the transport of the
carrier became easier with the occurrence of phase transitions
in SblI;. Taken together, the electrical conductivity and the
relaxation frequency presented noticeable discontinuities at
2.8, 10.8 and 33.1 GPa, which are presumably associated with
the structural transitions of Sbl; (Fig. S71). Importantly, both
the high electrical conductivity value of 0.041 S cm™" at 33.1
GPa and the weak dependence of the electrical conductivity on
pressure at a feeble rate of 0.078 S cm™" GPa ' are the repre-
sentative signatures of metallization in Sbl;.">"**?> Upon
decompression, two prominent inflection points in electrical
conductivity at 28.9 GPa and 3.0 GPa were correlated to the
reversal of phase transitions, and the unrecoverable electrical
conductivity magnitude further validated the irreversibility of
the phase transition. Noteworthily, the recovered sample pos-
sesses superior electrical transport properties compared to the
starting sample with a substantial improvement in the electri-
cal conductivity by six orders of magnitude after pressure treat-
ment, which may inspire the development of high-perform-
ance optoelectronic devices in Sbl.

Variable-temperature electrical conductivity results of SbI;

Variable-temperature electrical conductivity experiments were
conducted to verify the emergence of an electronic transition
in pressurized Sbl; (see Fig. 5 and S8f). Furthermore, the
correspondent temperature-pressure—electrical conductivity
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Fig. 5 The variable-temperature electrical conductivity results of Sblz
at some representative pressures of (a) 25.8, 28.5, 31.8, 33.8 and 35.0
GPa upon compression. (b) The semiconducting feature of the sample at
31.8 GPa. (c and d) The metallic behavior of Sblz at 33.8 GPa and 35.0
GPa, respectively.
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contour maps were constructed during both processes of com-
pression and decompression (see Fig. 6). According to the
solid-state physics theory, a semiconductor has a positive
temperature dependence relationship with the electrical con-
ductivity, while a negative temperature dependence relation-
ship with the electrical conductivity is observed for a
metal.">'%?>32734 1t can be seen from Fig. 5 and 6a that Sbi,
underwent a semiconductor-to-metal transformation as the
pressure was enhanced above 33.5 GPa, which was demon-
strated by the conversion from positive to negative in the temp-
erature dependence of the electrical conductivity relationship.
As illustrated in Fig. 6b and S8, when the pressure was
released below 1.4 GPa, the metallic sample transformed into
the semiconducting state since the temperature dependence of
the electrical conductivity relationship switched from negative
to positive. From the variable-temperature electrical conduc-
tivity results, the activation enthalpy of the sample at a fixed
pressure can be calculated using the following equation:

6 = 0o exp(—AH /kpT) (3)

where o, represents the preexponential factor (S m™), AH
denotes the activation enthalpy (eV), kg is the Boltzmann con-
stant and T is the absolute temperature (K), respectively. The
activation enthalpy can be obtained by linearly fitting the log-
arithmic electrical conductivity as a function of 1000/T. The
relationship between the activation enthalpy and pressure is
displayed in Fig. S9.f It makes clear that the activation
enthalpy decreased with the rise of pressure, making it easier
for charge carriers to jump across the potential barrier. More
importantly, the activation enthalpy of the sample was reduced
to zero at 33.8 GPa, which suggested the disappearance of the
energy barrier. In other words, SbI; exhibits the metallic prop-
erty above 33.8 GPa.

First-principles theoretical calculations of Sbl;

To elucidate the occurrence of high-pressure structural tran-
sitions in Sbl;, first-principles theoretical calculations were
implemented at 0-50.0 GPa. As illustrated in Fig. 7a, the R3
structural phase has lower enthalpy below 35.0 GPa, indicating
its structural stability. Notably, the C2/m structural phase pos-
sessed lower enthalpy above 35.0 GPa, which suggested that
the R3 structural phase was transformed into the C2/m struc-
tural phase at 35.0 GPa. Meanwhile, some characteristic crys-

c(Sem™) o(Sem™)
10° w0

107
0t
107
0

3324

Pressure (GPa)

Pressure (GPa)

125 1 285 285

1 205 245
Temperature (K)

65 205 245
Temperature (K)

