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The evolution of the structural and electronic properties of the van der Waals layered ferromagnet CrBr; across
the semiconductor-metal transition was investigated using X-ray powder diffraction and Raman spectroscopy at
high pressures up to 38 GPa and by density functional theory (DFT) calculations at high pressures up to 120
GPa. The pressure behavior of the structural parameters and vibrational modes revealed a crossover from the
quasi-two-dimensional system with weakly interacting atomic layers to the three-dimensional-like system with
strongly interacting layers at P ~ 15 GPa. This resulted in a significant modification of the pressure coefficients
of the lattice parameters and interlayer distances. DFT calculations using first-principles generalized gradient ap-
proximations of the Perdew-Burke-Ernzerhof (PBE) and Perdew—Burke-Ernzerhof-sol (PBEsol) functionals qual-
itatively reproduced the high pressure effects on the structural and electronic properties of CrBrs, with more
accurately results obtained by PBEsol. The relative increase of the binding energy absolute value between the
van der Waals layers by 75 times in the pressure range up to 60 GPa was evaluated. Band gap closure associ-
ated with the semiconductor—-metal transition was found at P = 60 GPa, which is higher than the experimentally

determined value.

1. Introduction

The emergence of intrinsic long range magnetic order in atomically
thin two-dimensional (2D) van der Waals (vdW) magnets has prompted
extensive research in the field of 2D magnetic vdW materials. The espe-
cial feature of vdW materials is a strong response of physical properties
to different stimuli, such as applications of electric and magnetic fields,
light excitation, variation of thermodynamic parameters, and chemical
doping. This makes vdW systems an ideal platform in the search for un-
usual physical phenomena in the 2D limit as well as for the development
of advanced device functionalities in spintronics, opto-spintronics and
straintronics [1-6].

Among 2D vdW systems, semiconducting materials CrXs; (X - halo-
gen elements, including Cl, Br, and I) are particularly noteworthy be-
cause of the ferromagnetic (FM) coupling between the van der Waals
layers and the similar magnetic ordering temperatures observed in both
the bulk and the atomically thin forms of these materials [7,8]. In few-
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layered CrXj systems and relevant heterostructures, a wide diversity of
emergent phenomena, including all-optical switching of magnetization,
stacking-dependent control, electric field switching of interlayer mag-
netic states, giant tunnelling magnetoresistance, magnetic proximity ef-
fects, and spin-induced negative thermal expansion, that are important
for the development of novel spintronic devices with extended function-
alities have been observed [9-14].

Recently, it was found that the electronic states of CrX; materials can
be effectively controlled by the application of high pressure. Pressure-
induced metallization was observed at Py; = 22 GPa in Crl;, at 25 GPa
in CrBr3, and at 30 GPa in CrCls, respectively [15-17]. The insulator-
metal transition under pressure was also observed in the related Cr-
based ferromagnetic vdW materials, Cr,Ge,Teg (Py; ~ 4 GPa) [18] and
Cr,Si,Teg (Py ~ 5 GPa) [19], with a rhombohedral structure. Moreover,
the metallization under pressure occurs in vdW antiferromagnets MnPS;
(Py; ~ 30 GPa), FePS; (Py; ~ 14 GPa), FePSe; (Py; ~ 8 GPa), CrPS,
(Py ~ 15 GPa) [20-23]. In some cases, metallization is accompanied by
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Fig. 1. Rhombohedral crystal structure of CrBrz. The unit cell (left) and top view (right) are shown.

structural phase transitions and spin crossover, providing complications
in clarification of the main driving mechanisms of this phenomenon that
commonly occurs in vdW magnetic materials.

The clarification of the structural features of pressure-induced metal-
lization in vdW magnets is particularly important for band gap engineer-
ing and the development of novel potential applications of these mate-
rials in electronics, spintronics, and straintronics. In particular, the high
pressure evolution of the crystal structure features of CrX; materials, in-
cluding interatomic distances and angles, over the semiconductor-metal
transition remains poorly explored experimentally, although some the-
oretical calculations were performed [16]. This information is crucial
for revealing the microscopic mechanisms of the metallization process
at the structural level.

