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High-pressure structural, magnetic and electrical transport characteristics of CrBrs were synthetically
investigated using Raman scattering, electrical conductivity, high-resolution transmission electron
microscopy (HRTEM) and first-principles theoretical calculations during compression and decompression
under different hydrostatic conditions. Upon pressurization, CrBrs underwent a second-order structural
transition at 9.5 GPa, followed by the semiconductor-to-metal and magnetic switching at 25.9 GPa under
non-hydrostatic conditions, whereas, an obvious pressure hysteresis of ~3.0 GPa was detected in the
occurrence of structural transitions and metallization under hydrostatic conditions due to the deviatoric
stress. Upon decompression, the structural and electronic transitions of CrBrs under different hydrostatic
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conditions were of good reversibility with a considerable pressure sluggishness of ~5.0 GPa, which was
corroborated well by the microstructural observation with HRTEM. Our systematic high-pressure investi-
gation on CrBr3 not only reveals its underlying application in spintronic, magnetic and electronic devices
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Introduction

Two-dimensional (2D) chromium trihalide CrX; (X = Cl, Br
and I) compounds, emergent magnetic semiconductors, have
attracted tremendous interest in terms of both fundamental
research and technological application owing to their excep-
tional optical, electronic and magnetic properties."” CrX,
belong to the class of layered van der Waals materials where
each chromium atom is surrounded by six halide atoms in a
hexagonal honeycomb network and the formed X-Cr-X tri-
layers are stacked along the vertical ¢ axis direction by weak
van der Waals forces.>™® Compared with other CrX; com-
pounds, chromium tribromide (CrBr;) has some exotic pro-
perties, e.g., the structural stability at low temperature and the
similarity in magnetic ordering for bulk and monolayers.>”
Under ambient conditions, CrBr; is a ferromagnetic semi-
conductor with a Curie temperature of 47 K and a wide
bandgap energy of 1.38 eV, which crystallizes into a rhombohe-
dral structure with the symmetry of R3.% In light of the extra-

“Key Laboratory of High-Temperature and High-Pressure Study of the Earth’s

Interior, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang,

Guizhou 550081, China. E-mail: dailidong@vip.gyig.ac.cn, huhaiying@vip.gyig.ac.cn
bUniversity of Chinese Academy of Sciences, Beijing 100049, China

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3dt00899a

7290 | Dalton Trans., 2023, 52, 7290-7301

but also advances the understanding of the physicochemical behaviors for 2D magnetic materials.

ordinary physicochemical behaviours, CrBr; is a promising
material in optical isolators, magnetic sensors and rewritable
optical memory.’

The application of pressure offers an effective approach of
manipulating the structural, magnetic and electrical transport
characteristics of chromium trihalides.'®™* Despite the con-
siderable high-pressure investigations on CrCl; and Crl;, only
one unique available research on CrBr; under high pressure
has been reported to date.'®® More recently, CrCl; has been
revealed to endure an isostructural phase transition (IPT) at
9.9 GPa, which was concurrent with the magnetic crossover
from ferromagnetic (FM) to antiferromagnetic (AFM)
configurations.'®'" On further compression up to 28.0 GPa, an
electronic topological transition (ETT) occurred, accompanying
the emergence of semiconductor-to-metal transformation in
CrCl;.">" For chromium triiodide, the pressure-driven metalli-
zation and magnetic transformation took place simultaneously
as the pressure increased above 22.0 GPa, which was corrobo-
rated by the theoretical calculation results with the overlap of
valence bands and conduction bands,'? whereas, for chro-
mium tribromide, the high-pressure structural, magnetic and
vibrational behaviours were studied through X-ray powder
diffraction, neutron powder diffraction and Raman spec-
troscopy up to a limited pressure of 23.0 GPa."® Their results
demonstrated that CrBr; experienced a pressure-induced IPT
within the pressure range of 2.5-7.0 GPa. As the pressure
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increased to ~15.0 GPa, another structural transition occurred
in CrBrz, which was possibly associated with the proximity of
metallization.’®> However, no robust evidence is provided to
verify the presence of electronic transitions in CrBr; under
high pressure and its phase stability beyond 23.0 GPa remains
unclear.

On the other hand, the deviatoric stress has been con-
sidered as a critical ingredient affecting the high-pressure
phase stability, structural transition pressure and the reversi-
bility of phase transformation for 2D layered semiconducting
materials."'*?" Hong et al. (2022) have studied the high-
pressure Raman spectra of CrCl; under different hydrostatic
conditions and a ~2.0 GPa pressure delay in the emergence
of IPT and metallization was detected under hydrostatic
conditions owing to the relatively feeble deviatoric stress.'*
However, to date, there is no related report on the influence of
deviatoric stress on the high-pressure structural behaviour of
CrBr; under different hydrostatic conditions.

In the present work, the high-pressure structural, magnetic
and electrical transport characterization of CrBr; was compre-
hensively performed under different hydrostatic conditions
using a diamond anvil cell up to 41.3 GPa by virtue of in situ
Raman spectroscopy, alternating current (AC) impedance spec-
troscopy, HRTEM and first-principles theoretical calculations.
Furthermore, the pressure-induced structural transition,
metallization and magnetic crossover of CrBr; upon com-
pression and decompression processes were sufficiently
discussed.

