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A Monte Carlo simulated-annealing algorithm was used to study the magnetic state in an in-plane
helimagnet layer on triangular lattice that exchange couples to an underlayer with strong out-of-plane
anisotropy. In the single helimagnet layer with in-plane anisotropy (K), the formation of labyrinth-
like domains with local spin spirals, instead of parallel stripes, is favored, and these domains rapidly
transform into dense skyrmion crystals with increasing interfacial exchange coupling (J'), equivalent
to a virtual magnetic field, and finally evolve to an out-of-plane uniform state at large enough J'.
Moreover, with increasing K, the skyrmion crystal state can vary from regular 6-nearest-neighboring
circular skyrmion arrangement to irregular squeezed skyrmions with less than 6 nearest neighbors when
the in-plane anisotropy energy is higher than the interfacial exchange energy as the skyrmion number is
maximized. Finally, we demonstrated that the antiferromagnetic underlayer cannot induce skyrmions
while the chirality inversion can be achieved on top of an out-of-plane magnetization underlayer with
180° domain walls, supporting the experimental findings in FeGe thin film. This compelling advantage
offers a fertile playground for exploring emergent phenomena that arise from interfacing magnetic
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skyrmions with additional functionalities.
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1 Introduction

Magnetic skyrmions are nanoscale swirling spin textures
exhibiting a nontrivial real-space topology, which con-
fer on them quasiparticlelike properties that, combined
with their ability to be moved by electrical current, make
them promising candidates for storage and manipula-
tion of information [1, 2]. Generally, skyrmions are ex-
plained by the existence of Dzyaloshinskii-Moriya inter-
action (DMI) [3, 4], as it favors magnetic spins on neigh-
boring atomic sites to be aligned orthogonally with a fixed
chirality [5]. This coupling originates from the combi-
nation of low structure symmetry and large spin—orbit
coupling, and thus it may exist either in bulk materials
lacking space inversion symmetry [4], or at interfaces be-
tween a magnetic film and a high spin—orbit coupling ad-
jacent layer [6, 7]. By recalling that the DMI energy
is —D;; - (S; x S;), where D;; is the DMI vector, and
S; and S; are spins at two neighboring sites ¢ and j, in
bulk materials D;; is parallel to the distance vector r;

*This article can also be found at http://journal.hep.com.
cn/fop/EN/10.1007 /s11467-020-1000-6.

between sites, in contrast to the thin-film systems, where
D;; is usually perpendicular to r;; [4, 8]. As a result,
different orientations of D;; cause Bloch- and Néel-type
homochiral skyrmions in bulk and thin-film systems, re-
spectively, categorized by distinct non-trivial topological
properties such as spiral and hedgehog textures. The chi-
rality of skyrmions can be analyzed more quantitatively
by measuring statistical distribution of magnetization di-
rections as a function of location with respect to skyrmion
centers [9-11]. Taking micromagnetic view of DMI, which
is valid in the limit of slowly varying magnetic textures,
skyrmions can be identified by a topological charge, or
called S? winding number 7 = £1 [2, 12], where

