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Noncentrosymmetric ferromagnetic systems with large Dzylochinskii-Moriya interaction (DMI) have gained
intensive attention for hosting topologically protected solitons such as skyrmions and bimerons. Recently, a
series of two-dimensional (2D) Li- and Na-based chromium chalcogenides has been theoretically predicted to
be a new family of intrinsic inversion asymmetric ferromagnets. Here, by combining first-principles calculations
and atomistic spin model simulations, we unveil that there is very large DMI in these series of 2D alkali-based
chromium chalcogenides, which enables a variety of filed-free topological spin textures in these structures.
Furthermore, we find robust hole-doping tunable DMI in the LiCrSe, and NaCrSe, monolayers. Our finding
opens up further possibilities toward 2D materials in spintronic devices.
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I. INTRODUCTION

Topological chiral magnetic structures, such as skyrmions
[1-4], bimerons [5-7], and spin spirals [8], etc. have been a
hot topic for their promising applications for future spintronic
devices with high storage density and energy efficiency [9-11]
thanks to their unique static and dynamics properties. The
asymmetric Dzyaloshinskii-Moriya interaction (DMI) [12,13]
plays the key role in generating and stabilizing these fascinat-
ing topological chiral textures. The presence of DMI requires
sizable spin-orbit coupling (SOC) and inversion symmetry
breaking (ISB) [14-16]. For the last few decades, great ef-
forts have been devoted to heavy metal (HM)/ferromagnet
(FM) multilayers [17-21] to maximize the interfacial DMI.
Recently, with the emergence of intrinsic two-dimensional
(2D) magnetic materials [22-25], the artificially constructed
magnets with ISB such as Janus structures [26-29] and 2D
van der Waals heterostructures [30-33] can realize sizable
DMI to form topological spin textures. More appealingly, the
multiferroic 2D magnets CrN, CrCuP,Seq [34], and Janus
magnet-ferroelectric heterostructures [30,35] offer opportuni-
ties of effective electrical control of topological magnetism.
Exploration of more 2D magnets with intrinsic ISB and tun-
able topological magnetism will enrich the 2D spintronics
phenomenon and enable potential applications.

The triangular-lattice alkali-based chromium chalco-
genides (ACrX;, A = alkali atom; X = S, Se, and Te) are a
series of layered compounds with distinct magnetic properties
[36-39]. Recent reports [40] demonstrate that six types of 2D
ferromagnets (ACrX,, A = Liand Na; X = S, Se, and Te) with
a Curie temperature of above 209 K can be cleaved from their
corresponding layered bulk counterparts from first-principles
calculations. The single layer ACrX structures are equivalent
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to the 1 T phase chromium dichalcogenide monolayer [41]
intercalating a layer of alkali atoms (Li or Na) on one side of
the chalcogen atoms. Therefore, the inversion symmetry in the
ACrX, structures is broken, and one can expect the presence
of sizable DMI in these structures. Moreover, the reversibly
cationic redox properties of Li and Na atoms [42] in ACrX,
are appealing for the ion gating methods, which have been
proved very efficient to control the Heisenberg exchange and
magnetic anisotropy energy (MAE) in various 2D magnets
[24,43-45]. Additionally, in the Pt/Co/HfO, system, ion gat-
ing can realize a nonvolatile control of DMI [46].

Here, via carrying out first-principles calculations, we find
quite large DMI values in all the 2D ACrX, structures. Es-
pecially, the DMI strength in monolayers with Se and Te
is strong enough to stabilize field-free topological magnetic
textures, which are confirmed by both micromagnetic simu-
lations and atomistic spin model simulations. Moreover, we
examine the hole-doping effect to the magnetic parameters
in the LiCrSe, and NaCrSe, monolayers, and we find that
the DMI strength in these two monolayers can be further
strengthened.

II. CALCULATION METHOD

All our first-principles calculations are performed within
the VIENNA AB INITIO SIMULATION PACKAGE [47-49]. The
electron-core interactions were described by the projector
augmented-wave method for the pseudopotentials, and the
exchange correlation energy was calculated within the gener-
alized gradient approximation of the Perdew-Burke-Ernzerhof
form [50,51]. The cutoff energies for expanding plane wave
basis for LiCrX, and NaCrX, (X = S, Se, Te) are 650 eV and
400 eV, respectively. A vacuum region is set to 20 A to prevent
the artificial coupling between adjacent periodic images. The
convergence criterion of electronic iteration is set to 1077 eV
and all structures are relaxed until the Hellmann-Feyman

©2022 American Physical Society
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FIG. 1. (a) Top and (b) side views of the crystal structure of a LiCrTe, monolayers. Calculated spin spiral energy E[q] (c) and DMI energy
AEpmlq] (d) as a function of spiral vector length g along the I'-K direction. E[q] is given with respect to the ferromagnetic state at q = 0. Red
balls and black stars are calculated with and without (w/0) SOC, respectively.

force acting on each atom is less than 0.001 eV/A. The van
der Waals corrections (DFT-D3) [52] were introduced to de-
scribe the effect of van der Waals interactions. The GGA + U
method is applied (Uegr = 3.5€eV) to describe strongly cor-
related 3d electrons of Cr [40]. A T" centered 24 x 24 x 1
K-point mesh with Monkhorst-Pack scheme was used in the
calculations.

