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Skyrmions and antiskyrmions in monoaxial chiral magnets
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We show that competition between local interactions in monoaxial chiral magnets provides the stability
of two-dimensional solitons with identical energies but opposite topological charges. These skyrmions and

antiskyrmions represent metastable states in a wide range of parameters above the transition into the saturated
ferromagnetic phase. The symmetry of the underlying micromagnetic functional gives rise to soliton zero
modes allowing efficient control of their translational movement by the frequency of the circulating external
magnetic field. We also discuss the role of demagnetizing fields in the energy balance between skyrmions and

antiskyrmions and in their stability.
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I. INTRODUCTION

Magnetic skyrmions are two-dimensional (2D) topologi-
cal solitons stabilized by the competition of different energy
terms of corresponding micromagnetic functionals. In partic-
ular, chiral magnetic skyrmions are 2D solitons in magnetic
crystals with broken inversion symmetry, which in the pres-
ence of strong spin-orbit coupling, gives rise to chiral
Dzyaloshinskii-Moriya interaction [1,2] (DMI). In the most
general case, the ground state of chiral magnets is the spin
spiral (SS) state characterized by fixed chirality and the wave
vector q pointing in particular crystallographic directions. In
the particular case of crystals with weak magnetocrystalline
anisotropy and isotropic exchange and DMI, e.g., B20-type
crystals such as MnSi, FeGe, and FeCoSi, the SSs with q
in different directions are degenerate states. In the presence
of an external magnetic field, isotropic chiral magnets of-
ten exhibit a phase transition into the skyrmion phase [3,4]
representing axially symmetric solitons [Fig. 1(a)] arranged
in a hexagonal lattice. Such transitions were experimentally
observed in thin films of many B20-type chiral magnets. Due
to the topological nature of such a transition, it typically
requires elevated temperatures to overcome the energy barrier
associated with the nucleation of skyrmions. Due to the effect
of chiral surface twist [5,6], which provides an additional
energy gain for skyrmions, the thickness of the sample also
plays a crucial role. The chiral surface twist represents ad-
ditional chiral modulations of magnetization in the vicinity
of the sample surface. Besides the energy gain it provides to
the skyrmions [5], it is also responsible for the stability of
chiral bobbers [7] and stacked spin spirals [8]. Above critical
thickness, the conical and stacked spiral phases become en-
ergetically more favorable compared to a skyrmion lattice. In
this case, skyrmions may appear only in a metastable state,
and their experimental observation requires certain efforts.
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The same is true for materials with anisotropic DMI [9], where
chiral skyrmions lose axial symmetry and usually appear as
a metastable state in the whole range of external magnetic
fields. The most extreme case represents so-called monoaxial
chiral magnets—the crystals where DMI is completely van-
ished or is negligibly small in all except one crystallographic
direction. Prominent examples of such materials are CrNb3Sg
[10-13], MnNbsS¢ [14,15], and CrTasS¢ [16]. The ground
state of that system is the SS, which some authors called a
soliton lattice. In an external magnetic field, the SS undergoes
a first-order or second-order phase transition into the saturated
ferromagnetic (FM) state depending on the angle between the
external magnetic field to the principal axis of the crystal [17].
All experimental and theoretical studies of these materials
show only these two phases. The existence of skyrmions has
never been predicted in this class of magnets.

In this paper, we show that in monoaxial chiral magnets,
the skyrmions and their antiparticles, antiskyrmions, may
appear as a metastable state above the critical field corre-
sponding to the transition into the saturated ferromagnetic
phase. In the main part of the work, we discuss a 2D model of
a monoaxial chiral magnet where the energies of skyrmions
and antiskyrmions turn out to be identical. Later we show that
in the finite thickness plates, considering demagnetizing field
effects, this balance is slightly broken in favor of skyrmions.
We also report the unique dynamic properties of skyrmions in
monoaxial chiral magnets, particularly their constant velocity
motion under the external magnetic field circulating in the
plane orthogonal to the principal axis of the crystal.

