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Using first-principles calculations and micromagnetic simulations, we systematically investigate the magnetic
properties of two-dimensional Janus chromium dichalcogenides (CrXTe, X = S, Se) under strain. We find that
the CrSTe monolayer has high Curie temperature (7,) of 295 K and an out-of-plane magnetic anisotropy. The
CrSeTe monolayer has large Dzyaloshinskii-Moriya interaction (DMI) which can host chiral Néel domain wall
(DW), and under an external magnetic field, the skyrmion states can be induced. As tensile strain increases, fer-
romagnetic exchange coupling and perpendicular magnetic anisotropy of Janus CrXTe monolayers both increase
significantly, and the magnitude of DMI is reduced, which results in the giant ferromagnetism enhancement.
Interestingly, for CrSeTe monolayer, distinct spin textures from chiral DW to uniform ferromagnetic states are
induced under tensile strain. Moreover, the diameter and density of skyrmions in CrSeTe can be tuned by the
amplitude of external magnetic field and strain. These findings highlight that the Janus CrXTe monolayers as

good candidates for spintronic nanodevices.
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I. INTRODUCTION

Two-dimensional (2D) magnets, which integrates the ideal
interface, miniaturization, and long-sought magnetism, pro-
vide a fascinating platform for the spintronic research [1-5].
Some exciting phenomena, such as huge tunneling magne-
toresistance [6], long-distance magnon transports [7], and
magnetization switching driven by spin-orbital torque (SOT)
[8], have been realized in the 2D magnets-based device.
However, most of these 2D magnets lack high 7, or large
perpendicular magnetic anisotropy (PMA), which are two key
parameters in realizing the practical spintronic device with
low energy consumption, high thermal stability, and high
storage density [8—11]. Therefore, tremendous efforts have
been devoted to searching intrinsic 2D magnets with high 7
and large PMA, or effective method which can enhance these
properties [12—14]. Moreover, through breaking the inversion
symmetry of 2D magnets, especially constructing the Janus
structure [15-17], the sizable Dzyaloshinskii-Moriya inter-
action (DMI) can be obtained. As an asymmetric exchange
interaction induced by spin-orbital coupling (SOC) [18,19],
the DMI favors the formation of chiral magnetic structures,
such as chiral domain walls and skyrmions, which can be
manipulated by small electrical currents and are promising
for spintronic applications in the midterm future [20-24]. Fur-
thermore, since the 2D magnets can be integrated into various
heterostructures, the chiral spin textures are hopefully tuned
by proximity effects.
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Magnetic properties are closely related to the structural
parameters of materials, and strain can directly influence
the structures of materials. Therefore, strain engineering has
been shown as an effective method for tuning the mag-
netic properties [25-27]. In FeRh/BaTiOs heterostructure,
the FeRh films can be transferred from antiferromagnetic
(AFM) to ferromagnetic (FM) order by voltage-induced strain
[28] and in Fe;GeTe, monolayer, the strain-controlled PMA
enhancement has been theoretically predicted [29]. For 2D
materials, the lattice strain can be modified through in-
terfacing with various substrates or fabricating stretchable
heterostructures [5,30]. These results highlight the possibil-
ity of tuning basic magnetic parameters and even inducing
distinct spin textures in 2D Janus magnets through strain
engineering.

Here, via first-principles calculations and micromagnetic
simulations, we systematically investigate the structural and
magnetic properties of 2D Janus chromium dichalcogenides
CrXTe (X = S, Se) under strain. 17-CrTe, bulk is a layered
compound and has high 7, around 310 K [31]. Recently,
few-layer 17-CrTe, has been exfoliated from the bulk phase
and proved to be able to retain high 7; [32], which makes
Janus CrXTe monolayers hopefully fabricated. We find that
the CrSTe monolayer has high 7. of 295 K and an out-of-
plane magnetic anisotropy. In CrSeTe monolayer, the DMI is
comparable to that in state-of-the-art FM/heavy-metal (HM)
heterostructures, which can favor the formation of chiral do-
main wall (DW) and skyrmions. As tensile strain increases,
the FM exchange coupling and PMA of Janus CrXTe mono-
layers both increase significantly, and the magnitude of DMI
is reduced. Therefore, the ferromagnetism of Janus CrXTe
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FIG. 1. (a) Top view and side view of crystal structures and (b) Phonon dispersions of Janus CrXTe monolayers. (c) The nearest-neighboring
exchange coupling J, (d) single-ion anisotropy K, and (e) in-plane DMI component d as functions of strain in Janus CrXTe monolayers.

monolayers is obviously enhanced, especially, distinct spin
textures are induced in CrSeTe monolayer.