III. RESULTS AND DISCUSSION

A. Structural parameters and magnetic anisotropy

The crystal structure of the ACrX, monolayers is shown
in Figs. 1(a) and 1(b). The Cr atoms form a triangular lattice
with Cs, symmetry, sandwiched by two atomic layers of the
same chalcogen atoms S, Se, or Te. One atomic layer of alkali
atoms is adjacent to the bottom chalcogen atoms, sitting on
top of Cr. The overall symmetry of ACrX, is Cs,. All the
relaxed in-plane lattice constant parameters and saturation
magnetization M; are shown in Table I, the optimized lattice
constant of Li- and Na-based ACrX, increases with the radii
of chalcogen atoms, which agrees with previous studies [40].
For comparison, we list the lattice constants from previous

theoretical works and experiments in Table SI [53]. The calcu-
lated magnetic moment of Cr atoms ranges from 3.2 t0 3.6 ug,
with an increasing tendency while involving S to Se and Te,
for both the LiCrX, and NaCrX, series. For convenience, the
top chalcogen atoms are labeled as X1 (X =S, Se, Te) and the
middle chalcogen atoms are labeled as X2. For all the ACrX,
monolayers, the top chalcogen atoms show larger magnetic
moments than the middle chalcogen atoms. Notably, for the
top Se and Te atoms, the magnetic moments can reach up to
—0.3 MUB-

To investigate the magnetic properties of the ACrX, mono-
layers, we adopt the following model Hamiltonian for the Cr
atoms:

H=="J;M;-Mj)— ) dij- (M; x M)
i,j i,j

— Kyica Z (Mf)z + Eqdi- ()

In the equations, M; and M; denote the magnetic mo-
ment of each atom at sites i and j. J;;, d;j, Kmca and
represent the Heisenberg exchange, DMI, and magnetic
anisotropy energy for atoms of sites i and j, respectively.

TABLE . The calculated lattice constant a, saturation magnetization M, DMI parameter D, atomistic DMI parameter d, exchange stiffness

A, magnetic anisotropy energy Kyca, magnetic shape anisotropy energy Kusa, and effective magnetic anisotropy K.; per Cr atom, and

dimensionless parameter « for the ACrX, monolayers.

Structure  a(A) M, (ug) A @meVAY) D@meVA) d@meV)  Kuca meV)  Kusa (meV) K (meV) K

LiCrS, 3.56 2.95 23437 —2.60 —0.49 0.073 —0.160 —0.087 —4.85
LiCrSe, 3.76 3.00 242.24 —12.56 —2.23 0.008 —0.144 —0.136 —0.34
LiCrTe, 408 3.10 191.56 —39.41 —6.44 0.313 —0.123 0.190 0.04
NaCr$, 3.64 2.92 209.13 —2.76 —0.50 0.026 —0.168 —0.142 —6.33
NaCrSe, 3.83 2.98 252.85 —11.16 -1.94 0.211 —0.129 0.082 0.27
NaCrTe, 4.15 3.09 260.13 —31.28 —5.02 1.598 —0.114 1.484 0.64
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The magnetic anisotropy energy Kyca is obtained by com-
paring the energy difference between self-consistent energies
while the magnetic axis aligns (100) and (001) orientations.
Eqq represents the energy from dipole-dipole interactions,
which is described as Egg = —— & =M, - M, —

T Ve 2 <i,j> 471er
(M,»-rij)(Mj-rij)r%], where r;; is the distance between
ij

atoms at site 7 and j, r;; represents the vector connecting site
iand j, Vi is the unit cell volume. We can estimate Eq4q; by
calculating the magnetic shape anisotropy Kysa in the fer-
romagnetic configurations [54,55]. The effective anisotropy
energy K is determined by Kot = Kyvica — Kmsa. As shown
in Table I, LiCrS,, LiCrSe;, NaCrS,, and NaCrSe, display
weak perpendicular MAE, which is consistent with previous
works [40]. For these monolayers, the shape anisotropy en-
ergy Kysa ranges from —0.11 meV /u.c. to —0.17 meV /u.c.,
which is comparable to the calculated Kyica. From Table I,
one can see that the LiCrS,, NaCrS,, and LiCrSe, monolay-
ers display in-plane effective magnetic anisotropy, whereas
for LiCrTe,, NaCrSe,, and NaCrTe, monolayers, the perpen-
dicular MAE is not compensated by the shape anisotropy
energy, and their magnetic easy axis aligns out-of-plane
orientation.

B. Dzylochinskii-Moriya interaction

Next, we focus on DMI for the ACrX, monolayers. Based
on the symmetry arguments of Moryia rules [13], the DMI
component between two adjacent Cr atoms can be expressed
as d;; = d|(7;; X 2) + d.z, in which 7;; is the unit vector be-
tween sites i and j, Z represents normal to the plane. d; and d
represent the perpendicular-to-plane and in-plane components
of DMI, respectively. The sign of d, varies for the six nearest
neighbors (NNs) of the Cr atom, thus the average value of
d, becomes infinitesimal [26,27]—we will come to this point
later.