CrBrj is a suitable model system for the study of high pressure struc-
tural response of the CrX; systems across the semiconductor-metal tran-
sition region. CrBr; crystallizes in the rhombohedral Bil; structure of
R3 symmetry (Fig. 1), preserving it at low temperatures. By contrast,
Crl; and CrCl; crystallize in the more complex monoclinic AlCl; struc-
ture of C2/m symmetry and undergo a structural phase transition to the
rhombohedral R3 structure below 210 and 240 K, respectively [24-26].

Below T = 37 K, a ferromagnetic (FM) ground state is formed in bulk
CrBr3, and the T value decreases to 27 K in the monolayer limit [8]. The
structural, magnetic, and vibrational properties of CrBr; have been pre-
viously explored experimentally in the restricted pressure range up to 23
GPa using X-ray diffraction, Raman spectroscopy, and neutron diffrac-
tion [27]. Suppression of the ferromagnetic ground state and anomalous
behavior of the structural parameters and vibrational modes in the pres-
sure range of 2-7 GPa were observed; the latter effects were attributed
to a possible isostructural phase transition.

In this work, the pressure response of the crystal structure of CrBrs
was studied using a combination of X-ray diffraction and Raman spec-
troscopy techniques in the enhanced pressure range up to 38 GPa, com-
plemented by density functional theory (DFT) calculations carried out
at the pressures up to 120 GPa. The present results provide essential
insights into the general features of the evolution of the 2D structural
arrangement of vdW materials towards conventional three-dimensional
(3D) crystal lattices upon the reduction of the interatomic distances, and
microscopic insights into the nature of the semiconductor-metal tran-
sition. They are also important for the further development of novel
applications of vdW magnetic materials in electronics, spintronics, and
straintronics via band gap engineering.

2. Experimental details

A CrBr; powder sample was prepared from single crystals supplied
by HQ Graphene.

Powder X-ray diffraction (XRD) measurements in the pressure range
up to 38 GPa were carried out using a SAXS/WAXS Xeuss 3.0 (XENOCS)
instrument equipped with a Dectris Eiger2 R 1M 2D-detector. The Mo
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K, radiation (4 = 0.7115 A) was generated by the GeniX 3D source. A di-
amond anvil cell of the Boehler-Almax plate-type was utilized in the ex-
periments. No pressure-transmitting medium was employed to prevent
any interactions with the studied material. The diamonds with 300 pm
culets were used. The hemispherical holes, each with a half culet di-
ameter and a depth of approximately 50 pm, were made at the center
of the culets to achieve a quasi-hydrostatic pressure distribution. The
sample was placed into a 150 pm diameter hole within a rhenium (Re)
gasket which was indented to a thickness of approximately a 30 um. The
pressure gradients were evaluated to be less than 10% from the average
pressure value on the sample. The FIT2D program [28] was used to con-
vert the two-dimensional XRD images into one-dimensional diffraction
patterns. Pressure measurements were conducted using the ruby fluores-
cence technique [29] with a typical determination error not exceeding
0.1 GPa. The XRD patterns were analyzed using the Rietveld method
with the Fullprof program [30].

Raman spectra at the ambient temperature and pressures up to 38
GPa were measured with a LabRAM HR spectrometer (Horiba Gr, Mont-
pellier, France) using an excitation wavelength of 633 nm produced by
a He-Ne laser, a 1800 I/mm grating, a confocal hole of 100 um, and
a x 20 objective.

