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Magnetic anisotropy plays a vital role in stabilizing the long-range magnetic order of two-dimensional
ferromagnetic systems. In this work, using the first-principles method, we systematically explored the
triaxial magnetic anisotropic properties of a ferromagnetic semiconductor CrSBr monolayer, which is
recently exfoliated from its bulk. Further analysis shows that the triaxial magnetic anisotropic properties
originate from the coexistence of the magnetic dipole—dipole interaction (shape anisotropy) and the
spin—orbit coupling interaction (magnetocrystalline anisotropy). Interestingly, the shape anisotropy, which
has been neglected in most previous works, dominates over the magnetocrystalline anisotropy. Besides,
the experimental Curie temperature of the CrSBr monolayer is well reproduced using Monte Carlo simu-
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lations. What is more, the easy magnetic axes and ferromagnetism in the CrSBr monolayer can be
manipulated by strains and are relatively more susceptible to the uniaxial strain in the x direction. Our
study not only explains the mechanism of triaxial magnetic anisotropy of the CrSBr monolayer, but also

rsc.li/nanoscale sheds light on how to tune the magnetic anisotropy and Curie temperature in ferromagnetic monolayers.
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Introduction

Spintronic devices have attracted widespread attention
because of their advantages of faster processing speed, ultra-
low heat dissipation, denser storage density, lower power con-
sumption, and non-volatility." With the need for the minia-
turization of spintronic devices, intrinsic two-dimensional
(2D) ferromagnetic semiconductor (FMS) materials are the
most promising candidates for nanoscale spintronics, which
can fulfill the demand of independent control of charge and
spin.®® The Mermin-Wagner theorem shows that no 2D long-
range isotropic ferromagnetism would exist with continuous
spin symmetries at finite temperatures.’ The discoveries of 2D
long-range ferromagnetic (FM) order with thickness down to
the atomic limit in van der Waals (vdWs) crystals Crl; and
Cr,Ge,Tes have completely disrupted the Mermin-Wagner
theory and opened new platforms for studying nanoscale
spintronic devices."®'" Since then, more 2D FMS materials
have been observed experimentally and predicted
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theoretically.®®'27®” Further analysis shows that magnetic an-

isotropy (MA) is the prerequisite and foundation to verify
whether a 2D material exhibits a magnetically ordered phase
above zero temperature,®®**° and the 2D FM order can be
stabilized by the magnon excitation gap caused by uniaxial
magnetic anisotropy.*'* MA, which can be scaled by the mag-
netic anisotropy energy (MAE), is mainly determined by two
factors; one is the magnetocrystalline anisotropy resulting
from the spin-orbit coupling interaction (SOC-MAE) and the
other is the shape anisotropy caused by the dipole-dipole
interaction (shape-MAE).** Compared with the SOC-MAE, the
shape-MAE is often relatively weak and of less concern. But for
a 2D system with a weak SOC-MAE, the shape-MAE may have
an important contribution. The larger the total MAE (sum of
SOC-MAE and shape-MAE), the stronger the resistance of mag-
netic ordering against thermal fluctuations, which can
improve the stability of magnetic states.®> However, a detailed
microscopic analysis of total MAE received little attention
previously.

Recently, a promising 2D van der Waals semiconducting
magnet, CrSBr, is of great interest owing to its exotic
properties.’>*>37°% Buylk CrSBr is a layered A-type antiferro-
magnetic semiconductor with the Néel temperature Ty =
140 K, and it exhibits triaxial magnetic anisotropy (intermedi-
ate magnetization x axis, easy magnetization y axis, and hard
magnetization z axis) with a band gap of about 1.5 eV.>>***°