To elucidate the d component here, we implement the
gSO method which is based on the generalized Bloch theo-
rem. The gSOC method treats the SOC within the first-order
perturbation theory and we can calculate the spin spiral en-
ergy dispersion in a self-consistent way [34,56,57]. To derive
dy, we consider the energy dispersion E[g] of homogeneous
flat spin spirals in which the magnetic moment of an atom
site R; is given as M; = M[sin(q - r;), 0, cos(q - r;)]. For fer-
romagnetic monolayers in the small g region of the vector
q = (g, 0, 0), spiral energy as a function of spiral length g can
be expressed as

K
Elql = A¢* + Dg — X 2)

where A, D, K are the spin stiffness, DMI parameter, and
effective anisotropy, respectively. In this paper, we use the
sign convention that D < 0 (D > 0) signifies a clockwise
(anticlockwise) DMI, and K < 0 (K > 0) implies in-plane
(perpendicular) anisotropy. For an atomistic site with i =
0, the material parameters A and D can be expressed as
a series expansion [58] depending on Heisenberg exchange
interactions Jy; and y component DMI parameter dj. in
the atomistic model Eq. (1), respectively, as the following

equations:

1 2
A= WXj:Joj(roj) : (€))

1
D= Vngjr(’)‘j. (4)
J

Here, V is the volume of the magnetic part of the unit cell. In
this paper, we adopt the atomistic spin model to demonstrate
the topological spin configuration for the ACrX, monolayers.

As a representative example to demonstrate the presence
of DMI, we plot the spin spiral energy dispersion with and
without SOC for the LiCrTe, monolayer in Fig. 1(c) . Without
SOC, E[q] and E[—gq] are symmetric; the spin spiral energy
dispersion shows a parabolic behavior with the energy mini-
mum at g = 0, indicating a ferromagnetic ground state in the
LiCrTe; monolayer. When SOC is considered, the degeneracy
between E[g] and E[—gq] is broken and the energy minimum
deviates from the ferromagnetic state. From the zoom-in plot
of E[q] within the interval between |g| < 0.1(27”), [see the
inset in Fig. 1(c) ], we can find that the lowest E[g] locates
at g = 0.06(27”), revealing the presence of DMI. The DMI
energy reads AEpmlgq] = (Elg] — E[—¢])/2. From Figs. 1(d)
and S1 [53], one can see for the ACrX, monolayers, AEpwm[q]
shows a good sinusoidal behavior, which suggests that we can
simplify the atomic Hamiltonian model by considering only
the effective NN DMI for ACrX, monolayers. From Eq. (3),
we can derive that AEpy[g] o« Dg and (E[q] — AEpmlgq]) «
Ag?. In the interval between g = £0.1(%), the DMI energy
shows a good linear dependence on g. We can derive the
effective DMI parameters between the NN Cr atoms by fit-
ting Epml[g] from || < 0.1(3%). The exchange stiffness A is
obtained by fitting the E[q] of ¢> with the same footing. Addi-
tionally, via calculating the SOC-included spin spiral energy
in the x-y plane for the ACrX, monolayers in Fig. S2 [53], we
confirm that the d, components of ACrX, vanish in the long
range.

All the calculated DMI parameters of continuous model D
and atomistic model d are shown in Table I. One can see that
the light-element-based LiCrS, and NaCrS, structures show
sizable DMI of —0.49 meV and —0.50 meV, respectively.
The DMI magnitude increases drastically as the increasing of
chalcogen atomic number. LiCrSe,, and NaCrSe,; monolayers
display DMI values of —2.23 meV and —1.94 meV, which
are comparable to the DMI reported in Janus structures Mn-
STe (~2.63 meV) [26] and CrSeTe (~2.01 meV) [27] with
heavier Te atoms and at some FM/HM interfaces such as
the Fe/Ir(111) interface (~1.7 meV) [18]. For the LiCrTe,
and NaCrTe, monolayers with the heavier Te atoms, the DMI
values reach up to —6.44 meV and —5.02 meV, respectively;
those values are comparable to the state-of-art Ir/Fe/Co/Pt
multilayers [59] (~5.5 meV).

From the parameters A, K¢, and D in the continuous model
shown in Table I, it is convenient to introduce the dimension-
less parameter « as a criteria to justify the formation of distinct
magnetic chiral states, which is described as

4\?AK.
K = (;) szf. )
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FIG. 2. Atomic-layer-resolved SOC energy of DMI AEpylq]
at g = 0.01(27”) for (a) LiCrS,, (b) LiCrSe,, (c) LiCrTe,, (g)
NaCrS;, (h) NaCrSe,, and (i) NaCrTe, respectively. Spin density for
(d) LiCrS,, (e) LiCrSe,, (f) LiCrTe,, (j) NaCrS,, (k) NaCrSe,, and (1)
NaCrTe,, respectively. The yellow and teal regions denote two kinds
of spin components, the isosurface is set to 0.005 e/A3

For the systems with PMA (K. > 0) and 0 < x < 1, in-
dicates spin spiral ground states, and isolated metastable
skyrmion can be found in some systems with relatively small
K,e.g., k = 4.8 for Fe/W [60]. From Table I, one can see that
k of LiCrTe,, NaCrSe,, and NaCrTe, show k < 1, indicating
that the ground state is spin spiral. The LiCrS,, NaCrS,,
and LiCrSe, monolayers show in-plane effective magnetic
anisotropy with a negative . For LiCrSe,, || < 1, however,
|k| > 4 is found in both LiCrS, and NaCrS, monolayers with
weaker DMI values, which implies that generating topological
spin textures in LiCrS, and NaCrS, monolayers is difficult.
The influence of U, on the lattice parameter, Kyca, d, and «
are examined, as shown in Fig. S3 [53].