II. COMPUTATIONAL METHODS

We have performed first-principles calculations within
density-functional theory as implemented in the Vienna
Ab initio Simulation Package (VASP) [33-35]. The exchange-
correlation effects are calculated within the generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof
form [36,37]. In order to describe the strongly correlated 3d
electrons of Cr, the GGA+U method is applied (Uer = 2 eV)
[38,39]. The atom positions are fully relaxed until the
Hellmann-Feynman force is less than 1073 eV/A. The cutoff
energy is set to 400 eV, and I'-centered 24x24x1 k-point
grids are good enough to sample the Brillouin zone. Phonon
dispersions are calculated by the PHONOPY code [40]. To
investigate the magnetic properties of CrXTe, we adopt the
following model Hamiltonian:

H=-1)88-K> (5
(i) i

— > Dij (SixS)—pc:BY S (D)
(L. i

In this equation, S; is a unit vector representing the ori-
entation of the spin of the ith Cr atom, and (i, j) represents
the nearest-neighbor Cr atom pairs. J, K, and D;; represent
the Heisenberg exchange coupling, single-ion anisotropy, and
DMI, respectively. The specific method to calculate the J, K,
and D;; is illustrated in Supplemental Material [41]. The SOC
is included in the calculations of the K and D;; except the J.
The SOC effect on J is also tested. We find that for the pristine

CrS(Se)Te monolayer, J = 23.94 (15.22) meV when SOC is
considered, which is very close to J = 24.00 (15.11) meV
without SOC. The sign convention is that J > O represents
FM coupling, K > 0 refers to PMA, and in-plane DMI com-
ponent d > 0 favors clockwise (CW) spin configurations.
Based on calculated magnetic parameters, the Monte Carlo
(MC) simulations with Metropolis algorithm [42] are applied
to explore the spin textures and estimate 7, of CrXTe. The
details of MC simulations are given in Supplemental Material
[41]. The value of strain is defined as (a — ag)/ay, where a and
ay are the lattice constants of strained and unstrained CrXTe
monolayers.

III. RESULTS AND DISCUSSION

The crystal structure of CrXTe monolayers is shown in
Fig. 1(a). The Cr atoms in central layer form a triangular lat-
tice with Cg, symmetry, and after sandwiched by two atomic
layers of different chalcogen atoms represented by light-green
(X) and dark-green (Te) balls, the overall symmetry reduces to
C3,. The optimized structural parameters of CrXTe monolay-
ers and magnetic moments of Cr, X, and Te atoms are listed
in Table I. The optimized lattice constant of CrSTe is smaller
than CrSeTe, due to the smaller atomic radii of S compared
with that of Se. With the same computational method and ac-
curacy, we also obtain the lattice constant of CrTe, monolayer,
3.70 A, which yields good comparison with the experimental
value of CrTe, bulk, 3.79 A [31]. One can see that the lattice
constant of CrSTe and CrSeTe is smaller than CrTe, due to
the largest radii of Te among the S, Se, and Te. For a specific
CrXTe monolayer, the atomic radii of Te are larger than those
of X. Therefore, d; and 6, are always smaller than d, and
01, respectively. The difference of top and bottom atom layer
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TABLEI. The optimized lattice constants a, bond length of Cr—X
d, and Cr-Te d,, bonding angle of Cr—X-Cr 6, and Cr—Te—Cr 6,,
and magnetic moments of Cr pc;, S s, Se use, and Te pt. of Janus
CrXTe monolayer. The unit of a, d,, and d, is A. The unit of 6, and
6, is deg. The unit of pc,, is, Use, and pre is (p. The opposite sign
of magnetic moment between S, Se, Te, and Cr atoms reveals that the
exchange coupling between them is AFM.

