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Topological spin textures in 17-phase Janus magnets: Interplay between Dzyaloshinskii-Moriya
interaction, magnetic frustration, and isotropic higher-order interactions
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The search for topological magnetism in two-dimensional (2D) magnetic materials is one of the hot topics
in spintronics. We present comprehensive studies of magnetic phases in a series of Janus monolayers MnX Z
(MnAsBr, MnAsl, MnPBr, and MnPCl) and CrYZ (Y = Se, Te; and Z = Cl, Br, I) via combining first-principles
calculations and atomistic spin model simulations. Sizable Dzyaloshinskii-Moriya interaction can be realized in
the MnXZ and CrYZ monolayers due to their intrinsic inversion symmetry breaking. More interestingly, the
MnXZ and CrYZ monolayers exhibit different degrees of magnetic frustration and isotropic higher-order inter-
actions. Lastly, our atomistic spin model simulations demonstrate that a variety of topological spin textures can
be generated by the interplay among complex magnetic interactions. These results provide valuable information
and fundamental understanding for topological magnetism in 2D magnets.
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I. INTRODUCTION

Magnetic skyrmions [1-4] and bimerons [5—7] are promis-
ing candidates for information carriers in next-generation
spintronic devices due to their inert robustness against small
external perturbation. These topologically protected spin
swirls can be induced by Dzyaloshinskii-Moriya interaction
(DMI) [8,9], a spin-orbit coupling (SOC) effect which re-
quires inversion symmetry breaking in magnets. DMI favors
rotation of magnetization directions with certain helicity and
chirality. Skyrmions of Bloch type, Néel type, and anti-
skyrmions can be found in acentric B20 materials [3,10],
magnetic hetereostructure thin films [2,11-16], and acentric
two-dimensional (2D) magnets [17-24] depending on the
helicity and chirality of respective DMI. Alternatively, the
canting among neighboring spins caused by magnetic frus-
tration and dipole-dipole interactions [25] can also stabilize
skyrmionic structures.

Recent experiments show that skyrmions can be formed
by the competing nearest-neighbor (NN) ferromagnetic and
further neighbor antiferromagnetic Heisenberg exchanges in
centrosymmetric bulk materials [26-28]. For centrosymmet-
ric 2D magnets such as the 3d metal dihalides [29,30] and
trihalides [31,32], the presence of magnetic frustration is ubiq-
uitous. Skyrmions induced by frustration are usually smaller
in size [33-38], but the helicity and chirality could be ran-
domly distributed [39].

Apart from DMI and frustration, the isotropic higher-order
interactions (HOIs) [14,40-45], especially the four-spin-
four-site interaction, could also be important factors for
stabilizing skyrmions in the ferromagnetic monolayer/heavy
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metal systems [14]. Arising from a multiple-electron hop-
ping process between 2—4 atomic sites, the HOI terms (up
to the fourth-order approximation) consist of biquadratic,
four-spin-three-site, and four-spin-four-site interactions. In
the emergent field of 2D magnets, some studies focus on
the effect from biquadratic interaction [46—50]. Interestingly,
in the Fe;GeTe, monolayer with vanishing long-range DMI,
complex noncollinear magnetism could be formed due to
the interplay between magnetic frustration, HOI [50], and
short-range DMI components [51]. For acentric magnets, the
morphology of topological magnetism can be affected by
magnetic anisotropy, DMI, magnetic frustration, and HOIs. In
view of optimizing topological spin textures hosting materials,
systematic study on the interplay among the aforementioned
interactions is necessary.

Herein, from first-principles calculations, we propose
four Janus magnetic monolayers MnXZ (MnAsl, MnAsBr,
MnPBr, and MnPCl). Next, we determine the magnetic pa-
rameters of MnX Z and the previously reported Janus magnets
CrYZ (Y = Se, Te; and Z = Cl, Br, I) [52,53], including the
respective DMI vectors and Heisenberg exchange interactions
up to the third neighbor (NNNN), as well as the values of
isotropic HOIs. We identify different frustration and DMI
ratios in the monolayers to better understand the interplay
between DMI and magnetic frustration in MnXZ and CrYZ
monolayers. Furthermore, from atomistic spin model simula-
tions, we find that a variety of topological spin textures can
be generated in MnXZ and CrY Z, from which we investigate
the impact from different degrees of magnetic frustration,
isotropic HOIs, and DML

II. CALCULATION METHOD

First-principles calculations are carried out based on den-
sity functional theory (DFT) implemented in the Vienna

©2023 American Physical Society
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FIG. 1. (a) Top and side views of the crystal structures of MnXZ and CrYZ (X =P, As; Y

= Se, Te; and Z = Cl, Br, I) monolayers.

(b) Schematic representation of DMI and Heisenberg exchange interactions up to third neighbor and nearest-neighbor biquadratic interactions.
(c) Diagrammatic sketch of the six nearest-neighbor DMI components dlH and df between atomic sites 1, 2, 3,4, 5, 6, and 0.