Results and discussion
High-pressure Raman spectra of CrBr;

Fig. 1a-c display the high-pressure Raman spectra of CrBr;
with a rise of pressure up to 37.6 GPa under non-hydrostatic
conditions. The corresponding evolution of Raman shifts as a
function of pressure is plotted in Fig. 1d. It makes clear that
four characteristic Raman peaks at the positions of 105.8 cm™"
(Ay), 136.5 cm™" (Eg), 148.3 cm™ ' (Ey) and 182.7 em ™" (A,) are
observed at a fixed pressure of 0.9 GPa within the wavenumber
range of 100-400 cm ™. Overall, our acquired Raman peaks are
in excellent agreement with previous studies.>'***** To draw
a clear distinction between different Raman modes of CrBrj,
we defined the Raman peaks at 105.8, 136.5, 148.3 and
182.7 em™" as the A,', E,', E,” and A, modes of CrBrs,
respectively.

It can be seen clearly from Fig. la-c that all the Raman
peaks of CrBr; monotonically shifted towards higher wave-
numbers with increasing pressure. Noteworthily, the spacing
between A,' and E,' Raman peaks diminished considerably
with the application of pressure owing to the evident discre-
pancy in their slopes of Raman shifts. On further compression
to 9.5 GPa, the A,' and E,' Raman peaks merged into a single
peak. Actually, a similar mergence phenomenon of A, and Ag;
Raman scattering peaks in CrCl; was also observed at 9.9 GPa,
which resulted from the occurrence of pressure-induced IPT."*

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a)-(c) High-pressure Raman spectroscopy results of CrBrs
within the pressure range of 0.9-37.6 GPa upon compression at room
temperature. (d) The evolution of Raman shifts as a function of pressure
for CrBrz under non-hydrostatic conditions.

Beyond 9.5 GPa, the A,' characteristic Raman peak of CrBr;
tended to weaken progressively with the rise of pressure and
vanished completely at 25.9 GPa. Afterwards, as the pressure
exceeded 25.9 GPa, the remaining Raman peaks of the sample
exhibited substantial broadening and remarkable weakening
up to the highest experimental pressure of 37.6 GPa.

Table S1f summarizes the pressure coefficient (dw/dP) of
CrBr; calculated from the linear fitting equation of w(P) =
®(Py) + (dw/dP)P during both processes of compression and
decompression under different hydrostatic conditions, which
plays a crucial role in signifying the emergence of the
pressure-driven structural transition of CrX; compounds.'®™?
Simultaneously, the pressure dependence of Raman full width
at half maximum (FWHM) and spacings in Raman shifts are
illustrated in Fig. 2 and 3, and further, their corresponding
fitting results upon compression and decompression under
different hydrostatic conditions are listed in Tables S2 and
S3,T respectively. More importantly, the pressure coefficients
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Fig. 3 The spacings in Raman shifts against pressure for CrBrs under (a)
non-hydrostatic conditions and (b) hydrostatic conditions, respectively.
Herein, PM stands for the pressure medium.

of A" and A,” modes converted from the steeper values of 4.66
and 4.62 cm™' GPa™" at the correspondent pressure lower than
9.5 GPa to moderate values of 3.04 and 3.31 ecm ' GPa "
within the subsequent pressure range of 9.5-25.9 GPa, respect-
ively. Meanwhile, the FWHM of A,' mode showed an evident
discontinuity at 9.5 GPa. Regarding the spacings in the Raman
shift for A,>-A.", its slope changed from —0.042 cm™' GPa™

7292 | Dalton Trans., 2023, 52, 7290-7301

below 9.5 GPa to 0.26 cm™' GPa™' at 9.5-25.9 GPa.
Furthermore, the FWHM of E,” mode increased marginally at
a rate of 0.36 cm™" GPa~" within the pressure range of 9.5-25.9
GPa, whereas it possessed a larger rate of 2.38 cm™ GPa™' at
25.9-37.6 GPa. As for the FWHM of A,> mode, its slope experi-
enced a distinct sign reversal from positive to negative at 25.9
GPa. Taken together, upon pressurization, the mergence of A,'
and E,' modes, the noticeable discontinuities in the pressure
dependence of Raman shifts for A,' and A,” modes, the
FWHM for A,' mode and spacings in the Raman shift for A,’~
A,' provided solid evidence for the occurrence of a phase tran-
sition in CrBr; at 9.5 GPa. When the pressure increased to 25.9
GPa, the disappearance of A,' mode and the prominent inflec-
tion points in the FWHMs of E,” and A,> modes were indica-
tive of another structural transition in CrBr;.