a di dy 01 0> Hcr Ms Mse e

CrSTe 3.47 234 2.84 95.66 75.22 3.13 —0.20
CrSeTe 3.56 2.48 2.82 91.67 78.26 3.20

—0.15
—-0.25 —0.18

induces inversion symmetry breaking in CrXTe monolayer,
which is essential for DMI. The main contribution to mag-
netism of CrXTe comes from the Cr atoms, meanwhile, X and
Te are both effectively spin polarized due to proximity effects.
To confirm the structural stability of CrXTe monolayers, we
calculate phonon spectra as shown in Figs. 1(b) and 1(c). One
can see that there is no imaginary frequency in the Brillouin
zone, which suggests that CrXTe monolayers are dynamically
stable. Furthermore, to investigate electronic states of CrXTe
monolayers, we calculate the orbital and spin-projected band
structures as shown in Fig. S3. The band structures show
that CrXTe monolayers are metallic. For spin-up channel, the
occupied states are dominated by 3d electrons of Cr. However,
for spin-down channel, the occupied states mainly come from
p states of X and Te. These results are consistent with the
opposite spin orientations between Cr and X, Te as shown in
Table I.

Now we focus on the magnetic interaction parameters in-
cluding J, K, and d}, and their change under strain. As shown
in Fig. 1(c), the nearest-exchange coupling of CrS(Se)Te
monolayer is FM and when the tensile strain increases from
0 to 5%, the magnitude of this FM coupling can be effec-
tively enhanced from 24.00 (15.11) to 32.19 (28.78) meV.
Figure 1(d) shows K of CrXTe as a function of strain. One can
see that pristine CrSTe has PMA of 0.29 meV, and CrSeTe
has in-plane magnetic anisotropy (IMA) of 0.07 meV. Inter-
estingly, by just 5% tensile strain, the PMA of CrS(Se)Te can
be significantly enhanced to 1.51 (2.35) meV, which is much
larger than that of Crl3, 0.80 meV [38]. We find that CrXTe
monolayers have sizable DMI as shown in Fig. 1(e). Espe-
cially, the d) of pristine CrSeTe monolayer reaches to 2.01
meV, which is comparable to state-of-the-art FM/HM het-
erostructures, such as Pt/Co (~3.0 meV) [43] and Fe/Ir(111)
(~1.7 meV) [44], thin films that have been demonstrated to
be able to host chiral spin textures. One also can see that
the tensile strain reduces the magnitude of d); of both CrSTe
and CrSeTe monolayers. For the CrTe, monolayer, J = 2.16
meV, K = —2.14 meV, and d; = 0 meV. One can see that,
compared with the CrTe, monolayer, the FM coupling and
IMA is obviously increased and decreased, respectively, in
Janus structures, which is more beneficial for the formation
of long-range magnetic order.

The physical mechanisms of the change of J and K under
strain are similar for CrSTe and CrSeTe. Therefore, in the
following discussion, we choose CrSeTe as an example to
show in detail how tensile strain enhances the FM coupling

(@)  Se/Te (b)

Cr Cr & —=— Cr-Cr
FM 53.2‘ +Cr-Te
g ——Cr-Se
Se/Te = N O e
Cr%-NCr 5 A—a A A A A—A
AFM YT T35 a3
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FIG. 2. (a) Schematic diagrams of Cr-Se/Te-Cr superexchange
and Cr-Cr direct exchange couplings in Janus CrSeTe monolayer.
(b) Bond lengths of Cr—Cr, Cr-Te, and Cr-Se as functions of the
strain.

and PMA. Since the bonding angle of Cr—Se/Te—Cr is close to
90°, according to the Goodenough-Kanamori-Anderson rules
[45—47], the indirect exchange coupling between two nearest-
neighboring Cr cations through intervening Se/Te anion is FM
[upper panel of Fig. 2(a)]. On the contrary, the direct exchange
coupling between two nearest-neighboring Cr cation is AFM
[lower panel of Fig. 2(a)]. The competition between indirect
FM and direct AFM couplings decides the final magnetic
arrangement of Cr atoms. When tensile strain is applied, the
Cr-Te and Cr-Se distances hardly change [blue and black line
in Fig. 2(b)], whereas the Cr-Cr distance obviously increases
[red line in Fig. 2(b)]. Therefore, compared with indirect FM
coupling, the direct AFM coupling decreases more strongly,
which results in the effective enhancement of J [48].

