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All-Optical Magnetothermoelastic Skyrmion Motion
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Jeremiah Horrocks Institute for Mathematics, Physics and Astronomy, University of Central Lancashire,
Preston PR1 2HE, UK

 (Received 20 January 2023; revised 1 March 2023; accepted 20 March 2023; published 12 April 2023)

It is predicted that magnetic skyrmions can be controllably moved on surfaces using a focused laser
beam. Here an absorbed power of the order 1 mW, focused to a spot size of the order 1 μm, results in
a local temperature increase of around 50 K, and a local perpendicular strain of the order 10−3 due to
the thermoelastic effect. For positive magnetoelastic coupling this generates a strong attractive force on
skyrmions due to the magnetoelastic effect. The resultant motion is dependent on forces due to (i) gradients
in the local strain-induced magnetic anisotropy, (ii) temperature gradients resulting in magnetic parameter
gradients due to their temperature dependences, especially local effective anisotropy gradients, and (iii)
Magnus effect acting on objects with nonzero topological number. Using dynamical magnetothermoelastic
modeling, it is predicted skyrmions can be moved with significant velocities (up to 80 m/s shown), both
for ferromagnetic and antiferromagnetic skyrmions, even in the presence of surface roughness. This mech-
anism of controllably moving single skyrmions in any direction, as well as addressing multiple skyrmions
in a lattice, offers an approach to constructing and studying skyrmionic devices with all-optical control.

DOI: 10.1103/PhysRevApplied.19.044036

I. INTRODUCTION

Magnetic skyrmions are disklike topological objects
in magnetization textures [1], which can be stabilized
using the Dzyaloshinskii-Moriya interaction (DMI) [2,3]
in materials lacking inversion symmetry, either in the bulk
[4], but also at room temperature in layers with interfacial
DMI [5]. Applications have been proposed for skyrmionic
devices, including artificial synapses for neuromorphic
computing [6], neural networks [7], skyrmionic inter-
connects [8], probabilistic computing [9], and magnetic
memory [10]. Moving skyrmions is typically achieved
using electrical contacts, relying on spin torques due to
charge and spin currents, including spin-orbit torques [11–
13], as well as bulk and interfacial spin-transfer torques
[14,15]. Other methods include use of surface acoustic
waves (SAWs) generated using interdigitated transducers
[16], magnetic field gradients generated using a magnetic
force microscopy (MFM) probe [17], thermal gradients
generated using on-chip heaters [18], and even the com-
bination of temperature gradients with an externally gen-
erated strain has been proposed [19]. Apart from the use of
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MFM probes, all these methods lack the ability to control
motion in two dimensions on magnetic surfaces.

It is known that skyrmions may be created and annihi-
lated optically using laser pulses [20–23]. For all-optical
control, a missing element is the ability to move mag-
netic skyrmions using laser beams. For magnetoelectric
materials it has been proposed that multiferroic skyrmions
may be manipulated using the electric field from a laser
beam [24], and an inhomogeneous electric torque could be
used to drive skyrmions in multiferroic or magnetic insu-
lators [25]. Here it is proposed that laser beams may also
be used to manipulate ferromagnetic and antiferromag-
netic skyrmions, relying on the magnetoelastic (ME) effect
due to thermoelastic lattice expansion, as well as local
temperature gradients. The effect of temperature gradients
on skyrmions has been discussed [26]. Anisotropy gradi-
ents, in particular, have been shown to generate skyrmion
motion [27], with nanopatterning of the anisotropy land-
scape used to guide current-induced skyrmion motion [28],
and entropic forces due to temperature gradients gener-
ate skyrmion Seebeck and Nernst effects [29]. Apart from
forces arising directly from temperature gradients, a useful
effect, which has not been discussed so far in the context of
skyrmion motion, is thermoelastic lattice expansion result-
ing in a strain-induced magnetic anisotropy modification.
Thermoelastic lattice expansion can be helpful, for exam-
ple it can result in an enhanced magnonic spin Seebeck
effect [30], and can even induce magnetization dynamics
and spin currents in magnetic insulators [31]. Moreover,
it is inextricably linked to temperature gradients, resulting
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in a magnetothermoelastic coupling effect, and a key mes-
sage in this work is that an additional force due to lattice
expansion arises on skyrmions, which must be taken into
consideration.

From a practical perspective for potential applications,
heat-assisted magnetic recording [32] already uses laser
beams to control the magnetic anisotropy, relying on rapid
spot heating approaching the Curie temperature. For all-
optical magnetic skyrmion motion, it is shown here that
spot heating up to 350 K is sufficient. Moreover, it is
possible to generate and control on-chip laser beams,
for example, using a MEMS steering system, achieving
3.3-μm diameter focused beam with steering speeds of
10 m/s over a travel distance of 10 μm [33], or using
MEMS-controllable vertical-cavity surface-emitting laser
(VCSEL) microlens arrays [34], with more recent efforts
demonstrating MEMS-VCSEL multi-MHz rastering capa-
bility [35].

II. MAGNETOTHERMOELASTIC MODEL

The model is based on three coupled dynamics equa-
tions for magnetization, temperature, and elasticity prop-
erties:

∂m
∂t

= −γ m × Heff + αm × ∂m
∂t

,

Cρ
∂T
∂t

= K∇2T + S,

ρ
∂vp

∂t
=

∑

q=x,y,z

∂σpq

∂q
− ηvp , (p = x, y, z).