To investigate the origin of large DMI in the ACrX,
monolayers, we explore atomic-layer-resolved SOC energy
difference associated to DMI, AEpy, for ¢ = 0.01(27 /a) as
shown in Figs. 2(a)-2(c) and Figs. 2(g)-2(i) for all six ACrX,
structures. It is found that the alkali Li and Na atoms do not
contribute to the total DMI for all the structures and the middle
chalcogen atoms adjacent to alkali atoms (labeled S,, Se,,
and Te,) display weak DMI contribution. In contrast, the top
chalcogen atoms (labeled S;, Se;, and Te;) give rise to the
largest contribution of AEpy, and the AEpy; increases dras-
tically as the chalcogen atomic number. For these systems,
DMI originates mainly from Fert-Lévy mechanism [14,61—
63], which is strongly related to the SOC strength of the
chalcogen atoms. The respective spin density is presented in
Figs. 2(d)-2(f) and Figs. 2(j)-2(1). It is found that the majority

spin component is on the Cr atoms, and the density of minority
spin component on the top chalcogen atoms is greater than
that on the middle chalcogen atoms. With the help of Bader
charge analysis [64—67], we find the electron depletion on
the alkali atoms Li and Na is around 0.85 e/atom and 0.72
e/atom, respectively. The top chalcogen atoms gain electrons
range from 0.51 e/atom to 0.77 e/atom, and the middle
chalcogen atoms gain electrons range from 1.13 e/atom to
1.33 e/atom, indicating different band fillings for the top
and middle chalcogen atoms. The electronic occupation of
magnetic atoms is a key factor for the DMI, as previously re-
ported in the 3d/5d interface [68,69] and hydrogen-absorbed
Co/graphene interface [70].

The chalcogen p orbitals and the Cr d orbitals are strongly
hybridized in the ACrX, monolayers. For these 2D magnets,
both the Heisenberg exchange coupling and DMI originate
from the d-p hopping process. To further elucidate how elec-
tronic occupation changes the d-p hopping and generates
the DMI in the ACrX, monolayers, we choose the LiCrSe;
as a presentative example. First, we investigate the orbital
hybridization-resolved SOC energy matrix elements associ-
ated with DMI. We find that only the matrix elements from
p. and p, orbitals of Sel atoms contribute significant SOC
energy to the total DMI, as shown in Fig. 3(a). Contributions
from p orbitals of Se2 atoms and d orbitals of Cr atoms are
very small.

Next, we plot the projected density of states in Fig. 3(b).
To verify the SOC-affected electronic occupations, we ex-
amined the pDOS of LiCrSe, monolayer including SOC
with a nonzero ¢ spiral length of ¢ = 0.01(27”), as shown in
Figs. 3(c) and 3(d). Here, only the average value of pDOS
on spinor M, component is plotted, in which positive and
negative occupation population numbers indicate the average
occupation on each electronic state. Similar to the case of
1 T phase of 2D magnets [71], the Sel, Se2, and Cr atoms
form an octahedral crystal structure. For Cr atoms, the spin-up
component of the occupied and unoccupied states close to the
Fermi level are mainly from the tzTg bonding states and eg*
antibonding states, respectively. The population of occupied
electronic states close to the Fermi level for Sel atoms is
larger than that of Se2.

The presence of DMI requires SOC-affected spin-flipping
transition from occupied states to unoccupied states [68],
which is provided by the hopping between electronic states
with different spin components. From the spin components
close to the Fermi level in Figs. 3(b)—3(d), the most significant
spin-flipping d-p hopping is between occupied Se p* states to
unoccupied states of hybridized Cr d (e*) and Se p™*. To bet-
ter understand the distinct Fert-Lévy-type DMI contributions
[14,61-63] from the top and middle Se atoms, we introduce
a toy tight-binding model [72] to describe the SOC affected
interorbital scattering in LiCrSe;.

The total DMI from atomic sites i and j can be expressed as
the sum of all the interorbital contributions (I0-DMI), D; ; =
D > D;’;""/, where m(m') denote the hybridized electronic

states of Se and Cr atoms, respectively. From Moriya’s theory
[13,73],

P ¥
Dm’m = Ul[bm,m’cm’,m - Cm,m’bm’,m]v (6)

ij
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FIG. 3. (a) Orbital hybridization resolved SOC energy matrix elements associated with DMI AEpy[gq] at ¢ = 0.01(27”) for top selenium
atoms Sel in the LiCrSe, monolayer. (b) The projected density of states (pDOS) without SOC for LiCrSe, monolayer plotted from
contributions of Cr, Sel, and Se2 atoms. (c), (d) pDOS for LiCrSe, monolayer in qSO calculation when spiral length ¢ is set to 0.01(27”),
where (c) is plotted from contributions of Cr, Sel, and Se2 atoms, (d) is from contributions of selected p orbitals of Sel and the total d
orbitals of Cr, respectively. (e), (f) The pDOS withou SOC for selected p orbitals of Sel and the total d orbitals of Cr. (g) Visualization of
the toy tight-binding model to explain the DMI contribution from the d-p hopping between Se and Cr atoms, o and t denote different spin
components. (h), (i) The pDOS withou SOC for selected p orbitals of Sel and the total d orbitals of Cr. In the pDOS (d)—(f) and (h), (i),the

occupation of Cr d orbitals is divided by 3, for a better view.

