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ABSTRACT

We employ a hybrid Monte Carlo simulation imple-
mented on GPU to study the effect of nonmagnetic impu-
rities in a frustrated Heisenberg antiferromagnetic (AFM)
model on a triangular lattice with Dzyaloshinskii-Moriya
interaction in the presence of the external magnetic field.
We focus on the skyrmion lattice phase (SkX), which in
the pure model is known to be stabilized in a quite wide
temperature-field window. We aim to confront the effect of
impurities on the SkX phase in the present frustrated AFM
model with that in the nonfrustrated ferromagnetic coun-
terpart as well as to consider more realistic conditions in
the proposed experimental realizations of the present model.
We show, that up to a fairly large concentration of the impu-
rities, p ≈ 35%, the SkX phase can survive albeit in some-
what distorted form. Distortion of the SkX phase due to for-
mation of bimerons, reported in the ferromagnetic model,
was not observed in the present case.

INTRODUCTION

Magnetic skyrmions, topologically nontrivial twisted
magnetic spin configurations, have recently attracted a lot of
attention due to the wide variety of properties, which make
them promising candidates for the new generation of mem-
ory storage devices (Zhang et al. 2015b), logic gates (Zhang
et al. 2015a), microwave detectors (Finocchio et al. 2015)
and others. Similar to the well-known for decades one-
dimensional topological objects - domain walls - and two-
dimensional magnetic vortexes, skyrmions carry a certain
property called topological charge or topological number,
which sets them apart from the topologically trivial spin tex-
tures like ferromagnetic (FM) or antiferromagnetic (AFM)
order and distinguishes one topological object from another.
The idea of the existence of topologically-nontrivial struc-
tures in magnetic materials was actively theoretically de-
veloped in the end of the previous century (Belavin and
Polyakov 1975; Bogdanov and Yablonskii 1989; Roessler
et al. 2006), but it was not until 2009 when the first di-
rect experimental proof of the presence of the hexagonal
skyrmion crystal phase in a bulk ferromagnet was obtained
in 2009 by Mühlbauer et al. (2009). After that the search
for new skyrmion-hosting materials began in order to iden-
tify most promising materials for technological implementa-

tion. They were found in Hall ferromagnets, ferromagnetic
monolayers, multilayers and ferrimagnets.

Stability of skyrmions is guarantied by topological charge
as it is an invariant. However, in real materials it is not abso-
lute and thermal fluctuations can bring the system over the
finite energy barrier separating one spin configuration from
another. The reason for the stabilization of the skyrmion lat-
tice (SkX) state is usually the presence of Dzyaloshinskii-
Moriya interaction (DMI) (Dzyaloshinsky 1958; Moriya
1960), which breaks the inversion symmetry. Neverthe-
less, there are some other mechanisms, that can lead to the
formation of skyrmions, among which of particular inter-
est are frustrated interactions. It was recently demonstrated
by Okubo et al. (2012), that such interactions are capa-
ble of stabilizing both skyrmion and antiskyrmion crystals
on any lattices of the trigonal symmetry with next-nearest
interactions. Although skyrmions were first encountered
in FM materials, recently the focus shifted to the alterna-
tives (Barker and Tretiakov 2016; Bessarab et al. 2019), that
were proven to be capable of hosting the SkX phase. It was
shown by Rosales et al. (2015) and Osorio et al. (2017),
that SkX can be stabilized in the classical Heisenberg AFM
on triangular lattice with moderate DMI in a quite wide
temperature-field window due to the combined effect of the
frustration and the DMI. Further studies demonstrated the
possibility of the SkX phase stabilization even at very small
values of DMI (Mohylna and Žukovič 2020; Mohylna et al.
2021).