1

T=—
47 R2

S - (0,8 x 0,8)dr. (1)
Actually, the DMI, coexisting with the ferromagnetic ex-
change S; - §;, only favors a spin-spiral phase, character-
ized by a single wave number ¢ [13]. In order to trigger
and stabilize skyrmions, one approach is to add the Zee-
man energy by applying an external magnetic field. The
spin-spiral competes with ferromagnetism, breaking the
symmetry of up and down domains in the spin-spiral con-
figuration, and thus an ordered skyrmion-crystal (SkC) or
a partially disordered nucleated skyrmion-gas phase, with
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3q values, emerges at intermediate field strengths. To
be more compatible with technological developments, ef-
fective and well controlled writing and reading processes,
i.e., the creation and manipulation of skyrmions, in thin
films at room temperature and in zero field will have to
be implemented. Experimentally, one has found that ge-
ometrical confinement and interfacial exchange coupling
generated by additional magnetic elements can replace
the external magnetic field to stabilize skyrmions [14-18].
Sun et al. [15] proposed a method to generate SkC phases
artificially through putting the ordered arrays of nano-
sized magnetic Co disks on top of CoPt film with per-
pendicular anisotropy. Using the similar method, Gilbert
et al. [16] put Co nanodots on top of Co/Pd film and
realized the ground-state artificial SkC phases at room
temperature. They both presented that the artificially
constructed SkC phases were controlled by the interfacial
exchange coupling and thus did not tend to exist in lim-
ited temperature-magnetic field parameter space. Chen
et al. [17) and Nandy et al. [18] found that the similar
phase transition from spin-spiral, to SkC, and to the sat-
urated state can also happen with increasing interfacial
exchange coupling, while the role of interfacial exchange
coupling played on the skyrmion phases at small/large in-
plane magnetic anisotropies still need to be addressed.
On the other hand, in helimagnet thin-film materials,
it has been found that the uniaxial magnetocrystalline
anisotropy along with the out-of-plane applied field can
favor to stabilize SkC state [19, 20]. When the spins expe-
rience in-plane anisotropy, the SkC state is also observed
while evolve in different manners [21, 22]. Lin et al. [21]
and Vousden et al. [22] both presented that the size of
skyrmion increases with increasing in-plane magnetocrys-
talline anisotropy, and Lin et al. [21] further reported that
the magnetic state evolves into a regime where the nearest-
neighbor skyrmions start overlapping with each other and
found a transition of SkC from a triangular to a square

/ Target layer

Fig. 1 Structure of the bilayer where a helimagnet target
layer is on top of an out-of-plane magnetization seed layer.
The green and red spheres represent atoms in the target and
seed layers and indicate two crystal structures: interfacial
stacked and closed-packed structures, labeled by the nearest-
neighboring (NN) interfacial spin number.
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lattice with increasing in-plane anisotropy. The in-plane
anisotropy in helimagnet thin films can provide a con-
tribution to Hall resistivity [23, 24], which may be in-
terpreted as topological Hall effect, arising through real
space Berry phase effects [25]. The demonstration of rela-
tionship between SkC and in-plane anisotropy encourages
research into a broader range of materials for skyrmion
physics and spintronic applications [26]. In this work, we
numerically study the zero-field magnetic phase transition
of a helimagnet thin film with in-plane anisotropy on tri-
angular lattice exchange coupled to an underlayer through
stacked or closed-packed structure. A systematic investi-
gation on SkC state and its evolution as a function of
interfacial exchange coupling and in-plane anisotropy is
presented.

2 Model

In the simulation, two monolayers are used to stand for
the target and seed layers, and each layer consists of
N = 10 000 spins which are placed on the nodes of trian-
gular lattice with in-plane periodic boundary conditions.
In reality, the atoms in the target layer placed on the inter-
stitial space of the three atoms of the seed layer, leading
to three nearest-neighboring (NN) interfacial spin num-
ber, i.e., NN = 3, are the common way of the atom
stacking along (111) direction for the target layer with
bulk DMI, which requires the inversion symmetry break-
ing, e.g., B20 structure. In this work, the role of interfacial
exchange coupling played on the creation and annihilation
of skyrmions was focused on to be demonstrated. Hence,
the other NN interfacial spin number (NN = 1) is set,
where the atoms in the target layer occupy the top-sites
of the atoms of the seed layer, for presentation of a quan-
titative interpretation, as shown in Fig. 1.

The Hamiltonian in the absence of a magnetic field can

read as
>

(i,j€ Target Layer)

>

(i,j€ Target Layer)

Yoo (S

i€ Target Layer

D

(i€ Target Layer, k€ Seed Layer)

- D T2J~(Si XSj)

-K

-J S; - Sk, (2)

where S;;) is the unit vector of spin i(j,k) and é;
is the unit vector of anisotropy. In Eq. (2), the ener-
gies of intralayer exchange interaction, DMI and in-plane
anisotropy in the target layer and the interfacial exchange
energy between target and seed layers are considered. An-
gular brackets indicate the summations over the NN spin
pairs. In the B20-structure thin-films, such as MnSi, FeGe
and insulators like Cuy0SeQOgs, the systems may break
surface-inversion in addition to bulk inversion. Rowland et
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Fig. 2 Spin configurations for selected K and J’, where ar-
rows represent the spin orientations and color shows the z-
component of magnetization. Insets show the zoomed-in 3D
view.