Ab initio Simulation Package [54-56]. The electron-ion
interaction is described by the projected augmented-wave
method, and the electronic exchange-correlation functional is
treated by the generalized gradient approximation (GGA) of
the Perdew-Burke-Ernzerhof form [57,58]. We employ the
GGA+U method with effective Uy = 3eV to describe
the strongly correlated 3d orbitals of Cr and Mn atoms.
The plane-wave cutoff energy is set to 500 eV, and the first
Brillouin zone is sampled by I'-centered 24 x 24 x 1 k-point
meshes. We set the vacuum layer with a thickness of 15 A to
eliminate interactions between the periodic images. The con-
vergence criterion of electronic iteration is set to 10~7eV. All
our structure relaxations are performed until the Hellmann-
Feyman forces are <0.001eV,/ A. The phonon spectra of the
MnXZ monolayers are calculated with 4 x 4 x 1 supercells,
by using the PHONOPY code [59].

III. RESULTS AND DISCUSSIONS

Top and side views of the crystal structures of the Janus
MnXZ and CrYZ (X =P, As; Y = Se,Te; and Z = Cl, Br, I)
monolayers are presented in Fig. 1(a). To confirm the struc-
tural stability of the MnX Z monolayers, we calculate phonon
spectra in Fig. S1 in the Supplemental Material [60]. The
calculated in-plane lattice parameters and saturation magne-
tization of MnXZ and CrYZ are shown in Table 1. For these
monolayers, we adopt the following spin model Hamiltonian
to describe the interactions between the Mn and Cr atoms:

1 1
H = —5 ZJ”(SZSJ) - Ezd“ . (S, X Sj)

— Kvca Z

g Eqg4 + Hyor, (D
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In Egs. (1) and (2), S; and S; are the spin unit vector
of each atom at sites i and j. Also, J;; and d;; denote the
Heisenberg exchanges and DMI interactions. Further, Hyop
represents the isotropic higher-order Hamiltonian, including
two-site-four-spin interaction, or biquadratic interaction By,
three-sites-four-spin interaction Y;, and four-sites-four-spin
interaction F;. Noncentrosymmetric systems could also ex-
hibit chiral four-spin interactions [61-66]. The magnitude of
such terms could be significant in lower-dimensional systems
such as magnetic adatoms [61,64] or one-dimensional mag-
netic atom chains [63], but it is much weaker in ferromagnetic
monolayers [65]. Thus, we neglect the chiral multispin inter-
actions in the Hamiltonian.

As shown in Fig. 1(b), we consider the Heisenberg ex-
changes and DMI interactions up to the third neighbor,
namely, the NN interactions J; and d;, the next-NN (NNN)
interactions J, and d,, and the NNNN interactions J3 and
d;. The symmetry of the MnXZ and CrY Z Janus monolayers
is C3y, in which the Bloch-type DMI vanishes according to
the Moriya rules [9]. The nonvanishing DMI components
between each NN, NNN, and NNNN Mn (Cr) pair are the
Néel type, which can be expressed as d;; = d// (7;; x 2) + d°Z,
where d° and d! represent the perpendicular and in-plane
components of DMI, respectively. Also, 7;; represents a unit
vector pointing from i to j, and Z is normal to the plane.
Previous works proved that the d, components change their
sign for the six neighboring pairs. As a representative exam-
ple, Fig. 1(a) shows the directions of dj for the six NN pairs
of Mn (Cr) atoms. Here, Kyica indicates magnetocrystalline
anisotropy energy (MAE), which is calculated by compar-
ing the energy difference between self-consistent energies,
while the magnetic axis aligns along (100) and (001) orien-
tations. The calculated values of magnetic anisotropy of all
MnXZ and CrYZ monolayers are shown in Table 1. Here,
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TABLE I. The calculated lattice constant a, saturation magnetization M, in-plane and out-of-plane DMI components up to NNNN,
magnetocrystalline anisotropy Kyca for the MnXZ and CrYZ (X =P, As; Y = Se, Te; and Z = Cl, Br, I) monolayers. DMI values and

Kyica are in meV.

Structure a(A) M, (uB) dl dl dl d: d: d&; Knica
MnAsBr 3.645 3.507 —5.65 0.19 —1.02 0.52 —0.06 0.33 1.29
MnAsI 3.895 3.436 —5.54 0.33 0.17 —0.36 —0.07 0.58 1.04
MnPBr 3.589 3.376 —2.14 0.92 0.30 —0.19 —0.01 0.13 0.11
MnPCl 3.452 3.344 —1.75 0.07 —0.02 0.26 —0.01 0.09 0.05
CrSeCl 3.592 2.971 ~1.11 0.01 —0.23 0.24 —0.01 0.16 —0.11
CrSeBr 3.681 2.977 —1.53 0.03 —0.17 0.26 —0.01 0.09 —0.24
CrSel 3.835 2.989 —2.34 0.06 —0.04 0.36 —0.03 0.07 0.27
CrTeCl 3.763 3.045 -2.19 0.06 ~1.13 0.66 0.04 0.82 227
CrTeBr 3.850 3.049 -2.81 0.09 ~1.01 0.68 —0.03 0.75 -2.83
CrTel 3.995 3.057 —4.08 0.18 —0.82 0.79 —0.02 0.64 -1.01

Eqq; 1s the dipole-dipole energy, which is included in all our
atomistic spin model simulations.

