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Skyrmions, as unique wrapped spin textures, hold great potential for next-generation spintronic devices.
Here, we reveal the emergence of nontrivial spin textures in the monolayer semiconductor LiCrTe, through
a combination of first-principles calculations and micromagnetic simulations, which evolve into a Néel-type
skyrmion crystal (SkX) in response to external magnetic fields at finite temperatures. The monolayer can sustain
a high density of skyrmions, reaching up to 0.018 skyrmions/nm? with a diameter of 2.9 nm, which surpasses
values in previous reports for semiconductor layers. The synergistic effect of temperature and magnetic field
on the formation of a SkX has been identified. Furthermore, we observe an inverse relationship between the
electronic band gap and the skyrmion size in the SkX. Notably, the band gap closes and reverses as the size of
skyrmions increases when the monolayer is compressed by —3% in-plane biaxial strain, highlighting the tunable
interplay between real-space and reciprocal-space spin textures. Our results shed light on the evolution of a SkX
in a semiconducting monolayer and demonstrate the transition of topological and electronic properties upon the
generation of a SkX, providing valuable insights for experimental realization and future spintronic applications.
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I. INTRODUCTION

Skyrmions are magnetic configurations characterized by
swirling topological spin textures. They are anticipated to play
a crucial role not only in fundamental physics, such as the
topological Hall effect, but also in innovative device appli-
cations, including quantum computing and advanced instru-
mentation [1-7]. Skyrmions possess a topologically nontrivial
spin quasiparticle, which has high efficiency in information
transfer and storage [8,9]. Consequently, one of the primary
areas of interest in magnetic materials research is magnetic
skyrmions. Authors of previous studies have found magnetic
skyrmions in many alloy or metal compounds [10-12], and
current investigators are concentrating on magnetic skyrmions
in layered two-dimensional (2D) materials, particularly those
that are compatible with semiconductor technology. Re-
searchers have discovered noncollinear spin textures in
various monolayers as well as in bilayer heterostructures
[13-16]. Authors of other theoretical studies have predicted
that the formation of skyrmions depends on the parameters
of magnetic interactions [17,18]. Transport properties have
been identified in 2D skyrmions materials, including the topo-
logical Hall and topological Kerr effects [19,20]. Complex
spin textures periodically arranged in real space can behave
as quasiparticles, significantly influencing the topological
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Hall effect and the magnon bands in a skyrmion crystal (SkX)
[21,22]. These properties are strongly correlated with the den-
sity and distribution of skyrmions, prompting further research
into SkXs with higher density and improved controllability.

Intrinsic and alkali-decorated chromium chalcogenide
monolayer compounds exhibit numerous appealing mag-
netic properties. The intrinsic CrTe, layer can perform a
noncollinear antiferromagnetic (AFM) state [23], and calcu-
lations indicate that it possesses a high Curie temperature
>200 K when alkali atoms are attached to the layer [24].
Inspired by spin textures and skyrmions observed in sim-
ilar materials such as CrSSe and CrInSe; [25,26], authors
of theoretical studies have also identified spin textures and
potential skyrmion states in LiCrTe; [27]. In an experiment,
sodium-attached CrSe, bulk was prepared and exfoliated
into single layers [28], and bulk LiCrTe, was confirmed to
maintain an AFM state at 125 K with magnetic anisotropy
and Dzyaloshinskii-Moriya interaction (DMI) effects [29,30].
Notably, the skyrmion-induced topological Hall effect was
detected in Cry g7 Te [31], and Néel-type skyrmions were ob-
served in self-intercalated Cr;sTe, above room temperature
[32]. Although authors of previous studies gave remarkable
magnetic properties of the chromium chalcogenide system,
the periodic arrays of skyrmions in 2D alkali-decorated CrTe,
remain to be fully investigated. Furthermore, researchers have
found electronic bands controlled by collinear spin direc-
tion in 2D magnets [33], but materials with electronic bands
tuned by spin textures in a SkX still necessitate further
exploration.