This journal is © The Royal Society of Chemistry 2023
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More importantly, CrSBr exhibits air stability and gate-tunable
conductivity, which reinforces its potential application as a
spintronic device.’® In 2018, we predicted the possibility of a
CrSBr monolayer stripping from its bulk, and it is a high-temp-
erature ferromagnetic semiconductor with a T of 160 K.'?
Then, the T of the CrSBr monolayer was also predicted to be
290 K using the Ising model®" and 124 K using the anisotropic
Heisenberg model.'® Yang et al. calculated the T of the CrSBr
monolayer to be 175 K.>® Very recently, CrSBr monolayers have
been experimentally confirmed using the second harmonic
generation technique, and the measured T is about 146 K.>*
Besides, considering the small value of MAE (below meV) and
the outstanding deformation capacity of 2D materials, it is
easily affected by external strains. Strain engineering has also
been proved to be a powerful tool to tune the properties of 2D
materials, which has been able to induce switching between
indirect and direct band-gap semiconductors®*>* and between
antiferromagnetic (AFM) and FM states,”*® induce phase
transition,’”° etc. Therefore, the effect of strain on MA is also
necessary to be explored because of the importance of mag-
netic anisotropy in the context of 2D magnetism.

Motivated by these burgeoning developments, we focus on
the recently observed 2D air-stable FMS CrSBr monolayer.>**?
First, using the first-principles calculations, the triaxial mag-
netic MA of bulk CrSBr, which was confirmed experimentally,
was well reproduced.*®*>*° Interestingly, the CrSBr monolayer
also exhibits triaxial MA, which originates from the coexistence
of spin-orbit coupling and dipole-dipole interactions. The
contribution of the dipole-dipole interaction to MA is much
more important than that of the spin-orbit coupling inter-
action. Under strains, the intermediate magnetization, easy
magnetization, and hard magnetization axes can be converted
to each other, providing an ideal candidate material for
triaxial magnetic switching. Besides, by using the four ordered
spin state method, the value of T measured using the experi-
ment was well reproduced and can be further increased by
applying strains. Our findings not only provide a detailed
understanding of 2D magnetism in the CrSBr monolayer, but
also explore an effective strategy to control the MA and
enhance the Tg.

Method

Spin-polarized calculations are adopted within the framework
of the density functional theory, especially implemented in the
Vienna ab initio simulation package (VASP).®° The projector
augmented wave (PAW) pseudopotential method with an
energy cutoff of 500 eV is used to describe the interaction
between electrons and atomic nuclei.® The electronic
exchange correlation function is expressed by the Perdew-
Burke-Ernzerhof (PBE) functional under the generalized gradi-
ent approximation (GGA).** The convergence criterion is 107°
eV for total energies and 0.01 eV A™" for force. A vacuum layer
of about 25 A is added to prevent the interaction between

layers.®® The PBE + U approach was used to describe the strong
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correlation effect for the 3d orbital of the Cr atom, in which
the values of U and J are 4.03 eV and 0.96 €V, respectively.*”

Total MAE is the sum of SOC-MAE and shape-MAE. The cal-
culation of SOC-MAE is based on the second-order pertur-
bation theory, and the Hamiltonian containing spin-orbit
coupling interaction (SOC) can be written as:
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where 4 is the SOC constant, |1) and ||) denote the spin-up
and spin-down states, respectively, |n) and |m) represent the
eigenstates of the Hamiltonian operator respectively, EY
and E correspond to the eigenvalues of the eigenstates
respectively, and § and L correspond to the spin momentum
operator and orbital angular momentum operator, respect-
ively. All the derivations are provided in the ESL{ The shape-
MAE is caused by the dipole-dipole interaction and is
expressed as:
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where p, is the permeability of vacuum, ¢ is the atomic coor-
dinate of the Cr atom, r is the distance between two mag-
netic atoms, and M represents the magnetic moment.
According to the formula, shape-MAE is only related to the
position and magnetic moment of magnetic atoms.

