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Stabilization of biskyrmions by chiral interaction in centrosymmetric magnets
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We report a microscopic mechanism for stabilization of biskyrmions in two dimensions by investigating
a minimal model of classical spins on a triangular lattice with nearest-neighbor ferromagnetic Heisenberg
exchange and static chiral interaction on each triangular plaquette. Our results establish that the chiral magnetic
interaction results in biskyrmion states above a critical value, and its strength affects the size of the biskyrmions
forming. We further explore the effects of thermal fluctuations on the biskyrmion states.
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I. INTRODUCTION

Topologically protected magnetic textures like skyrmions
and antiskyrmions can enable spintronic applications for
building information storage and processing devices in the
future [1-6]. Till date such textures were observed in a wide
range of materials in various experimental studies [7-23].
The absence of inversion symmetry breaking in centrosym-
metric materials forbids Dzyaloshinskii-Moriya interaction
(DMI). In these materials, the skyrmion crystals get sta-
bilized by competing exchange interactions coming from
geometrical frustration of the short-range two-spin interac-
tions, hence termed as chiral geometric frustration [24-27] or
magnetic anisotropies [28]. In noncentrosymmetric crystals,
the formation of these textures is understood theoretically
via the interplay between Heisenberg exchange and DMI
found in materials lacking inversion symmetry [29-35]. In
metallic magnets with noncentrosymmetric geometry, the
relevant microscopic models feature spin-orbit coupling of
itinerant electrons [36—41]. Recent studies have elucidated
the connection between topological magnetic textures and
the underlying electronic band structure in metallic mag-
nets [42,43]. Such magnetic textures can be controlled using
ultralow currents in metals. In contrast, complex magnetic
textures affect the electronic properties by inducing emergent
magnetic fields acting on conduction electrons by impart-
ing a Berry phase and lead to magnetoelectric phenomena
such as the colossal magnetoresistance and the topological
Hall effect [41]. At very low current densities, these mag-
netic textures lead to large spin-transfer torques, which have
substantial implications for spintronic applications. Antiferro-
magnetic skyrmions, which are essentially a configurational
linear combination of an antiferromagnet and a skyrmion,
have also been studied [43-46]. The advantage of antifer-
romagnetic skyrmions over Skyrmions is that they do not
experience transverse deflection upon application of current,
known as Skyrmion Hall effect.

Topological magnetic textures are described by an integer,
known as topological charge or topological number, ny, which
is defined as the integral of the solid angles spanned by the
three neighboring spins and is given by [47]

1
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where m is a unit vector pointing in the direction of the
magnetization. The topological charge describes how many
times magnetic moments wrap around a unit sphere upon
application of stereographic projection. As a consequence,
skyrmions possess topological protection since erasing a
skyrmion requires globally modifying the system—Iocal
changes in spin configurations are not sufficient. Skyrmions
and antiskyrmions have opposite topological charges of +1.
Skyrmions with higher ny can bring about richer physics.
For example, a large topological Hall effect can be observed
because of the larger spin noncoplanarity, which can induce
larger emergent electromagnetic fields for the conduction
electrons [48]. They may also allow multiple digital control
of the topological numbers.