From the atom-resolved magnetic anisotropy energy
(MAE) of the CrSeTe monolayer [Fig. 3(a)], one can see that
the PMA of Te atom is enhanced significantly by tensile strain,
which is responsible for the K increasing. To further elucidate
mechanisms of MAE change of Te atom, we perform a com-
parative analysis of MAE from orbital hybridization between
the CrSeTe monolayer under 0 and 5% tensile strain as shown
in Figs. 3(b) and 3(c). For Te in pristine CrSeTe, the hy-
bridization between p, and p, gives rise to IMA; however, the
hybridization between p, and p, constitutes PMA. The small
magnitude of anisotropy of Te in pristine CrSeTe arises from
the competition of these two hybridizations. When the strain
is applied on the CrSeTe, the PMA contribution comes from
the p, and p, hybridization, significantly increases, and the
IMA contribution arising from p, and p, hybridization hardly
changes, which results in the giant PMA enhancement of the
CrSeTe monolayer. Furthermore, we investigate the origin
of the change of MAE arising from 5p orbital hybridization
of the Te atom. According to the second-order perturbation
theory [49,50], the MAE can be expressed as

MAE

2 r,2
(2856 — D07 L |u” )| — [(0” [Lyu” )|7)
=3 Y EeE7 .

oo’ o",u"'

2
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FIG. 3. (a) Atom-resolved MAE of Janus CrSeTe monolayer as
functions of the strain. (b), (c) MAE contributions from 5p orbitals
hybridization, and (d), (e) the projected density of states of Te in
Janus CrSeTe monolayer under O and 5% tensile strain.

£ represents the SOC amplitude. E? and E° are the energy
levels of unoccupied states with spin ¢’ and occupied
states with spin o, respectively. (28,5 — 1)(|0")|Lz|u“/)|2 —
|o“)|Lx|u"/)|2) is the difference of spin-orbital angular mo-
mentum matrix elements, which is shown in Table SI. In
Figs. 3(d) and 3(e), we plot the projected density of states
for Te atoms of CrSeTe monolayers under O and 5% tensile
strain. One can see that the spin-down occupied p. states (p? )
is shifted to the Fermi level Er [indicated by the dashed blue
arrow in Fig. 3(e)] when tensile strain is enhanced. The matrix

elements difference between p? and spin-up unoccupied p,
states (pf) is 1 as shown in Table SI, which is responsible
for the PMA contribution from p, and p, hybridization. Due
to the shift of p? states, the value of EJ ' — E2 obviously
decreases. Therefore, the positive MAE from p, and p, hy-
bridization is enhanced. Compared with p, states, the p, and
Dy states barely change, which is responsible for the much
smaller variation of MAE from p, and p, hybridization.

For investigating the exceptional DMI in CrXTe
monolayer, we calculate SOC energy difference AE, of
the opposite chirality as shown in Fig. 4. One can see
that the dominant contribution to the DMI stems from the
adjacent X and Te atoms. This behavior is similar to DMI

. 0
1.5 I 2%
B
S 1.0+
[0}
£
$0.51
w
<
0.0 1
-0.51
S Cr Te ) Se Cr Te

FIG. 4. Atom-resolved localization of the SOC energy difference
AE, in Janus CrXTe monolayer. Black, red, and blue bars repre-
sent AE,. of CrXTe monolayers under 0, 2, and 4% tensile strain,
respectively.

in FM/HM heterostructures, where the SOC energy source
comes from 5d transition metal in the interfacial layer. This
is the so-called Fert-Levy type of DMI [51,52]. In CrXTe
monolayer, when polarized electrons transfer between Cr
atoms through mediate X/Te atoms, the spin orientations of
these electrons can be tilted due to the spin-orbit scattering
[51]. Under tensile strain, the Te contribution to DMI of CW
chirality obviously decreases, which is responsible for the
reduction of total DMI magnitude.