A. The DMI components

We implement the gSO method [21,67,68] to determine
both the in-plane and perpendicular DMI components for the
MnXZ and CrYZ monolayers. The gSO method is based on
first-order perturbation theory [69] of the generalized Bloch
theorem (gBT) [70]. By constraining the SOC Hamiltonian
to a single component along the spin-spiral rotation axis,
the qSO method allows us to calculate the SOC-included
spin-spiral Hamiltonian in self-consistent DFT calculations.
Here, we introduce two different flat Néel-type spin spirals
propagating along the high-symmetry direction I'-K of recip-
rocal space, namely, the out-of-plane spiral within the spins
rotating in the x-z plane and the in-plane spiral within the spins
rotating in the x-y plane, as plotted in Figs. 2(a) and 2(b). The
magnetic moment at an atom site R; in the former spin spiral
is described as M; = M[sin(q - r;), 0, cos(q - r;)] and for the
latter M; = M[sin(q - r;), cos(q - r;), O].

As a representative example, we plot the out-of-plane and
in-plane spirals for the MnAsBr monolayer in Figs. 2(c) and
2(d). The black triangles in Figs. 2(c) and 2(d) represent
the non-SOC spin-spiral energy dispersion from gBT. Here,
the non-SOC spin-spiral dispersion for the out-of-plane and
in-plane spirals in Figs. 2(c) and 2(d) are degenerate. The
energy minima of the non-SOC E[g] locates at around
q= :I:O.l(%’) due to the competing NN ferromagnetic and
beyond-NN antiferromagnetic exchanges, which we will dis-
cuss later. As plotted by the red dots in Fig. 2(c), when SOC
is included, the out-of-plane spin-spiral energy E[g] favors
clockwise (cw) rotation and shows strongly asymmetric be-
havior around the ferromagnetic state of g = 0, indicating the
existence of strong in-plane DMI with cw chirality. Interest-
ingly, the impact of SOC on the energy dispersion for the
in-plane spin spiral is much weaker, as shown in Fig. 2(d).
In the regions of 0.3 () < |g| < 0.7(%), the SOC-included
in-plane spin-spiral energy E[q] slightly deviates from the
non-SOC spin spiral and favors anticlockwise (acw) rotation.

The respective DMI energy is derived by AEpm[g] =
(Elg] — E[—q])/2. In Fig. 2(e), AEgM[q] shows a sinusoidal
behavior and is linearly dependent on ¢ in the the interval be-

tween g = :I:O.I(ZT”). The overall in-plane DMI of MnAsBr
shows a cw chirality. Other MnX Z and CrY Z monolayers also
show cw in-plane DMI, as shown in Fig. S2 in the Supple-
mental Material [60]. The slope of AE[,[g] is infinitesimal
in the interval between g = j:O.OS(ZT”), as shown in Figs. 2(f)
and S3 in the Supplemental Material [60]. Here, AEF,,[q] is
significant around the neighborhoods of g = £0.5 (27”), indi-
cating that the d, components are short-range effects [17,22].

For a Mn (Cr) atom at site 0, the total DMI energy can be
described as the sum of each NN, NNN, and NNNN pair [71]:

1 1
Epy = EZdOi'(SOXSi)+§ Z do; - (So x S;)

<i> <<i>>

1
+5 D doi(SoxSy). 3)

<<<i>>>

For the MnXZ and CrY Z monolayers, the total DMI energy
consists of the contributions from in-plane and out-of-plane
components: Epy = AE]é/M[q] + AEf,lg]. For a Mn (Cr)
atom at site 0, AEgM[q] and AEf,,[q] can be expressed as
the sum of each NN, NNN, and NNNN pair:

AE]é/M[q] = Zd())l . sin(q . rOi) —+ Z d()); . Sin(q . rOi)

+ > dy-sin(q-ro), (4)
AEjylgl =) d;-sin(q-ro)+ Y di; - sin(q - o)
+ D di-sin(q-ro), 5)

<<<i>>>

where rp; denotes the vectors pointing from atomic site 0 to
ili=1,2,3,4,5, and 6, see Fig. 1(c)]. In Egs. (4) and (5),
the q vectors represent x-z and x-y spirals, respectively. We
note that, for the d” components, only the d* components
from each pair contribute to AElé/M [¢]. For d* components,
the sign of d* changes in a staggered way. For a hexagonal
lattice with the q vector propagating along the I'-K direction
of the reciprocal space, we can sum up the analytical forms of
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FIG. 2. Schematics of spin spirals in the (a) x-z plane and (b) x-y plane. (c) and (d) Calculated spin-spiral energy E[q], and (e) and (f)
DMI energy AEpmlg] as functions of spiral vector length g along the I'-K direction of the reciprocal space. E[¢] is given with respect to the
ferromagnetic state at ¢ = 0. (c) and (e) are plotted for the spirals in the x-z plane, in which red and black circles are calculated with spin-orbit
coupling (SOC) and without SOC (non-SOC), respectively. (d) and (f) are plotted for the spirals in the x-y plane, in which red and black circles

are obtained with and without SOC, respectively.

energy contributions from six NN, six NNN, and six NNNN
pairs as follows:

AE[L[q] = [2sin(27 ) + 2sin(g)]d!
+[2v/3sin(37 q)1d)
+ [2sin(4mq) + 2sinRrg)ld),  (6)