Fig. 4a-c illustrate the high-pressure Raman spectra of
CrBr; during decompression and the relevant relationship of
Raman shifts versus pressure is plotted in Fig. 4d. It makes
clear that the E,” and A,> Raman peaks of the sample pre-
sented red shifts, accompanied by the progressive enhance-
ment in their Raman peak intensities with decreasing
pressure. Notably, the A,' Raman peak at 181.4 cm™' reap-
peared as the pressure relieved to 21.7 GPa. Additionally, the
pressure coefficient of A,”> mode exhibited a discernable inflec-
tion point at 21.7 GPa. On further decompression to 5.0 GPa,
another Raman peak centered at 151.0 cm™ " reemerged, which
corresponded to the E,' mode of CrBr;. Concomitantly, both
the pressure coefficients of A,', E,” and A, modes, and the
spacings in Raman shifts for A,>-A,' and A,’-E,” modes
showed pronounced discontinuities at 5.0 GPa. Consequently,
our Raman scattering results on CrBr; during decompression

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a)-(c) High-pressure Raman spectra of CrBrs within the
pressure range of 36.9-0.2 GPa and room temperature during decom-
pression. (d) Corresponding variation of Raman shifts as a function of
pressure under non-hydrostatic conditions.

demonstrated the reversal of two high-pressure structural tran-
sitions at the respective pressures of 21.7 and 5.0 GPa, albeit
with the existence of a pressure sluggishness of ~5.0 GPa.

Fig. S1 and S21 depict the high-pressure Raman spectro-
scopic results of CrBr; and the related pressure dependent
Raman shift relationships upon compression and decompres-
sion processes under hydrostatic conditions. Noteworthily,
both the high-pressure Raman spectra of CrBr; and the corres-
ponding evolution of Raman shifts, FWHMs and spacings in
Raman shifts with applied pressure under hydrostatic con-
ditions followed a similar trend to that under non-hydrostatic
conditions. As shown in Fig. 2, 3 and S1,f CrBr; underwent
two structural transformations at higher pressures of 13.6 and
28.2 GPa under hydrostatic conditions compared to those of
9.5 and 25.9 GPa under non-hydrostatic conditions. From
Fig. S2 and S3,t the reversal of phase transitions occurred at
24.8 and 6.9 GPa upon decompression. As seen in Fig. 4c and
S2c,t the recovery of the Raman spectrum further confirmed
the reversibility of the structural transitions under different
hydrostatic conditions. It is well known that strain is an
effective and crucial parameter regulating the interatomic
interaction, electronic orbital and crystalline structure of

This journal is © The Royal Society of Chemistry 2023
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numerous materials, thereby giving rise to the emergence of
structural and electronic transitions. The anisotropic stress
was inevitable under both non-hydrostatic and hydrostatic
conditions. More importantly, the magnitude of anisotropic
stress highly depends on the hydrostaticity within the sample
chamber of the diamond anvil cell.>® As the pressure increases,
the anisotropic stresses and non-uniform deformations are
larger under non-hydrostatic conditions compared to those
under hydrostatic conditions, which plays a vital role in pro-
moting the occurrence of structural and electronic transitions
in the extensive materials family of two-dimensional chro-
mium trihalides and other non-layered materials.""*¢7>°
Consequently, the observed higher structural and electronic
transition pressures of CrBr; under hydrostatic conditions rela-
tive to those under non-hydrostatic conditions can be well
explained by the smaller anisotropic stresses.

Both Lis et al. (2023) and us explored the high-pressure
phase stability of CrBr; and identified the occurrence of two
structural transitions in CrBr; during the process of com-
pression by means of Raman spectroscopy.'® Furthermore, we
found that the electronic transitions identified by Lis et al.
(2023) resemble the first structural transition in our work."
However, compared with our obtained transition pressures of
9.5 and 25.9 GPa, lower transition pressures of 2.5-7.0 GPa
and ~15.0 GPa were reported by Lis et al. (2023). To be specific,
they determined the first structural transition of CrBr; at
2.5-7.0 GPa by the pronounced discontinuities in the lattice
constant (¢) and volume, and the appearance of the M1
Raman peak along with the obvious inflection point in the
pressure coefficient of A,' mode. At ~15.0 GPa, the mergence
of E,” and M1 Raman peaks together with the discontinuity in
the pressure coefficient of A,' mode were indicative of the
occurrence of metallization in CrBrs. In our present study, the
M1 Raman peak has not been observed up to the highest
experimental pressure of 37.6 GPa, which is possibly related to
the broad A,' Raman peak. Nevertheless, the disappearance of
the Ag1 Raman peak due to the limited experimental pressure
of 23.0 GPa has not been detected. The above-mentioned dis-
crepancies between Lis et al. (2023) and us is probably ascribed
to (i) the starting sample and (ii) the laser wavelength and
power of the applied Raman spectrometer.