DFT+U calculations were performed using the Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation (GGA) functional
and its modified version, Perdew-Burke-Ernzerhof-sol (PBEsol) func-
tional [31,32]. The selection of pseudopotentials was based on the stan-
dard solid-state pseudopotential (SSSP) library 1.1 efficiency [33,34]
and the GBRYV library 1.4 [35]. Ultrasoft pseudopotentials were used for
the Cr and Br elements. The GGA functional cannot accurately describe
the strong Coulomb interactions of the local electrons. Therefore, the
Hubbard correction [36,37] was employed with a value of U = 4 eV
for the 3d-orbitals of the Cr atom to account for the strong electronic
correlations. This value was proven to provide a reliable description of
the electronic structure and band gap energies of CrX; systems in pre-
vious theoretical calculations performed at ambient pressure [38-45].
In the expansion of the Kohn-Sham (KS) wave functions and potentials,
plane waves were utilized with the kinetic energy cutoffs of 50 and 500
Ry, respectively. Brillouin-zone sampling was performed using a uni-
form 9 x 9 x 3 k-point mesh [46]. The cell optimizations and ionic
relaxations were carried out with the thresholds of 10-® Ry and 107>
Ry/Bohr for the energy and force, respectively. The energy band struc-
ture is computed at the special symmetry points on the I'-K-M reciprocal
lattice. The magnetic interaction (ferromagnetic) was calculated using
the spin of the Cr atoms oriented along the Oz axis of the lattice.

3. Results and discussion
3.1. XRD measurements and DFT calculations of the crystal structure

The XRD patterns of CrBrj collected over the studied pressure range
at ambient temperature are shown in Fig. 2. At ambient pressure, they
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Fig. 2. XRD patterns of CrBr; collected at selected pressures and ambient tem-
perature and fitted with the Rietveld method. Experimental points and calcu-
lated profiles are displayed. The ticks below indicate the calculated positions of
the structural peaks of the rhombohedral phase of CrBr;. The additional diffrac-
tion lines associated with the Re gasket are also labeled. The typical values of
the R-factors obtained in the refinement procedure ranged from R, = 12.9%,
R, = 8.47% at 0 GPa to R, = 8.15%, R,,, = 6.63% at 38 GPa.

are consistent with the rhombohedral crystal structure of R3 symmetry.
The obtained lattice parameters values of a = 6.270(4) and ¢ = 18.269(5)
A, are in agreement with previous results [14,47].

At relatively low pressures up to about 5 GPa, the c-axis along
which the weakly bonded vdW layers are stacked was rapidly com-
pressed (Fig. 3). The corresponding linear compressibility coefficient
(kg = —(1/a;0)(da;/dP)r, a; = a, c), evaluated for the pressure range of
0-4 GPa, isk, = 0.0171 GPa~!. By contrast, the a-axis, located within the
vdW layers, is contracted much less significantly with a twice smaller
coefficient k, = 0.0088 GPa~l. At higher pressures, the crystal lattice
compression becomes nearly isotropic and much less pronounced. The
linear compressibility coefficients, evaluated for the pressure range of
15-38 GPa, k, = 0.0018, and k, = 0.0019 GPa~!, are reduced by an
order of magnitude for the c-axis and by five times for the a-axis. There-
fore, the lattice compression of CrBr; at high pressures resembles the
features typical for 3D materials.

The lattice parameters and volume values obtained by DFT calcu-
lations using the PBE functional, are noticeably overestimated with re-
spect to the experimental values at high pressures up to about 30 GPa.
By contrast, the PBEsol functional provided more reasonable results in
the pressure range, while it somewhat underestimates the a and V val-
ues at pressures above 30 GPa (Fig. 3). The lattice volume of CrBrj
was interpolated using the Birch-Murnaghan equation of state [48],
P= %Bo(x‘7/3 — xS+ %(B’ — 4)(x™2/3 — 1)], where B, is the bulk
modulus given by B, = —V(dP/dV), B’ is its pressure derivative given
by B’ = (dB,/dP)r, x is the relative volume change given by x = V/V,,
and ¥, is the volume of the unit cell at ambient pressure. From the
analysis of the experimental volume compressibility data, the values
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By = 15.0(5) GPa and B’ = 11(1) were determined in the pressure range
up to 38 GPa. The obtained bulk modulus is comparable to the val-
ues of 23 GPa [27] and 20 GPa [16] evaluated experimentally from
the XRD data and theoretically obtained by DFT calculations using the
PAW method, respectively, for the lower pressure range restricted to
10 GPa with B’ = 4 (fixed). From the DFT calculations with the PBEsol
functional, B, = 14.5 GPa, which is nearly identical to the experimental
value, was obtained, along with B’ = 7. The PBE functional underesti-
mated the value of By = 10 GPa and B’

The obtained small bulk modulus value with its relatively large pres-
sure derivative is associated with a significant and non-linear reduction
in the lattice parameters and unit cell volume of CrBr; upon contraction.
This behavior is caused by the weak interlayer bonding in this material
at moderate pressures, which is typical for van der Waals systems and
similar compounds with weak bonding [49].