Fig. 6 Temperature—pressure—electrical conductivity contour maps of
Sblz during (a) pressurization and (b) depressurization, respectively.
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Fig. 7 Calculated (a) enthalpy, (b) lattice constants, (c) normalized
lattice constants, (d) lattice constant ratios, (e) unit cell volume, and (f)
Sb-1 bond length for Sbls at 0-50.0 GPa.

talline parameters of Sbls, including the lattice constants (a, b
and c), lattice constant ratios (a/c, a/b and b/c), normalized
lattice constants (a/a, b/by and c/c,), unit cell volume (V) and
Sb-I bond length under high pressure were acquired and are
presented in Fig. 7b-f. Notably, the prominent discontinuities
in all of these fitting parameters including the pressure-depen-
dent a, b, c, alb, alc, b/c, alay, blby, c/cy, V and Sb-1 bond length
were observable at 35.0 GPa, which revealed that Sbl; possibly
underwent a structural transformation. More specifically, the
¢, alc (blc), clcy and Sb-I bond length presented two obvious
inflection points at the respective pressures of 3.0 GPa and
10.0 GPa within the pressure range of 0-15.0 GPa, as illustrated
in detail in Fig. 8. In fact, the IPTs for some representative
binary compounds (e.g., CrCls, CrBrs, Bi,S;, Sb,S;, Sb,Ses,
VSe,, etc.) are characterized by the striking inflection point in
the lattice constant ratio.?>>>3° Therefore, the first and
second phase transitions of Sbl; possibly belong to the IPTs
resulting from the prominent compression of the c-axis and
Sb-I bond under high pressure, while the third phase tran-
sition presumably originates from the R3-to-C2/m structural
transition. Moreover, the crystalline structures and the detailed
atomic positions of Sbl; at four characteristic pressures of 0,
3.0, 10.0 and 35.0 GPa are displayed in Fig. S10 and Table S3,7
respectively.

The electronic band structures and their corresponding
density of states for Sbl; under high pressure were calculated
and are presented in Fig. 9. At ambient conditions, the initial
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Fig. 8 Theoretical calculation results on (a) and (b) lattice constants, (c)
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volume, and (f) Sb—I bond length for Sbls within the pressure range of
0-15.0 GPa.

R3 structural phase belongs to a wide bandgap semiconductor
with the direct bandgap energy of 2.21 eV, which is consistent
with previous theoretical calculation results.’®'"'® With the
rise of pressure, both valence and conduction bands for the R3
structural phase moved towards the Fermi level, indicating
that the bandgap gradually becomes narrow. The detailed evol-
ution of the bandgap energy under high pressure is presented
in Fig. 10. Below 34.0 GPa, the bandgap energy of the R3 struc-
tural phase gradually decreased with the rise of pressure.
Notably, upon further compression to 35.0 GPa, the valence
and conduction bands of the C2/m structural phase crossed
the Fermi level, manifesting the metallic property. Therefore,
our theoretical calculation results suggested that the metalliza-
tion of Sbl; is induced by the R3-to-C2/m structural transition
under high pressure.

Synchrotron X-ray diffraction of Sbl;

To further confirm the occurrence of pressure-driven structural
transitions, we performed the synchrotron X-ray diffraction
experiments on Sbl; at four representative pressures of 1.5,
8.0, 20.0 and 40.0 GPa under non-hydrostatic condition. The
high-pressure synchrotron XRD patterns of SbI; and their
corresponding refinement results are illustrated in Fig. 11 and
12 and summarized in Table S4,f respectively. In Fig. 11, as
one example of our acquired XRD pattern of Sbl; at the
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Fig. 9 Calculated electronic band structures (a, c, e, and g) and their
correspondent density of states (b, d, f, and h) for Sbls at four typical
pressures of 0, 3.0, 10.0, and 35.0 GPa, respectively. The bandgap ener-
gies of (a, ¢, e, and g) are 2.21, 2.04, 1.80, and 0 eV, respectively.
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Fig. 10 The evolution of the bandgap energy as a function of pressure
for Sbls within a broad pressure range of 0—-35.0 GPa from first-prin-
ciples theoretical calculations.