Biskyrmions, the magnetic textures of ny = £2 are com-
posed of two bound skyrmions of oppositely swirling spins
(magnetic helicities) and are rarely found. The first real
space observation of biskyrmions was shown using Lorentz
transmission electron microscopy (LTEM) in 2014 in a thin
plate of bilayer manganite Lay_,,Sri4>,Mn;O7 with uniax-
ial magnetic anisotropy [49]. It was also demonstrated that
biskyrmions can be electrically driven with a much lower
current density as compared to the conventional ferromagnetic
domain walls. Later, these textures were observed in other
centrosymmetric magnets such as MnNiGa, Nd,Co;7 [50,51].
However, there is an ongoing debate on the observations of
biskyrmion crystals by LTEM imaging. In two recent pub-
lications, the authors showed that the tilting effect can also
be responsible for the unique Lorentz contrast. Tubes of
topologically trivial bubbles appear as skyrmion pairs with
reversed in-plane magnetizations when viewed under an an-
gle [52,53]. Several theories have been put forward to explain
the stabilization mechanism of biskyrmions [48,54-58]. Go-
bel et al. postulated on the stabilization of biskyrnmions by
dipole-dipole interacion. This is present in all magnetic mate-
rials, but gets overshadowed by DMI in noncentrosymmetric
materials. In centrosymmetric materials, a short range dipole-
dipole interaction leads to the attraction of two skyrmions
resulting in the formation of biskyrmions which is en-
ergetically preferable over two individual skyrmions [54].
Biskyrmions arranged in a triangular lattice are found to ex-
ist as a result of the competing nearest-neighbor exchange
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interaction, perpendicular magnetic anisotropy, dipole-dipole
interaction, and the applied external magnetic field [55,56].
In addition to insulating magnets, biskyrmions are also found
to be stable in itinerant magnets at zero magnetic fields.
The Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction be-
tween the localized magnetic moments mediated by conduc-
tion electrons plays a crucial role in stabilizing biskyrmions
as shown using modified kernel polynomial method with
Langevin dynamics (KPM-LD) simulations [48,57]. The for-
mation of biskyrmions mediated by an intrinsic emergent
monopole-antimonopole pair has been demonstrated using
micromagnetic simulations [58].

In this work, we study the classical Heisenberg model
with an additional time-reversal symmetry breaking chiral
interaction [59] on a centrosymmetric triangular lattice and
show the emergence of biskyrmions. Our focus is on the
magnetic ground states and thermally stabilized topological
magnetic textures. The appearance of biskyrmions is explic-
itly demonstrated using the state-of-the-art classical Monte
Carlo simulations. We show that the competing nearest-
neighbor exchange interaction and scalar chiral magnetic
interaction give rise to the emergence of biskyrmions.

II. MODEL AND METHOD

We start with an effective spin model on a triangular lat-
tice [60,61],

H=Jg) Si-Sj+Jc ) Si-(8;x8). (2
(i,)) i,j.keA

The first term in the Hamiltonian Eq. (2) is the Heisenberg
exchange interaction with coupling, Jy, between spins at
nearest-neighbor sites (ij). The second term is chiral magnetic
interaction with coupling strength, Je. i, j, k are sites in a
counterclockwise direction around each elementary triangle.
This term is often studied to understand the chiral topological
spin liquid phase in systems with quantum spins [59,61-63].
In this study, we extend such an interaction to classical spins.
In materials such as Lay_»,St; 412, Mn,;O7, MnNiGa, Nd,Co17
where biskyrmions were observed [49-51], the localized mag-
netic moments arose from partiallly filled d or f orbitals.
This results in large moments and the localized spins can be
approximated as classical vectors.

We compute the component-resolved spin structure factor
(SSF) to characterize the ordered magnetic phases. The com-
ponents of SSF are given by

1 (- (51

S’f‘(q) = m<2: S#S? el l'/)>’ 3)
ij

with = x,y, z. The total SSF is S;(q) = S}(q) + S}(q) +

S5(q).
f
We also calculate the discretized version of topological
charge called as skyrmion density, .7, given by [45]

1
7= E< s 4] +A;45>sgn[=sﬂ,-<“>]>, @

FIG. 1. Schematic diagram showing various terms in the Hamil-
tonian. In a triangular lattice, Jy is nearest-neighbor ferromagnetic
exchange interaction between sites i and j. Jc is the chiral magnetic
interaction for each elementary triangle of the lattice with sites i, j,
and k in an anticlockwise direction. The right bottom panel shows
the sites involved in the calculation of local skyrmion density .7; at
site i.

which is total of the local skyrmion densities, .7; at each lattice
site

1 (12) (45)
Y = — E L+ < 5
3 < : f ; ) )

where, A" = [|(S;, — Si) x (S;, — S)||/2 is the local area
of the surface spanned by three spins on every elementary
triangular plaquette r;, r,, rp. Here ,,Z”i(“b) =Si.(S;, X S;,) is
the so-called local chirality and r;, r; — rs (see right bottom
panel Fig. 1) are the sites involved in the calculation of 7.

