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a b s t r a c t   

The van der Waals class of materials offer an approach to two-dimensional magnetism as their spin fluc-

tuations can be tuned upon exfoliation of layers. Moreover, it has recently been shown that spin-lattice 

coupling and long-range magnetic ordering can be modified with pressure in van der Waals materials. In 

this work, the magnetic properties of quasi two-dimensional CrBr3 are reported applying hydrostatic 

pressure. The application of pressure up to 0.844 GPa shows a 1.77% decrease in saturation magnetization 

with a decrease in the Curie temperature from 33.05 to 30.41 K. Density functional theory calculations with 

pressure up to 1 GPa show a reduction in volume and interplanar distance as pressure increases. To further 

understand the magnetic properties with applied pressure, the magnetocrystalline anisotropy energy 

(MAE) and exchange coupling parameter(s) (J) are calculated. There is small decrease in MAE and the first 

nearest neighbor interaction (J1) (U = 2.7 eV and J = 0.7 eV) is increasing with respect to increasing pressure. 

Overall, CrBr3 displays ferromagnetic interlayer coupling and the calculated exchange coupling and MAE 

parameters match well with the observations from the experimental work. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

Van der Waals (vdW) materials have proven to be promising 

candidates for magnetoelectronic, data storage, and memory appli-

cations [1–4]. Moreover, bulk magnetoelectrical properties and 

structural characteristics of the CrX3 (X = Cl, Br, I) and CrYTe3 (Y = Si, 

Ge) have been amply studied in the literature since two-dimensional 

(2D) ferromagnetic (FM) ordering was observed in CrI3 and 

Cr2Ge2Te6, following the fruitful discovery of graphene [2,5–8]. This 

significant investment placed into the study of vdW materials is by 

and large due to their ability to retain long-range magnetic ordering 

down to the low dimensions [1,2,9,10]. Markedly, the weak interlayer 

bonding present in vdW crystals have allowed scientists to exfoliate 

or synthesize these materials to one or few layers despite theoretical 

limitations regarded in the Mermin-Wagner theorem [9]. The key 

component credited with the stabilization of magnetic ordering in 

vdW magnets is the uniaxial magnetic anisotropy [2,5,10], thereby 

allowing long-range magnetic ordering in an isotropic Heisenberg 

system to exist in the two-dimensions. 

The CrX3 family are exfoliable semiconductors with strong 

magnetic properties originating from their crystalline structure. In 

particular, the source of magnetic anisotropy arises from an increase 

in spin orbit coupling associated with the halogen atom as one 

moves down the periodic table. Therefore, the magnetocrystalline 

anisotropy energy (MAE) in the CrX3 family serves as a form of 

counteracting thermal fluctuations. This allows magnon excitation 

gaps to open, which as a result lift constraints imposed by the 

Mermin-Wagner theory. CrBr3 not only exhibits FM ordering in the 

bulk but also in the monolayer limit [5,11–14]. In the bulk form, 

CrBr3 exhibits phase transitions from a monoclinic C2/m phase at 

high temperatures to a rhombohedral-trigonal R3 phase at very low 

temperatures. The layers in the compound lay along the ab plane and 

stack along the c plane where the superexchange mechanism grants 

strong FM interactions along the easy c-axis. In the CrX3 family, 

magnetic ordering temperatures and Cr-Cr distance increase with 

the size of halogen atom from Cl to Br to I, which allows for direct 

exchange to weaken. Furthermore, the Cr-X bond becomes more 

covalent as electronegativity decreases from Cl to Br to I, leading to a 

strengthening of the superexchange interactions, in this order. In 

chromium trihalides, Cr3+ ions are arranged in a honeycomb net-

work in edge-sharing octahedral coordination by six X–ions, each 
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bonded to two Cr ions. The resulting slabs of composition CrX3 are 
stacked with vdW gap separating them. 