High-pressure electrical conductivity

Fig. 5a-c show the typical complex impedance spectra of CrBr;
within the pressure range of 1.7-40.5 GPa and atmospheric
temperature. Below 24.6 GPa, the impedance spectra of the
sample display approximate semicircular arcs with their
centers on or slightly below the real part (Z') of complex impe-
dance in the high-frequency region plus the inclined lines in
the low-frequency region, which corresponds to the grain
interior and grain boundary contributions of the CrBr;
sample, respectively. To quantitatively extract the electrical
resistances of CrBr; under pressure, an equivalent circuit com-
posed of a parallel resistor (R) and a constant phase element
(CPE) is applied to fit high-frequency semicircles using Zview
software. As the pressure approached 24.6 GPa, a line perpen-

Dalton Trans., 2023, 52, 7290-7301 | 7293
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Fig. 5 Nyquist plots of impedance spectroscopy for CrBrs within the
pressure ranges of (a) 1.7-9.2 GPa; (b) 10.3-22.9 GPa and (c) 24.6-40.5
GPa at atmospheric temperature under compression. Herein, Ry and Ry,
represent the resistances of grain interior and grain boundary for the
CrBrz sample, respectively. CPE; and CPEy, are the constant phase
elements of the grain interior and grain boundary for the CrBr; sample,
respectively. Z' and Z" stand for the real and imaginary parts of complex
impedance. (d) Pressure dependence of electrical conductivity for CrBrsz
under both compression and decompression processes.

dicular to the real part (Z') of complex impedance emerged,
which is modeled by a resistor (R). Subsequently, the electrical
conductivity (6) of CrBr; was calculated from the resistance (R)
and the geometric factor L/S (where S and L represent the
cross-section area of the electrode and the distance between
the electrodes) based on the equation ¢ = L/SR. The corres-
ponding logarithmic electrical conductivity of CrBr; against
pressure is illustrated in Fig. 5d. Noticeably, three regions were
distinguished from the pressure dependence of the electrical
conductivity relationship of CrBr;. Below 10.3 GPa, the electri-
cal conductivity of CrBr; substantially increased with increas-
ing pressure at a steep slope of 0.15 S cm™" GPa™'. However, a
feeble enhancement in the electrical conductivity of the
sample was detectable between 11.6 and 22.9 GPa. The
remarkable discontinuity in electrical conductivity at 10.3 GPa
matches well with the high-pressure Raman scattering results
under non-hydrostatic conditions and is probably associated
with the first structural transition of CrBr;. Noteworthily, the
electrical conductivity of the sample reached up to 0.48 S cm™"
at 24.6 GPa, which is comparable to the electrical conductivity
of a metal material.'»**71%18729 Apove 24.6 GPa, the electrical
conductivity of CrBr; was weakly dependent on pressure at a
gentle slope of 0.0092 S cm™" GPa~". Upon decompression, the
electrical conductivity of the sample diminished as the
pressure was released. Furthermore, an available critical
pressure of 6.4 GPa was observed in the pressure dependent
electrical conductivity relationship, which is correlated with

7294 | Dalton Trans., 2023, 52, 7290-7301
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the phase transformation of CrBr;. Additionally, the recover-
able electrical conductivity magnitude of CrBr; at 1.9 GPa
further confirmed the reversibility of structural transitions.

To corroborate the occurrence of metallization in pressur-
ized CrBr;, the variable-temperature electrical conductivity
measurements during the compression and decompression
processes as well as their corresponding temperature-pressure-
electrical conductivity contour maps are displayed in Fig. 6, 7
and Fig. S4.1 Generally speaking, the electrical conductivity of
a semiconductor increases profoundly with the rise of temp-
erature (do/dT > 0), whereas a metal has a faintly negative
temperature dependence in the electrical conductivity relation-
ship (de/dT < 0).'11>15720:30732 g geen in Fig. 6a and b, during
compression, CrBr; exhibited a positive do/dT relationship
below 23.8 GPa, which is characteristic of the semiconducting
behaviour. Above 25.2 GPa, the negative do/dT relationship
implied the metallization of CrBr;. Besides, this makes it clear
that the electrical conductivity of CrBr; displays a large
tunable range across almost seven orders of magnitude with
the occurrence of the transformation from semiconductor to
metal phases (see Fig. 7). Furthermore, above 25.9 GPa, a sub-
stantial reduction in the intensity of the Raman peak is prob-
ably related to the metallic feature of the CrBr; sample. From
Fig. S4a and b, upon decompression, the negative do/dT
relationship above 8.1 GPa represented the metallic properties
of the sample. Below 5.7 GPa, the semiconducting behaviour
of CrBr; was disclosed from the positive do/dT relationship. In
sum, our electrical conductivity results revealed that CrBrj

2.0
(bgAA
2.7 F 23.8GPa %
A
34 F K
AA
04 AAAAAAAAAYAAYAYAVAVAvAvAv] TS I8 3 A2
A
0 16.9 GPa 48 F L8
0.0 O 21.7GPa A%
’ /\ 23.8GPa g 5.5
V/ 25.2GPa RA| 0.49 &
T’\ > 27.8GPa 22 Ev (c)
= <]29.5GPa| & Vy_ 252GPa
9 29 2 0.47 £ v
2] R .
~ 2 o E v
2 R o E Ve
= Q 0.45 | v
o0 E v
o -3.8 K o Vg
=) 2 DD E vv
R o 0.43 &
R o 0.7120
47F R o” 2% @
r o
N g 0.7085F 0 278GPa
[ R u] oo
'3 a oo
s6F g~ 0.7050 F o
= o,
Fo 3
: 0.7015 o%
<

6.5k L ) | L | 0.698
120 150 180 210 240 270 300

Temperature (K)

ok | L ) L )
120 150 180 210 240 270 300

Temperature (K)