Results and discussion

The optimized lattice constants of the CrSBr monolayer are a =
3.59 A and b = 4.82 A, which are in good agreement with pre-
vious studies."”** The FM and four AFM states are considered
for the CrSBr monolayer (Fig. S11), and the results show that
the FM state is the ground state, which is consistent with the
experimental result.”®> Magnetism mainly stems from the Cr
atoms with a magnetic moment of 3up while the S/Br atoms
hold a small opposite magnetic moment, which was shown in
the spin density distribution (Fig. 1b).

Analysis of the band structure shows that the CrSBr mono-
layer is a ferromagnetic semiconductor with an indirect
bandgap of about 1.35 eV (Fig. 2a), which is in good agreement
with the optical band gap measured in the experiment (1.25 +
0.07 eV).>® Detailed analysis of the atomic-resolved band struc-
ture illustrates that the conduction band around the Fermi
level is dominated by orbitals of Cr atoms, whereas the valence
band is dominated by hybridized orbitals of Br and S atoms,
which agree with the results of the density of states (DOS) as
shown in Fig. S2.7 Analysis of the orbital-resolved DOS shows
that the conduction band minima and valence band maxima
are mainly occupied by the d,._,. orbits of the Cr atom and p,
orbits of S and Br, respectively.
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Fig. 1 (a) The top view and side view of the CrSBr monolayer. (b) Spin density of the CrSBr monolayer.
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Fig. 2 (a) The band structure of the CrSBr monolayer. (b) The band gaps of the CrSBr monolayer under biaxial and uniaxial strains (-5%—-5%). The
star represents a direct bandgap. (c) Angular dependence of the total-MAE of the CrSBr monolayer with the direction of magnetization lying on the
whole space. (d) The magnetic moment and magnetic susceptibility as functions of temperature for the CrSBr monolayer.

Fig. S31 shows that the CrSBr monolayer remains in ferro-
magnetic order under compression and tension strains (from
—5% to 5%) and the strain has little effect on the lattice struc-
tures and magnetic moment. By applying external strain along
different directions, the band-gap of the CrSBr monolayer can
be flexibly adjusted from about 1 eV to 1.4 eV (Fig. 2b).
Interestingly, an increase in strain along the x and y directions
is accompanied by a shift from an indirect to a direct band

13404 | Nanoscale, 2023, 15, 13402-13410

gap (Fig. 2b). The detailed band structure of the CrSBr mono-
layer under different strains is shown in Fig. S4-S6.7 The
reason may be that the applied strain causes a splitting of the
band along the X-T" direction and changes the position of the
conduction band bottom from the X to the I" point.

The magnetocrystalline anisotropy energy (SOC-MAE) of
CrSBr bulk was first calculated using the second-order pertur-
bation theory in three directions (the [100], [010], and [001]

This journal is © The Royal Society of Chemistry 2023
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Table 1 The SOC-MAE, shape-MAE, and total-MAE (ueV/Cr) of the
CrSBr bulk and monolayer along the [100], [010], and [001] directions,
respectively, which is referenced to the energy of the [010] direction

Energy order of
Er00]  Epo1e]  Ejoonp  Magnetic axes
Bulk SOC-MAE 8 -32 0 y<z<x
Shape-MAE —59 —40 0 x<y<z
Total MAE ~ —51 =72 0 y<x<z
¥ <x <z (exp.*®
Monolayer SOC-MAE 24 =55 0 y<z<x
Shape-MAE -75 —64 0 x<y<z
Total-MAE =51 -119 0 y<x<z

directions) as shown in Table 1. Obviously, the energy of the y
axis (the [010] direction) is lower than that of the z axis (the
[001] direction), and the x axis (the [100] direction) has the
highest energy (the energy order is y < z < x). This is not con-
sistent with the results of the experiment (y < x < z), which
shows that bulk CrSBr exhibits the easy y axis, intermediate x
axis, and hard z axis.*®*%*%%* Although the calculated easy
magnetic axis is the same as the experimental result (the [010]
direction), the measured triaxial MAE by experiment is not
well reproduced. Compared to the weak SOC-MAE, shape an-
isotropy induced by the magnetic dipole-dipole interaction
may have an important contribution (shape-MAE).®® The in-
plane shape-MAE was also calculated (Table 1), in which 7,y =