©2025 American Physical Society
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In this paper, we delve into the periodic formation of
skyrmions in single-layer LiCrTe,, scrutinizing the effects
of temperature and magnetic fields and the electronic band
structures of a SkX through density functional theory (DFT)
calculations along with micromagnetic simulations. The mag-
netic properties of LiCrTe, demonstrate the formation of
a high-density SkX. During the evolution of spin tex-
tures, the external magnetic field optimizes the distribution
of skyrmions, while temperature facilitates the dissolution
of metastable states. This contributes to the emergence of
high-density skyrmions and the generation of a SkX. Our
calculations further reveal that with the enlargement of
skyrmions, the band gap of a SkX decreases, transforming
from an indirect to a direct band gap. Additionally, we have
observed band crossing and a reversal of spin chirality in
reciprocal space when the size of skyrmion decreases under
compressive strain, indicating the intricate interplay of com-
plex spin textures between real and reciprocal spaces. Our
findings enhance the understanding of skyrmion generation in
LiCrTe; and has implications for exploring the potential of a
SkX in 2D semiconducting magnetic materials for spintronic
applications.

II. METHODS
A. First-principles calculations

We performed first-principles calculations using VASP [34],
employing the Perdew-Burke-Ernzerhof exchange-correlation
functional and the projector augmented-wave method in DFT
calculations [35,36]. The phonon dispersion was determined
using density functional perturbation theory with PHONOPY
[37]. A plane-wave cutoff energy of 500 eV was applied,
and a Coulomb Hubbard term U of 3 eV was set on the d
orbital of the Cr element. The atomic structure of LiCrTe,
was optimized until the force on each atom was < 1073 eV / A,
with an electronic iteration convergence threshold of 1078 eV
for a unit cell and 10®eV for a supercell. To avoid spuri-
ous interactions from periodic images, a 16 A vacuum layer
was included. Spin-orbit coupling was included in all DFT
calculations. Self-consistent calculations utilized an §x8x 1
I'-centered k-mesh in momentum space, and the I' point for
larger supercells. Supercell calculations of a SkX were con-
ducted with fixed atomic structures, allowing relaxation only
for magnetic moments and electronic structures. The DFT cal-
culations for skyrmions specified the magnetic moments in the
supercell as Néel- or Bloch-type skyrmions to ensure the SkX
under periodic boundary conditions in the in-plane directions.
The magnetic moments of Cr atoms were not constrained
and were allowed to be optimized during the self-consistent
relaxation.

B. Micromagnetic simulations

The real-space complex spin textures were calculated by
micromagnetic simulation using the MUMAX3 package with
the Landau-Lifshitz equation [38]. We set a 128 x 128
supercell with a unit size of 4.12 x 7.15 A to simulate the rect-
angular unit cell of monolayer LiCrTe,. The thickness of the
layer is set as 4.30 A, which matched the effective thickness
of the optimized LiCrTe, monolayer. The time step in each

simulation was set as 107> ns. Periodic boundary conditions
were enforced. Landau-Lifshitz damping constant « was set
to 0.2 with the Dormand-Prince method of the Runge-Kutta
solver used to advance the solution of the Landau-Lifshitz
equation, which contained a fourth-order error estimate and
fifth-order convergence. The external magnetic field was set
in the +z direction, consistent with the uniaxial magnetic
anisotropy direction. Random magnetic (RM) states were
initialized with random spin directions in each unit cell
originally.

III. RESULTS AND DISCUSSION

A. Structural and magnetic parameters

The fully relaxed atomic structure of Li-decorated 17-
CrTe; is depicted in Fig. 1(a). The obtained lattice constant for
monolayer LiCrTe, is 4.12 A, which is consistent with previ-
ous findings [24,27]. The top lithium adsorption in LiCrTe,
disrupts the symmetry of 17-CrTe, and introduces DMI into
the monolayer. The estimated phonon band dispersion shows
no imaginary frequency mode, indicating that this mono-
layer structure is dynamically stable (refer to Fig. S1 in
the Supplemental Material [39]). We described the magnetic
Hamiltonian model of this 2D system as follows:

H= — ZJ,»I-SI . Sj - ZDij . (St X SJ) - ZKM(SIZ)Z
i,j i,j i
- ZMmB'Si+Eothera (1)

where S denotes the spin vectors. Here, J, D, K, and w,, rep-
resent the Heisenberg interaction, DMI, single-ion anisotropy,
and magnetic moment of chromium atoms, respectively. Also,
B represents the external magnetic field, and other energies
such as dipole interaction are not considered. To determine
the magnetic parameters responsible for the magnetization
energy in the Hamiltonian model of LiCrTe,, we employed
the four-state method to calculate the DMI and Heisenberg
exchange coefficients [40,41]. The energies of various spin
configurations were computed using a 5 x 4 supercell. By
altering the spin directions of two adjacent Cr atoms within a
vertical plane including both atoms (while the spins of other
Cr atoms in the supercell remained parallel and out-of-plane),
we obtained the in-plane component of DMI to be 4.81 meV
per unit cell for the nearest-neighboring Cr atoms. The DMI
direction is perpendicular to the line connecting the two Cr
atoms. The out-of-plane component of DMI was calculated
by adjusting spins in the monolayer plane and was found to
be nearly zero due to the symmetry of the in-plane spins. The
Heisenberg interaction between the first, second, and third
nearest neighbors were calculated to be J1 = 24.91 meV, J, =
0.63meV, and J3 = —1.73meV per unit cell, respectively.
Our results align with the values reported in previous calcu-
lations [27,42]. For further details on the four-state method,
please refer to the Supplemental Material [39].

With the different neighboring Heisenberg interaction
energies of LiCrTe,, we further calculated the magnetic ex-
change stiffness, denoted as A = % Zi Ji(r,-)z, with a value

of 6.42 x 10712 J/m. The r; represents the distances between
various magnetic Cr atoms, considering the first, second,
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FIG. 1. Atomic and magnetic structure of LiCrTe,. (a) Atomic structure of single-layer LiCrTe,. The Cr atoms are off-center from the
normal 17-CrTe; structure. The red arrows show the noncollinear spins. (b) The adopted magnetic configuration of Néel- and Bloch-type
skyrmion crystal (SkX). Each arrow represents one spin of Cr atom in the LiCrTe, supercell. (c) The calculated relative energy per unit cell of
LiCrTe, supercells considering Néel (blue) and Bloch (orange) skyrmions and ferromagnetic magnetization (gray). The green dashed line is
the calculated band gap of Néel-type SkX. (d) The dependence of skyrmion radius R (black dots) in SkX on the ratio of exchange stiftness A
and in-plane Dzyaloshinskii-Moriya interaction (DMI) D without magnetic field. The dashed line represents the radius calculated by the model
function presented in Eq. (2). (e) SkX in LiCrTe, obtained by micromagnetic simulation under magnetic field of 5 T at zero temperature. The
left panel shows the top view, and the right panel shows the perspective magnetic configuration of Néel-type SkX.

and third nearest neighbors, each associated with their corre-
sponding J;. This signifies the strength of parallel interactions
among neighboring spins. The in-plane DMI parameter was
calculated using the formula D = %Zl D;r;, resulting in a
value of 0.01128 J /m2. Here, D; refers to the DMI energies
arising from neighboring spins, which contribute to the forma-
tion of noncollinear spin textures. We considered the in-plane
DMI of the nearest-neighbor Cr atoms. Other magnetic pa-
rameters such as saturation magnetization M, = 6.83 x 10°
A/m and magnetic anisotropy K,; = 1.59 x 10°J/m? can be
directly obtained from DFT calculations. The magnetic crys-
talline anisotropy energy was determined to be 0.42 meV per
unit cell by analyzing the total energy difference between the
magnetic moments in the in-plane and perpendicular out-of-
plane directions. These parameters can be used to evaluate
the threshold parameter of the SkX, which is scrutinized by

K= ’lngD;. If « is significantly > 1, the magnetic system tends
to form a SkX since the strength of DMI plays a more promi-
nent role than Heisenberg interaction and magnetic anisotropy
[43]. The calculated x = 7.71 indicates the occurrence of a

SkX in LiCrTe,.