al. [27] have reported that the increase of interfacial DMI
in the presence of the bulk DMI will greatly help stabilize
skyrmion phases. Due to the DMI that exists in helimag-
net target layer only, the bulk-type DMI with the D;; par-
allel to 7;; is involved, identical to that used in Ref. [21]
and [22]. This work focuses on the role of K and J’, and for
simplicity, the interfacial DMI contribution is not taken
into account in Eq. (2). In other words, the seed magnetic
layer with perpendicular anisotropy only provides an ex-
change field, analogous to a virtual magnetic field, applied
on the upper target chiral magnetic layer, hence it is dif-
ferent from the case of the DMI induced at interfaces [6, 7],
where a Néel-typed skyrmion is favored. Moreover, é; = 2
and K < 0, resulting in the spins in the target layer that
favor to lie in the film plane (zy-plane) to minimize the
anisotropy energy. Finally, the S in the seed layer is set
to be 2 to form different out-of-plane magnetic orderings.
All of the magnetic parameters used are reduced to be di-
mensionless by the intralayer exchange coupling constant
J. Hence, J =1 and D/J = 0.6 are fixed, while J'/J = 0-
1.3 and K/J = —1.1-0 are adjustable to study their roles
played on establishing the SkC configurations. Finally,
the model established mimics the ultrathin films with only
one or several monolayers, where the dipolar coupling be-
comes local in the zero-thickness limit [28], similar to
the one-monolayer film model adopted by Cortés-Ortuio
et al. [14]. On the other hand, in the 2D thin-film struc-
tures, the role of dipolar interactions played has proven to
tend to make the spins head-to-tail align in the film plane
[29], which has also been realized by in-plane magnetic
anisotropy and ferromagnetic exchange coupling. In view
of Jiang et al’s findings [1, 30], the dipolar interactions
associated with DMI favor to form big skyrmions with
diameters even in the micrometer range. Therefore, the
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dipolar interactions only quantitatively, other than qual-
itatively, change the J'—K range where skyrmions appear
and affect the skyrmion size, and thus are safely ignored in
Eq. (2). The Monte Carlo simulation starts from a zero-
field-cooled process performed on the system with mag-
netically disordered state. The initial high temperature
is set as Tp = 10 J/kg, where kg is Boltzmann constant,
and the next temperature is 5% smaller than the previ-
ous one. Hence the final low temperature is calculated by
T = 0.9536T;. At each temperature, 20000 Monte Carlo
steps were performed based on the simulated-annealing al-
gorithm [31]. The final observables were calculated from
thermalized spin configurations and Monte Carlo averaged
with 30 different realizations.

3 Results and discussion

For the single helimagnet layer, i.e., J = 0 meanwhile
with not too large K, e.g., K/J = —0.3, the labyrinthian
belts with equal width is formed, and the spin orienta-
tions in the adjacent belts are opposite. After cooling,
the competition between DMI and intralayer exchange in-
teraction favors the spin-spiral state, nevertheless, the in-
plane anisotropy at finite temperature results in no ex-
istence of favored spin-spiral directions in the film plane
and thus the formation of labyrinth domains. However, if
K is large enough (K/J = —0.8), the spin-spiral state is
broken and the spins are lying in the film plane to min-
imize the anisotropy energy, and the intralayer exchange
interaction and the DMI contribute to the formation of
in-plane random domains. For the helimagnet layer with
K/J = —0.3 coupled to a ferromagnetic underlayer with
the positive z-direction magnetization via J'/J = 0.4, a
dense and regular SkC state is observed, where each circu-
lar skyrmion with the same size is encircled by six nearest
neighbors. As mentioned previous, if J' = 0, the DMI
and ferromagnetic coupling in the chiral magnetic film
only favor to form spin-spiral states and at finite tem-
peratures, the parallel spin-spiral stripes are replaced by
labyrinth states. As the interfacial exchange coupling is
introduced, the equidistant distribution of the positive
and negative out-of-plane components of magnetization
is broken. The positive out-of-plane magnetization in the
seed layer via ferromagnetic interfacial exchange coupling
widens the positive component meanwhile squeezes the
negative component. The bulk DMI in the spin-spiral
state causes the spins to rotate from positive to negative
out-of-plane direction through Bloch-type domain walls,
which are also stabilized by in-plane magnetic anisotropy.
When the balance between up and down spins is broken
by J’, the down spins are protected from more up spins
by the spins circling around the down spins, and thus the
skyrmions form. It is remarkable that the skyrmions with
a center of negative out-of-plane magnetization involved
in the positive out-of-plane magnetization exhibit Bloch-
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type with homochirality (7 = —1) due to the existence of
bulk DMI. In other words, the interfacial exchange cou-
pling controls the out-of-plane magnetization, while the
DMI determines the in-plane one. Furthermore, the con-
trol of chirality can be realized by adjusting the sign of
out-of-plane magnetization in the seed layer, which will
be presented and discussed later. At large K/J = —0.8
and J'/J = 0.9, the skyrmions expand and deform due to
their squeezing with each other, and for each skyrmion, its
NN number may be less than six. In other words, the SkC
state remains while becomes irregular. For distinguishing
them, the regular SkC state is called the SkC-I type, while
the irregular SkC state called the SkC-II type.

