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Ultrathin ferromagnets with frustrated exchange and the Dzyaloshinskii-Moriya interaction can support

topological solitons such as skyrmions and antiskyrmions, which are metastable and can be considered

particle-antiparticle counterparts. When spin-orbit torques are applied, the motion of an isolated antiskyrmion

driven beyond its Walker limit can generate skyrmion-antiskyrmion pairs. Here, we use atomistic spin dynamics

simulations to shed light on the scattering processes involved in this pair generation. Under certain conditions a

proliferation of these particles and antiparticles can appear with a growth rate and production asymmetry that

depend on the strength of the chiral interactions and the dissipative component of the spin-orbit torques. These

features are largely determined by scattering processes between antiskyrmions, which can be elastic or result in

bound states or annihilation.
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I. INTRODUCTION

Condensed matter offers a fascinating test bed to explore

different concepts in non-relativistic and relativistic quantum

field theories [1], with some prominent examples being mass-

less Dirac quasiparticles in graphene [2], Majorana fermions

in superconductors [3–5], and anyons in two-dimensional

electron gases [6]. In ultrathin ferromagnets, chiral inter-

actions of the Dzyaloshinskii-Moriya form [7–12] allow for

the existence of skyrmions [13, 14], which are topologi-

cal soliton solutions to a nonlinear field theory bearing re-

semblance to a model for mesons and baryons proposed by

Skyrme [15, 16]. While these two-dimensional particles have

been actively studied for their potential in information stor-

age applications [17, 18], their original ties to nucleons have

been revisited through three-dimensional extensions called

hopfions [19], which also provide an intriguing connection to

Kelvin’s proposal for a vortex theory of atoms [20].

Pairs of skyrmions and antiskyrmions, their antiparticle

counterpart, can be generated in a variety of ways, such as

nucleation under local heating [21], homogeneous spin cur-

rents [22, 23], and surface acoustic waves [24]. Pairs also ap-

pear in ultrathin chiral ferromagnets with frustrated exchange

interactions when the magnetization dynamics is driven by

spin-orbit torques (SOTs) [25]. While both skyrmions and

antiskyrmions are metastable states in such systems [26–28],

their motion can be qualitatively different under spin-orbit

torques [25]. In particular, an antiskyrmion driven beyond

its Walker limit can shed skyrmion-antiskyrmion pairs, much

like the vortex-antivortex pairs produced during vortex core

reversal [29], which are then driven apart by the SOTs. Be-

cause such nonlinear processes are observed to involve a va-

riety of creation and annihilation events involving particles
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and antiparticles, the intriguing analogies with high-energy

physics compel us to explore whether this system could of-

fer any insight, albeit tangential, into the more general ques-

tion of matter-antimatter asymmetry in the universe. After

all, the Sakharov conditions for baryogenesis [30], namely,

baryon number violation, charge conjugation and combined

charge conjugation-parity violation, and out-of-equilibrium

interactions, appear to be naturally fulfilled in the afore-

mentioned case: no conservation laws exist for the number

of skyrmions and antiskyrmions, the Dzyaloshinskii-Moriya

interaction (DMI) breaks chiral symmetry and lifts the de-

generacy between skyrmion and antiskyrmions, and dissi-

pative torques (spin-orbit and Gilbert damping) representing

nonequilibrium processes play a crucial role in pair genera-

tion.

In this paper, we examine theoretically the microscopic pro-

cesses leading to an imbalance in the number of skyrmions

and antiskyrmions produced as a result of SOT-driven anti-

skyrmion dynamics. The remainder of this paper is organized

as follows. In Sec. II, we describe the atomistic model used

and the dynamics simulated. Section III discusses the main

scattering processes that occur between an antiskyrmion and

the generated skyrmion-antiskyrmion pair. Detailed phase di-

agrams of the generation processes are presented in Sec. IV,

where the role of the SOTs and material parameters such as

the strength of the Dzyaloshinskii-Moriya interaction and po-

larization angle are discussed. In Sec. V, we present the

minimum-energy paths for two scattering processes. Finally,

some discussion and concluding remarks are given in Sec. VI.