AEElgl = [2sin(rrq) — 4sin(2ng)]d; + [4sin(3rq)]d;
+ [2sin(2rg) — 4sin(4rwq)1d;, @)

where g denotes the spiral length. By substituting the val-
ues of E]é/M[q] in Fig. 2(e) and the lower panels of Figs.
S2(a)-S2(i) in the Supplemental Material [60] into Eq. (6),
we can determine the d/ components for the MnXZ and
CrYZ monolayers from multiple linear regression. Similarly,
through substituting the values of EJ,,[¢] in Fig. 2(f) and the
lower panels of Fig. S3(a)-S3(i) in the Supplemental Material
[60] into Eq. (7), we can fit the d° values for MnXZ and
CrYZ monolayers. The calculated results are listed in lines
4-9 of Table I. The dl// components are the largest for each
MnXZ and CrYZ monolayer, while the dj components are
about one order smaller than d1// . The NNN DMI dz// and dj
are the smallest for most of the MnXZ and CrY Z monolayers.

The contribution from NNNN DMI d3// and d5 are significant
in MnAsBr, CrTeCl, CrTeBr, and CrTel.

To elucidate the microscopic origin of DMI in the MnXZ
and CrYZ monolayers, we plot the atomic-layer-resolved
SOC energies associated with in-plane and out-of-plane DMI
at g = 0.2(27”) in Figs. 3(a) and 3(b). From Fig. 3(a), it is
found that the in-plane DMI energy is mainly contributed by
the P, As, or chalcogen atoms, and contributions from the
halogen atoms are very weak. We choose CrTel and MnAsI
monolayers as representative examples to show the atomic
DMI energy contributions for spin spirals rotating in both x-z
and x-y planes, respectively. As shown in Figs. 3(c) and 3(e),
the dominant contributions of in-plane DMI come from Te
and As atoms for CrTel and MnAsI monolayers, respectively.
Interestingly, in the larger-g region, the contribution from I
atoms becomes significant in both CrTel and MnAsI mono-
layers in Figs. 3(d) and 3(f).

The contribution from I atoms in MnAsI overcomes that
from As atoms while |g| > 0.4 (27”), indicating that larger
contributions of SOC energy to shorter-range d° can be
found in I atoms, whereas the As atoms contribute more
SOC energy to longer-range d*. Because the out-of-plane
DMI contributions from As and I atoms have opposite chi-
rality due to symmetric reasons, the signs of dj and df are
opposite.
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FIG. 3. Selective atomic-layer-resolved spin-orbit coupling (SOC) energy of the (a) in-plane DMI and (b) out-of-plane DMI at ¢ = 0.2(27”)
for all the MnXZ and CrY Z monolayers, respectively. Atomic-layer-resolved SOC energy of (c) and (e) in-plane DMI and (d) and (f) out-of-
plane DMI plotted for CrTel and MnAsI monolayers, respectively.

contribute to Ess[g]. Figure 4(a) shows the schematic rep-
resentation of the HOIs B;j, Y, and F;jy;, which originate
from multiple electrons hoping among two or more magnetic
atomic sites [40]. For a spin spiral propagating along the
I'-K direction, the relation between Ess[q] and the Heisenberg
exchanges up to the NNNN and HOIs B;; and Y} j; is described

B. Heisenberg exchanges and HOIs
The spin-spiral energy dispersion Esgl[g] is governed by
NN, NNN, and NNNN Heisenberg exchanges, the two-
site biquadratic interaction B;;, and three-site interaction
Yiir [22,40,48,72]. The four-site interaction Fjj; does not

1/2M r
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FIG. 4. (a) Diagrammatic sketch of the higher-order interactions. (b) Schematics of the magnetic configurations of up-up-down-down-1
(uudd-1), up-up-down-down-2 (uudd-2), 3q states, and the spiral-propagating directions in the reciprocal space. (c) The black circles represent
the energy dispersion for the spin spiral without spin-orbit coupling (SOC) in the x-y plane for MnAsBr, where the spin-spiral vector length
q is along the I'-M and I'-K directions. E[g] is given with respect to the ferromagnetic state at ¢ = 0. The red triangles indicate the relative
energy per unit cell for the uudd-1, uudd-2, and 3q states, respectively.
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as follows [22,72]:

Esslq]l = —[cos(2mq) + 2 cos(mq)](Ji + 2Y1)
—[1 4+ 2cos(3rq)](Jr + 2Y)
—[cos(4mq) + 2cos(2mq)](Js + By).  (8)

For the non-SOC spirals in Figs. 2(e) and S2(a)-S2(i) in
the Supplemental Material [60], we can fit the terms J; + 2Y7,
Jo + 2Y;, and J3 + B; by multiple linear regression. Next, we
calculate the respective HOISs.

To determine the HOIs By, Y, and F, we need to com-
pare the non-SOC relative energy between three pairs of
magnetic configurations [72]. The first pair consists of a so-
called up-up-down-down-1 (uudd-1) antiferromagnetic state
[see Fig. 4(b)] and the spin-spiral state at %(F—M ) [abbre-
viated as %M in Fig. 4(c)]. The second pair includes an
up-up-down-down-2 (uudd-2) state [see Fig. 4(b)] and the
spin-spiral state at %(F-K ) [abbreviated as %K in Fig. 4(c)].
The third pair contains a noncollinear magnetic configuration
known as the 3¢ state [73], and the spin-spiral state at the M
point, which is known as the Néel antiferromagnetic state. The
spin-spiral states at %(F-M ) and %(F -K) are two 90° spirals.
Here, I'-centered k-points of 14 x 44 x 1, 22 x 28 x 1, and
15 x 15 x 1 are used for calculating the relative energy of the
uudd-1, uudd-2, and 3¢ states, respectively [72]. The relative
energy of the uudd-1, uudd-2, and 3g states are expressed as

_ 1 (pARM FM M
Ewdang = 7(Egaang — Ewudang)> Where Eyygqpsq 18 the energy

of FM states for the respective supercells in Fig. 4(b).