Magnetic skyrmion is a promising block for building
future spintronic applications, as it can be employed
as a non-volatile information carrier in magnetic media.
Hence, controllable and reliable creation and annihilation
of skyrmions are prerequisites for any skyrmion-based in-
formation storage applications. It is a vital task to demon-
strate K and J’' ranges to write and delete skyrmions.
Based on the calculated skyrmion charge density (w =
> 7/N), the J'~K phase diagrams for the bilayer estab-
lished by stacked (NN = 1) and closed-packed (NN = 3)
structures are obtained in Fig. 3. For NN =1, at J' =0
and |K/J| < 0.6, the labyrinth domain is the ground state
in helimagnet layer. With increasing J', the skyrmions
appear even at J'/J = 0.1, mixed with the stripe do-
mains. From J'/J = 0.2, the dense and regular SkC-
I typed domain is formed, and w increases initially and
then decreases with J’, associated with the skyrmions
that shrink firstly and then expand. Finally, the SkC
state evolves to the out-of-plane uniform state at criti-
cal J' value, which is proportional to K. Interestingly, for
| K/ J| higher than 0.6, the SkC-II typed domain with re-

duced w is observed at appropriate J', partially similar
to Lin et al’s calculated results [21]. The large K en-
courages the skyrmion growth, resulting in the overlap
between adjacent skyrmions. Differently, at finite tem-
perature after cooling, the total energy can be minimized
in the system where there are skyrmions with different
sizes and nearest neighbors, analogue to the spin assem-
bly in a spin glass [32, 33]. With further increasing J' at
K /J close to —0.6, the out-of-plane uniform state is also
obtained, while at large K and small J’, i.e., on the left
and lower corner of phase diagram in Figs. 3(a, c¢), the
in-plane random domains as seen in Fig. 2(c) are favored.
On the left and upper corner where K and J' are both
large, the canted domains have to be favored to minimize
the interfacial exchange and in-plane anisotropy energies
simultaneously.

As compared to the results obtained for NN = 1, dif-
ferent phases can also be found for NN = 3 and the high-
est skyrmion charge density remains same, however, the
magnetic phase transition occurs from the labyrinth, to
the SkC-I, and to the out-of-plane uniform state in a nar-
rower J' range from J’ = 0. For external stimuli such as
magnetic field applied perpendicular to the magnetic film
with DMI, a small magnetic field is required for the forma-
tion of skyrmions, while a large magnetic field could lead
to collapse and annihilation of skyrmions, meanwhile, the
skyrmion size commonly decreases monotonically with in-
creasing magnetic field [34-36], arising from the external
magnetic field that interplays with other energetic con-
tributions, e.g., DMI, magnetic anisotropy, demagnetiza-
tion energy and exchange interaction. In this work, J’ is
equivalent to a virtual out-of-plane magnetic field, while
also depends on the interfacial crystal structure, i.e., in-
terfacial coordinate number (NN value). When we com-