The presence of nonmagnetic impurities (spin vacancies)
is a common feature in magnetic solids. In the case of frus-
trated spin systems with a ground-state degeneracy the prob-
lem of collective impurity behaviour can become rather non-
trivial due to a possible "order by quenched disorder" effect
with a profound impact on the phase diagram. In particu-
lar, for the classical Heisenberg AFM on a triangular lattice
in an external magnetic field but without DMI it has been
shown that competition between thermal fluctuations and
nonmagnetic impurities leads to a complicated temperature-
field phase diagram with the emergence of a conical state at
low temperatures (Maryasin and Zhitomirsky 2013). Con-
siderable effect of nonmagnetic impurities has also been
observed in the nonfrustrated FM Heisenberg model on a
square lattice in the field with DMI (Silva et al. 2014), which
displays the SkX phase. In particular, it was found that even
very tiny concentrations of the vacancies induce the forma-
tion of bimerons in both helical (HL) and SkX states. In
the considered system they show up as elongated configura-
tions similar to a skyrmion with its disk-shaped central core
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shared by two half disks separated by a rectangular stripe
domain. The presence of bimerons is found to cause defor-
mation of both the HL and SkX states. While in the for-
mer case it occurs due to their appearance between the va-
cancies, thus breaking stripe-domain structures, in the latter
case bimerons make the skyrmion positions in the skyrmion
lattice change in a nontrivial way and decrease their overall
number. The nonmagnetic impurities thus distort both the
skyrmion configuration and the skyrmion lattice.

Monte Carlo (MC) simulations are among the most pow-
erful tools in studying the behaviour of the magnetic mate-
rials at finite temperatures and, in particular, identifying the
most promising candidates for the skyrmion-hosting envi-
ronment. It is very important, though, to emulate the real
materials used in experiments, as closely as possible. Al-
though some studies on the Heisenberg AFM with DMI al-
ready attempted to introduce some more realistic features,
such as the presence of a single-ion anisotropy, (Fang et al.
2021; Mohylna and Žukovič 2022) and quantum effects (Liu
et al. 2020), the effect of nonmagnetic impurities, very com-
mon in real materials, remains to be investigated. In this
work we study the influence of nonmagnetic impurities on
the stability of the SkX phase in the frustrated classical
Heisenberg AFM on a triangular lattice in the presence of
the DMI by means of the hybrid Monte Carlo simulations.
Since the problem is computationally very demanding and
allows for parallelization, the simulations are implemented
on a highly parallelized architecture of GPU using CUDA
programming language.

MODEL AND METHOD

We investigate the classical Heisenberg AFM on a trian-
gular lattice with the following Hamiltonian

H =−J ∑
⟨i, j⟩

S⃗i · S⃗ j + ∑
⟨i, j⟩

D⃗i j ·
[
S⃗i × S⃗ j

]
−h∑

i
Sz

i , (1)

where S⃗i is a classical unit-length Heisenberg spin at the ith
site, J < 0 is the AFM exchange coupling constant, h is the
external magnetic field applied perpendicular to the lattice
plane (along the z direction) and ⟨i, j⟩ denotes the sum over
nearest-neighbour spins. D⃗i j is the DMI vector whose orien-
tation is defined by the crystal symmetries. In this study it is
chosen to point along the radius-vector r⃗i j = r⃗i− r⃗ j between
two neighbouring sites, i.e., D⃗i j = D r⃗i, j

|⃗ri, j | (Fig. 1), which re-
sults into the formation of the Bloch-type skyrmions. The
magnitude of the parameter D defines the strength of the
DMI. The presence of nonmagnetic impurities is simulated
by randomly replacing a certain percentage p of spins on
the lattice with vacancies. In the following we set J = −1
to fix the energy scale and absorb the Boltzmann constant in
temperature by setting its value to kB = 1.

In order to identify the presence of the SkX phase we
use the skyrmion chirality, a discretization of a continuum
topological charge (Berg and Lüscher 1981), which reflects
the number and the nature of topological objects present in
the system. The topological charge of a single skyrmion is
±1 for the core magnetization ±|⃗S| (Zhang et al. 2020). The
skyrmion chirality κ and the corresponding susceptibility
χκ are defined as follows:
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Fig. 1. Three-sublattice decomposition of the triangular lattice shown by
different colors. S⃗i is the central spin, S⃗1, . . . , S⃗4 are the spins involved in
calculation of the local chirality, and D⃗i j represents the Dzyaloshinskii-
Moriya vector.
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χκ =
⟨K2⟩−⟨K⟩2