The pressure evolution of the interlayer distance along the c axis,
corresponding to the difference between the z coordinates of the closest
Br atoms in the neighboring atomic layers (vdW gap), as determined
from the XRD experiments and DFT calculations, is shown in Fig. 4. Its
experimental value demonstrates a sharp reduction by more than 20%
at the pressures up to about 15 GPa. At higher pressures up to 38 GPa,
the interlayer distance along the c axis varies weakly and it is short-
ened by 5% only. The thickness of the vdW layers, determined from
the z coordinates of the upper and lower Br atoms within the layer, de-
creases slightly by 5% at high pressures up to 38 GPa. The interlayer
distance becomes less than the layer thickness at the pressures above 5
GPa (Fig. 4). This indicates that the studied CrBr; material at high pres-
sures undergoes a structural crossover from the quasi-2D system with
weakly interacting atomic layers to the 3D system with strongly inter-
acting layers. The relevant change in the interlayer bonding strength is
also responsible for the essentially non-linear character of the observed
pressure behavior of the lattice parameters and unit cell volume (Fig. 3),
which is particularly pronounced at moderate pressures. One can expect
a similar structural crossover at high pressures in other materials of the
CrX; family — CrCl; and Crl;. Indeed, the experimentally determined
and theoretically calculated lattice parameters of CrCl; also demonstrate
a significant and non-linear reduction [50], qualitatively similar to that
found for CrBr;. DFT calculations with both potentials provide a reason-
able evaluation of the pressure dependences of the interlayer distance
and layer thickness, although overestimated values are evaluated near
the ambient pressure. In addition, the layer thickness obtained with the
PBE functional, is slightly overestimated compared to that found ex-
perimentally and that obtained from the calculations using the PBEsol
functional (Fig. 4).

The binding energy between the vdW layers per unit cell was
calculated from the DFT results using the following expression:
E, = E,. — XE;, where E . is the total energy of the unit cell and ZE;
is the sum of total energies of the single isolated layers composing the
cell. At ambient pressure, the value E,; = —0.13 eV was determined.
Compression up to 60 GPa leads to a significant relative increase in the
binding energy by a factor of 75 compared with its initial absolute value
(Fig. 5). This confirms that the studied material undergoes a crossover
into a 3D-like system with much strongly interacting atomic layers.

The pressure evolutions of the selected intralayer interatomic dis-
tances and angles obtained from the analysis of the XRD data and
DFT calculations are presented in Fig. 6. DFT calculations showed that
the z coordinate of the Cr ions, located at positions 6(c) (0, 0, 2), is
weakly pressure dependent, and its value is very close to 1/6. There-
fore, Rietveld refinements of the XRD data were performed with a fixed
2z =0.1668(5), as determined from the ambient pressure data treatment,
and only the coordinates of the Br atoms located at positions 18(f) (x,
¥, 2) were refined.

The vdW layers in the crystal structure of CrBry are formed by
bromium octahedral units around the chromium ions (Fig. 1), contain-
ing three pairs of Cr-Brl and three pairs of Cr-Br2 interatomic bonds.
The difference between these bond lengths is quite small (<1%); there-
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Fig. 3. Pressure dependences of lattice parameters and unit cell volume, obtained from XRD experiments and DFT calculations. The volume of the unit cell was
approximated by the third order Birch-Murnaghan equation of state (solid lines in the right panel).
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Fig. 4. Pressure behavior of the interlayer distance and the layer thickness, as determined from the XRD experiments and DFT calculations. The lines are guides for
eyes only. The schematic diagram of the evolution of the crystal structure of CrBr; at high pressures is shown in the inset.