where b, ,» and b,y ,, represent the non-SOC hopping in-
tegrals between ground states m and m’ at sites i and j,
respectively. Cp ,» and C,y,, indicate the indirect hopping
between m and m’ through the respective excited states n and
n’, which are described as

£ L;‘;l/l‘l/ Ly,
Cm,m’ =3 bn/,m— - bm’,n + Cm,m’ (7)
€ — €m € — €m
L L,
Coom = %‘ . [bn,,m L A — ] +Cwm  (8)
n— €m €y — €

In Egs. (7) and (8), & represents the SOC strength, L, de-
notes the matrix elements of orbital angular momentum of
atoms. €, — €, is the energy difference between ground state

and excited state. The terms b, ,, and b, , are the hopping
integrals between ground states m, m’ and excited states n,
n', respectively. ¢, and ¢y, are the SOC-induced hopping
between ground states m and m’, which are usually very weak.
The I0-DMI contributions can be schematized as Fig. 3(g),
in which m and n represent the occupied and unoccupied
states from Se p orbitals with spin component o close to the
Fermi level, respectively. m’ and n’ indicate the occupied and
unoccupied states between hybridized Se and Cr d orbitals
with the opposite spin component t.

As shown in Figs. 3(e), 3(f), 3(h), and 3(i), for both the top
and middle Se atoms Sel and Se2, the unoccupied states of
p* orbitals are far from the Fermi level, thus hopping terms
between Se p' to hybridized Cr d and Se p'™ consist of
two competing contributions, namely, the hopping between
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Se p} to hybridized Cr d and Se p!* (p} — pl*), and the
hopping between Se p} to Cr d and Se p!* (p} — p!*). From
Figs. 3(d)-3(f), Sel atoms provide a heavily populated pi
state, which indicates distinct d-p hopping process from the
Cr-Sel and the Cr-Se2 bonds. With the help of the aforemen-
tioned toy tight-binding model, we can analyze the 10-DMI
contributions from Cr-Sel and Cr-Se2.

For the hopping term p! — p!* from both Cr-Sel, one can
see in Figs. 3(b)-3(d), the unoccupied states of the Sel p.*
orbital is far from the Fermi level, thus the hopping magni-
tude from states m to n and from m’ to n can be negligible.
Therefore, one can get a nonzero value from the hopping
integral b, , and an infinitesimal value of b, ,. By conse-
quence, we have G, = C;, . Since by, ,y = b,y », the term
b Cowv.m — Conw by i 1s imaginary. From Eq. (6), one can
find sizable IO-DMI Df”]’" for the hopping from Sel p! to

hybridized Cr d and Sel p!* states.

From similar analysis, we can find nonzero I0-DMI con-
tributions of hopping p} — p!* of Cr-Sel and the competing
hopping terms from Cr-Se2. From the selected pDOS in
Figs. 3(c)-3(f), the occupation population of Sel pi orbital
is much larger than that of Sel p}, leading to greater integrals
by s by from pi — pl* for Sel. Therefore, the I0-DMI
contributed by the hopping from Sel p! — p!* of dominants.
For Se2, the occupation population of pi is close to that of
py, and so are pl* and p!*. Thus, the integrals by, by
from Se2 p! — p!* are close to that from Se2 p} — pl*. As
aresult, the competing IO-DMI contributions in Se2 compen-
sate each other. As a consequence, the DMI contributions in
LiCrSe, are mainly contributed by the hopping between Sel
p.¥ to hybridized Cr d and Sel p!* orbitals.

To conclude, in the LiCrSe, monolayers, the distinct d-p
hopping process in the top and middle chalcogen atoms is due
to their different band fillings. More specifically, the hopping
between p. ' states of top Sel atoms and hybridized Sel p,'—
Cr d" states is responsible for the significant DMI.

C. Heisenberg exchange interactions and exchange stiffness

The calculated parameters of exchange stiffness A are
listed in Table I. From these results, one can see from NaCrS,,
NaCrSe,, and NaCrTe,, the exchange stiffness A increases
with the chalcogen atomic number. Interestingly, LiCrTe,
display a weaker A compared to the LiCrSe, and LiCrS,
monolayers. However, previous works [40] considered only
the NN Heisenberg exchange J;, showing that J; increases
with the chalcogen atomic number for both the Li- and
Na-based ACrX, monolayers. Experimental research demon-
strates that the bulk compound of LiCrTe, favors a helical
spin structure due to further neighbor antiferromagnetic in-
teractions [38]. Thus, we refer to the beyond NN interactions
for the ACrX, monolayers.