The application of hydrostatic pressure offers a disorderless ap
proach in tuning the magnetic and electrical properties of vdW 
materials. Moreover, when pressure is applied to a vdW system of 
weakly coupled layers the bond-angle, interlayer coupling, layer 
separation and stacking order are strongly affected. The 
Goodenough-Kanamori-Anderson rules state that when the angle 
between magnetic ion-ligand-magnetic ion is θ = 90°, the super
exchange interaction is FM. On the other hand, direct exchange is 
antiferromagnetic (AFM) when θ = 180° [15,16]. Manipulation of the 
superexchange mechanism has been seen in Cr2Ge2Te6 where the Cr- 
Ge-Cr bond angle diverges from 90° when pressure is increased. This 
tunes the TC from 66.6 K at 0 GPa to 60.6 K at 1 GPa [17]. It is possible 
for pressure to push the bond angle towards 90° favoring a FM state, 
a possibility for CrI3 as the Cr-I-Cr bond angle is ~95° [18,19] and 
similarly for CrBr3 where θ = 95.1° [13]. Remarkably, CrGeTe3 has has 
been recently used to demonstrate a significant increase in TC ex
ceeding 250 K for pressures (P) greater than 9 GPa, however, this is 
accompanied by an initial decrease in its TC in the range 0  <  P  <  ~ 
4.5 GPa [20]. The magnetic phase transition for CrBr3 has been re
ported to be in the range of 32–37 K [12,21–24]. CrBr3 is relatively 
stable in air making it easier to work with compared to its other CrX3 

family members. Additionally, CrBr3 shows interesting magnetic 
characteristics such as a temperature dependent magnetization and 
2D magnetic correlations [25,26]. 

There are few works in the literature reporting on the pressure- 
induced magnetic properties of the bulk CrBr3 compound [22,23]. In 
an initial experimental report, it is observed that TC decreases with 
increasing pressure (up to ~11 kbar), however, there was no dis
cussion on how pressure changes magnetization [22]. Recent work 
by Fumega et al. [23] reports linearly increasing magnetization and a 
decreasing trend in TC upon the application of pressures up to 1 GPa. 
Calculations from Fumega et al. also reveal that the Cr-X-Cr bond 
angle decreases towards ~ 92° at pressures that reach up to 10 GPa. 
To broaden the knowledge and understanding of how pressure af
fects the magnetic properties of CrBr3, we employed experimental 
and theoretical approaches to study the magnetic properties up 
to 1 GPa. 

2. Methodology 

2.1. Experimental 

Single crystal samples of CrBr3 were prepared using chemical 
vapor transport by placing powders of Cr metal and TeBr4 inside a 
quartz tube and maintaining the hot and cold zones at 700 and 
600 °C for 5 days. The green plate-like crystals are a few millimeters 
across and 50 µm thick [27,28]. Magnetic measurements were per
formed using a Quantum Design MPMS 3 SQUID magnetometer. 
Isothermal magnetization measurements were taken at 2 K with 
a ±  7 T magnetic field. Zero-field cool (ZFC) temperature dependent 
magnetization was performed from 2 to 150 K with a measuring 
field of 500 Oe. Hydrostatic pressure was applied using a BeCu 
Quantum Design piston cell. The pressure transmitting medium was 
Daphne oil and a Pb manometer was used to monitor the pressure in 
the cell. Compression of the cell length was increasingly applied and 
only depressurized after the data collection was completed. See 
supplemental information [29] for details on assembly of the pres
sure cell and calculation of the pressure inside the cell. 