II. MODEL AND METHOD

The system studied is illustrated in Fig. 1(a). Following

Refs. 25, 31, and 32 we consider a ferromagnetic PdFe bi-

layer, which hosts the skyrmions s and antiskyrmions s̄, on an
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FIG. 1. (a) Film geometry illustrating the Pd/Fe bilayer on an

Ir(111) substrate, with schematic illustrations of a skyrmion s and

antiskyrmion s̄. B is the applied field and θp is the angle associ-

ated with the spin polarization vector p. (b) Phase diagram of anti-

skyrmion dynamics under fieldlike (FL) and dampinglike (DL) spin-

orbit torques [25].

Ir(111) substrate through which we assume an electric current

flows in the film plane, resulting in a spin current generated

by the spin Hall effect flowing in the z direction and polarized

along p, which is characterized by the angle θp measured from

the x axis. A magnetic field B is applied along the z direction,

which defines the uniform background state of the PdFe sys-

tem. We model the magnetic properties of the PdFe film with

a hexagonal lattice of magnetic moments mi, one atomic layer

in thickness, whose dynamics is solved by time integration of

the Landau-Lifshitz equation with Gilbert damping and spin-

orbit torques,

dm

dt
= −

1

~
m × Beff + αm ×

dm

dt
+

βFLm × p + βDLm × (m × p) , (1)

where α = 0.3 is the damping constant and ~βFL and ~βDL

characterize the strength of the fieldlike (FL) and dampinglike

(DL) contributions of the spin-orbit torques, respectively, in

meV. The effective field, Beff
i
= −∂H/∂mi, is expressed here

in units of energy and is derived from the HamiltonianH ,

H = −
∑

〈i j〉

Ji jmi ·m j −
∑

〈i j〉

Di j ·
(

mi ×m j

)

−
∑

i

Km2
i,z −
∑

i

B · µsmi. (2)

The first term is the Heisenberg exchange interaction, which

includes coupling up to ten nearest neighbors and involves

frustrated exchange: J1 = 14.73, J2 = −1.95, J3 = −2.88,

J4 = 0.32, J5 = 0.69, J6 = 0.01, J7 = 0.01, J8 = 0.13,

J9 = −0.14, and J10 = −0.28, where all Ji j are given in

meV. The second term is the DMI between nearest neighbors,

with Di j oriented along r̂i j × ẑ and ‖Di j‖ = 1.0 meV. The

third term describes a uniaxial anisotropy along the z axis with

K = 0.7 meV. The fourth term represents the Zeeman inter-

action with the applied field B, where we take µs = 2.7µB

for iron. The material parameters are obtained from first-

principles calculations of the layered system in Fig. 1(a) [32].

We note that the applied field of 20 T is only slightly greater

than the critical field Bc, B = 1.06Bc, below which the mag-

netic ground state comprises a skyrmion lattice phase. Under

these conditions, both isolated skyrmions and antiskyrmions

are metastable states due to the frustrated exchange interac-

tions, with skyrmions being energetically favored by the DMI.

Figure 1(b) represents the phase diagram, indicating dif-

ferent dynamical regimes under SOTs for a system in which

the initial state comprises a single isolated antiskyrmion (the

“seed”). The linear, deflected, and trochoidal regimes denote

the motion involving single-particle dynamics, while annihila-

tion represents the region in which the seed loses its metasta-

bility. The focus here is on ss̄ pair generation, which predom-

inantly occurs under small fieldlike torques and large damp-

inglike torques. We simulated the dynamics in a variety of

system sizes L × L with periodic boundary conditions, with L

ranging from 100 to 800 in order to mitigate finite-size effects

that primarily involve collisions from generated particles re-

entering the simulation area. The time integration of Eq. (1)

was performed using the Heun method with a time step of 1

fs.

III. SCATTERING PROCESSES

The propensity for the initial seed s̄ to produce particles (s)

and antiparticles (s̄) is determined by the scattering processes

that immediately follow the formation of the ss̄ pair, which

depend on the strengths of βFL and βDL. Three key scattering

processes are illustrated in Fig. 2 for θp = 0. The different pro-

cesses illustrated typically occur for specific ranges of field-

like and dampinglike parameters, as will be discussed later.