III. RESULTS

The first term in the Hamiltonian Eq. (2) is the Heisen-
berg model, which has a ferromagnetic ground state for
Jo = —1.0. We investigate the effect of chiral magnetic in-
teraction on the ferromagnetic exchange Heisenberg model.
We use classical Monte Carlo simulations with the stan-
dard METROPOLIS algorithm. The simulations are carried out
on lattice sizes varying from N = 40> to N = 100, and
~5 x 10* Monte Carlo steps are used for equilibration and
averaging at each temperature point. Spin configurations in
the magnetic states obtained at low temperature (7 = 0.001,
where T is expressed in units of |Jy|) are shown for lat-
tice size N = 24% for Jo = 1.0 in [see Fig. 2(a)] and Je =
—1.0 in [see Fig. 2(d)]. We can clearly see the stabilization
of Bloch biskyrmions in both cases. The central spins of
biskyrmions in the [Fig. 2(a)] are pointing down while the
biskyrmions in the [Fig. 2(d)] have central spins pointing
up. The spin structure factor for both the magnetic configu-
rations [see Figs. 2(b) and 2(e)] shows the hexagonal peaks
in the first Brillouin zone. The quantity that differentiates
these two types of biskyrmions is their skyrmion density 7.
Local skyrmion density maps on the lattice are shown in
[Figs. 2(c) and 2(f)] corresponding to the magnetic textures
in [Figs. 2(a) and 2(d)], respectively. An ideal biskyrmion of
type [Fig. 2(a) has ng = —2 as the central spin is pointing
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FIG. 2. Ground-state spin configurations at low temperature (7' = 0.001) for (a) Jc = 1.0 and (d) Jc = —1.0 on triangular lattice of size
N = 24%. The green box highlights the biskyrmions in both cases. (b) and (e) are the spin structure factor plots corresponding to magnetic
states (a) and (d), respectively. (c) and (f) shows the corresponding local skyrmion density .7; maps on the lattice.

down. The corresponding skyrmion densities are negative on
the local skyrmion density map. Similarly, in [Fig. 2(f)], lo-
cal skyrmion densities are positive for the biskyrmions with
ng = +2.

Results from large scale Monte Carlo simulations of the
Hamiltonian (2) are presented in Figs. 3 and 4. Figure 3(a)
shows the variation of energy per site and Skyrmion density,
T, as a function of temperature as we cool down the system
from a high temperature to 7 = 0.001. Figure 4 shows the
static spin structure factor in the first Brillouin zone for three
representative values of 7. At high temperatures (T 2 2.0),

_4'8 L . . =40.0
.0 2.0 4.0 6.0 8.0
T/l
10 N !\‘\\\lb\\r'\'-vl"\‘or’-'
- A -
(b) et SANARUMA ) g
EACYRES tHH/l XA RN
0'5 .‘\‘\‘\" iy h’l‘l’t “ l"‘\\"”- ’:;:
[ AN .\\Q" -~/ ¥
S

NN r A pass -

VOSSN
- -
~ e Y2 :ou\\-\‘\\‘\h
-~ NAZAANNNYELLEN )
- AN N 2 L4

(=]
\
14
¥

A
4 I IR v 2
-y R FANCAL R CEL Y
NI R AR KA XA SO AR
—U. A PR YY)
A\ AN Y e 14> ,-n,\\-

- ” -~

)

X7l ]
1 0 Nl s wAronnaa A}

FIG. 3. (a) Variation of energy per site (red circles) and skyrmion
density, 7 (blue triangles) with decreasing temperature. Vertical
dashed lines mark a crossover behavior at temperature at 7 = 1.1
and transition at 7 = 0.55. (b) Magnetic states stabilize in between
these two temperatures.