As a representative example in Fig. 4(c), we plot the non-
SOC spin-spiral energy E[q] for MnAsBr. The red triangles in
Fig. 4(c) denote the relative energy per atom Eyydd-1, Euudd-2,
and Ej3,, respectively. We can solve the values of HOIs from
the following equations [72]:

Ewaa1 —E1y = R (2F + B — 1), ©)
Euwaar — Esg = 42F — By = 1), (10)
B3y — Ey =4Q2F — B +1). (11D

From Figs. 4(c) and S4(a)-S4(c) in the Supplemental Material
[60], we obtain the HOI parameters for all the MnXZ and
CrYZ monolayers. By subtracting B; and Y; from the afore-
mentioned terms J; + 2Y;, J, + 2Y; and J5 + B, we solve the
NN, NNN and NNNN Heisenberg exchanges for the MnXZ
and CrY Z monolayers. The calculated J;, J, and J3 and HOIs
are shown in Table II. From Table II, MnXZ and CrYZ
monolayers exhibit strong ferromagnetic NN exchange J;.
The NNN ferromagnetic exchange J, for the MnXZ and CrY Z
monolayers are much weaker compared to J;. Interestingly,
the values of NNNN exchange interaction J3 of MnXZ and
CrY Z monolayers are negative, indicating competing antifer-
romagnetic exchange.

The values of biquadratic interaction B; range from 3.38
to 4.02 meV for MnXZ and from 2.12 to 2.86 meV for
CrYZ, which are the same order compared with biquadratic
interactions of previous studies, such as LiCrTe, [22], CrSiTes
[48], and CrGeTes [48]. The values of three-site interaction
Y) are comparable with B; for Mn-based monolayers. For the
Cr-based systems, Y| magnitudes are much weaker.

TABLE II. The NN, NNN, NNNN Heisenberg exchange J;, J»
and J3, the biquadratic interaction By, three-site interaction Y;, and
four-site interaction F; for the MnXZ and CrYZ (X =P, As; Y =
Se,Te; and Z = Cl, Br, I) monolayers. All parameters are in meV.

Structure J] .]2 J3 Bl Y] F]

MnAsBr 50.08  8.13 -20.88  3.38 —-2.67 045
MnAsl 8537 443 —11.37 3.97 -3.74 1.25
MnPBr 80.01 709 —13.65 4.02 348 0.72
MnPCl 65.02 874 —17.31 3.39 -3.13  0.14
CrSeCl 22.53 0.36 —4.25 2.12 0.06  0.96
CrSeBr 2473 0.31 -3.69 215 0.08 1.04
CrSel 2540  0.18 =315 2.26 0.14 1.10
CrTeCl 16.49 1.48 —11.40 2.66 —0.38 0.55
CrTeBr 21.44 1.32 -9.71 2.71 -032 076
CrTel 26.61 1.13 -7.60 286 022 098

Since both NNNN frustration and DMI can induce topo-
logical spin textures, we calculate the frustration ratios |J3|/J;
and DMI ratios |d ]// |/J; for all the MnXZ and CrYZ mono-
layers. MnAsBr, CrTeBr, and CrTeCl monolayers have the
largest frustration ratios |J3|/J; of 0.42, 0.45, and 0.69, re-
spectively, which are noted as strong frustration in Fig. 5.
Interestingly, for these three monolayers, the NNNN DMI d3//
and dj are more significant than that of other monolayers,
as shown in Table I. The frustration ratios |J3|/J; of CrTel
and MnPCI monolayers are 0.29 and 0.27, respectively, which
are labeled as medium frustration in Fig. 5. The frustra-
tion ratios for CrTel and MnPClI are larger than the critical
value to exhibit frustration-induced skyrmionic spin tex-
tures of |J3]|/J; = 0.25 [33]. However, the non-SOC ground
states of CrTel and MnPCl are ferromagnetic due to the
presence of biquadratic interaction By, which agrees with the
results in previous studies [22,48]. For the other monolayers,
namely, MnAsl, MnPBr, CrSeBr, and CrSeCl, the frustration
ratios are <0.25, which are noted as weak frustration in Fig. 5.