We use a color map based on the local topological (skyrmion)

charge density q, which is computed from three neighboring

moments mi,m j,mk as [33]

qi jk = −
1

2π
tan−1

















mi ·
(

m j ×mk

)

1 +mi ·m j +mi ·mk +m j ·mk

















. (3)

This represents the contribution from half a unit cell. We use

Q to denote the total charge, which represents a sum over qi jk,

and we adopt the convention where Q = 1 for s and Q = −1

for s̄. The processes are characterized by their potential for

particle production, measured by N = Ns + Ns̄, which de-

notes the total numbers of skyrmions (Ns) and antiskyrmions

(Ns̄) produced from the initial antiskyrmion, and by the asym-

metry in this production, which is measured by the parameter

η = (Ns−Ns̄)/N. We consider only processes for which N > 0

(the seed s̄ is not included in this count). In Fig. 2(a) a maxi-

mal production (N = 2), minimal asymmetry (η = 0) scatter-

ing process leading to the proliferation of particles is shown

for (~βFL, ~βDL) = (0.02, 1.5) meV. An ss̄ pair nucleates from

the tail of the s̄ seed as it undergoes trochoidal motion, which

then splits and is followed by a number-conserving collision

between the two s̄ particles. The s particle escapes the zone of

nucleation, and the two s̄ particles become new sources of ss̄

pair generation. In this scenario, s and s̄ are produced in equal

numbers, and the process continues indefinitely but can be
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FIG. 2. Main scattering processes following pair generation from the

seed s̄ under SOT. (a) Maximal production, minimal asymmetry pro-

cess (N = 2, η = 0) leading to proliferation in which the generated ss̄

pair splits and collision between the seed and generated s̄ conserves

skyrmion number. (b) (N = 2, η = 0) process leading to premature

saturation or stasis, where collision between the seed and generated

s̄ proceeds through a transient Q = −2 state (2s̄) before decaying

to an s̄s̄ bound pair, preventing further generation. (c) Minimal pro-

duction, maximal asymmetry process (N = 1, η = 1) in which the

generated ss̄ pair splits and collision between the seed and generated

s̄ is inelastic, leading to annihilation of seed s̄. Crosses denote the

point of reference in the film plane and the color map indicates the

charge density q of a unit cell. Arrows are shown for moments for

which
√

m2
i,x
+ m2

i,y
> 0.9, and the open circles denote the approxi-

mate position of the core.

slowed by annihilation processes, which become more proba-

ble as the density of particles increases. In Fig. 2(b), a similar

N = 2, η = 0 process is shown for (~βFL, ~βDL) = (0.1, 1.35)

meV, but here, the scattering between the two s̄ results in a

transient higher-order Q = −2 antiskyrmion state (2s̄), which

subsequently decays into an s̄s̄ bound pair that executes a ro-

tational motion about its center of mass. As a result, further

pair generation is suppressed. Figure 2(c) illustrates a mini-

mal production (N = 1), maximal asymmetry (η = 1) process

at (~βFL, ~βDL) = (0.13, 1.1) meV, where the scattering be-

tween the seed and generated s̄ results in a non-conservation

process where the seed s̄ is annihilated, which takes place via

the creation and annihilation of a meron-antimeron [34]. This

scattering event leaves the generated s to propagate away and

the surviving s̄ to restart the process.