Fig. 3 Phase diagram with respect to J’ and K for (a) the interfacial stacked (NN = 1) and (c) closed-packed (NN = 3)
structures, schematically shown by white dots, where color is the skyrmion charge density (w) result with contour lines, and
different phases with their characteristic configurations for large K and/or J’, schematically shown by white arrows, are also
indicated. Purple solid spheres give the J' as a function of K where w reaches to the maximum at a given K and purple
dashed lines show the interfacial exchange energy that is equal to the anisotropy energy. White vertical dashed lines are used
to separate different skyrmion-crystal (SkC) types. (b) The representative 3D skyrmion configurations of SkC-I and SkC-11

typed states.
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(a) AFM seed layer

Fig. 4 (a) Antiferromagnetic configuration of the seed layer. (b—i) Spin configurations of the helimagnet layer coupled
to an antiferromagnetic underlayer for selected K and J’, where arrows represent the spin orientations and color shows the
z-component of magnetization. Insets show the zoomed-in 3D view.

pared the K and J’ values to obtain the most skyrmions
with those that yield the same interfacial exchange and
in-plane anisotropy energies, i.e., J' = |K| for NN =1 or
3J = |K| for NN = 3, it is found that the SkC-I state
is stabilized so long as w is maximized for the J’ energy
higher than the K energy, or the SkC-II state is preferred.
In other words, the SkC type reflects the energy level of
K and J'. Significantly, more coordinate number at in-
terface can proportionally reduce J’, implying that the J’
range of SkC can be adjustable through properly matching
dissimilar materials besides manipulating spacer thickness
experimentally [17].

In Chen et al’s experiment [17], the Cu/Ni/Cu(001) tri-
layer was used to generate a stable out-of-plane magneti-
zation pointing to the positive z-direction, and in Nandy et
al’s theoretical study [18] also assumed an uniform ferro-
magnetic underlayer as the ferromagnetic seed layer simi-
lar to that shown in Fig. 1. If the underlayer is replaced by
an antiferromagnetic layer or a magnetic layer with a 180°
domain wall with the spins keeping along the z axis, what
happens for the magnetic state in the upper helimagnet
layer with K and J'? For the antiferromagnetic under-
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layer, the labyrinth domain appears at small K, while the
in-plane random domain is stabilized at large K, and no
skyrmions or SkC states can be observed in the whole
studied J’ range. As shown in Figs. 4(b, d-f), the stripe
width is roughly independent of J’', although different pat-
terns are obtained, indicating that the labyrinth domain
with alternate opposite magnetic states completely arises
from the interplay between DMI and intralayer exchange
interaction in the helimagnet layer. In other words, J’
does not take effect due to the interfacial exchange cou-
pling imposed by the neighboring spin pair in the under-
layer that cancels out. Moreover, at large K, the in-plane
anisotropy is so predominant that the stripe domains are
smeared out and the resultant in-plane random domains
are formed, also regardless of J’, as shown in Figs. 4(c,
g—i).

Further, we conceive a magnetic underlayer with coex-
isting positive and negative magnetization with respect
to the positive z-direction, and thus there is 180° domain
wall [seen in the inset of Fig. 5(b)]. For K/J = —0.3, even
at small J'/J (= 0.1), the line domains with the spins
pointing along the y-axis exist on top of domain wall to

Ming-Xiu Sui, et al., Front. Phys. 16(2), 23501 (2021)



RESEARCH ARTICLE

o~ Positive/Negative
-a-Positive

Fig. 5 Spin configurations of the helimagnet layer coupled to an out-of-plane magnetization underlayer with the 180° domain
wall for selected K and J’, where arrows represent the spin orientations and color shows the z-component of magnetization.
Inset in (b) gives the spin configuration of seed layer and inset in (d) shows the skyrmion diameter as a function of J' at
K/J = —0.3 for the seed layer with the positive/negative and positive z-direction magnetization, where errors are determined
by calculating all of the skyrmion diameters in the SkC-I state. Insets also show the zoomed-in 3D view.