fore, we considered their average value. The average Cr-Br bond length
decreases nearly linearly from 2.54(2) to 2.34(2) Ain the pressure range
up to 38 GPa (Fig. 6), as determined from the XRD data analysis. The
corresponding pressure coefficient, kg.p, = —(1/lcp.pro)(dlgr g /dP)y, is
equal to 0.0021 GPa~!. The Cr-Br-Cr bond angle is reduced from 90.6(5)
to 86.6(5)° at the pressures up to 38 GPa. Both DFT functionals repro-
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duce the observed pressure behavior of the Cr-Br bond lengths quite
well within the experimental determination error, although PBE pro-
vides slightly higher values and PBEsol provides somewhat smaller val-
ues. The pressure behavior of the Cr-Br-Cr angle is also qualitatively
reproduced, although the values calculated at the pressures below 25
GPa are moderately overestimated.
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3.2. Raman spectroscopy

The Raman spectra of CrBr; obtained in the pressure range up to 38
GPa at ambient temperature are shown in Fig. 7. Factor group analy-
sis predicts eight Raman-active modes, I'y,y = 241, + 24y, + 4E, for
the R3 rhombohedral symmetry of the lattice (corresponding to point
group Cs;) [51]. At pressures close to ambient pressure, six Raman ac-
tive modes were observed, which could be assigned as 72.8 (Eg(l)),
105.7 (Alg(l)), 140.4 (Eg(Z)), 149.8 (Eg(S)), 181.9 (Alg(Z)), 277.6 cm™!
(Eg(4)) [14,51].

Above the pressure of 3 GPa, an additional Raman mode was de-
tected at ~ 125 cm~!, which could be assigned as Azg(l) [51]. Upon
further increasing the pressure to 15 GPa, the intensity of this mode
increases noticeably. Simultaneously, a rapid suppression of the Eg(2)
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Fig. 7. Raman spectra of CrBr; obtained under high pressure.

mode intensity was detected, and the latter merged with the A (1)
mode above 15 GPa. As no evidence for a structural phase transition
was found in the XRD spectra, these effects can be attributed to a grad-
ual crossover from the quasi-2D layered to the 3D-like structural ar-
rangement occurring in CrBr; at the pressures up to 15 GPa. A drastic
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Fig. 6. Average Cr-Br distances and Cr-Br-Cr bond angles as functions of pressure, obtained from XRD experiments and DFT calculations. The lines are guides for

eyes only.
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reduction in the interlayer distance may significantly affect the polariza-
tion of the structural units and modify the intensity of the Raman-active
modes, which is controlled by the square of the induced dipole moments.
In previous studies, similar changes in the Raman spectra at high pres-
sures were observed, but their structural origins were not analyzed in
detail [16,27].

The observed Raman modes frequencies increase almost linearly un-
der pressure. They also demonstrate anomalies associated with a change
in the pressure slope at P = 15 GPa (Fig. 8), where the compressibilities
of the lattice parameters and the interlayer distance decreased sharply.
This effect was particularly noticeable for the Eg(l) mode and is likely
associated with the structural crossover from the quasi-2D system with
weakly interacting atomic layers to the 3D system with strongly interact-
ing layers, as discussed above. The increased strength of the interlayer
bonding at high pressure can also contribute in a similar manner to the
evolution of the vibrational modes of other representatives of the CrXs
family, such as Crl; and CrCls.

3.3. DFT calculations of the electronic structure

The electronic band structures and density of states (DOS) of CrBry
calculated for the selected pressure values up to 60 GPa using the PBEsol

ChemPhysMater 4 (2025) 280-288

functional are shown in Fig. 9. At the ambient pressure, they qualita-
tively resemble those previously calculated using the HSE06 and PBE
functionals [47].

The conduction band was dominated by Cr 3d states mixed with Br
3p states, while in the valence band the contribution from the Br 3p
states became more pronounced. The semiconducting energy band gap
of 1.31 eV, confined by the spin-up subbands of the valence and conduc-
tion bands, was calculated at the ambient pressure. It is similar to the
experimental values of 1.35-2.1 eV obtained from photoluminescence
and photoconductivity measurements [52,53]. In previous DFT calcula-
tions, similar energy gaps of 1.18 [47], 1.37 [54] and 1.4 eV [55] were
evaluated for bulk CrBrs.