Fig.6 A series of variable-temperature electrical conductivity
measurements on CrBrs at several representative pressures. Herein, (a)
denotes all results at 16.9, 21.7, 23.8, 25.2, 27.8 and 29.5 GPa upon com-
pression; (b) denotes the typical semiconducting behaviour of CrBrs at
23.8 GPa; (c) denotes the metallic properties at 25.2 GPa and (d) denotes
the metallic state of the sample at 27.8 GPa, respectively.
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underwent a phase transition at 10.3 GPa followed by the
appearance of metallization at 24.6 GPa upon pressurization.
During decompression, the electronic transition of the sample
showed good reversibility with a considerable pressure hyster-
esis of ~18.0 GPa, which is possibly caused by the intrinsic
crystal structure of chromium trihalides."! As for the inconsist-
ent results on the phase stability of CrBr; at ~22.0 GPa during
decompression obtained from Raman spectroscopy and elec-
trical conductivity measurements, the different sensitivity
between the two measurement methods is the most possible
cause.

In consideration of the similarities in the crystalline and
electronic band structures of CrX; (X = Cl, Br and I) com-
pounds under ambient conditions, it is reasonable to extrap-
olate that the analogous structural and electrical transport pro-
perties are possible under high pressure.’” Hence, a detailed
comparison was conducted on the evolution of electrical con-
ductivity as a function of pressure for CrX; (X = Cl, Br and I)
compounds at atmospheric temperature, as presented in
Fig. S5.1 It is evident that the pressure dependent electrical
conductivity relationship in CrCl; resembles that in CrBr; with
a noticeable inflexion point in electrical conductivity at struc-
tural transition pressure followed by a sudden jump in electri-
cal conductivity at around metallization pressure. In contrast
to CrCl; and CrBrj;, the absence of structural transition in Crl;
up to ~40.0 GPa is presumably related to the more delocalized
5p orbitals of the iodine atom than the 3p and 4p orbitals of
chlorine and bromine atoms, which leads to better hybridiz-
ation of chromium 3d and iodine 5p orbitals and thus
stronger interlayer interactions.***° Besides, unlike the abrupt
enhancement in the electrical conductivity of CrCl; and CrBr;
at around metallization, the progressive increase of electrical
conductivity in Crl; indicated the continuous tunability of its
electronic structure and bandgap energy under high pressure.
Furthermore, more detailed comparisons of the pressures of
structural and electronic transitions for CrX; compounds upon
compression and decompression under different hydrostatic
conditions are listed in Table S5.f As a whole, it is clear that
the structural transition and metallization pressures of CrX;
compounds evolved regularly as the atomic radius of the
halogen increased from chlorine, bromine to iodine. In par-
ticular, with increasing atomic radius, the pressures of struc-

This journal is © The Royal Society of Chemistry 2023
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tural and electronic transitions decreased gradually in order
from CrCl, CrBr; to Crlz;, which satisfies the pressure hom-
ology principle.?”*® The middle transition pressures for CrBr;
are probably associated with the appropriate atomic radius
and electron orbitals of bromine in comparison with those of
chlorine and iodine, leading to a moderate electronic coupling
effect. As a matter of fact, a similar high-pressure behaviour
has been disclosed in the recently reported other representa-
tive 2D layered transition-metal disulfides, such as MoX, (X =
S, Se and Te) and HfX, (X = S, Se and Te).”>** In summary, this
is the first time that the structural and electronic phase trans-
formations of CrBr; are thoroughly revealed at higher press-
ures up to 41.3 GPa, and in comparison with the existence of
the helium pressure medium under hydrostatic conditions, we
found pressure sluggishness values of 4.1 and 2.3 GPa during
compression together with 1.9 and 3.1 GPa upon decompres-
sion, respectively.

HRTEM of CrBr;

Fig. 8 shows the representative cross-section HRTEM images
and the corresponding fast Fourier transform (FFT) patterns
for the initial and recovered samples under different hydro-
static conditions. As seen in Fig. 8a, the vivid and homo-
geneous lattice stripes in the HRTEM image suggest the well-
crystallized initial sample. Subsequently, the interplanar
spacing of the starting sample was found to be ~0.42 nm, and
can be identified as the (103) crystallographic plane of rhom-
bohedral CrBr;. The corresponding FFT pattern of the HRTEM
image exhibited well-defined bright diffraction spots immer-
sing in a dark background, which further revealed a single
crystalline initial sample with high crystal quality. As illus-
trated in Fig. 8a-f, the analogous interplanar spacing values
and FFT patterns for the pristine and retrieved samples vali-
dated the reversibility of structural transitions under different
hydrostatic conditions. Compared with the FFT pattern of the

Fig. 8 Bright-field HRTEM images and their correspondent FFT pat-
terns for CrBrs. The scale bar is 5 nm. (a) and (d) The images of the initial
sample. (b) and (e) The images for the recovered sample decompressed
from 36.8 GPa under non-hydrostatic conditions. (c) and (f) The images
for the retrieved sample decompressed from 40.3 GPa under hydrostatic
conditions. Therein, PM represents the pressure medium.
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decompressed sample under hydrostatic conditions, the
slightly fuzzy diffraction spots in the FFT pattern for the recov-
ered sample under non-hydrostatic conditions are possibly
associated with the absence of pressure medium. As we know,
the presence of pressure medium plays a significant role in
alleviating the interlayer interaction and thus leads to the well-
preserved crystalline structure of the decompressed sample
under hydrostatic conditions, as previously reported in other
2D layered semiconducting materials.'***72°