NT
, (3)

where κab
i = S⃗i · [S⃗a × S⃗b] is the chirality of a triangular

plaquette of three neighbouring spins (area of the triangle
spanned by those spins) and ⟨· · · ⟩ denotes the thermal aver-
age. The chirality is calculated for the whole lattice and the
summation runs through all the spins with {S⃗a, S⃗b} corre-
sponding to {S⃗1, S⃗2} and {S⃗3, S⃗4} in Fig. 1. Spins are taken
in counter-clockwise fashion to keep the sign in accordance
with the rules in (Berg and Lüscher 1981). For construc-
tion of the phase diagram it is useful to calculate some other
basic thermodynamic quantities, such as the magnetization
m, the magnetic susceptibility χm, and the specific heat c, as
follows:

m =
⟨M⟩
N

=
1
N

〈
∑

i
Sz

i

〉
, (4)

χm =
⟨M2⟩−⟨M⟩2

NT
, (5)

c =
⟨H 2⟩−⟨H ⟩2

NT 2 . (6)

In order to identify the presence of the skyrmion phase
and construct the phase diagrams we implement the hy-
brid Monte Carlo (HMC), which combines the standard
Metropolis algorithm with the over-relaxation (OR) method
(Creutz 1987). The OR method is a deterministic energy
preserving perturbation method, which leads to the faster
relaxation of the system due to faster decorrelation. To per-
form configurational averaging we run independent simu-
lations on 50 replicas with different configurations of ran-
domly distributed nonmagnetic impurities for each value of
the impurity concentration p. In simulations we use 2 · 106

MC sweeps, half of which are used for the equilibration.
The lattice size in all the simulations is L = 48 and peri-
odic boundary conditions are implemented. Due to high
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Fig. 2. (a,c) HL states at h = 1.6 and (b,d) SkX states at h = 2.4 for (a,b) pure system and (c,d) with p = 5% of vacancies. The remaining parameters are
T = 0.01, D = 0.5, and L = 48. The green circles in (c,d) represent the vacancy locations. The snapshots are taken for one of the replicas.

computational demands the simulations are carried out on
General Purpose Graphical Processing Units (GPGPU) us-
ing CUDA, which allows for the massive parallelization of
the calculations.

RESULTS

Pure model

The frustrated Heisenberg AFM with DMI has been pre-
viously intensively studied in a wide parameter space (Ros-
ales et al. 2015; Mohylna and Žukovič 2020; Mohylna et al.
2021). The phase diagram of a pure isotropic model with
a moderate DMI (0.2 < D < 1) consists of three distinct
phases: the helical (HL) phase with chiral stripes rotating
in the x− y plane; the skyrmion lattice (SkX) phase, which
consists of three interpenetrating skyrmion lattices on each
of the sublattices and the V-like (VL) phase (Mohylna et al.
2021). The typical snapshots of the HL and the SkX phases
on one of the sublattices in the case of no impurities are de-
picted in Fig. 2 (a) and (b), respectively. The colours repre-
sent the values of the z−component: the red spins are those
pointing along the external magnetic field and the blue ones
pointing opposite to it. The arrows show the projections
of the spins to the x − y plane. The representative phase
diagram for the model without impurities with D = 0.5 is
shown in Fig. 3 in black circles. The SkX phase occu-
pies a relatively big part of the T − h plane and emerges
at the fields around h ≈ 0.24 for the lowest temperature,
which is reflected in a sharp increase of the chirality sig-
naling the first-order phase transition (Rosales et al. 2015),
as also shown in Fig. 4(a). The increase of temperature re-
sults in some distortion of the skyrmions’ profile and conse-

quently it leads to smoothing of the chirality and the change
of the transition type to the second-order one (Mohylna et al.
2021).