pressure of 1.5 GPa by virtue of a diamond anvil cell, it is extre-
mely analogous to a previously available result reported by
Hsueh et al. (1998) at 1.6 GPa.’ The synchrotron X-ray diffrac-
tion peak of Sbl; was identified as the initial rhombohedral
structure (R3) with its corresponding lattice parameters of a =
b=7.113 £ 0.002 A, ¢ = 19.293 + 0.009 A, a = f§ = 90°, y = 120°,
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Fig. 11 The typical X-ray diffraction patterns of Sblz at the representa-
tive pressures of 1.5, 8.0, 20.0, and 40.0 GPa under non-hydrostatic
condition. Previously reported X-ray diffraction results on Sblz at 1.6, 6.7,
8.4, and 10.1 GPa under non-hydrostatic condition are also compared in
detail.

and V = 845.35 + 0.55 A® at the pressure of 1.5 GPa, respect-
ively. As the pressure increased to 8.0 GPa, the XRD peaks of
Sbl; shifted towards the lower d spacing values and implied
the unit cell to be compressed, which accords well with our
theoretical calculation results wunder high pressure.
Concurrently, the (113) predominant peak asymmetrically
broadened, which was accompanied by the emergence and dis-
appearance of several feeble peaks around the dominant
pattern. Furthermore, the XRD pattern at 8.0 GPa was affirmed
as the rhombohedral structure (R3) with its corresponding
lattice parameters of @ = b = 6.819 + 0.004 A, ¢ = 18.973 +
0.007 A, @ = = 90°, y = 120°, and V = 764.03 + 0.48 A%, respect-
ively. As the pressure approached 20.0 GPa, it is clear that two
obviously available shoulder peaks were observed along the
(113) characteristic pattern, which was indexed as the rhombo-
hedral structure (R3) with its corresponding lattice parameters
of a=h=6.696 + 0.003 A, c = 18.295 + 0.002 A, a = = 90°, y =
120°, and V = 710.39 + 0.65 A, respectively. Upon compression
to 40.0 GPa, the main peak was split into two separate peaks
with the high intensities, and the diffraction pattern was
further identified as the monoclinic structure (C2/m) with its
corresponding lattice parameters of a = 6.187 + 0.004 A, b =
10.440 + 0.005 A, ¢ = 5.850 + 0.001 A, a = y = 90°, # = 98°, and V
= 374.19 + 0.65 A®, respectively. Previously reported synchro-
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Fig. 12 Rietveld refinement results of the synchrotron X-ray diffraction
patterns for Sblz at (a) 1.5 GPa, (b) 8.0 GPa, (c) 20.0 GPa, and (d) 40.0
GPa. Herein, the experimental and calculated patterns are indicated by
the black cross symbols and the red solid lines, respectively. The green
solid lines at the bottom are the deviation curves between the observed
and calculated profiles. The vertical blue bars represent the standard
positions of the Bragg peaks.

tron XRD results in Sbl; by Hsueh et al. were measured under
four limited pressures of 1.6 GPa, 6.7 GPa, 8.4 GPa and 10.1
GPa. Furthermore, a structural transformation from the rhom-
bohedral (R3) to monoclinic (P24/c) phases was extrapolated
beyond 4.0 GPa. It should be noted that the high-pressure syn-
chrotron XRD patterns of Sbl; above ~8.0 GPa reported by
Hsueh et al. and us are completely different. Three possible
causes were proposed to explain the inconsistent XRD profiles
above ~8.0 GPa as follows: (i) the inevitable influence of the
pressure scale on the synchrotron X-ray diffraction pattern.
Although both Hsueh et al. and our high-pressure synchrotron
XRD experiments were performed without pressure medium
under non-hydrostatic condition, we chose both gold and ruby
as the pressure scale in the present work (Fig. S11t), while
only ruby was employed to calibrate the pressure in previous
study. And thus, it is possibly inevitable that the discrepancy
in pressure scale may influence the synchrotron XRD signal of
sample; (ii) the divergence of starting samples, which may lead
to the available discrepancy in the high-pressure structural
behaviors of Sbl;. In this work, the polycrystalline SbI; aggre-
gates with their correspondent grain size of 1-3 pm were
obtained from Leshan Kairuida Photoelectric Technology
Company, which were sealed into the sample chamber of a
diamond anvil cell. In a previous study, the starting Sbl;
samples were purchased from the Alfa Company without
further purification, which were ground into fine powders to
minimize the effects of preferred orientation and loaded into a
diamond anvil cell. The similar discrepancy phenomena in
high-pressure synchrotron XRD results caused by the diver-
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gence of starting samples, such as VSe,, HfS,, HfTe;, etc., were
also observed in other previously reported two-dimensional
layered compounds;***%*! (iii) the inconsistent XRD profiles
beyond ~8.0 GPa corresponding to different high-pressure
structural phases of Sbl;. In our present study, the asymmetri-
cally broad (113) predominant peak and the emergence and
disappearance of several feeble peaks in the synchrotron XRD
pattern revealed an IPT within the pressure range of 8.0 GPa
and 20.0 GPa, which still retained the initial high-pressure
rhombohedral (R3) structural phase of Sbl;. Upon pressuriz-
ation to 40.0 GPa, the splitting of the main peak in SbI; was
characterized by the new phase of the monoclinic C2/m
sample. In conclusion, all of these observed high-pressure syn-
chrotron XRD results on Sbl; were in good agreement with our
above-mentioned first-principles theoretical calculations, elec-
trical conductivity and Raman spectroscopy data under high
pressure.