The pressure increase results in a noticeable DOS broadening within
the conduction band, which is more pronounced for the spin-down
subband. Simultaneously, the energy band gap progressively decreases
(Fig. 10). At P = 60 GPa, the energy band gap fully vanished, indicating
a transition to the metallic state. Notably, DFT + U using the PBE and
PBEsol functionals is known to underestimate the absolute values of the
energy band gap, consistent with recent observations [56]. However,
this limitation does not affect the accuracy of determining the change
in the energy band gap induced by the pressure.

The pressure evolution of the valence electron charge density of
CrBry across the semiconductor-metal transition for a plane contain-
ing a pair of neighboring Cr atoms bonded via Br atoms in the vdW
layers is shown in Fig. 11. Upon increasing the pressure, the charge
density gradually broadened, with the broadening more pronounced
for the Br atoms and asymmetric in the direction of the Cr atoms. At
the semiconductor-metal transition pressure, the charge densities of the
neighboring Cr and Br atoms merge, providing pathways for electronic
transport.

Although our DFT calculations qualitatively reproduce the
semiconductor-metal transition in CrBrs;, the evaluated metalliza-
tion pressure exceeds the experimental value of 25 GPa [16]. A
comparable pressure modification of the energy band gap for the
FM ground state was also found in the DFT calculations using the
PAW method [16]. It was also shown that a change of the long range
magnetic order can affect the pressure evolution of the energy band
gap. By contrast, a very weak change in the energy band gap at the
pressures up to 10 GPa was observed in the DFT calculations using the
APW-+lo method [55]. In order to achieve a more precise evaluation of
the metallization pressure, an additional analysis of the contribution of
the p-d hybridization effects and variation of the Hubbard parameter
U to the high pressure behavior of the electronic structure can be
performed in future studies.

Fig. 11. Pressure evolution of the valence electron charge density of CrBr; across the semiconductor-metal transition. On the left the orientation of the plane in the

crystal structure used for the density calculation is outlined.
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In a number of vdW materials, pressure-induced metallization
is the origin of the subsequent emergence of superconductivity, as
found for the structurally similar Cr,Si,Teg, FePSe;, SnPS3, SnPSe;
[19,21,57,58], and as well as the related MoS, and HfS, systems
[59,60]. This phenomenon may be driven by pressure-induced modi-
fication of the density of the electronic states near the Fermi surface re-
sulting in enhanced electron-phonon coupling. An essential requirement
for the realization of a conventional superconductivity mechanism is the
loss of long range magnetic order at high pressure in magnetic vdW sys-
tems. In this sense, in the previous study [21], rapid pressure-induced
suppression of the Curie temperature of CrBr; was observed, implying
the formation of a paramagnetic state at the pressures above 8 GPa.
Therefore, the search for pressure-induced emergence of superconduc-
tivity in CrBry and related CrX; materials is an important possible topic
for future research.

4. Conclusions

The results of the present work demonstrate that a structural
crossover from the quasi-2D system of weakly interacting atomic layers
to the 3D-like system of strongly interacting layers occurs at P ~ 15 GPa
in the CrBr; van der Waals material. The relative increase of the binding
energy absolute value between the vdW layers by 75 times occurs in the
pressure range up to 60 GPa, as follows from the DFT calculations. The
structural crossover results in a significant modification of the pressure
coefficients for the lattice parameters and interlayer distance; the latter
becomes lower than the layer thickness above the crossover pressure. In
addition, anomalies in the pressure dependence of several vibrational
modes in the vicinity of the crossover were observed.

The observed pressure behavior of the structural parameters is re-
produced qualitatively by DFT calculations using the PBE and PBEsol
functionals. DFT calculations also provide a reasonable description of
the electronic structure and reproduce the semiconductor-metal tran-
sition observed previously, although the evaluated transition pressure,
P = 60 GPa, corresponding to the energy band gap closing, exceeds the
experimentally determined value.

The pressure-induced crossover from the quasi-2D to 3D-like struc-
tural behavior is an intrinsic feature of vdW materials. The concept for-
mulated in this study can be applied to describe the pressure response
of the structural properties of numerous related vdW materials and elu-
cidate the microscopic mechanisms of energy band gap tuning, which is
important for the development of novel applications.
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