First, we derive the NN, the next-nearest neighbor (NNN),
and the third-nearest-neighbor (NNNN) Heisenberg interac-
tions for the ACrX, monolayers by comparing the energy
of four different magnetic configurations in Fig. S4 [53,74].
The results are shown in Table II, labeled J;, J>, and J3. It is
found that the FM J; gradually increases while evolving S to
Se and Te. All six ACrX, monolayers show weak FM NNN

TABLE II. The NN, NNN, NNNN Heisenberg exchanges J;, J»,
and J3, the frustration ratio J3/J;, the effective exchange stiffness A.g
derived from J, J, and J3, and the ratio between DMI strength d and
NN Heisenberg exchange J; for the ACrX, monolayers. Here, Ji, J»,
and J; are deduced by comparing the energy of different magnetic
configurations.

Structure Ji Jr J; J3 /i Actt |d|/Jy
LiCrS, 2260 085 —142 —-0.06 18248 0.02
LiCrSe, 25.33 1.13 -=-3.12 -0.12 170.00 0.09
LiCrTe, 2676  1.73 —-6.72 —0.25 80.85 0.24
NaCrS, 2140 048 —154 —-0.07 165.62 0.02
NaCrSe, 2406 1.01 -2.72 -0.11 181.00 0.08
NaCrTe, 27.18 164 570 —0.21 133.93 0.18

exchange J,. The NNNN exchange J3 for all six structures are
antiferromagnetic (AFM). Interestingly, the frustration from
the NNNN AFM exchange interaction J3 and the frustration
ratio J3/J; also increase as the chalcogen atomic number.

For a hexagonal lattice with the q vector propagating along
the I'-K direction of the reciprocal space, the energy disper-
sion relation for exchange interactions up to NNNN can be
described as [75-77]

Esslgl = —[cos(2mq) + 2cos(wq)lJi — [1 + 2cos(3mq)1/)>
— [cos(4mq) + 2cos(2mq)]J5. ©))

To verify the influence of the NNNN AFM exchange on the
behavior of exchange stiffness for the ACrX,, we calculated
the spin spiral energy dispersion Ess[g] by substituting Ji, J>,
and J; into Eq. (9). Next, we compare Ess[g] and E[q] —
AEpmlgl, where E[q] — AEpmlq] is the SOC affected spin
spiral energy excluding the DMI contribution. The results for
ACrX, with Se and Te are shown in Figs. 4(a)—4(d). The be-
havior of Egg[q] is similar to that of E[q] — AEpm[g], where

(@) (b)

120 — : T 120 —
100 +O © ,; 100
<§: go |LiCrSe: c: g0 | NeCrse,
> %
g 60 - = 60F
=) =
@3 40 @ 40+
) [ fa] from /1,1, O\ ] F—E fq] roms, s\ ¢/
L§ 010 gy -at, 5 210 sy-a5,, |
ot O o
. . I . . T
-1.0 -0.5 0.0 0.5 1o —1‘,0 —U‘.S 0.0 0‘.5 l.‘U
© q (2m/a) () q (2m/a)
120 - 120
';.100 1 2100 FOO ~ 001
] - ? 5
Q\-: 80 7L| rTe, B ‘4\-: 0 7Na( 1Te. .
3 3
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L ] \
@ 40 @ 40 \ /
) ——2C, /q] from J,J, v — £ fq7 from J,7,7\0\ /
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FIG. 4. For (a) LiCrSe,, (b) NaCrSe,, (c) LiCrTe, and

(d) NaCrTe,, the red circles represent E[g] — AEpumlg], the black

curves are derived from substituting J;, J>, and J; into Eq. (9),
respectively.
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TABLE III. The NN, NNN, NNNN Heisenberg exchange J{, J3,
and J3 in meV, the ratio of J5 /J}', and the ratio between DMI strength
d and NN Heisenberg exchange J;* for the ACrX, monolayers, J{, J;,
and J5 are obtained from fitting the results of E[g] — AEpm[q].

Structure T I T Ti I \d| /T
LiCrS, 2147 051 0.12 0.005 0.02
LiCrSe, 2481 063  —134 005 0.09
LiCrTe, 2778 078  —406  —0.15 0.23
NaCrS, 2039 032 —0.08  —0.004 0.02
NaCrSe, 2349 073  —100  —0.04 0.08
NaCrTe, 2777 097  —321  —0.12 0.18

the AFM J; is not strong enough to change the FM ground
state for the ACrX, monolayers. From the zoom-in plot of
Esslq] with |g| < 0.1(27”) [see the inset in the upper part of
Figs. 4(a)-4(d)], the effective spin stiffness A.¢ can be derived
by fitting Ess[q] of g%, which are listed in Table II. The values
of Aer are much smaller than the respective A in Table I for
all the ACrX, monolayers.

To explain the discrepancy here, we deduce the effective
NN, NNN, and NNNN Heisenberg exchange interactions for
the ACrX, monolayers via fitting E[q] — AEpm[q] by Eq. (9).
The calculated J{, J3, and J5 are shown in Table III. From
Table III, all six ACrX, monolayers exhibit strong FM NN
exchange coupling J; and weak NNN FM exchange J3, which
agrees the behavior of J; and J, in Table II. However, it is
found that a significant discrepancy exists between the values
of J5 and J3.