We adopt the critical DMI ratio of |d/|/J; = 0.08
[1,17,22] to describe whether topological magnetism could

Weak Medium Strong
0.16} CkCrTel 1
0.14} . : CrTeBr J
*

—~ 0.12¢ MnAsBr % ]

= 010} crse : ]
N * : : d!
= 008 Py AR 7
0.06F  ** CrSeBr ; 1

* CrSeCl :
004 B ' h
0.02 | MnPBr % * MnPCl ]

01 02 03 04 05 06 07
AN72R
FIG. 5. The ratios of |d!'|/J; and |J3]/J; for all the MnXZ (X =

P, As;and Z = Cl, Br, I) and CrYZ (T = Se, Te; and Z = Cl, Br, I)
monolayers.
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FIG. 6. The relaxed magnetization configurations in a periodical nanodisk with 100 x 100 atoms in the absence of external field for
(a) MnPCl, (b) CrTel, (c) MnAsBr, and (d) CrTeBr monolayers, in which we neglect the DMI vectors and all the higher-order interactions
(HOIs) of Eq. (1). The relaxed magnetization configurations without external field in a periodical nanodisk with 100 x 100 atoms for (e)
MnPCl, (f) CrTel, (g) MnAsBr, and (h) CrTeBr monolayers, in which we consider the interplay between Heisenberg exchanges and biquadratic
interactions. The relaxed magnetization configurations without external field in a periodical nanodisk with 100 x 100 atoms for (i) MnPCl, (j)
CrTel, (k) MnAsBr, and (1) CrTeBr monolayers, in which we consider the interplay between Heisenberg exchanges and the isotropic HOIs.
The color map indicates the out-of-plane spin components of Mn and Cr atoms.

be formed by DMI in a magnet. Judging from the critical the SPIRIT code [74]. The spin evolution is described by the
DMI ratios, we classified MnXZ and CrYZ monolayers into Landau-Lifshitz-Gilbert (LLG) equation, which reads

two categories. Category I consists of CrSel, CrTel, MnAsBr, 38, y
CrTeBr, and CrTeCl monolayers, with an increasing trend — =T
of frustration ratios. The DMI ratios of the monolayers in o I+a
category I are beyond the critical value of 0.08. On the con- in which y and « denote the gyromagnetic ratio and damp-
trary, category II contains the monolayers MnAsl, CrSeBr, ing constant, respectively. Also, S; is the unit vector of spin
MnPBr, CrSeCl, and MnPCl; each shows a DMI ratio below moment of site i, and B is the on-site effective magnetic
the critical value. field, which is described as Bl = — - 5, where H is the spin
Hamiltonian for the MnX Z and CrY Z monolayers. For atom-
istic simulation with SPIRIT code, a 100 x 100 x 1 periodical
supercell is adopted, and the number of iteration steps is set to
With all the magnetic parameters obtained in Tables I and 2 x 10 to reach the stable configurations. For comparison, we

I, we perform the atomistic spin model simulations with  perform the atomistic simulation by using the VAMPIRE code

[Si x Bl + [S; x (S; x Bfeff)]}’ (12)

C. Atomistic spin model simulations
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FIG. 7. The distribution of topological charge in a periodical nanodisk with 100 x 100 atoms in the absence of external field for (a) MnPCl,
(b) CrTel, (c) MnAsBr, and (d) CrTeBr monolayers, in which we neglect the DMI vectors and all the higher-order interactions (HOIs) of Eq. (1).
The distribution of topological charge in a periodical nanodisk with 100 x 100 atoms in the absence of external field for () MnPCl, (f) CrTel,
(g) MnAsBr, and (h) CrTeBr monolayers, in which we consider the interplay between Heisenberg exchanges and biquadratic interactions. The
distribution of topological charge in a periodical nanodisk with 100 x 100 atoms in the absence of external field for (i) MnPCl, (j) CrTel, (k)
MnAsBr, and (1) CrTeBr monolayers, in which we consider the interplay between Heisenberg exchanges and the isotropic HOIs. Red (blue) in
the color bars indicate positive (negative) topological charge densities, while green denotes zero topological charge density.

[75], with the same LLG-Heun method, which are shown in
the Supplemental Material [60]. We use o = 0.2 for all the
spin dynamics.

1. Interplay between frustration and HOI terms

For the monolayers with sizable magnetic frustration, field-
free topological magnetism can emerge even without the
presence of DMI. Thus, we adopt a Hamiltonian of H =
—% Zi,j Jij(Si . S]) — Knvica Zi (Slz)2 + Eqq; to examine the
frustration-induced topological magnetism in MnPCl, CrTel,
MnAsBr, and CrTeBr.

We note that the frustration ratio |J3|/J; increases while
evolving MnPCl, CrTel, MnAsBr, and CrTeBr. Figure 6(a)
shows that meron-like vortex pairs [32] can be found in Mn-
PCl, which exhibit moderate frustration ratio and infinitesimal
PMA. For CrTel in Fig. 6(b) with in-plane MAE (IMA) of
—1.01 meV /f.u., randomly distributed Bloch-type skyrmions,
Bloch-type bimerons, and antiskyrmions are found, which
is consistent with previous results [39]. For MnAsBr with
perpendicular MAE (PMA) of 1.29 meV/f.u., the ground
magnetic state is the so-called Bloch line configuration
[50,76,77], as plotted in Fig. 6(c). Figure 6(d) shows that
bimeron chains with randomly distributed helicities can be
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CrTeCl

FIG. 8. The relaxed magnetization configuration in a periodical nanodisk with 100 x 100 atoms in the absence of external field for
(a) CrSel, (b) CrTel, (c) MnAsBr, (d) CrTeBr, and (e) CrTeCl, in which we neglect the higher-order interaction (HOI) terms of the Hamiltonian
in Eq. (1). The relaxed magnetization configuration in a periodical nanodisk with 100 x 100 atoms in the absence of external field for (f) CrSel,
(g) CrTel, (h) MnAsBr, (i) CrTeBr, and (j) CrTeCl with the Hamiltonian in Eq. (1). The color map indicates the out-of-plane spin components

of Mn and Cr atoms.

stabilized in the CrTeBr monolayer, in which both the frustra-
tion ratio and the magnitude of in-plane anisotropy are very
significant.