In the pioneering work by Li et al. [10], the authors report
on the direct observation of field-induced instability of spin
spirals in nanostripes of CrNbsS¢, which leads to the appear-
ance of magnetic skyrmions which in general agrees with
our theoretical predictions. However, the authors of Ref. [10]
argue that demagnetizing fields play a significant role in the
stability of skyrmions in monoaxial chiral materials. Here
we dispute this statement and show that the mechanism for
the stability of skyrmions and antiskyrmions in monoaxial
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FIG. 1. (a) shows an axially symmetric skyrmion in an isotropic chiral magnet visualized by the vector field (top) and color-coded pixel
map (bottom). [(b)—(g)] correspond to the monoaxial chiral magnet case. (b) and (c) show a skyrmion and an antiskyrmion, respectively, in
perpendicular field, 4, = 0.65, by = 0, and zero anisotropy, ¥ = 0. (d) and (e) show a skyrmion and an antiskyrmion in the tilted magnetic
field hy = h; = 0.65 and u = 0. The size of the window in [(b)-(e)] is 1Lp x 1Lp while the entire simulated domain is 4Lp x 4Lp. The
mesh density in the finite-difference scheme is 64 nodes per Lp, meaning that Lp/a = 64, where a is the distance between the nodes of
the mesh. (f) and (g) show the phase diagrams (%, k) calculated for easy plane anisotropy, u = —1, and zero anisotropy, u = 0, respectively.
The solid black lines correspond to the phase transition between the spin spiral (SS) and the saturated ferromagnetic (FM) states. The red
curves correspond to the elliptic instability of the skyrmion and antiskyrmion. The blue lines correspond to the collapse field of the skyrmion
and antiskyrmion, which depends on the mesh discretization density in numerical simulation.

crystals is similar to that in isotropic chiral magnets and
governed by the competition between Heisenberg exchange,
DMI, and Zeeman energy terms. It is worth also mentioning
another experimental observation reporting the presence of
dislocations within the SS state [18]. According to our in-
vestigation, such objects are more naturally called skyrmions
stabilized within the SS state. However, in this work, we are
more interested in isolated skyrmion and antiskyrmion states.

II. MODEL

The micromagnetic model of a monoaxial chiral magnet
consists of Heisenberg exchange, DMI, and potential energy
terms:

5=/|:A(Vn)2+2)<nz% - ny%)—l—U(n)}dV, (1)

ox ax
where n = M/M; is the magnetization unit vector field, A is
the exchange stiffness constant, and D is the DMI constant.
We assume that the principal axis of the crystal is parallel to
the x axis. The potential energy term U (n) includes the easy-
plane anisotropy (K < 0), and the interaction with the external
magnetic field, B, and the demagnetizing fields, B4, produced
by the sample:

U(n) = —Kn? — M,(B. + By) - n. )

The DMI in (1) is given by one Lifshitz invariant A}, since
according to density functional theory calculations [19,20]
the other two terms, A}, and A3, provide negligibly small
contribution.

Following the standard approach, we introduce dimension-
less magnetic field h = B./Bp, anisotropy u = K/(MBp),
and length r/Lp, where Lp = 4w A/D is the equilibrium
period of SS, and Bp = D?/2AM; is the saturation mag-
netic field. The ground state of the system is SS with

q || ex (|q] = 27 /Lp). It is convenient to parametrize the mag-
netic field in projections parallel and orthogonal to the e
as h = hje 4 h e, or via spherical angles (6, ¢n) as h =
h(cos 6y, sin 6, cos gy, sin 6 sin ¢y,) [see inset in Fig. 1(f)].

III. SKYRMION AND ANTISKYRMION IN 2D

In the case of a magnetic field perpendicular to the princi-
pal axis i = 0, the numerical minimization of the functional
(1) in the 2D case gives stable solutions for skyrmions and an-
tiskyrmions [Figs. 1(b) and 1(c)] characterized by an opposite
sign of topological charge:

1
0= o /n - (3xn x dyn)dx dy. 3)

The energy minimization was performed using the con-
jugate gradients method in the Excalibur code [21]. Addi-
tionally, the steepest descent methods in MUMAX [22] and
MAGNOOM [23,24] were employed for double-checking. It is
easy to see that the functional (1) is invariant under the ny —
—ny transformation, &(ny, ny, n,) = £(—ny, ny, n,). Because
of that, the energies of skyrmions and antiskyrmions are al-
ways identical in this model until we take into account the
demagnetizing fields.