Examples of the growth rates are given in Fig. 3, where

Q(t) is shown for the three cases presented in Fig. 2. The

data are obtained from simulations of a 500×500 system over

0.1 ns with θp = 0. Above this timescale, propagating parti-

cles can reenter the simulation geometry through the periodic
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FIG. 3. Representative examples of different growth regimes of the

total skyrmion charge, Q for three values of (~βFL, ~βDL). (a) Pro-

liferation, (0.02, 1.5) meV. (b) Stasis or premature saturation, (0.13,

1.1) meV. (c) Linear growth, (0.1, 1.35) meV.

boundary conditions which result in spurious collisions and

annihilation events. Qs and Qs̄ are found by summing over

separately the contributions from qi jk > 0 and qi jk < 0, re-

spectively. Figure 3(a) illustrates the growth where the pro-

cess in Fig. 2(a) dominates, where a proliferation of particles

can be seen. Unlike the single event in Fig. 2(a) the growth

in Fig. 3(a) also comprises processes such as those described

in Figs. 2(b) and 2(c), which results in an overall asymmetry

in the production and finite topological charge that increases

with time. When the seed immediately undergoes the scat-

tering process in Fig. 2(b), the generation stops for all future

times, and a stasis regime is found [Fig. 3(b)]. Such processes

can also occur after a certain time interval following prolifer-

ation, which results in premature saturation. Cases in which

the scattering process in Fig. 2(c) repeats periodically results

in an approximately linear growth in the number of skyrmions,

which is shown in Fig. 3(c).

IV. GENERATION PHASE DIAGRAMS

A (βFL, βDL) phase diagram of the skyrmion production and

asymmetry is presented in Fig. 4(a). As for Fig. 3, the data

were obtained after simulating 0.1 ns on a 500× 500 spin sys-

tem with periodic boundary conditions and θp = 0. The size of

the circles represents N on a logarithmic scale, while the color

code represents η on a linear scale. Three different regimes

can be identified visually as the strength of βFL is increased.

For low values of βFL (primarily ~βFL . 0.07 meV), we ob-

serve a regime in which proliferation dominates where large

numbers of s and s̄ are generated, which is mainly driven by

the process in Fig. 2(a). Both N and η increase with the damp-

inglike torques in this regime, as shown in Figs. 4(b) and 4(c),

respectively, which can be understood from the fact that βDL

represents a nonconservative torque that transfers spin angu-

lar momentum into the system. For intermediate values of βFL

(primarily 0.08 . ~βFL . 0.11 meV), a linear growth regime

is seen which is characterized by η ≃ 1 and moderate values

of N. As for the proliferation regime, the rate of production
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FIG. 4. (a) (βFL, βDL) phase diagram illustrating the total number of

skyrmions and antiskyrmions produced over 0.1 ns, where N is rep-

resented by the circle size on a logarithmic scale and the asymmetry

parameter is shown on a linear color scale. (b) N and (c) η as a

function of DL torques for the proliferation regime (for different FL

torques). (d) N as a function of DL torques for linear growth (η = 1).

in the linear regime increases with βDL as shown in Fig. 4(d).

Finally, for large values of βFL (primarily ~βFL & 0.13 meV)

and close to the boundaries of the generation phase, we ob-

serve predominantly a stasis regime where generation stops

after the nucleation of a single ss̄ pair and the formation of a

bound s̄s̄ state, as shown in Fig. 2(b).

The roles of DMI and the spin polarization angle are shown

in Fig. 5, where (θp,Di j) phase diagrams for N and η are

presented for the three distinct dynamical regimes discussed

above: proliferation [(0.02, 1.5) meV, Fig. 5(a)], linear growth

[(0.1, 1.35) meV, Fig. 5(b)], and stasis [(0.13, 1.1) meV,

Fig. 5(c)], where the numbers in parentheses indicate values

of (~βFL, ~βDL). A weak dependence on θp can be seen. This

arises from the interplay between the SOT-driven dynamics of

the antiskyrmion helicity, which possesses twofold rotational

symmetry about the antiskyrmion core in its rest state, and

the underlying hexagonal lattice structure, which introduces a

weak lattice potential that arises because of the compact na-

ture of the core [25]. Variations in the magnitude of Di j, on the

other hand, lead to greater changes in the qualitative behavior,
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FIG. 5. (θp,Di j) phase diagram illustrating the total number of

skyrmions and antiskyrmions produced over 0.1 ns, where N is rep-

resented by the circle size on a logarithmic scale and η is shown on a

linear color scale for (a) (βFL, βDL) = (0.02, 1.5) meV, (b) (0.1, 1.35)

meV, and (c) (0.13, 1.1). (d) η and N as a function of Di j for the case

in (a).

where transitions between stasis, linear growth, and prolifer-

ation can be seen as Di j is increased for all three base cases

considered. This behavior is exemplified in Fig. 5(d), where

N and η are shown as a function of Di j for the cases shown in

Fig. 5(a). These results also suggest that a finite threshold for

Di j is required for pair generation to take place, a threshold

that is also dependent on the strength of the SOT applied.