View Article Online
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3000 A was used to ensure the numerical reliability.
Interestingly, after considering the magnetic dipole-dipole
interaction, the total-MAE (sum of SOC-MAE and shape-MAE)
shows that y, x, and z are indeed the easy, the intermediate,
and the hard axis, respectively, reflecting its triaxial anisotropy.
These results not only well reproduce the experimental triaxial
MAE of bulk, but also demonstrate the important role of the
magnetic dipole-dipole interaction (shape-MAE) in this
material.

The SOC-MAE and shape-MAE of the CrSBr monolayer were
also calculated (Table 1), and the results show that this mono-
layer also possesses triaxial magnetic anisotropy. Moreover,
the value of shape-MAE is larger than that of SOC-MAE. The
presence of triaxial magnetic anisotropy in the CrSBr mono-
layer is different from the present in-plane and out-of-plane
magnets,”®° reinforcing the interest in the CrSBr monolayer as
a potential host for exotic magnetic states. In order to show
more clearly this novel property, the angular dependences of
SOC-MAE, shape-MAE, and total-MAE along the three planes
(the xz plane, yz plane, and xy plane) and the whole space are
presented in Fig. S7f and Fig. 2c. Clearly, the MAE strongly
depends on the direction of magnetization in the whole space,
which confirms again the strong magnetic anisotropy in this
monolayer.

Fig. 3 shows the variation of SOC-MAE, shape-MAE, and
total-MAE of the CrSBr monolayer under biaxial and uniaxial
strains. The trend of energy change in Fig. 3a is almost the

biaxial-strain Xx-strain y-strain
(a) = doil T T T v T 1T v 1 T 1 - T T
£ | [
S
£ s} [ 1t 1 I
; _ + P +
(] ]
= s50p 7 110 / | el - e ]
= 1 1
= -100f 1 it . : . 1
] S
5 -150F , 110 1t ==—E 001~ Efgon; ] !
S 2004 : Vv =—E0-Epo ][ !
@ 5 1 . 1
6 4 2 0 2 4 6-6 -4 2 0 2 4 6-6 -4 2 0 2 4 6
(d) & 100f ’ ) ’ :
s 1 1 1
s sof . ) :
S
= 0 +
2 5f ' ' '
= 2—2 2 2
§ -100 v : A : L v : A
T -150 41 o4 o4 o o4 o4e
& Sepopol | Copogo> Sobopos | Cobobo> cdode 1 ododo
£ 200 o oy ' 26 |98 i 08 1894 . 90
= A v A A4
@ 250 " 1 . 1 . . . 1 . "
- 4 2 0 2 4 66 -4 2 0 2 4 6-6 -4 2 0 2 4 6
e = [ v 1 : 1 . 1T r 1 . :
© g 1o X \ '
e s ; 4 . 1t .
§ 0 L "
@
Ea] 4 ~=—a
:} 00l ' | [ [ ]
E 150} : i 1t : ]
= -200f | 1 1t [
=
h _‘\J‘} Il Il Il

6 -4 6-6 4

2 0 2
strain (%)

6-6 4 2

2 0 2 0 2
strain (%) strain (%)

Fig. 3 Variation of the SOC-MAE (a), shape-MAE (b), and total-MAE (c) of the CrSBr monolayer under biaxial and uniaxial strains (-5%-5%). The