The equilibrium antiskyrmion texture can be obtained from
the skyrmion texture, and vice versa, by a set of affine trans-
formations. In the case of a perpendicular field [Figs. 1(b) and
1(c)], this transformation takes a simple form: ny > —ny. In
the presence of a tilted magnetic field [Figs. 1(d) and 1(e)],
the transformation between a skyrmion and an antiskyrmion
can be performed in three steps: n' > n’ > n” > n', where
n' and n' are the initial and final configurations corresponding
to the equilibrium skyrmion and antiskyrmion, respectively,
or vice versa. In the first step, we apply a rotation about
the y axis by an angle of —6;,, which aligns the background
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magnetization parallel to the z axis: n’ = Ry(—6y) - n', where
Ry is the rotation matrix about the y axis. In the next step,
we rotate the entire domain about the z axis by 7 and flip
the sign of the ny component of magnetization: n”(x, y) =
., —n;, n,)(—x, —y). In the final step, we rotate all vectors
back about the y axis: nf = Ry(6y) - n”.

To illustrate a wide range of skyrmion and antiskyrmion
stability in this model, we calculated the phase diagrams,
Figs. 1(f) and 1(g), for strong easy-plane anisotropy, u = —1,
and zero anisotropy, u = 0, respectively. In agreement with
the previous studies [17], the phase diagram consists of two
phases only: the SS state at a low magnetic field and the FM
state at a high field. The skyrmion stability range is bounded
by the elliptical instability field from below (red curve) and
the collapse field from above (blue curve). The elliptical in-
stability field lies very close to the phase transition line but
does not fully coincide with it. Similar to the model of an
isotropic chiral magnet [25], with increasing mesh density and
effectively approaching the micromagnetic limit, the range of
skyrmions stability expands due to the increase of the collapse
field. The elliptical instability field, on the other hand, is
almost insensitive to mesh discretization density. Since both
diagrams in Figs. 1(f) and 1(g) are qualitatively identical, we
deduce that anisotropy is not an essential energy term for
skyrmion stability but must be taken into account only for
quantitative agreement with experimental data.

It is worth emphasizing that contrary to the isotropic case,
the skyrmions and antiskyrmions in a monoaxial material are
always metastable solutions with energies higher than the
energy of the FM state. Because of that, the experimental
observation of skyrmions in such systems requires special
conditions.

A remarkable property of functional (1) is that all terms
except demagnetizing fields energy and Zeeman energy are in-
variant with respect to rotations of the whole magnetic texture
about the x axis by arbitrary angle ¢s. If we ignore, for now,
demagnetizing field effects, it is easy to see that for ¢ = ¢y,
the total energy in (1) remains conserved:

E[R+(gn)n] = const, 4

where R.(¢) is the rotation matrix about the x axis by angle
@. Thereby the phase diagrams in Figs. 1(f) and 1(g) are valid
for any ¢y,

IV. SKYRMION DYNAMICS

Taking into account the above invariance of the skyrmion
energy with respect to arbitrary rotation about the principal
axis (4), we consider the skyrmion dynamics under circulat-
ing magnetic field [26], ¢y () = 2w wt, ¥y, = const. First, we
parametrize magnetization n in a frame x’, y’, 7’ related to the
frame x, y, z by rotation about the x axis by angle ¢y (¢):

sin ® cos &
n = | sin® sin ® cos g,(t) — cos ® sin gy (7) NG

cos ® cos ¢ (t) + sin © sin © sin (1)

where ® and @ are the standard spherical angles in the
X, y, z frame. Using (5), the Landau-Lifshitz-Gilbert (LLG)

equation [27] can be written as

00 8& P

ESin@ = _ﬁﬁ — Sin2®g +f(w),

9P y 86 90

—sin® = — — — , 6
5, Sin M58®+a8t + g(w) (6)

where f(w)=2mwsin ®(x cos ® cos P + sin ®) and g(w) =
2 w(cos  cos ® — a sin ) are the torques appearing due
to the presence of a time-dependent magnetic field. The
LLG equation in the form (6) is useful to derive the Thiele
equation for skyrmion motion. In particular, assuming a trans-
lational motion of the magnetic texture with the constant
velocity v, we can write

90 _ v-V)® 00 _ (v-V)® 7
or T '
The criterion of the constant velocity reads [28]
8& 8&
—VO+ —VOo |dxdy =0. 8
/ (5@ 5o ) Y ®

The physical meaning of integral (8) is the dissipation energy
[28]. Substituting (7) into (6) and performing the integration
in (8), we obtain the Thiele equation [29]:

G x v+ af'v=aF, )

where G = Qe, is the gyrovector, [ is the dissipation ten-
sor with components I';; = (4m)~! f(8l-n -0n)dxdyand F =
3 [ (n,Vny — nyVn,)dxdy is the effective force. The general
solution of (9) has the following form:

Q% +a’l Q% +a’l

where I' = [Ty — ny, Q1 = Q/a £ T'yy. It is common to
refer to the term F in (9) as an effective force because it
exhibits similarities to forces encountered in classical me-
chanics within noninertial reference frames. However, it is
essential to note that the Thiele equation describes motion
without acceleration, setting it apart from classical mechanics.
Therefore, while drawing such analogies, it is necessary to be
careful and recognize their limitations.