First-principles theoretical calculations of CrBr;

To unravel the underlying mechanism of the high-pressure
magnetic and structural transitions in CrBr;, the first-prin-
ciples theoretical calculations were carried out within the
pressure range of 1-40 GPa at the Hefei Advanced Computing
Center of China. The enthalpies of different magnetic ordering
of CrBr; including the FM, AFM and M12 phases were calcu-
lated at 10-35 GPa under conditions of two representative U
values (U = 2.0 eV and U = 3.2 eV). Herein, the enthalpy of the
ferromagnetic CrBr; was set as the reference. As illustrated in
detail in Fig. 9a, at a fixed U value of 2.0 eV, the enthalpy of
the FM phase of CrBr; intersected with that of the M12 phase
at ~17 GPa, whereas the enthalpy of the AFM phase was always
higher than that of the M12 phase in our calculated pressure
range of 10-35 GPa. Therefore, the FM phase of CrBr; will
transform into the M12 phase at ~17 GPa. However, for the
corresponding U value of 3.2 eV, the FM-to-M12 magnetic
phase transition occurred at a higher pressure of ~23 GPa.
Thus, this makes it clear that the magnetic transition pressure
of CrBrj; is highly sensitive to the magnitude of the Hubbard U
value, which has also been reported in previous theoretical cal-
culation results for the isostructural chromium trihalides of
CrCl; under high pressure.'® Furthermore, the electronic band
structures, density of states, and crystallographic parameters
of different magnetic CrBr; were calculated at a fixed U value
of 2.0 eV. Fig. 10 shows the electronic band structures and the
corresponding density of states for the FM phase of CrBr; at
25 GPa, the M12 phase of CrBr; at 25 GPa and the AFM phase

Relative enthalpy (eV)
Relative enthalpy (eV)

-0. i - bl
10 15 20 25 30 35 10 15 20 25 30 35
Pressure (GPa) Pressure (GPa)

Fig. 9 Theoretical calculation results of the enthalpies of different
magnetic orderings of CrBrz within the pressure range of 10-35 GPa
under two typical Hubbard U values of (a) 2.0 eV and (b) 3.2 eV, respect-
ively. The enthalpy of the ferromagnetic CrBrz was set as the reference.
Inset: schematic crystal structures of the FM and M12 configurations of
CrBrs.
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Fig. 10 (a) and (b) represent the calculated electronic band structures
and density of states for the FM phase of CrBrs at 25 GPa. (c) and (d) rep-
resent the calculated electronic band structures and density of states for
the M12 phase of CrBrz at 25 GPa. (e) and (f) represent the calculated
electronic band structures and density of states for the AFM phase of
CrBr3 at 30 GPa. (a, c and e) Calculated electronic band structures and
(b, d and f) their corresponding density of states for FM, M12 and AFM
configurations of CrBrs at the respective pressures of 25, 25 and 30 GPa.
Herein, FM and AFM stand for the ferromagnetic and antiferromagnetic
orders of CrBrs, respectively.

of CrBr; at 30 GPa. Clearly, the bandgap energy of the FM
phase of CrBr; at 25 GPa is ~0.82 eV and a smaller bandgap
energy of ~0.58 eV was obtained for the AFM phase of CrBr; at
30 GPa. Noteworthily, as seen from Fig. 10c, the bandgap
closed for the M12 phase of CrBr; at 25 GPa, indicating the
metallic behavior. Therefore, the magnetic transition of CrBr;
is possibly accompanied by the occurrence of metallization,
which has also been reported in the chromium triiodide with
a similar crystalline structure of 2D chromium trihalide."
Several crucial crystallographic parameters of the sample,
including the lattice constants (a, b and ¢), normalized lattice
constants (a/ay, b/b, and c/c,), lattice constant ratios (a/c and
b/c), unit cell volume (V), normalized unit cell volume (V/V,),
Cr-Br-Cr bond angle, Cr-Br bond length, nearest Cr—Cr bond
length and 2™ nearest Cr-Cr bond length, as a function of
pressure were successfully obtained, and a series of representa-
tive results are displayed in Fig. 11 and Fig. S6.} As illustrated
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Fig. 11 Theoretical calculation results of (a) and (b) lattice constants (a,
b and ¢); (c) normalized lattice constants (a/ao, b/bg and c/co); (d) lattice
constant ratios (a/c and b/c); (e) unit cell volume and (f) normalized unit
cell volume under pressure within the pressure range of 1-40 GPa. The
pressure—volume data of CrBrz were fitted to the second-order Birch—
Murnaghan equation of states to determine its bulk modulus (Bg) and
unit cell volume at zero pressure (Vo).