Next, we include the biquadratic interaction in the spin
dynamics. The Hamiltonian reads H = —% 2 i i(Si-S;) —
%31 i (Si S;)? — Kuca Y (§9)* + Eqi.  Compared
with Figs. 6(a)-6(d), the quantity of solitonlike configurations
in Figs. 6(e) and 6(f) significantly decreases. This effect is
confirmed by the spin dynamics using the VAMPIRE code [75],
as shown in Fig. S5 in the Supplemental Material [60]. We
note that all MnXZ and CrYZ monolayers show positive
values of biquadratic interaction, which favors collinear spin
configurations and suppresses the noncollinear magnetism
[78].

Furthermore, we calculated the distribution of topologi-
cal charge for each magnetization configuration as follows

[31,79]:
1 as as
= | — x — )dxd 13
0 4n/s <8xX8y>xy’ (13

where s = S/|S| is the three-component spin field. As shown
in Figs. 7(a)-7(h), the biquadratic interaction greatly reduces
the density of topological charge induced by frustration in
MnPCl, CrTel, MnAsBr, and CrTeBr. More appealingly, the
areas with only one sign (positive or negative) of topolog-
ical charge could be retained while biquadratic interaction
is included. These results agree with previous studies in
which biquadratic interaction could reduce the chaotic behav-
ior of frustration-induced topological magnetism in the CrCl;
monolayer [31]. Consequently, instead of decreasing, the to-
tal topological charge of CrTeBr increases while biquadratic
interaction is included.

Moreover, we include all the isotropic HOI terms in the
Hamiltonian. The relaxed spin configurations for MnPCl,
CrTel, MnAsBr, and CrTeBr are shown in Figs. 6(1)-6(1).
From the Binet-Cauchy identity [80], (A -B)(C-D) = (A -
D)B - C) + (A x C)(B x D), the four-site interaction Fj can
generate DMI-like impact on neighboring spins [14,40,50].

Additionally, different to the systems in previous reports
[50,66], MnX Z monolayers exhibit significant negative three-
site interaction Y7, which could also lead to a competing effect
among neighboring spins rather than forming the uudd spin
configurations [44]. As shown in Figs. 6(1)-6(1) and 7(i)-7(1),
high-Q bimerons can be induced in MnPCl and CrTel. For
MnPCl, CrTel, MnAsBr, and CrTeBr, considering Heisenberg
exchanges and all the isotropic HOI terms, the distribution of
topological charge significantly increases compared with the
cases in Figs. 6(e)-6(h) and 7(e)-7(h). Here, CrYZ mono-
layers show small values of three-site interaction Y;; thus,
biquadratic interaction B; dominates in CrTel and CrTeBr.
Therefore, the distributions of topological charge in Figs. 7(j)—
7(1) are less dense than Figs. 7(b)-7(d).

2. Interplay between DMI, frustration, and HOI terms

Finally, we explore the interplay between DMI, frustra-
tion, and HOI terms for MnXZ and CrYZ monolayers. For
the monolayers with larger DMI ratios, the frustration ratio
|J3]/J; increases in the sequence of CrSel, CrTel, MnAsBr,
CrTeBr, and CrTeCl. To examine the interplay between DMI
and frustration, we neglect the HOI terms in Eq. (1) for CrSel,
CrTel, MnAsBr, CrTeBr, and CrTeCl; the relaxed magnetiza-
tion configurations are shown in Figs. 8(a)-8(e), respectively.
As the frustration ratio |J/3|/J; increases, the field-free spin
configurations gradually evolve from skyrmions to coexistent
wormlike domains and skyrmions and to spin-helix states with
the areas of the so-called distorted spin spirals [81] or multi-
band spin helix [82]. This trend is confirmed by spin dynamics
with the VAMPIRE code in Fig. S6 in the Supplemental Material
[60]. Especially, due to sizable d, components, skyrmions in
CrSel and CrTel show hybrid Bloch-Néel helicity [83] rather
than typical Néel type.

Next, we include all the HOI terms in Eq. (1) for Cr-
Sel, CrTel, MnAsBr, CrTeBr, and CrTeCl. The relaxed spin
configurations are shown in Figs. 8(f)-8(j), respectively. The
evolving trends from skyrmions to distorted spin spirals are
retained while HOI terms are considered. Interestingly, it is
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FIG. 9. The distribution of topological charge in a periodical nanodisk with 100 x 100 atoms in the absence of external field without
isotropic higher-order interaction (HOI) for (a) CrSel, (b) CrTeCl, (c) MnAsBr, (d) CrTeBr, and (e) CrTeCl, respectively. The distribution of
topological charge in a periodical nanodisk with 100 x 100 atoms in the absence of external field for (f) CrSel, (g) CrTeCl (h) MnAsBr, (i)
CrTeBr, and (j) CrTeCl including DMI and isotropic HOI terms. Red (blue) in the color bars indicate positive (negative) topological charge
densities, while green denotes zero topological charge density.