As follows from (10) the solutions with nonzero veloc-
ity exist only for ¢ > 0 and |w| > 0. Moreover, for small
damping, ¢ < 1, the velocity components are ~awLp, which
yield an efficient approach to control the skyrmion veloc-
ity and the direction of its motion with the circulating field
frequency.

It is worth highlighting that the derived Thiele equation de-
scribes skyrmion dynamics induced by a time-dependent
magnetic field which is uniform in space. Previous works
discussing the role of the time-dependent magnetic field in
skyrmion motion [30-32] considered the effect of exciting
skyrmion eigenmodes and their coupling to translational mo-
tion. Thus, the maximal velocity was reached when the AC
field frequency coincided with the resonance frequencies.
In that case, the derivation of the Thiele equation required
introducing averaged over oscillation period magnetization,
which can move as a rigid object. This approach worked only
for a small amplitude of the AC field. Contrary to that, the
derived Thiele equation (9) can describe skyrmion motion

. (10)

Ux = , y =
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FIG. 2. Skyrmion dynamics in a monoaxial chiral magnet under magnetic field circulating about the principal axis. (a) Schematic
representation of the numerical experiment setup. The principal axis is parallel to x, and an external magnetic field h circulates about it.
The two rows of images in (b) and (c) are the snapshots of the skyrmion and antiskyrmion, respectively. Each snapshot corresponds to the
different phase of the field, ¢, = 27 wt, circulating with the frequency w = —0.25 GHz. The value of the reduced field is 2z = 0.55, and the tilt
angle of the field to the x axis is ¥, = 7 /4. The red crosses indicate the center of the 4Lp x 4Lp simulated domain.

caused by a rotating magnetic field of any amplitude within
the skyrmion stability range. Skyrmion velocity, governed by
this equation, turned out to be proportional to the rotating
field frequency. Therefore, the described effect has nothing
in common with the skyrmion motion driven by oscillating
fields.

To verify the Thiele equation (10), we have performed
LLG simulations in MUMAX code [22] with the following pa-
rameters: iy = h; =0.55, u =0, « =1 and w = 250 MHz.
The snapshots of a skyrmion and an antiskyrmion at various
moments in time are shown in Fig. 2. Tracing the soliton
position with taking into account the periodic boundary con-
ditions in the plane [33], we estimated the velocities and the
deflection angle B = arctan vy /vy = £52.45° for a skyrmion
(+) and anantiksyrmion (—), respectively. Using the n field
corresponding to the static solutions of the skyrmion and
antiskyrmion, according to (10), the deflection angles are
slightly smaller than that in the numerical experiment and
equals 8 = £50.1°. Such a mismatch occurs due to some
deviation of the skyrmion shape in the dynamical regime
from the skyrmion shape in statics. Using the snapshots of
the n field obtained in the LLG simulations at steady motion
(t > 0), Eq. (10) gives velocity components nearly identi-
cal to that in the numerical experiment, and deflection angle
B = £52.46°.

We also noticed that at ¥, = 0, the change in the shape
of skyrmions is negligibly small. Moreover, as follows from
(10) for small damping, o < 1, the velocity components are
~awLp. This suggests a simple way to estimate the o param-
eter experimentally.

It is worth noting that the presence of demagnetizing fields
breaks the symmetry of the functional (1) and destroys the
zero modes (4). In this case, the analysis of the skyrmion dy-
namics becomes more complicated, but the effect of skyrmion
motion induced by the circulating magnetic field remains
present. In particular, this influences the stability ranges for
solitons, so the dependence on the phase angle ¢y cannot be
excluded. Skyrmion motion can also be achieved in this case.
One must modify both the magnetic field’s amplitude and tilt
to remain within the skyrmion stability range.