To verify the stability of the SkX in LiCrTe,, we conducted
DFT calculations using supercells of LiCrTe, considering var-
ious magnetic configurations, including ferromagnetic (FM),
spin-wrapped Néel-type, and Bloch-type skyrmions. Fig-
ure 1(b) schematically depicts the spin textures of the two
types of skyrmions. Each supercell contains one skyrmion
with periodic boundary conditions adopted in DFT calcula-
tions. The initial magnetic configurations of Cr sites in the
supercell of DFT calculations were established by the follow-
ing function:

m(r;) = (my, my, m;) = mg| cos z—ﬂn LS
i x> My, Tz 0 D) R |I'i|7

7 |r ry . (7w r @)
cos|=——m ) —,sin| = — —
2 R w2 TR

where my = 3.5up represents the magnitude of magnetic mo-
ment of Cr atom, and R denotes the radius of the skyrmion that
multiplies the lattice constant by half of the supercell size. The
vector r; represents the positions of other Cr atoms relative to
the central atom, with 7, and r, indicating the coordinates. The
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magnetic moment of the central Cr atom was oriented perpen-
dicular to the layer, as we utilized a supercell composed of an
odd number of unit cells. The spins of Cr atoms located at a
distance exceeding R from the center were aligned normal to
the plane and opposite that of the central Cr atom. The calcu-
lated relative energy per unit cell is shown in Fig. 1(c), which
clearly shows that the energy of a Néel-type skyrmion is lower
than that of the Bloch type. Furthermore, the total energy of a
SkX per unit cell within the 9 x 9 supercell is lower than that
of the FM state, as shown in the inset of Fig. 1(c). During
the self-consistent calculation, the magnetic moments were
unconstrained, enabling the optimization of both size and
orientation. The relaxed spins preserved a skyrmion texture
within the supercell. These first-principles results underscore
the enhanced stability of noncollinear Néel-type skyrmions in
LiCrTe;. The electronic band gap of the supercell in Fig. 1(c)
indicates that this skyrmion lattice is a semiconductor, provid-
ing potential to be controlled by external fields in experiments
and electronic devices. More details about the band structures
of SkX will be discussed later in Sec. III D.

Since the emergence of Néel-type skyrmions is verified, we
conducted micromagnetic simulations using the previously
determined magnetic parameters. Micromagnetic simulation
serves as a numerical approach for solving magnetic dynam-
ics, playing a crucial role in analyzing the stability of various
spin textures. The presence of in-plane DMI fosters the for-
mation of Néel-type skyrmions in micromagnetic simulation,
consistent with the DFT results presented in Fig. 1(c). We first
evaluated the size of skyrmions with a theoretical model. The
skyrmion radius R is a fundamental quantity of a SkX which
can be described by the following model [17,18]:

054 A 0.51

R = - =
vn D\ Jnd +0.56n4 —0.02
D D

ox 3
2D?

where Eq. (3) depends sensitively on magnetic exchange stiff-
ness A, magnetic anisotropy energy K, DMI D, and skyrmion
density n. Here, R represents the skyrmion radius where the
spin direction transitions from out-of-plane to in-plane from
the center. The skyrmions density n of specific A/D can be
obtained from simulation results that started with random ini-
tial magnetic spin textures. The computed skyrmion radius as
a function of the magnetic parameter ratio of A/D is shown in
Fig. 1(d), where the radius from model predictions of Eq. (3)
(dashed line) and the results from micromagnetic simulations
(black dots) agree well with each other. The skyrmion radius
decreases with an increase in D or a decrease in A in the
absence of an external magnetic field. The skyrmion radius for
the SkX in the LiCrTe, monolayer is 2.9 nm calculated by this
model, consistent with 3.3 nm from micromagnetic simulation
and equivalent to 7 unit cells in DFT calculation. Subse-
quently, we applied an external field to obtain an ideal SkX
lattice in micromagnetic simulations. As shown in Fig. 1(e),
our simulations successfully revealed the perfect lattice of a
Néel-type SkX in monolayer LiCrTe,, which originates from
RM states under a 5 T external magnetic field at extremely
low temperature (<10 K in practice). Since the SkX under
investigation is subjected to external magnetic fields, the size
of skyrmions can be reduced to a radius of 3—6 unit cells.