V. MINIMUM-ENERGY PATHS FOR MERGING AND

ANNIHILATION PROCESSES

We can note that both stasis and proliferation states can

be found at the phase boundaries. This results from the fact

that the scattering processes in Figs. 2(b) and 2(c) involve

nearly identical energy barriers (in the absence of SOTs),

where only slight differences in the relative helicities of the

scattering s̄ states determine the outcome. To see this, we

look at minimum-energy paths (MEPs) on the multidimen-

sional energy surface defined by the Hamiltonian in Eq. (2)

at βFL = βDL = 0. We use the geodesic nudged elastic

band method (GNEB) [35] to compute the MEPs, for which

intermediate states of the system along the reaction coordi-

nate are referred to as images. First, the MEP for the merg-

ing into a higher-order 2s̄ state is shown in Fig. 6(a), where

the image index is shown in the bottom left corner. The

corresponding energy profile along the reaction coordinate is

shown in Fig. 6(c). This path resembles the mechanism iden-
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FIG. 6. (a, b) Minimum-energy paths for the merging of the s̄s̄ pair into (a) a 2s̄ state and (b) an s̄ state. The image indices are given in the

bottom left corner. The associated energy profile along the (normalized) reaction coordinate, where (c) corresponds to the paths that results in

the 2s̄ state and (d) corresponds to the path that results in the s̄ state. The total topological charge remains constant at Q = −2 in (c), while

its variation with the reaction coordinate is shown in (d). The inset in (c) shows the saddle point configuration (image 7), where the dashed

arrows indicate the reference axis along which the clockwise (CW) or counterclockwise (CCW) Bloch states are defined and through which

the merging of s̄ occurs. The inset in (d) represents an expanded view of the region around the energy barrier.

tified in Fig. 2(b), which, under SOTs, subsequently results

in the formation of a bound s̄s̄ pair and suppresses genera-

tion. The initial state (A) in the GNEB method is set as a

pair of metastable, isolated s̄ states, where both s̄ have the

same helicity. The antiskyrmions then undergo a rotation of

helicity, during which the total energy increases, to reach a

higher-energy configuration at image 6. The next image, im-

age 7, corresponds to the barrier top, in the form of a saddle

point, and precedes the merging. At the saddle point, the an-

tiskyrmions come into contact from the side and join through

their counterclockwise and clockwise rotating Bloch axes, re-

spectively, with a helicity difference of about π rad. The cor-

responding energy barrier is found to be ∆E = 1.089J1, where

J1 = 14.73 meV is the exchange constant for the Heisenberg

interaction between nearest neighbors and is employed here as

a characteristic energy scale. Subsequent images correspond

to the merging into the final metastable 2s̄ state via the anti-

skyrmions’ Bloch axes, accompanied by a decrease in the to-

tal energy of the system. The total topological charge remains

constant throughout this process.
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Next, we describe the path corresponding to the merging of

the s̄s̄ pair into a single s̄ via a process that does not conserve

the total topological charge. The MEP is shown in Fig. 6(b),

with the corresponding energy profile shown in Fig. 6(d).

This mechanism resembles the process presented in Fig. 2(c),

through which an inelastic collision of two antiskyrmions re-

sults in the destruction of the seed and leads to a linear growth

in the number of skyrmions [Fig. 2(c)]. Similar to the mech-

anism described above, the initial state is set as a pair of iso-

lated, metastable s̄ states, where both s̄ have the same helicity.