To examine the impact from SOC effect here, we derive the
effective NN, NNN, and NNNN Heisenberg exchange inter-
actions from fitting non-SOC E[gq] in Fig. 1(c) for LiCrTe;,
the obtained values of NN, NNN, and NNNN exchange
interactions read J;* = 27.53meV, J;* = 0.81meV, J;* =
—4.22 meV, which are close to the values of J, J5, and J5 for
LiCrTe,. Therefore, the difference between J; and J5 cannot
be attributed to the SOC effect. Note that J;, J5, and J5 con-
tain the contributions from higher-order interactions (HOIs)
[75,78]1 more specifically, J; consists of the contributions of
NNNN Heisenberg exchange interaction and the higher-order
biquadratic exchange interaction [75,78,79]. As a representa-
tive example, we calculated the biquadratic interaction B for
LiCrTe,, which reads B = 2.70 meV, the calculation details
are given in the Supplemental Material [53]. For LiCrTe,
monolayer, we substitute the values J;, J», and J3 + B [see
the values for LiCrTe, in Table II] into Eq. (9) and derive
the effective exchange stiffness. The obtained value reads
Al = 203.58 meV, which is consistent with the respective
values in Table I. To sum up, for LiCrTe,, the biquadratic
interaction B exhibits a significant effect on exchange stiffness
A obtained from spin spiral calculations.

A similar phenomenon can be found in NiXp(X =
Cl, Br, andI) systems [77], where the biquadratic interaction
can compensate the frustration from NNNN AFM interaction.
Particularly, in a NiCl, monolayer, the frustration ratios J3/J;
reache up to —0.3, the biquadratic interaction compensates the
NNNN AFM exchange, and stabilizes the FM ground state
for NiCl, [77,80]. For the ACrX, monolayers, the biquadratic

interaction can decrease the effective frustration ratios (see
J3/Ji in Table II and J§/J; in Table III), thereby increasing
the exchange stiffness.

The ACrX, monolayers show strong NN FM exchange and
large DMI values. More appealingly, from the ratios |d|/J;
in Table II and |d|/J} in Table III, the structures with Se
and Te can host topological chiral textures. By considering
the beyond-NN interactions, one can more accurately study
the dynamic properties of topological solitons. However, to
explore the dynamic behavior of skyrmions, the HOIs other
than biquadratic interaction also need to be considered [75],
which is beyond the scope of our paper. For static models in
micromagnetic simulations and atomistic spin model simula-
tions, we adopt approximate models by considering only the
NN interactions for all the ACrX, monolayers.

D. Hole doping tuning magnetic interactions
in the NaCrSe, and LiCrSe, monolayer

The alkali atoms Li and Na are often used in batteries due
to their reversibly cationic redox properties [42]. For ACrX,
monolayers, the redox of Li or Na cations can be regarded as a
hole-doping process. Here, we choose LiCrSe, and NaCrSe;
to investigate the hole-doping effect on the magnetic proper-
ties. The hole concentration ranges from 0.05 to 0.30 hole per
unit cell (hole/u.c.). It is shown in Fig. 5(a), the DMI strength
for both LiCrSe; and NaCrSe, gradually increases with the
hole concentration increasing, and the hole doping affects
NaCrSe, greater than LiCrSe;. The DMI value of pristine
NaCrSe, is smaller than that of pristine LiCrSe,, however,
while doping concentration is larger than 0.20 hole/u.c., the
DMI value of NaCrSe, exceeds that of LiCrSe,. For both
LiCrSe, and NaCrSe,, the DMI value reaches a peak with
0.25 hole/u.c. The calculated magnetic anisotropy in Fig. 5(b)
shows a nonmonotonic behavior against doping concentra-
tion for both LiCrSe, and NaCrSe,. Particularly, while the
hole concentration is larger than 0.15 hole/u.c., the NaCrSe;
monolayer exhibits strong in-plane magnetic anisotropy.

The NN, NNN, and NNNN Heisenberg exchange interac-
tions are shown in Fig. 5(c). For both LiCrSe, and NaCrSe,,
the NN ferromagnetic exchange interaction J; gradually in-
creases as the hole concentration increases, while the variation
from beyond-NN interactions J, and J3 is relatively small. In
Fig. 5(d), we plot the exchange stiffness A for NaCrSe, and
LiCrSe, monolayers with different hole concentrations. For
the cases with hole concentrations greater than 0.05 hole/u.c.,
the exchange stiffness A increases as the increasing doping
concentration for both NaCrSe, and LiCrSe,.

To investigate the microscopic origin of DMI varying with
hole concentration, we plot the atomic-layer-resolved SOC
energy of DMI with AEpp[g] = 0.01(27 /a) under different
hole concentrations in Figs. 5(e) and 5(f) for LiCrSe, and
NaCrSe,, respectively. As one can see, the clockwise DMIs
for doped LiCrSe, and NaCrSe, are determined by the contri-
bution from the top selenium atoms Sel. Interestingly, while
the hole concentration is larger than 0.10 hole/u.c., the middle
selenium atoms Se2 in NaCrSe, give rise to an anticlock-
wise DMI contribution with an increasing trend against the
hole concentration. However, the clockwise DMI contribution
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FIG. 5. The calculated (a) DMI strength d, (b) magnetic anisotropy Kyca, (c) Heisenberg exchange J;, J,, and J5 vary with the hole doping
concentration for NaCrSe, and LiCrSe, monolayers, respectively. (d) The exchange stiffness A for NaCrSe, and LiCrSe, monolayers under
different hole doping concentrations. The atomic-layer-resolved SOC energy for DMI AEsoclg] at g = 0.01(27”) for (e) LiCrSe; and (f)

NaCrSe, monolayers varying with hole concentration, respectively.

from Sel is far more significant; for instance, NaCrSe, under
various hole concentrations exhibits clockwise DMI.