B. Evolution of topological skyrmions

After establishing the emergence of a SkX, we analyze the
formation of a SkX in single-layer LiCrTe,. The evolution
of a SkX is characterized by the topological charge of spin
textures, which is typically quantified by the winding number
as [13]

o= L / m(r) - [Bm(r) x d,m(r)ld>r, )
4 ’

where m(r) refers to each localized magnetic moment. The
topological charge Q is approximately equal to the number
of skyrmions in a SkX, and the topological Hall effect is
also characterized by Q, where a higher Q leads to larger
topological Hall conductivity. Figure 2(a) shows the obtained
topological charge of the LiCrTe; layer as a function of exter-
nal magnetic field at zero temperature. Each simulation ran
for 1 ns from a RM to imitate the evolution of disordered
noncollinear spins. The topological charge density rises as the
ramified magnetic stripes evolve to skyrmions with increasing
magnetic field strength, reaching a maximum of 0.018 nm~2
at 8 T external field in the SkX. The system transitions to fully
parallel-aligned spins at magnetic fields >13 T, causing the
topological charge density to decrease to zero.

To investigate the influence of finite temperatures on the
formation of skyrmions, we conducted simulations from FM
initial states. If the simulation commenced from a FM initial
state at a very low temperature, the spin textures would remain
in FM states until the temperature is increased sufficiently to
disrupt the parallel spins (see Fig. S3 in the Supplemental
Material [39]). The energy of spin textures featuring stripes
and skyrmions was lower than that of the FM state, indicating
that the layer exhibited a metastable FM state at very low
temperatures. Thus, we conducted simulations starting from
FM states at a higher temperature of 120 K. Figure 2(b) shows
the final topological charge density of spin textures under
different magnetic fields, indicating that skyrmions emerged
from the FM region when the temperature cooperated with
magnetic fields. The topological charge density reaches a
maximum of 9.4 x 1072 nm~2 under an external field of 6
T and decreases to zero under 12 T. Consequently, we infer
that finite temperature can induce thermal fluctuations in the
LiCrTe, layer, disrupting the FM state and facilitating the
formation of skyrmions within the FM region.

Figure 2(c) illustrates the evolution of topological charge
density in two specific simulations. The orange line corre-
sponds to the orange point in Fig. 2(a), which evolved to a
SkX under a magnetic field of 5 T at extremely low temper-
ature. The spin textures at various time stamps are visualized
in Fig. 2(d). During evolution, the scattered spins rapidly coa-
lesced into magnetic domains, which then gradually shrank
into skyrmions under the influence of the magnetic field.
Once all the spin textures became skyrmions of ~3 nm in
radius, they started to optimize the separation and eventually
formed a SkX with a triangular lattice. Since the skyrmions
are topologically protected spin textures, the total topologi-
cal charge remained constant throughout the evolution after
0.01 ns. Another evolution was simulated under a magnetic
field of 5 T at 120 K from the FM state. Details of the
spin textures are shown in Fig. 2(e). In this case, random
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FIG. 2. The evolution of topological charge density of skyrmions in LiCrTe,. (a) The topological charge density of spin textures in LiCrTe,
layer as a function of magnetic fields. The micromagnetic simulations started from random magnetic (RM) states under 0 K. (b) The topological
charge density of spin textures simulated from ferromagnetic (FM) states under 120 K. (c) The topological charge varies over time during
the relaxation process of two specific simulations. (d) Spin textures at specific times from the orange line in (c), with eight panels show the
evolution of a skyrmion crystal (SkX) that developed from a RM state under a magnetic field. The SkX converged at 1 ns contains 66 skyrmions.
(e) Spin textures from the evolution process corresponding to the green line in (c), where the skyrmion lattice emerges from a FM state under

a 5 T magnetic field.

thermal fluctuations caused skyrmions and magnetic domains
to gradually emerge in the FM region because the magne-
tization energy favored the formation of spin textures. The
magnetic field further sliced the developing magnetic domains
into individual skyrmions, resulting in a dynamic equilib-
rium with fluctuating skyrmions in the SkX. As demonstrated
above, temperature and magnetic field have a significant im-
pact on the production and temporal evolution of a SkX. Finite
temperature introduces perturbations to the spin textures, dis-
rupting the metastable FM region. Meanwhile, the magnetic
field reshapes the stripe domains, transforming them into
skyrmions. These changes lead to an increase in topological
charge and enhance the periodic array of skyrmions, resulting
in formation of a SkX.