Once magnetic interaction parameters of spin Hamiltonian
are determined by first-principles calculation, we perform MC
simulations to explore the spin textures and 7;. of Janus CrXTe
monolayers. We notice that the DMI/exchange coupling ratios
|dy/J| of pristine CrSeTe monolayer is about 0.14, which is in
the typical range of 0.10-0.20 for the skyrmions formation
[53]. Therefore, it is possible to realize chiral spin textures in
CrSeTe monolayer. Figure 5(a) shows a phase diagram of spin
textures of CrSeTe monolayer in 10 K. For pristine CrSeTe,
we obtain the wormlike domains separated by chiral Néel DW,
the white part between the domains of up and down magneti-
zation. Due to the in-plane magnetic anisotropy, the width of
DW reaches to 2.7 nm. We find that the skyrmion states can
be induced in pristine CrSeTe by external magnetic field (B;).
One can see that the red domains shrink as the enhancement
of B, and isolated skyrmions begin to appear. When the B,
increases to 1.2 T, the worm domains disappear completely
and the skyrmions tend to form an approximate hexagonal
lattice. If we keep increasing B,, the density of skyrmions
decreases and a uniform ferromagnetic state appears finally.
The diameter of skyrmions decreases from 11.6 to 9.1 nm
when B, increases from 1.2 to 2.1 T.

As tensile strain increases, the size of domain in CrSeTe
becomes much larger compared with pristine state, which is
consistent with the smaller |dj/J]|, and the resulting larger
DW energy. Meanwhile, the width of DW decreases obviously
induced by transition of IMA to large PMA in CrSeTe. Due
to the enhancement of ferromagnetic exchange coupling and
PMA, the critical external field required for skyrmions forma-
tion, density, and diameters of skyrmions all decrease. When
tensile strain reaches up to 3%, the |d)/J| decreases to 0.08,
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FIG. 5. (a) Distinct spin textures for CrSeTe monolayer under increased tensile strains and external fields in 10 K. The color map indicates
the out-of-plane spin component of Cr atoms. The curie temperatures (7;) of (b) CrSeTe and (c) CrSTe monolayers under tensile strains.

which is not in typical range for skyrmions formation. There-
fore, the DW directly transforms into uniform ferromagnetic
state under a very small B;, 0.01 T. If we keep increasing ten-
sile strain above 3%, the uniform ferromagnetic states appear.
Moreover, these ferromagnetic states can retain over 325 K
as shown in Fig. 5(b). Next, we explore the temperature in-
fluence on spin textures as shown in Figs. S4(a) and S4(b).
One can see that the images of chiral domain wall, skyrmions,
and uniform ferromagnetic states all begin to be less well-
defined and become more and more blurred as temperature
increases. When T increases to 150 K, this blurring starts
to show the destabilization of chiral spin textures by thermal
fluctuations, but the tendency of the evolution of chiral spin
textures with external magnetic field or tensile strain is still
clear. For CrSTe monolayer, the magnetic ground state is
ferromagnetic without chiral spin textures, which is consistent
with the very small |d}/J| of 0.02. Notably, the 7. of pristine
CrSTe reaches to 295 K [blue line in Fig. 5(c)] which is close
to room temperature, and it can be further enhanced to 410 K
when tensile strain increases to 5% [red line in Fig. 5(c)].

IV. CONCLUSIONS

In summary, using first-principles calculations and MC
simulations, we systematically investigate magnetic proper-

ties of Janus CrXTe monolayers. We find that the CrSTe
monolayer has a high 7. of 295 K and an out-of-plane
magnetic anisotropy. The CrSeTe monolayer has large DMI,
which favors the formation of chiral Néel DW. With an ex-
ternal magnetic field, the DW in CrSeTe can be tuned to
skyrmion states. As tensile strain increases, the FM exchange
coupling and PMA of Janus CrXTe monolayers increase sig-
nificantly, and the magnitude of DMI is reduced. Therefore,
T, of CrSTe is enhanced over 100 K under 5% tensile strain,
and in CrSeTe, distinct spin textures from chiral Néel domain
wall to uniform ferromagnetic states are induced. Moreover,
the diameter and density of skyrmions in CrSeTe mono-
layer can be tuned by external magnetic field and strain. Our
results provide good candidates for experimental investiga-
tion of 2D Janus magnets, which is helpful for spintronic
applications.
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