Previous Raman spectra results on Sbl; demonstrated the
occurrence of IPT by the inversion from a red shift to blue
shift in Raman peaks at around the transition pressure.”'” In
fact, we have also observed the similar Raman scattering
phenomenon of the initial softening followed by the harden-
ing for Raman peaks at 3.4 GPa. Consequently, the structural
transition at 3.4 GPa was presumably attributed to the IPT,
which matches well with our theoretical calculation results. As
for the second phase transition of Sbl; at 10.3 GPa, our
obtained transition pressure is comparable to that of 8.3 GPa
from previous Raman scattering results reported by Anderson
et al (1998)."7 Notably, the metallization at 32.3 GPa is
induced by the R3-to-C2/m structural transformation, which is
totally different from previously theoretical calculation results
under high pressure.'® During decompression, the irreversibil-
ity of structural transition was also revealed from earlier syn-
chrotron X-ray diffraction and Raman spectroscopy results,
which was possibly ascribed to the huge kinetic barrier for the
continuous high-pressure structural transitions of Sbl;.>"”

As the typical members of the VA group metal triiodide, Bil;
and SbI; share analogous electronic structures at ambient con-
ditions.’ Recently, Bil; has been reported to undergo a semi-
conductor-to-metal transformation at ~35.0 GPa by means of
optical absorption measurements under quasi-hydrostatic con-
dition using CsI powder as the PM.*? In the present work, both
Raman scattering and electrical conductivity results disclosed
the occurrence of an electronic transition in Sbl; at 32.3 GPa
under non-hydrostatic condition. Nevertheless, Sbl; metallizes
at higher pressure of 37.6 GPa under hydrostatic condition
using helium as the PM. The slightly lower metallization
pressure of Sbl; relative to Bil; possibly derives from the fol-
lowing causes. On the one hand, the narrower electronic orbi-
tals of antimony than that of bismuth led to the mildly weaker
hybridization of 5p and 5d orbitals in Sbl; than the 5p and 6d
orbitals in Bil;. Actually, a similar trend of metallization
pressure has also been reported in transition-metal dichalco-
genides (TMDs, MX,) (M = Mo and W; X = S and Se).**™*> On
the other hand, previous high-pressure investigations on some
representative 2D compounds have demonstrated that the
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degree of hydrostaticity is a crucial factor of influencing the
structural and electronic transition pressures under different
hydrostatic environments.'>**?* Consequently, the lower
metallization pressure of SbI; in comparison with Bil; may be
associated with the absence of PM, which could accelerate the
emergence of metallization under non-hydrostatic condition.

Conclusions

In the present work, the crystalline structure and electrical
transport properties of quasimolecular layered Sbl; during
compression and decompression under different hydrostatic
environments have been comprehensively studied through
in situ synchrotron X-ray diffraction, Raman spectroscopy, elec-
trical conductivity in combination with first-principles theore-
tical calculations. Under non-hydrostatic condition, Sbl;
experienced two IPTs at the respective pressures of 3.4 GPa
and 10.3 GPa, followed by a metallization at 32.3 GPa.
Nevertheless, SbI; metallized at higher pressure of 37.6 GPa
under hydrostatic condition due to the feeble deviatoric stress.
Upon depressurization, the phase transition of SbI; was found
to be irreversible under different hydrostatic environments.
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