found that the distributions of topological charge become
less dense for CrSel, CrTel, CrTeBr, and CrTeCl while HOI
terms are considered, as shown in Figs. 9(a)-9(j). This impact
mainly comes from biquadratic interaction, as the strengths
of the three-site term Y are weak in CrYZ monolayers. The
only exceptional case is MnAsBr with larger Y;. As shown in
Figs. 9(c)-9(h), the density and the total number of topologi-
cal charge increase while HOI terms are included for MnAsBr.
Notably, the strength of F; of CrTel reaches up to 0.98 meV,
larger than that in MnAsBr, CrTeBr, and CrTeCl. The in-
terplay between strong DMI and moderate frustration favors
wormlike spin spirals, whereas four-spin-four-site interaction
Fi could generate a skyrmion state [14]. Hence, a skyrmion
lattice (SKx)-like region can be formed in CrTel when HOI
terms are considered, as shown in Fig. 8(g).

Moreover, the regions of the so-called distorted spin spirals
of CrTeCl in Figs. 8(e)-8(j) show zero topological charge, as
demonstrated in Figs. 9(e)-9(j). Formed by the competition
between strong frustration and DMI, the distorted spin spirals
are very stable under external magnetic field [81,82]. Such
nontopological spin configurations can convert to SKx under
very strong magnetic field, which limits their potential appli-
cations [81,82].

Another interesting possibility is to explore topological
magnetism in systems with weak DMI. Here, MnPBr and
MnPCl monolayers show very weak DMI with the ratios of
|d!|/J; < 0.03, which are far below the critical ratio of 0.08
[1,17,22]. Additionally, MnPBr and MnPCl exhibit weak or
moderate frustration and sizable HOI terms. First, we neglect
the HOI terms in Eq. (1) for MnPBr and MnPCl, the relaxed

(a) (b)

Q=1.00
(©)
e
g0 ‘ ‘| 0.001 § -0.003
MnPBr MnPCl MnPCl

FIG. 10. The relaxed magnetization configuration in a periodical nanodisk with 100 x 100 atoms in the absence of external field without
isotropic higher-order interaction (HOI) for (a) MnPBr and (b) MnPCl. The relaxed magnetization configuration in a periodical nanodisk with
100 x 100 atoms in the absence of external field for (e) MnPBr and (f) MnPCl, in which we included all the HOI terms. The color map indicates
the out-of-plane spin components of Mn and Cr atoms. (c), (d), (g), and (h) are the respective schematics of topological charge distribution
for (a), (b), (e), and (f), respectively. Red (blue) in the color bars indicate positive (negative) topological charge densities, while green denotes
zero topological charge density.
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spin configurations are shown in Figs. 10(a) and 10(b). Due
to the interplay between frustration and very weak DMI,
field-free bimerons and skyrmions can be found in MnPBr
and MnPCl, respectively. Figures 10(e) and 10(f) plot the
spin configurations with HOI terms for MnPBr and Mn-
PCl. Field-free vortex-antivortex pairs are found in MnPBr,
and skyrmions in the background of ferromagnetic domains
emerge in MnPCI. Moreover, the topological charge distribu-
tions are enhanced while the HOI terms are included for both
MnPBr and MnPCl, as shown in Figs. 10(c), 10(d) and 10(g),
10(h). As shown in Fig. S6 in the Supplemental Material
[60], the spin configurations obtained by the VAMPIRE code for
MnPBr and MnPCl are consistent with Figs. 10(a) and 10(b).
Figure S6 in the Supplemental Material [60] shows that, with
an exceptional case of MnAsl, field-free bimerons are also
found in CrSeBr and CrSeCl.

IV. CONCLUSIONS

In summary, we predict a group Janus monolayers MnX Z
(MnPCl, MnPBr, MnAsBr, and MnAsl) by using first-
principles calculations. From calculating the DMI vectors and
Heisenberg exchange parameters up to the NNNN in MnXZ
and CrYZ (Y = Se, Te; and Z = Cl, Br, I) monolayers, we
unveil the presence of various degrees of magnetic frustration
from the NNNN antiferromagnetic exchanges, sizable DMI
values, and isotropic HOIs for MnXZ and CrYZ. We con-
firm that various topological magnetism can be induced by
magnetic frustration in MnPCl, CrTel, MnAsBr, and CrTeBr

even in the absence of DMI. HOI terms can act as modifiers
to topological spin textures. Biquadratic interaction decreases
the density as well as the chaotic behavior of distribution of
topological charge. The three- and four-site interactions can
moderately increase the density of topological charge. For
CrSel, CrTel, MnAsBr, CrTeBr, and CrTeCl monolayers with
larger DMI and increasing frustration ratios, the field-free spin
textures gradually vary from skyrmions, common spin spirals
to the so-called distorted spin spirals. For the monolayers
with weak DMI such as MnPBr and MnPCl, topological spin
textures can also be induced by the interplay between frustra-
tion and DMI. The isotropic HOI terms have a similar effect
on the spin textures generated only by frustration and that
induced by the interplay between frustration and DMI. Our
work deepens the understanding of topological spin textures
originating from the interplay among DMI, magnetic frustra-
tion, and biquadratic interaction and will pave a route toward
chiral magnetism-based spintronics in 2D materials.
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