2.2. Computational details 

The optimization of the crystal structures of CrBr3 were carried 
out with Vienna ab initio (VASP) code [30,31] within projector 
augmented-wave (PAW) method [32,33]. Generalized gradient 

approximation (GGA) in the Perdew-Burke-Enzerhof (PBE) [34] 
method was used for the exchange correlation functional. The non- 
local vdW functional in form of optB88-vdW [35,36] is incorporated 
to account for the interlayer vdW force. The plane-wave cut-off 
energy is 500 eV, and an 8 × 8 × 3 k-point is used to sample the 
Brillouin zone [37]. For the magnetic property calculations, the on- 
site Coulomb interactions are taken into account using LDA+U [38] to 
improve the description of the interactions between localized d 
electrons of transition atoms. The hydrostatic pressure effect cal
culation was done by adding the PSTRESS [39] tag, which adds the 
stress to the stress tensor and an energy generated from the external 
pressure. All the lattice constants and ionic coordinates were relaxed 
until the maximum force on all ions is less than 5 × 10−3 eV/Å. 

The electronic structure calculations for the magnetic properties 
are carried out using the pseudo-atomic orbital based [40] OpenMX 
code [41]. The core electrons are replaced with norm-conserving 
pseudopotential [42,43] with energy cutoff 200 Ry. The 7 × 7 × 3 k- 
point mesh was used for BZ integration. On-site Coulomb interac
tions are particularly strong for the localized d electrons in the CrBr3 

system. To remedy this shortcoming in this correlated system, the 
Hubbard-U method pioneered by Anisimov et al. is applied [44,45]. 
In treating the localized d-electron states from Cr, we use parameters 
U = 2.7 eV and J = 0.7 eV taken from Ref. [46] which have also been 
used in previous studies [47–49]. The Green’s function method [50] 
implemented in OpenMX 3.9 [51] was used to calculate exchange 
coupling constants Ji for up to the 3rd nearest neighbor (NN). This 
approach allows the direct calculation of exchange coupling para
meter between any pair of magnetic sites for any inter-pair distance. 

For MAE, the charge and spin densities were obtained using a 
self-consistent calculation without spin-orbit coupling (SOC) and 
kept fixed in subsequent MAE calculations. The MAE was determined 
as the difference in the total band energy for the configurations with 
the magnetization aligned in-plane and out-of-plane, with SOC in
cluded [52]. 

3. Results and discussion 

In Fig. 1(a), we present the isothermal magnetization at 2 K 
collected at various pressures up to 0.844 GPa. A ferromagnetic 
magnetization signal is observed for all pressures for magnetic fields 
applied out-of-plane. The saturation magnetization (Ms) transitions 
from 58.89 (0 GPa) to 57.84 emu/g at 0.844 GPa where the inset of  
Fig. 1(a) shows an amplified view of the Ms. Fig. 1(b) displays the 
temperature dependence of magnetization with applied pressure up 
to 0.844 GPa. The same trend is followed where magnetization is 
decreasing as the cell is increasingly compressed. Curie temperature 
(TC) is extracted from the derivative (dM/dT) of the temperature 
dependent magnetization data, as seen in Fig. 1(c). The variation of 
TC as a function of pressure is also plotted in Fig. 1(d), which shows a 
monotonic decrease of about 2.6 K at the largest applied pressure. 
Moreover, if pressure causes the bond angle to deviate away from a 
90° for the Cr-X-Cr bond angle, TC is expected to decrease—wea
kening the superexchange interaction [15,16]. We do note that after 
the pressure was released, a zero-pressure measurement showed a 
larger saturation magnetization (~62 emu/g) than before (~ 59 emu/ 
g) the application of pressure, whereas the TC does not show any 
change at all. 

To gain further insights on the pressure effect within the 1 GPa 
range, we performed first-principles calculations examining the 
structure of CrBr3 and its magnetic properties. In treating the loca
lized d-electron states from Cr, we use parameters U = 2.7 eV and J 
= 0.7 eV. Fig. 2(a) shows the pressure dependence of the lattice ratio 
c/a as a function of pressure showing a monotonic decrease up to 
1 GPa. Similarly, the volume of the crystal is decreasing with in
creasing pressure, as seen in Fig. 2(b). This suggests that the pressure 
is compressing the interatomic layer separation of the lattice. It is 
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not surprising that the reduction of c is more significant due to weak 

interlayer coupling. A similar trend is also observed in several other 

vdW layered systems such as Cr2Si2Te6 [17]. 