C. Phase diagram of complex spin textures

To further investigate the phase diagram of spin textures,
we performed micromagnetic simulations of the LiCrTe,

monolayer across a broader range of temperatures and
external magnetic fields. The topological charge density Q of
various spin textures evolving from RM states for 1 ns under
different conditions is depicted in Fig. 3(a). Simultaneously,
Fig. 3(b) illustrates the distribution of average magnetization
M per unit cell. Several states are delineated in the phase
diagram. The spin textures form stripes and skyrmions under
magnetic field <4 T at lower temperatures, while a SkX be-
comes prominent in the range of 4-9 T. However, magnetic
fields >10 T tend to disrupt the skyrmion structures by align-
ing the spins parallel to the field direction, leading to very low
topological charge and eventually transition to the FM state.
At temperatures >200 K, the boundaries of skyrmions are
disrupted, leading to a disordered magnetization state char-
acterized by chaotic spin textures.

As stated above, the SkX can be obtained within a tempera-
ture range of 0—150 K and a magnetic field range of 4-9 T. The
highest density of the SkX, marked at 0.018 nm~2, is notably
found at temperatures <30 K under external field of 8 T, high-
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FIG. 3. Phase diagram of spin textures in LiCrTe, as a function of the temperature and external magnetic field. (a) Topological charge
density of LiCrTe; layer after relaxing for 1 ns starting from random magnetic states. The color bar indicates the density of topological charge
Q. Different types of spin textures are divided into several regions. (b) Average magnetization per unit cell along +z direction from the same
simulation conditions. The unit cell here refers to primitive atomic lattice of LiCrTe,, with each unit cell containing one Cr atom. up is
Bohr magneton. The color bar indicates the magnetization M. (c) and (d) Evolved spin textures refer to yellow dots in the phase diagrams.
All skyrmions and stripes in these simulations are Néel type. As the phase of spin textures changes gradually with temperature or field, the

boundary between different states is smooth with mixed components.

lighting the optimal conditions for SkX formation in terms of
temperature and magnetic field strength. Figure 3(c) illustrates
the evolution of a SkX when the temperature increases under
a 5 T magnetic field, where the perfect lattice of the SkX is
gradually disrupted by higher temperatures. Figure 3(d) shows
spin textures under increasing external magnetic fields at a
constant temperature. In this scenario, the magnetic domains
are truncated or reduced in size by the applied field, gradually
transforming into skyrmions. This observation suggests that
a moderate magnetic field promotes the emergence of a SkX
and enhances the density of topological charge. The magnetic
field significantly affects the size of skyrmions, reducing their
diameters in the SkX to 4.8, 4.2, and 2.9 nm under magnetic
fields of 5, 7, and 10 T at zero temperature, respectively. The
highest obtained density of skyrmions in LiCrTe, is higher
than that of other 2D semiconductor materials in previous
reports, such as 0.012 nm~2 in CrSSe, 0.015 nm~2 in CrInTe;,
and 0.011 nm~2 in heterobilayer Crl; — CrCl;, and competi-
tive with skyrmion size in 2D metals [25,26,44,45]. Based on
the phase diagram results, the random initial magnetization
undergoes reorganization in response to the external field.
The topological charge of the SkX increases as the size of
skyrmions decreases under higher field until it transitions
to a FM state, while lower temperature guarantees a more

stable topological charge during optimization process of spin
textures.

D. Electronic band structures in Néel-type SkX

Authors of previous studies on skyrmion lattices have
primarily focused on magnon bands. However, the interaction
between a real-space SkX and reciprocal electronic band
structures remains an area ripe for exploration. To delve
into this point, we conducted first-principles calculations to
examine the band structure of a SkX in monolayer LiCrTe,.
The electronic band gaps of a SkX with different sizes of
skyrmions are shown in Fig. 1(c). In comparison with the
indirect band gap of 0.139 eV for the FM LiCrTe; unit cell,
the band gap of skyrmions in a 3 x 3 supercell increases
to 0.271 eV due to excessive spin wrapping [39]. When the
skyrmion size increases to 5 x 5 and 7 x 7 supercells as
spin textures shown in the upper and lower panel in Fig. 4(a),
the band gap decreases to 0.193 eV and further to 0.178
eV, respectively, as shown in Figs. 4(b) and 4(c). Moreover,
the indirect band gap becomes direct in a 7 x 7 supercell.
These underscore the intricate relationship between spatial
SkX density and reciprocal band structures, presenting an
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FIG. 4. Spin textures and band structures of skyrmion crystal (SkX) in LiCrTe, supercell. (a) Spin textures in SkX with skyrmions of 5
x 5 (upper panel) and 7 x 7 (lower panel) supercell size. Each arrow indicates a localized magnetic moment of a Cr atom in real space. The
dashed boxes represent the corresponding periodic supercells. (b) and (c) Band structures of Néel-type SkX in LiCrTe, with skyrmions of 5
x 5 and 7 x 7 supercell size without strain. The orange and blue colors of bands represent the conduction and valence bands that are mainly
contributed by Cr and Te atoms, respectively. (d) and (e) Band structures of supercells with —3% biaxial strain applied to single-layer LiCrTe,.
(f) Spin textures in reciprocal space of the valence band maximum of 5 x 5 supercells SkX in LiCrTe, under —3% biaxial strain. The k-mesh
is set in the X-Y plane around the I' point. (g) Spin textures of the conduction band minimum when the supercell of SkX increases to 7 x 7
under —3% biaxial strain, where the valence bands cross with conducting bands and change the spin textures chirality.