energy is the reference along the [001] direction.
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same under the biaxial strains and uniaxial strains along the x
direction, while the relative energy is almost constant under
strains along the y direction, suggesting the SOC-MAE is sensi-
tive to the strains along the x direction. Fig. 3b shows that the
effect of strains on the values of shape-MAE is negligible
because of the small changes in the crystal structure and mag-
netic moment under different strains. Under different strains,
Fig. 3c shows the variation of total MAE. Clearly, the variation
trend of total-MAE in Fig. 3a and c is consistent, suggesting
that the change in the total-MAE is mainly caused by the spin—
orbit coupling under different strains, especially the uniaxial
strain along the x direction. The corresponding SOC-MAE and
total-MAEs through the whole space under different uniaxial
strains are plotted in Fig. 4 and Fig. S8, S9.7 These figures
further confirm that the CrSBr monolayer has strong triaxial
magnetic anisotropy and the MAE is most sensitive to uniaxial
strain along the x direction.
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To further elucidate the origin of the strain effect on the
SOC-MAE, we first determine separate contributions of the Cr,
S and Br atoms to SOC-MAE (Fig. S10t). The results show that
the SOC-MAE is mainly contributed by the Cr_d orbitals and
Br_p orbitals, which are the most sensitive to external strain.
Taking a biaxial tensile strain of 5% as an example, Fig. S10af
shows that the contribution of Cr_d orbitals to the MAE
between the [100] and [001] direction is much more than that
of the other orbitals. Fig. S10b} shows that the MAE between
the directions [010] and [100] is mainly contributed by the
Cr_d orbitals and Br_p orbitals. The values of SOC-MAE, of
each d orbital of Cr_d orbitals (including d,y, d,;, d.., dy, and
dy2_y2) and the individual p orbitals of Br_p (including py, p,
and p,) were also calculated. Fig. 5 and S11-S157} represent the
amount of energy change in the [100], [010] and [001] direc-
tions for individual Cr_d and Br_p orbitals under biaxial,
x-directional uniaxial and y-directional uniaxial strains,
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Fig. 4 The variation of SOC-MAE (a) and total-MAE (b) for the CrSBr monolayer in the whole space under uniaxial x strain (~5%-5%).
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Fig. 5 The contribution to MAE from the SOC interaction between different d orbital channels for Cr atoms under different uniaxial x strains along
the [100] (a) and the [010] (b) directions. The energy is the reference along the [001] direction.

respectively. These figures reveal that the coupling between
Cr_d,._,. and Cr_d,, orbitals and that between Cr_d,. and
Cr_d,, orbitals are more sensitive to biaxial strain and uniaxial
in the x-direction. According to the formula and Tables S3 and
S4 given in the ESL{ the Cr_d,..,. and Cr_d,, coupling
through I, and iy in the same spin state and that in different
spin states are both equal to 0, while the coupling of these two
orbits via iz in the same spin state is not 0, which indicates
that the coupling between Cr_d,._,. and Cr_d,, will provide a
higher spin orbit coupling energy in the z direction. Similarly,
the coupling between Cr_d, and Cr_d,, orbitals gain a
nonzero value only via I, for different spin states, suggesting
that the coupling of Cr_d,. and Cr_d,, orbitals will provide a
low spin orbit coupling energy in the y and z directions. The
coupling of other orbits can also be derived in the same way
according to Tables S3 and S4.f Taking the example of x direc-
tion tensile strain, the enhancement of tensile strain weakens

This journal is © The Royal Society of Chemistry 2023

the coupling strength of Cr_d,._y. and Cr_d,, via [, in the same
spin state, while at the same time, Cr_d,. and Cr_d,, orbitals
in the same spin state via I, coupling in different spin states
and Cr_d,. and Cr_d,, orbitals via lAy in different states are both
enhanced, eventually resulting in the lowest energy in the z
direction. In addition, the SOC-MAE of individual p-orbitals
of the Br atom is less sensitive to strain than that of the indi-
vidual Cr_d orbitals and the energy change is within 5 peV.
The angular momentum coupling through the individual
p-orbitals can also be obtained according to the formula and
Table S3 in the ESL.f We also take the example of x-direction
tensile strain. The strengthening of the tensile strain is
accompanied by a weakening of the I, coupling between Br_p,
and Br_p, in the same spin state, a weakening of the I, coup-
ling between Br_p, and Br_p, in the same spin state, and a
strengthening of the l;, coupling between Br_p, and Br_p, in
the same spin state.
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Fig. 6 Variation of exchange parameters with biaxial strain (a), uniaxial strain in the x-direction (b), and uniaxial in the y-direction (c), respectively.