In addition to the rotating field, the dynamics of skyrmions
and antiskyrmions can be triggered by various stimuli, for

instance, by the spin-transfer torque [34] induced by electric
current. The simulations were performed using the MUMAX
code with the following parameters: i, = 0.65, hy =0, u =
0, « = 0.01, nonadiabaticity parameter in the Zhang-Li torque
£ = 1.0, and current density j = 10'" A/m?. We examined
two directions of current flow along the x and y axes (Fig. 3).
Consistent with our previous study on skyrmion dynamics in
isotropic chiral magnets [33], we observed a dependence of
the skyrmion velocity on its orientation relative to the direc-
tion of the electric current. Adjusting this orientation makes it
possible to control the skyrmion velocity, which can be help-
ful in applications. It is important to emphasize that axially
symmetric skyrmions in isotropic systems lack this property.

V. SKYRMIONS AND ANTISKYRMIONS IN 3D

All the effects mentioned above are also present in the
three-dimensional (3D) case of finite-thickness plates when
the demagnetizing field effects are taken into account. To
illustrate this, we performed micromagnetic simulations in an

t=0 t=10 ns

X e 8
-—
J

t=20 ns

y

=

Current along y-axis Current along x-axis

FIG. 3. Skyrmion dynamics induced by the electric current is
shown. The upper and lower panels correspond to snapshots of the
system for the case of current j || e, and j || ey, respectively. Dashed
lines are added to estimate the skyrmion deflection angle.
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FIG. 4. Skyrmion and antiskyrmion tubes in a plate of monoaxial chiral magnets calculated with and without demagnetizing fields (B4 =
0). (a) and (b) show a skyrmion and an antiskyrmion, respectively, calculated with the demagnetizing fields at B. = 260 mT. (c) and (d) show a
skyrmion and an antiskyrmion, respectively, calculated without the demagnetizing fields at B. = 97 mT. (e) is the skyrmion tube in an isotropic
chiral magnet at B, = 200 mT. The system size in all calculations was Ly = L, = 4Lp, [ = 2Lp. We assume that the plate thickness is [ = 2Lp
and carry out calculations using the mesh density of Lp/a = 64. We apply periodic boundary conditions along the x and y axes and open
boundaries along the z axis. For illustrative purposes, here we show only a fraction of the simulated domain of the size Ly = Ly = 2Lp.

extended plate of a monoaxial chiral magnet with material
parameters for CrNb3Ss, A = 0.733 pJ, Lp = 48 nm, M =
155 kA/m, and K = —146 kJ/m3, taken from Ref. [10]. The
MUMAX script is provided in the Supplemental Material [35].
Skyrmion and antiskyrmion tubes stabilized at B, = 260 mT
are shown in Figs. 4(a) and 4(b). Small modulations close to
the open surface are present. The calculated Lorentz trans-
mission electron microscopy (TEM) images for skyrmions
and antiskyrmions provided in the Supplemental Material [35]
demonstrated a hardly seen difference. Thus, to experimen-
tally distinguish skyrmion and antiskyrmion tubes in these
materials requires additional analysis, for instance, based on
the dynamical properties of solitons. For instance, by measur-
ing the skyrmion deflection angle relative to the direction of
electric current, known as the skyrmion Hall angle, one can
determine the sign of the topological charge and distinguish
skyrmions and antiskyrmions. To investigate the role of the
demagnetizing field in solitons’ stabilization, we performed
micromagnetic simulations in the same system, ignoring the
demagnetizing field presence. In this case, we can obtain
stable skyrmions and antiskyrmions in the field B, = 97 mT
[Figs. 4(c), and 4(d)]. The shape of these solitons is similar
to those shown in Fig. 4. Thus, the demagnetizing fields are
not a key ingredient in skyrmion’s stabilization in monoaxial
chiral magnets. For comparison with the isotropic case, in
Fig. 4(e), we show a stable skyrmion tube embedded in the
conical phase background, where we use the same material
parameters but assume an isotropic DMI and K = 0.

VI. CONCLUSIONS

In summary, we have investigated the properties of
monoaxial chiral magnets and discovered stable solutions for
both skyrmions and antiskyrmions in 2D and 3D systems. We
calculated stability ranges for skyrmions in 2D systems at the
tilted magnetic field with varying Ly values, which are rele-
vant for both spin and micromagnetic models. Additionally,
we have demonstrated the feasibility of moving skyrmions
and antiskyrmions in these systems using a rotating external
magnetic field, employing both analytic Thiele approaches
and micromagnetic simulations. In the case of thin films of
monoaxial chiral magnets, we have confirmed the coexistence
of skyrmions and antiskyrmions. Based on the micromag-
netic simulations for material CrNb3Se, we found physical
parameters at which skyrmion and antiskyrmion tubes can be
experimentally observed.
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