inverse relationship between the electronic band gap and the
skyrmion size in the SkX.

The supercells in the SkX exhibit consistent chirality of
spin textures in both real and reciprocal space. This con-
sistency, however, is disrupted when the conduction bands
intersect with valence bands, which leads to a reversal of
chirality in spin textures of reciprocal space while the
skyrmions still maintain Néel type. A notable effect of com-
pressive strain on the skyrmion lattice is inducing the band
gap. As shown in Fig. 4(d), upon applying a —3% biaxial
strain to the unit cell of single-layer LiCrTe, where the lat-
tice constant becomes 4.0 A, the indirect gap in the 5 x 5
supercell decreases. More intriguingly, when the skyrmion
size increases to a 7 x 7 supercell, a band crossing occurs,
as shown in Fig. 4(e). Given that the valence band maximum
(VBM) and conduction band minimum are contributed by

Te and Cr atoms, respectively, the band inversion leads to a
notable variation of spin textures in the momentum space of
the SkX. Figures 4(f) and 4(g) illustrate this phenomenon by
demonstrating the transition of the VBM of the SkX in the
strained LiCrTe,, which performs a reversal from left to right
chirality of spin textures in reciprocal space as the skyrmion
size increases from 5 x 5to 7 x 7 supercells. Consequently,
since the size of skyrmions is associated with the density of
the SkX, we can conclude that the electronic properties in
reciprocal space are influenced by the topological properties
of the magnetic structure in real space. In a SkX compris-
ing skyrmions of 5 x 5 supercell size, the diameter of the
skyrmions measures 2.1 nm, whereas in a 7 x 7 supercell
size, the diameter increases to 2.9 nm. The size of skyrmions
is significantly influenced by variations in spin textures due to
different magnetic field strengths. As a result, the associated
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electronic band properties can be further adjusted through
external fields and strain, providing multiple avenues for tun-
ing the bands. These also suggest the potential to combine
the anomalous Hall effect with the topological Hall effect in
magnetic materials that possess topological bands.

IV. CONCLUSIONS

In conclusion, we investigated the complex spin textures in
monolayer LiCrTe, and analyzed the evolution of a Néel-type
SkX under varying temperatures and magnetic fields through
first-principles-derived micromagnetic simulations. The high
stability of magnetic properties of LiCrTe, enables the mono-
layer to sustain skyrmions at temperatures up to ~150 K, with
a SkX emerging under magnetic fields ranging from 4 to 9 T.
First-principles calculations have also confirmed the presence
of a Néel-type SkX in single-layer LiCrTe, and observed
that the band gap of the SkX decreases as the size of the
skyrmions increases. Band gap closing and crossing occurred
when the skyrmion size changed from a5 x S5toa7 x 7
supercell under —3% biaxial strain on the LiCrTe, lattice,

leading to a reversal in both the electronic band structure
and the chirality of spin textures in momentum space. In this
paper, we prove the LiCrTe, monolayer as a high-density SkX
and provide insights into the emergence of topological charge
related to spin textures in 2D magnetic materials. The corre-
lation between electronic bands and spin textures also gives
the potential for integrating the tunable anomalous Hall effect
with the topological Hall effect, offering promising prospects
for future spintronic applications.
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