in Fig. 11a-c, the ¢ axis of CrBr; is more compressible than the
a axis owing to the weak van der Waals interlayer bond relative
to the strong intralayer covalent bond, which is in accordance
with the anisotropic compressibility of 2D layered transition-
metal disulfides.>® Note that the lattice constant ratios (a/c and
b/c) of CrBr; exhibited prominent inflection points at ~10 and
~17 GPa, accompanied by the feeble discontinuity of unit cell
volume. Concomitantly, all of these available results including
the pressure dependent lattice constants (a, b and c¢), normal-
ized lattice constants (a/ay, b/by and c/c,), Cr-Br-Cr bond
angle, nearest Cr-Cr bond length and 2™ nearest Cr-Cr bond
length of CrBr; showed observable inflexion points at ~10 and
~17 GPa. In fact, Ahmad et al. (2020) revealed the emergence
of pressure-driven IPT in CrCl; at 11.0 GPa from the striking
inflection point in the lattice constant ratios (a/c and b/c) and
a subtle volume discontinuity.'® As a consequence, the high-
pressure structural transitions of CrBr; at the respective press-
ures of ~10 and ~17 GPa presumably belong to the second-
order phase transformations, as previously reported in other
binary compounds of Bi,S;, Sb,S;, Sb,Se; and VSe,.>"?™*?
Generally speaking, the transition pressures of CrBr; obtained
from high-pressure experimental and theoretical calculation

This journal is © The Royal Society of Chemistry 2023

Fig. 12 Structural and compositional characterization of the pristine
sample. (a) XRD pattern of the initial sample under ambient conditions.
Herein, the red vertical lines represent the standardized peak positions
of the rhombohedral CrBrs. Major peaks of the starting sample are
marked by (hkl) indices. Inset: an optical micrograph and the corres-
ponding lattice parameters for the starting CrBrz sample. (b) The EDS
result for the pristine sample.

results would show a feeble divergence, which is possibly
related to the subtle variation of free energy before and after
the phase transition.

The calculated pressure-volume relationship of CrBr; was
fitted to three independent second-order Birch-Murnaghan
equation of states (BM-EOS) with fixed bulk modulus deriva-
tives of B’y = 4.0. The fitting results yielded the bulk modulus
(Bo) and volume at zero pressure (V) to be B, = 20.6 GPa and
V, = 687.7 A® at 1-10 GPa, B, = 33.8 GPa and V, = 637.2 A® at
10-17 GPa as well as B, = 42.0 GPa and V, = 611.4 A® at 17-40
GPa. This makes it clear that the high-pressure phases of
CrBr; became incompressible than its low-pressure phase due
to the strengthened bond of the sample with the application of
pressure.

Conclusion

In the present work, a series of studies on the pressure-driven
structural transition, electronic transition and magnetic cross-
over in the layered chromium tribromide have been firstly
reported through Raman spectroscopy, electrical conductivity,
HRTEM and first-principles theoretical calculations under
different hydrostatic conditions up to 41.3 GPa. Under non-
hydrostatic conditions, CrBr; underwent a second-order phase
transformation at 9.5 GPa followed by metallization and FM-
to-M12 magnetic transition at 25.9 GPa upon compression; the
corresponding reversible phase transformations emerged at
5.0 and 21.7 GPa during the process of decompression. Under
hydrostatic conditions, a ~3.0 GPa pressure hysteresis was
detectable for the structural and electronic transitions of CrBr;
during both processes of compression and decompression,
which is associated with the influence of deviatoric stress. Our
present study on CrBr; sheds light on the interplay between
the crystal structure, electronic transition and magnetic
switching in the 2D magnetic semiconductor, which is of great
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significance for its potential application in spintronic, mag-
netic and electronic devices.

Experimental
Sample preparation and characterization

High-purity (99.99%) polycrystalline CrBr; powders with a
shiny black colour (inset of Fig. 12a) were commercially
purchased from Leshan Kairuida Photoelectric Technology
Company, where they were synthesized via the chemical vapor
deposition method by reacting stoichiometric chromium and
bromine powder in a vacuum furnace. We characterized the
crystallographic structure of the starting sample by X-ray diffr-
action (XRD) measurements using an Empyrean-type X-ray
powder diffractometer with copper Kal radiation. The col-
lected XRD pattern was processed with MDI Jade 6.5 software
to determine the lattice parameters of the starting sample.
Fig. 12a shows the typical XRD pattern of the starting sample
and its corresponding lattice parameters were determined as
a=b=6318 A, c=18350 A, a = f = 90° y = 120° and V =
634.3 A®, which is in good accordance with prior results.>*?
Concurrently, the quantitative chemical composition analysis
on the starting sample was performed using a transmission
electron microscope equipped with an energy dispersive X-ray
spectroscopy (TEM-EDS) system. As displayed in Fig. 12b, the
absence of impurity peaks except the unavoidable carbon and
copper peaks from the carbon film proved the high-purity of
the starting sample. Furthermore, the atomic ratios of chro-
mium (25.75 at%): bromine (74.24 at%) elements were deter-
mined to be 1:2.9, close to the standard chemical formula of
CrBr;.