Effect of impurities

To simulate the presence of nonmagnetic impurities in our
system we randomly replaced p% of the sites with vacancies
and studied their effect on the HL and SkX states. In Fig. 2
we present the respective states in the pure system (a,b) and
with p = 5% of nonmagnetic impurities (c,d) on one of the
three interpenetrating sublattices in the HL phase (a,c) and
the SkX phase (b,d). The snapshots for one of the running
replicas are shown. We can observe that, compared to the
pure systems, the presence of the vacancies naturally results
in some distortion of the respective phases. Nevertheless,
there are no signs of the formation of bimerons, as it was
the case in the FM model (Silva et al. 2014). We believe that
the present AFM system is more resilient against creation of
bimerons than the FM one due to the fact that both HL and
SkX textures are formed on each of the three interpenetrat-
ing sublattices. Therefore, for example the stripe-domain
structures in the HL state are more robust and it is more dif-
ficult for nonmagnetic impurities to break them into pieces
(bimerons) than in the FM system. In the SkX phase, one
can notice that, besides the skyrmion distortion, the pres-
ence of vacancies also reduces their number. It is interesting
to study their mutual interaction. It is known that isolated
skyrmions in isotropic 2D Heisenberg magnets are attracted
to the spin vacancies (Subbaraman et al. 1998; Pereira and
Pires 2003), which allows an impurity to be at a skyrmion
center. On the other hand, skyrmions in a skyrmion crys-
tal do not generally appear centered at vacancies. In such
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Fig. 3. Phase diagrams of the Heisenberg AFM model in T −h plane with
D = 0.5 and different p. The black, red and yellow circles represent the
cases with p = 0%, 5% and 10%, respectively.

case it is energetically more favorable if configurations in-
volve the whole crystal instead of isolated skyrmions and,
therefore, the skyrmion lattice is formed in such a way that
the spin vacancies become, in general, localized between
skyrmions. This phenomenon can be also observed in the
present case (see Fig. 2(d)) when the skyrmions have a ten-
dency to rearrange in such way so that the vacancies stay at
their outskirts.

In Fig. 4 we plot field and temperature dependencies of
the chirality for selected values of the concentration of non-
magnetic vacancies p. The presence of impurities leads to
distortion of the skyrmion profiles and consequently reduc-
tion of the magnitude of the chirality. At the same time it
smears out its abrupt change, particularly at the HL-SkX
phase transition, with smaller but finite values within the
higher-field part of the HL phase (see Fig. 4(a)). The ef-
fect of the chirality reduction with the increasing concen-
tration of the nonmagnetic impurities is also demonstrated
in Fig. 4(b), in which the chirality is plotted versus tem-
perature for a wide range of the concentration p. Similar
effect of distortion of the skyrmion profiles and reduction of
the chirality is also produced by thermal fluctuations. Our
rough estimate of the critical threshold of the magnetic di-
lution below which no skyrmions can survive even at the
lowest temperatures is pc ≈ 35%. This value is in a good
correspondence with the value estimated for the FM model
on the square lattice (Silva et al. 2014).

The phase diagrams for p= 5% (red circles) and p= 10%
(yellow circles) are presented in Fig. 3. Their overall topol-
ogy remains unchanged as compared to the case of the pure
model and consists of the HL phase in the low-field region,
the VL phase in the high-field region and the SkX phase
sandwiched between them. However, a tendency of the SkX
phase to shrink and smear with the increasing number of im-
purities can be noticed. Nevertheless, the area of the SkX
phase still occupies a big part of a phase diagram even for
p = 10%.
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Fig. 4. (a) Field dependence of the chirality at T = 0.01 and (b) tem-
perature dependence of the chirality at h = 3.4, for selected values of the
concentration of nonmagnetic vacancies p.

CONCLUSIONS

In this study we investigated the effect of the presence of
nonmagnetic impurities in the frustrated Heisenberg AFM
model with the DMI, hosting the SkX phase. The purpose
was to confront the effects of impurities on the SkX phase
in the present frustrated AFM model with that in the non-
frustrated FM model (Silva et al. 2014) and also to take
into account a more realistic situation in the possible exper-
imental realizations of the present model (Fang et al. 2021).
We focused on the influence of impurities on the shape, size
and position of individual skyrmions on the lattice as well
as overall stability of the SkX phase. Our findings suggest,
that both the HL and the SkX phases in the present frustrated
AFM system are more robust to the distortion, induced by
those impurities, than in the nonfrustrated FM counterpart,
where the formation of bimerons occurs already at low con-



centrations of p ≈ 1%. In our case the skyrmion lattice is
formed in such a way, that the vacancies become localized
in-between the skyrmions. The effect caused by the pres-
ence of impurities is similar to the one caused by thermal
fluctuations: the skyrmions shape is distorted and the chi-
rality is both reduced and smeared out, in particular at the
HL-SkX phase boundary. This tendency becomes more pro-
nounced with the increasing percentage of the impurities.
We estimate that the threshold below which no SkX phase
can be stabilized is pc ≈ 35%.
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