E. Micromagnetic simulations

With exchange stiffness A, DMI parameter D and MAE
Kwmca listed in Table I, we perform the micromagnetic sim-
ulations with the Mumax® package [81]. The magnetization
dynamics of the ith magnetic unit cell M; can be described by
the Landau-Lifshitz-Gilbert equation:

dM;

M; (10)
dt ’

M, x Hy + M x &
=—yM; xH; + M i X dt
Here, y and o denote the gyromagnetic ratio and damping
constant, respectively. H; is the effective field for the ith unit
cell, M; denotes the saturation magnetization. The ACrX,
monolayers are modeled in 80 nm x 80nm areas with peri-
odic boundary conditions. The mash size is set to 0.4 nm X
0.4nm. Note that for all ACrX, monolayers, nonzero mag-
netic moments can be found in Cr and chalcogen atoms, so we
take the thickness to be + = 0.3 nm, which is approximately
the distance between top and bottom chalcogen atoms along
the c axis. The Gilbert damping constant « is set to 0.1 and the
demagnetization field is considered in the simulations [82,83].

The relaxed magnetization configurations for the ACrX,
monolayers are shown in Figs. 6(a)-6(d). One can see
that ACrX, monolayers with Se and Te can host field-
free topological spin textures. Labyrinth domains are found
in LiCrSe;, while the coexistent Néel-type skyrmions and

labyrinth domains can be stabilized in other ACrX, monolay-
ers. Interestingly, the density of skyrmions increases with the
sequence of NaCrSe,, NaCrTe,, and LiCrTe,, whose DMIs
are shown in Table I. However, the DMI magnitude of LiCrS,
and NaCrS, monolayers is not strong enough to support

(@ (b)

=

(d)

FIG. 6. The relaxed chiral magnetization configuration in a pe-
riodical nanodisk of 80 nm x 80 nm in the absence of external field
for (a) LiCrSe,, (b) LiCrTe,, (c¢) NaCrSe,, and (d) NaCrTe, mono-
layers, respectively. The color map indicates the out-of-plane spin
component of Cr atoms.
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FIG. 7. The relaxed chiral magnetization configuration in a pe-
riodical nanodisk of 80 nm x 80 nm in the absence of external field
for NaCrSe, monolayer with hole concentration of (a) 0.1 hole/u.c.,
(b) 0.15 hole/u.c., (c) 0.2 hole/u.c., and (d) 0.25 hole/u.c., respec-
tively. The color map indicates the out-of-plane spin component of
Cr atoms.

topological magnetism, thus one can only find ferromagnetic
domains in these two structures.

The magnetic parameters of the NaCrSe, monolayer
are more sensitive against hole doping than that of the
LiCrSe, monolayer; the relaxed magnetization configurations
for NaCrSe, under various hole concentrations are shown in
Figs. 7(a)-7(d). NaCrSe, with hole concentration of 0.1 per
unit cell shows perpendicular magnetic anisotropy and can
host coexistent Néel-type skyrmions and labyrinth domains.
From Figs. 5(b)-5(d), for NaCrSe, with hole concentrations
of 0.15, 0.2, 0.25, and 0.3 per unit cell, both the mag-
nitude of in-plane anisotropy energy Kyca and exchange
stiffness A increase with the increasing hole concentration.
Loops of vortex and antivortex, Néel-type bimerons chains
and isolated Néel-type bimerons can be found in NaCrSe,
with hole concentrations of 0.15, 0.2, and 0.25 per unit
cell, respectively. However, in the case with largest out-of-
plane magnetic anisotropy with 0.05 hole/u.c. and the case
with strongest in-plane effective magnetic anisotropy with

0.3 hole/u.c., field-free topological spin textures cannot be
stabilized.

For comparisons, the atomistic spin model simulations for
ACrX, monolayers are performed with the Vampire package
[84], shown in Figs. S6 and S7 [53]. The results from mi-
cromagnetic simulations and atomistic spin model simulations
for ACrX, monolayers agree with each other.

IV. CONCLUSION

We have performed first-principles calculations and atom-
istic spin model simulations to demonstrate the presence of
large DMI in 2D alkali-based chromium chalcogenides. The
DMI in these ACrX5, (A = Li or Na, X = S, Se, Te) mono-
layers originates mainly from the top chalcogen atoms in the
slabs. The middle chalcogen atoms in the slabs, however, con-
tribute almost negligible SOC energy associated with DMI.
The distinct contribution of DMI is due to different electronic
occupation patterns for the top and middle chalcogen atoms,
which strongly impact the SOC-affected d-p hopping process.
Furthermore, we find that the hole doping can effectively
enhance the DMI values for both LiCrSe, and NaCrSe, mono-
layers. From the atomistic spin model simulations, we find
all ACrX, monolayers with Se and Te atoms can stabilize
various field-free topological spin textures, and by adjusting
the hole doping concentrations, we can effectively control the
chiral spin structures in the NaCrSe, monolayer. Altogether,
our paper suggests a series of topological spin texture hosting
2D FMs with possible electrochemical tunability.
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