To understand how the magnetic properties vary with pressure 

the exchange coupling J and MAE are considered. As discussed in the 

previous section, the external pressure changes the lattice constants, 

which influence the inter-site electron hopping process. Two of the 

main mechanisms that contribute to exchange coupling between the 

localized moments are direct and super-exchange interactions. It is 

often the result of the competition between the two that dictates the 

response of the applied pressure. We employed GF based method to 

obtain exchange interaction constant Ji (i = 1–3 and out) that corre-

spond to up to 3rd NN and the nearest interlayer interaction. This 

method requires only the ground state and allows a direct calcula-

tion of the exchange coupling constant between any given pair of 

magnetic sites of any distance, which has proven to be more 

Fig. 1. (a) Isothermal magnetization for pressure up to 0.844 GPa at 2 K with ±  7 T magnetic field. (b) Zero field cool temperature dependent magnetization measurements from 2 

to 150 K. (c) Derivative(s) of magnetization with respect to temperature for all pressures. (d) Saturation magnetization, Ms, (left, orange) and Curie temperature, TC, (right, blue) 

plotted as a function of pressure where green indicates values at zero pressure upon decompressing the pressure cell from 0.844 GPa. 

Fig. 2. Theoretical calculations performed as a function of pressure for the (a) lattice parameter ratio c/a and (b) volume.  
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advantageous for large systems with localized moments [53].  

Table 1. shows the values for all Ji evaluated at five different pres-

sures from 0 and 1 GPa with 0.2 increment. The results of J1 is also 

plotted in Fig. 3(a) and J2 and Jout due to their energy scale are plotted 

in Fig. 3(b). J3 is omitted due to the minuscule contribution. As one 

can see, in the given pressure range, the only dominant component 

is the 1st NN interaction J1 and the interaction strength decreases 

rapidly as the distance between the pair increases. This is similar to 

what was suggested by previous studies [54] where both the Jout and 

J2 are much weaker compared to J1, particularly under such ambient 

pressures. Therefore, as our data suggest, they are unlikely to have 

significant effects on TC under mean-field consideration. 

In our model, we consider the (intra-plane) nearest neighbor 

exchange interaction J1. This interaction originates due to the virtual 

hopping of electrons between the two NN Cr-ions via the Br ion. The 

super-exchange interaction, due to the presence of the non-mag-

netic Br atom in between the Cr ions, increases with applied pres-

sure and subsequently, J1 increases with isothermal compression, 

see Fig. 3(a). A small but noticeable change due to the applied 

pressure is seen where J1 increases almost linearly up to 1 GPa of 

pressure. 

Experimentally [22], a previous report on CrBr3 showed that the 

TC decreases from 35.2 K (0 GPa) to approximately 33 K (~1.1 GPa). 

Such is represented in its negative pressure coefficient (dTC/dP) 

= −0.2 K/kbar, implying a negative dependence of J1 with pressure. 

From the theoretical perspective, the FM in-plane super-exchange 

interaction between the Cr3+ in bulk CrBr3 appears to be more 

dominant than the direct exchange (AFM) interaction, which leads to 

the increase of J1 with pressure in our calculation. In the experiment 

in Ref. [22], H. Yoshida claims that the exchange interaction becomes 

stronger with decreasing atomic distance as there are stronger or-

bital overlaps. For example, Br has a smaller atomic radius (114 pm) 

than that of its neighbor I (133 pm), which can contribute to the 

dominant Cr-Cr direct exchange interaction. Combining all these 

effects, the competition between the direct exchange and the in-

direct super-exchange interaction determines the nature of the J1 

dependence with pressure for CrBr3. The competition between AFM 

Table 1 
Calculated lattice parameters, volume, and Cr-Cr distance with pressure on.        