(d) The changes of T¢ at different strains.

Because of the importance of T for the application of 2D
magnets, we estimated the T of the CrSBr monolayer using
Monte Carlo simulations based on the Heisenberg model, and
the Hamiltonian can be written as

H= —% ST S +AY (55

k=123 iy i

where J; (k = 1, 2, 3) represents the magnetic exchange para-
meters of the nearest neighbor, the second-neighbor, and the
third-neighbor between pairs of spins, respectively (Fig. 1). S;
or j stands for the spin vector, and S/ is the spin component
along the z-axis. A represents the anisotropy parameter. By
using four ordered spin states, J; was calculated on the basis
of density-functional calculations.®” The values of J, J, and J;
for the CrSBr monolayer are 4.29, 3.23 and 3.04 meV respect-
ively. The result shows that the T of the CrSBr monolayer is
about 153 K (Fig. 2d), which is in excellent agreement with the
experimental result (146 K).>> The T¢ is higher than that of
other successfully prepared 2D ferromagnetic semiconductors,
such as CrX; (X = Cl, Br, I) monolayers (27 K, 40 K, and 45 K)’
and Cr,Ge,Teq bilayers (28 K).'' The strain-dependent evol-
ution of magnetic exchange parameters (/4, J,, and J;) was also
investigated and is shown in Fig. 6a—c. Due to the asymmetric
structure of the CrSBr monolayer, J;, J,, and J; exhibit indepen-
dent evolution depending on the crystallographic direction of
the applied strain. The results show that j, and j; have a
roughly similar trend in the whole strain while J; was strongly
influenced by the uniaxial stain in the x-direction. Moreover,
the strain enables the adjustment of T¢ in the range of 49 to

13408 | Nanoscale, 2023, 15, 13402-13410

189 K (Fig. 6d), and the calculated magnetic moment and sus-
ceptibility as functions of temperature for the CrSBr monolayer
under biaxial and uniaxial strains are also illustrated in
Fig. S16518.1

Summary

In summary, we have investigated the origin of triaxial aniso-
tropic magnetic properties of the air-stable 2D magnetic semi-
conductor CrSBr using first-principles calculations. The CrSBr
monolayer exhibits triaxial anisotropy, which originates from
the coexistence of the magnetic dipole-dipole interaction
(shape anisotropy) and the spin-orbit coupling interaction
(magnetocrystalline anisotropy), and we also unveil that the
magnetic shape anisotropy, which has been neglected in most
previous works, is of importance for works of weak magneto-
crystalline anisotropy. Interestingly, the energy order of the
three magnetic axes of the CrSBr monolayer can be tuned by
applying strains, in which the SOC-MAE is more sensitive to
strains than shape-MAE. Further analysis shows that the
enhancement of biaxial and uniaxial x-direction tensile strain
weakens the coupling strength of Cr_d,._,. and Cr_d,, via I, in
the same spin state while enhancing the coupling strength of
Cr_d,. and Cr_d,;, via I, in different spin states and Cr_d,. and
Cr_d,, via iy in different spin states, eventually achieving triax-
ial switching in the process. Besides, the strains also can flex-
ibly adjust the band gap and even change the original indirect
band gap to a direct band gap. By using the four ordered spin
states, the observed T (146 K) of the CrSBr monolayer is well

This journal is © The Royal Society of Chemistry 2023
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reproduced based on Monte Carlo simulations (152 K) and the
Tc can be increased to 189 K under uniaxial strain in the x
direction. Our work gives insights into understanding the MAE
of 2D ferromagnetism and paves the way for strain control of
switchable magnetic anisotropy and Curie temperature for
exploring new spintronic applications.
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