there exists no long-range magnetic order, as seen from the
SSF at T = 1.25 [Fig. 4(a)] that is marked by the absence
of any clear structure. However, the Skyrmion densities are
finite, reflecting the presence of short-range correlation driven
by the chiral interaction. As the temperature is decreased,
the Skyrmion density exhibits a broad local minimum around
T =~ 1.1 and the energy curve shows an inflexion point. In
this temperature range (0.55 < T < 2.0), the magnetic states
consist of chiral filaments that consitute fragments of the
biskyrmions. Alternatively, this state can be viewed as thermal
fluctuations of biskyrmion states as shown in Fig. 3(b).

The SSF at T = 0.6 displays a diffused circular ring
pattern without any prominent peaks, suggestive of a filament-
like magnetic state. With further cooling, there is a transition
to the biskyrmion ground state at 7 = 0.55, marked by a
cusp in the Skyrmion number graph. Below this temperature,
biskyrmions are well formed and form a periodic pattern. The
SSF at T = 0.01 confirms that biskyrmions are well ordered
and closely packed have peaks with an hexagonal symmetry
at this temperature.

Next, we explore how the strength of chiral magnetic
interaction affects the stabilization of biskyrmions. In the
[Fig. 5(a)], the variation of skyrmion density, 7 with J¢/|Jy|
is shown. Varying Jc with Jy = —1.0 is taken for this calcula-
tion. We can see that below a critical value of J¢ that is 0.8, the

@ /7=125" (®) T=0.01

&

T=06\ |©

FIG. 4. Spin structure factor plots in the first Brillouin zone at
different temperatures (a) at 7 = 1.25, (b) at T = 0.6, and (c) at
T =0.01.
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FIG. 5. (a) Skyrmion density, 7 versus Jc/|Jy| plot with Jy =
—1.0 fixed. (b) Magnetic ground state at Jo = 1.5. Inset in (a) shows
the spin structure factor plot corresponding to the spin configuration
in (b).

ground state is ferromagnetic with .7 = 0.0. Above this criti-
cal value, we get the biskyrmions, and as the J¢/|Jy | increases
 also increases. This happens because of the increase in
the number of biskyrmions as shown in [Fig. 5(b)] for the
case of Jc/|Jy| = 1.5. We can also see that with increasing
strength of Jc/|Jy|, the size of the biskyrmions decreases.
This decrease in the size of bisyrmions is also reflected in the
corresponding spin structure factor plot shown in the inset of

[Fig. 5(a)]. The hexagonal peaks in the spin structure factor
occur at large Q as compared to the peaks in [see Figs. 2(b)
and 2(e)].

IV. CONCLUSION

We presented a mechanism for the stabilization of
biskyrmions driven by chiral spin interaction by investi-
gating a minimal classical spin model. Using large-scale
Monte Carlo simulations, we demonstrated the emergence of
bisyrmions on a triangular lattice with competing nearest-
neighbor ferromagnetic Heisenberg exchange and a chiral
spin interaction defined on the triangular plaquettes. The
model can be generalized to other two-dimensional lattices.
We identified the biskyrmions by their real-space spin con-
figuration maps and the corresponding hexagonal peaks in
the static spin structure factor plots. We further characterized
the nature of these biskyrmions by their skyrmion densities.
Evolution of the magnetic states with corresponding 7 and
SSF as we cool down the system showed a crossover behavior
at T = 1.1 and a transition to the biskyrmion ground state
at T =0.55. At T = 1.1, we observed a crossover from a
paramagnetic state with finite chirality to a magnetic state
with a diffused circular ring pattern without any prominent
peaks, which can be seen as chiral filaments starting to form
biskyrmions or thermal fluctuations of biskyrmion states. Be-
low T = 0.55, the stabilization of the biskyrmion states was
realized, which was reflected in hexagonal symmetrical peaks
in SSF. The number and the size of the biskyrmions were
shown to depend on the strength of the chiral spin interaction
parameter.
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