P (GPa) a (Å) c (Å) c/a (Å) V (Å) Cr-Cr (Å)   

0.00  6.347  18.236  2.873  636.308  3.668  

0.25  6.334  18.116  2.860  629.442  3.658  

0.50  6.317  17.994  2.849  621.759  3.651  

0.75  6.308  17.928  2.842  617.721  3.642  

1.00  6.289  17.821  2.833  610.497  3.634 

Fig. 3. (a) Calculated first nearest neighbor exchange coupling parameter J1 up to 1 GPa. (b) Second nearest neighbor, J2, and Jout as a function of increasing pressure. (c) Calculated 

magnetocrystalline anisotropy energy as a function of hydrostatic pressure. (d) Reduction of the Cr-Br-Cr bond angle as pressure is increasing. 

R. Olmos, S. Alam, P.-H. Chang et al. Journal of Alloys and Compounds 911 (2022) 165034 

4 



direct exchange through Cr–Cr bonding, and FM super-exchange 
through Cr–Br–Cr bonding, are what determine the nature of the J1 

dependence with pressure for CrBr3. 
The pressure dependence of MAE is shown in Fig. 3(c). At P = 0, 

MAE is about 200 μeV/Cr, similar to that of single layer CrBr3 from a 
previous theoretical study [18,55]. The overall result also shows a 
similar pressure dependent trend to monolayer CrBr3 under strain in 
terms of intra-plane distance where the MAE decreases as bond 
length reduces due to increasing pressure. When comparing CrBr3 to 
CrI3, for example, the Cr-Cr separation increases with expanding 
halogen size from Br to I, as a result direct exchange (overlap be
tween neighboring Cr orbitals) weakens successively enhancing the 
covalent nature of the Cr-X bond [56]. It is important to note that the 
change in bond angle, Fig. 3(d), and the increase in interlayer cou
pling, Fig. 3(a), could give rise to larger TC if the system goes to 
higher pressures. An interesting case has recently been seen for 
CrGeTe3 where TC initially decreases with increasing pressure, then 
significantly increases above 250 K at pressures above 9.1 GPa [20]. 
Therefore, the relationship of MAE and TC might not be consistent 
with the general trend observed in CrBr3 warranting further in
vestigations into the magnetic behavior at pressures greater 
than 1 GPa. 

It is important to point out that the theoretical explanation of 
pressure dependence of exchange coupling on chromium halides is 
still controversial and debatable [56]. It is known that such type of 
systems possesses localized d-electrons, which are strongly corre
lated, and pure DFT is inadequate. As a result, an additional correc
tion U to onsite Coulomb interaction is necessary [46,57]. However, 
the popular LDA+U method, which has been widely adopted in many 
previous studies, is only able to produce correct pressure dependent 
trend for exchange coupling of certain systems in the chromium (i.e. 
CrI3) halide family and fail at the others. For example, TC for CrI3 and 
CrBr3 are experimentally observed to have the opposite pressure 
dependency. However, theoretically, DFT+U approach predicts both 
to have similar trend as TC increases with pressure in both cases. This 
is possibly due to the limit of the empirical nature of the method. 

4. Conclusion 

In this work, we used pressure as the tuning parameter to ex
plore the magnetic characteristics of the less studied chromium 
trihalide, CrBr3. We reveal through experiment that Ms and TC both 
decrease upon increasing the pressure up to 0.844 GPa. Moreover, 
our computations realize that the role of pressure on J values is very 
complicated and gives rise to further questions, especially con
sidering that there are a very few pressure-induced calculations and 
experiments performed on the bulk CrBr3 system. Although, TC was 
not drastically altered for the bulk CrBr3 case, recent works have 
shown the importance of carrying out pressure dependent studies at 
significantly higher pressures. Thus, it is important to fully char
acterize the pressure dependent magnetic properties of CrBr3 at 
pressures above 1 GPa in the future. 
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