High-pressure Raman spectroscopy experiments

A symmetric piston-cylinder type diamond anvil cell (DAC)
having a culet diameter of 200 pm and a bevel angle of 10° was
employed for pressure generation and thereby was applied for
both high-pressure Raman scattering and electrical conduc-
tivity measurements. A sheet of a T-301 stainless steel gasket
was pre-pressurized to ~10.0 GPa. Sequentially, a hole of
100 pm diameter was laser-drilled in the middle of indentation
as the sample chamber. The starting sample and several fine
ruby spheres acting as the pressure calibration were placed
into the sample chamber. Two sets of individual high-pressure
Raman spectroscopy experiments were performed: one without
pressure medium to create non-hydrostatic conditions, and
another with helium as the pressure medium to provide hydro-
static conditions, respectively. High-pressure Raman spectra of
CrBr; were recorded using a Renishaw 2000 Micro Confocal
Raman spectrometer in a backscattering configuration with a
laser wavelength of 514.5 nm emitted from argon ions. The
laser power and acquisition time were set to be 1 mW and
5 min for each high-pressure Raman spectrum of CrBrs,
respectively. To realize sufficient pressure equilibrium, an
appropriate time interval of 15 min was controlled between
each Raman scattering measurement. The gathered Raman
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spectra were precisely fitted by the Lorentzian function to
extract the Raman peak positions, Raman FWHMs and spa-
cings in Raman shifts of CrBr; under pressure.

High-pressure electrical conductivity measurements

In the electrical conductivity experiments of CrBr;, the insulat-
ing layer comprising epoxy and boron nitride powder was
tightly compressed into the pre-indented stainless-steel gasket
having a central hole 180 pm in diameter. Successively,
another hole with a diameter of 100 pm was drilled in the
middle of indentation, which served as the insulating sample
chamber. Furthermore, the remaining section of the gasket
was homogeneously coated with insulating cement. Two
pieces of platinum electrodes were symmetrically installed to
the upper and lower counterparts of the sample chamber and
then fastened with silver epoxy. No pressure medium was uti-
lized in electrical conductivity measurements for adequate
contact between the sample and electrodes. Complex impe-
dance spectra of CrBr; were measured with a Solartron-1260
impedance/gain phase analyser in frequency sweeping mode
at 107'-10” Hz with a signal voltage of 1.0 V. In variable-temp-
erature electrical conductivity experiments of CrBr3, low temp-
erature conditions were produced by the refrigeration of liquid
nitrogen and the temperature was accurately calibrated with a
K-type thermocouple attached to the diamond. The details of
in situ high-pressure Raman scattering and electrical conduc-
tivity measurements have been provided in our previous
Studies'11,15720,30,31

HRTEM observations

Tiny amounts of the starting and recovered samples under
different hydrostatic conditions were dispersed onto a copper
microgrid coating with holey carbon films for HRTEM and
FFT observations, which was performed with a Tecnai G2 F20
S-TWIN TMP system with an accelerating voltage of 200 kV in
bright field mode. HRTEM micrographs of samples were
recorded with a charge-coupled device digital imaging system.
Furthermore, the interplanar spacings of samples were pre-
cisely determined using Digital Micrograph software.

Computational details

First-principles theoretical calculations of CrBr; were carried
out within the framework of the density functional theory
(DFT) as implemented in the Vienna ab initio simulation
package (VASP) ranging from 1 to 40 GPa at the Hefei
Advanced Computing Center of China. The all-electron projec-
tor augmented wave (PAW) method was adopted with 4s°4p®
and 3d®4s" as valence electrons for Br and Cr atoms, respect-
ively. A high plane-wave kinetic cutoff energy of 800 eV was
applied to achieve high convergence. The structural relaxation
of CrBr; was conducted until the force on each atom was
smaller than 0.01 eV A™'. Two sufficiently dense k-point
meshes of 5 x 5 x 3 and 21 x 21 x 7 are employed to realize the
high-quality theoretical calculations of the structural and
physical properties in the DFT calculations for a highly sym-
metric two-dimensional ferromagnetic semiconductor of CrBr;
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within the pressure range of 1-40 GPa, which completely satis-
fied the convergence criteria requirement of the energy differ-
ence less than 1 meV per atom. In order to check two coexist-
ing FM and M12 structural phases in CrBr;, the enthalpies of
different magnetic configurations including the FM, AFM and
M12 phases were calculated within the pressure range of 10-35
GPa under two typical Hubbard U values of 2.0 and 3.2 eV. To
accurately determine the pressure point of the structural phase
transformation, we also calculated the electronic band struc-
tures and density of states of the sample within the pressure
range of 25-30 GPa. Furthermore, a series of crystalline para-
meters including the lattice constants, normalized lattice con-
stants, lattice constant ratios, unit cell volume, normalized
unit cell volume, Cr-Br-Cr bond angle, Cr-Br bond length,
nearest Cr-Cr bond length and 2" nearest Cr-Cr bond length
with pressure have been successfully obtained within the
pressure range of 1-40 GPa. For the FM configuration, all mag-
netic moments were in the same direction, while the magnetic
moments were set to be antiparallel between the nearest neigh-
bours for the AFM configuration. The chromium atom with an
opposite electronic spin can result in total magnetic moments
up to 12ug, and thus, it can be nominated as the M12 phase of
CrBr;. For more details of the calculation methods and pro-
cedures refer to our prior studies.'"**~*¢
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