From there, the helicities of the antiskyrmions rotate as the

energy increases, until the system reaches the barrier top at

image 6. This state is very similar to the saddle point of the

MEP in Fig. 6(a), with, once more, a corresponding energy

barrier of ∆E = 1.089J1. However, the difference in the he-

licities seems to be, in this case, slightly inferior to π rad. The

following images correspond to the merging into a metastable

single s̄ state. This involves the destruction of one unit of neg-

ative topological charge, which occurs via the nucleation of

a meron of charge Q = + 1
2

at image 8. This is accompanied

by a sharp decrease in the total energy of the system, as well

as a drop in the total negative topological charge, from −2 to

−1. The meron then annihilates with the extra antimeron of

charge Q = − 1
2
, thus leaving a single s̄ state of charge Q = −1

at image 9, accompanied by a further drop in the total energy.

The above results show that, in the generation regime, the

scattering processes undergone by the s̄ seed closely resem-

ble the paths of minimum energy at zero SOT. Additionally,

we find that the paths for the merging of the s̄s̄ pair into ei-

ther a 2s̄ state or an s̄ state traverse very similar saddle points,

where only a small relative difference in the helicities appears

to determine the fate of the final state. The associated energy

barriers are practically identical and relatively low, of the or-

der of J1. This weak differentiation between the saddle points

is in line with the fact that the boundaries of the phase dia-

gram in Fig. 4 are not sharp and that small variations in the

applied torques are sufficient to transition between the stasis

and linear growth regimes.

VI. DISCUSSION AND CONCLUDING REMARKS

With the frustrated exchange and in the absence of dipo-

lar interactions, setting Di j to zero restores the chiral sym-

metry between skyrmions and antiskyrmions, where SOTs re-

sult in circular motion with opposite rotational sense for s

and s̄ [25–27, 36]. While the focus here has been on the

consequences of generation from an antiskyrmion seed, the

choice of an anisotropic form of the Dzyaloshinskii-Moriya

interaction, i.e., one that energetically favors antiskyrmions

over skyrmions [37–41], would result in the opposite behav-

ior whereby skyrmion seeds would lead to pair generation and

proliferation of antiskyrmions over skyrmions [25].

Naturally, dipolar interactions are present in real materials,

and their role has not been considered in this present study.

This is justified for the following reasons. First, the long-

range nature of dipolar interactions becomes apparent only as

the film thickness is increased, i.e., beyond several nanome-

ters. The system considered here is one atomic layer thick,

which represents the limit in which the dipolar interaction

is well described by a local approximation which results in

the renormalization of the perpendicular magnetic anisotropy

constant. Second, dipolar interactions favor a Bloch-like state

for skyrmions and modify the energy dependence of the he-

licity for antiskyrmions. However, these corrections would al-

most be negligible in comparison with the strength of the frus-

trated exchange and Dzyaloshinskii-Moriya interactions con-

sidered. Finally, the inclusion of dipolar interactions would

not suppress the Walker-like transition of the antiskyrmion dy-

namics, which results in pair generation.

In summary, we have presented results from atomistic

spin dynamics simulations of skyrmion-antiskyrmion gener-

ation processes that result from the SOT-driven dynamics of

an initial antiskyrmion state. Three fundamental scattering

processes are identified, namely, elastic collisions, double-

antiskyrmion bound states, and antiskyrmion annihilation,

which form the basis of more complex generation processes

leading to stasis, linear growth, and proliferation of particles.

We investigated how the strength of the spin-orbit torques, in-

cluding the orientation of the spin polarization with respect

to the lattice, and the DMI constant affect the generation pro-

cesses. Overall, the asymmetry in the production of particles

and antiparticles from a given seed is driven by the strength of

the chiral symmetry breaking, here measured by Di j, and the

nonequilibrium torques leading to pair generation, here char-

acterized by βDL. Last, we investigated the paths of minimum

energy at zero SOT for the two fundamental scattering pro-

cesses that respectively lead to the stasis and linear growth

regimes. We found that these resemble the processes under-

gone by the seed under SOT, and that the two mechanisms

involve extremely similar saddle points, which explains the

lack of sharp boundaries between the two regimes.
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