minimize the J’ energy due to the opposite spin arrange-
ment on the both sides of the domain wall, similar to
Koon’s orthogonal interface model presented in ferromag-
net/antiferromagnet thin-film [37]. On top of the uniform
magnetization area, the mixed domains with skyrmions
and stripes are preferred, and interestingly, the stripe do-
mains favor to appear parallel to the domain wall, similar
to the stripe domains in thin helimagnet nanodisk [38].
With increasing J'/J from 0.2 to 0.6, the SkC-I typed
state is formed, while no skyrmions appear on top of the
domain wall. In FeGe nanostripes, Du et al. [39] found
that the skyrmions were created from helices with a dis-
torted edge state and move collectively into the interior
of the stripe with increasing magnetic field. In this work,
the underlayer domain wall fixes the upper spins parallel
to it, similar to the edge effect, resulting in the coexis-
tence of the SkC state on top of the positive and negative
magnetization with the opposite chirality (7 = —1 and
1). However, differing from the experimental findings by
Du et al. [39], the correlation between skyrmion creation
and domain wall is weak in this work, probably due to

23501-6

lacking of a field in the chiral magnetic film plane applied
perpendicular to the domain wall. Furthermore, in he-
limagnet FeGe thin film, Yu et al. [40] presented that a
chirality inversion was found around the grain boundary
between (110) and (001) planes. Considering the invari-
ance of sign of spin—orbit interaction within FeGe, the
observed reversal of the SkC spin chirality is ascribed
to the inversion of lattice chirality (handedness) of B20
structure across this boundary. It indicates that the chi-
rality inversion exists naturally in helimagnet thin-film,
while in this work an artificial chirality inversion around
the 180° domain wall is achieved. In other words, by
choosing proper magnetic parameters and attaching an
underlayer with well-designed magnetic domain pattern,
the precise writing of skyrmions with organized chirality
ordering is possible. On the other hand, with increasing
J’, the skyrmion diameter initially decreases, reaches to
the minimum at J’/J = 0.4, and then increases for larger
J’. On the contrary, it is well-known that the skyrmion di-
ameter monotonically decreases with increasing magnetic
field [34-36], which is acceptable that the magnetic field

Ming-Xiu Sui, et al., Front. Phys. 16(2), 23501 (2021)
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drives the spins at the perimeter of skyrmions to align
with its direction and thus the skyrmions shrink continu-
ously. In the present work, the skyrmions are stabilized
by the lower magnetic film with perpendicular magnetic
anisotropy via J’. Comparing with the results shown in
Fig. 3(a) and Fig. 5, the smallest skyrmions correspond to
the largest skyrmion charge density at K/J = —0.3 and
J'/J = 0.4, where the skyrmions are densely arranged and
squeeze by each other. With further increasing .J/, some
skyrmions collapse and annihilate, which leaves additional
space between adjacent skyrmions. Thus, associated with
the reduced skyrmion charge density, the skyrmions are
expanded spontaneously to cancel out the residual en-
ergy due to disappearance of high squeezing between ad-
jacent skyrmions at large J’. Note that no thickness of
domain wall is considered, since the domain wall cannot
contribute to the SkC state and the domain wall thickness
only widens the isolation belt of skyrmions with opposite
chirality.

4 Conclusion

In conclusion, Monte Carlo simulation was performed on
a helimagnet layer model coupled to an underlayer with
strong out-of-plane anisotropy, to study the magnetic
state stabilized by J’ and the role played by K. At low
temperature after zero-field-cooling, the labyrinth domain
is the ground state in single helimagnet layer. With in-
creasing J', the dense SkC state may be obtained and cat-
egorized as regular and irregular arrangements, depending
on K. The skyrmion diameter with such J’ internal stimuli
decreases initially and then increases. We also identified
that the transition between the two typed SkC states oc-
curs when the interfacial exchange energy is equal to the
in-plane anisotropy energy, and significantly, the interfa-
cial exchange coupling as a virtual magnetic field can be
also highly reduced by increasing the interfacial coordinate
number. Moreover, the local ferromagnetic domains in
the positive and negative z-direction with a 180° domain
wall induced a chirality inversion of skyrmions, which may
be used to record “1” and “0” information at will. This
work not only fertilizes the fundamental understanding of
skyrmions, but also opens a new avenue for envisaging
the devices with desired SkC ground-states for practical
applications.
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