(1)

The first equation is the Landau-Lifshitz-Gilbert (LLG)
equation, where m is the magnetization direction, γ is the
gyromagnetic ratio, and α is the Gilbert damping factor
[36]. Here Heff is a total effective field, which includes
(i) demagnetizing field [37], (ii) uniaxial magnetocrys-
talline anisotropy, H = 2KU(m · eA)eA/μ0MS, where KU
is the uniaxial anisotropy constant, MS is the satura-
tion magnetization, and eA = ẑ is the easy-axis direction
perpendicular to the plane, (iii) direct exchange interac-
tion, H = 2A∇2m/μ0MS, where A is the exchange stiff-
ness constant, (iv) interfacial DMI, H = 2D((∇ · m)ẑ −
∇mz)/μ0MS, where D is the DMI constant, (v) external
field, and (vi) ME interaction. Thus the LLG equation is
coupled to the heat and elastodynamics equations through
the temperature dependence of magnetic parameters, and
through the ME interaction, respectively. The latter is due
to spin-orbit interaction and has the energy density expres-
sion (ME field obtained as H = −(∂EME/∂m)/μ0MS):

EME = B1[mx
2εxx + my

2εyy + mz
2εzz]

+ 2B2[mxmyεxy + mxmzεxz + mymzεyz].
(2)

Here B1 and B2 are ME coupling coefficients, and ε is
the symmetric strain tensor with indicated linear and shear
strain components. The magnetothermoelastic model is
also applied here to antiferromagnetic skyrmions using the
two-sublattice formulation [23]. Thus, the above expres-
sions for magnetization and effective fields are applied sep-
arately to sublattices A and B, where mi and Hi (i = A, B)
are magnetization and field values respectively, on the two
sublattices. Material parameter values are the same on the
two sublattices, which are additionally coupled antiferro-
magnetically using a homogeneous exchange contribution
with effective field H i,h = −4Ahmi × (mi × mj )/μ0MS,
and nonhomogeneous exchange contribution with effective
field H i,nh = Anh∇2mj /μ0MS (i,j = A, B, i �= j ). Equation
(1) gives the heat equation, where C is the specific heat
capacity, ρ is the mass density, K is the thermal conduc-
tivity, T is the temperature, and S is a heat source. Here
the heat source is due to a laser beam spot with Gaussian
profile S = S0exp(−2r2/r2

0), where r is the radial distance
from the spot center, S0 is the laser-beam power density,
and 2r0 is the diffraction-limited spot size. On the one
hand, the temperature increase gives rise to a temperature
dependence of magnetic parameters, namely the magneti-
zation length is scaled according to the Curie-Weiss law
[38], me(T) = B(me3TC/T), where B is the Langevin func-
tion and TC is the Curie temperature. The uniaxial magne-
tocrystalline anisotropy constant is scaled as m3

e [39], the
exchange stiffness and DMI constant are scaled as m2

e [40,
41]. Finally, the damping constant is scaled as (1 − T/3TC)

[38]. On the other hand, the temperature increase gives
rise to a mechanical stress in the elastodynamics equation,
due to the thermoelastic effect. This is given in Eq. (1),
written in the velocity-stress representation [42], where v
is the velocity, σ is the symmetric stress tensor, and η is
a mechanical damping factor resulting in energy dissipa-
tion. This is solved using the finite-difference time-domain
(FDTD) scheme, with implementation details for the three-
dimensional (3D) elastodynamics equation in multilayered
structures given in Appendix A. The stress and strain for a
cubic crystal are related using

σpp = c11εpp + c12(εqq + εll) − (c11 + 2c12)αT(T − T0)

+ B1m2
p , (p , q, l = x, y, z, p �= q �= l),

σpq = 2c44εpq + B2mpmq, (p , q = x, y, z, p �= q).
(3)

Here c11, c12, c44 are elastic stiffness coefficients (taken as
c11= 300 GN/m2, c12= 200 GN/m2, and c44= 50 GN/m2

[43]), αT is the linear thermal expansion coefficient, and in
this work T0 is the ambient temperature taken as 300 K.
The terms involving B1 and B2 in Eq. (3) give the mag-
netostriction contribution. For use in Eq. (2), the strain is
obtained by inverting Eq. (3). Note, the inverse thermoe-
lastic effect (change in temperature due to lattice strains) is
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not considered since it is negligible for the problem studied
here.

Figure 1 shows the effect of a laser beam with spot size
0.8 μm (e.g., possible using a laser wavelength of 442 nm
[44]) and S0= 2.25 × 1018 W/m3. Energy is absorbed in
the FM layer of thickness tFM= 2 nm, and integrating
the laser-spot Gaussian profile gives the total power P =
S0tFMr2

0π(1 − e−2)/2 ∼= 1 mW. The actual laser power
required to produce this depends on the material-specific
laser-absorption coefficient, thus here we simply state the
total absorbed power as used in computations. The struc-
ture used is a FM/HM bilayer track hosting Néel skyrmions
(e.g., Co/Pt, where A = 10 pJ/m, and D =−1 mJ/m2

[12], although the general physical picture presented here
is not restricted to these materials), with FM thickness
tFM= 2 nm, HM thickness tHM= 30 nm, width 0.4 μm, and
length 2 μm. Further computational details are given in
Appendix A. The laser beam is scanned along the track,
through the center, with a set velocity (20 m/s used here) as
indicated in Fig. 1(a), resulting in skyrmion motion due to
attractive forces towards the center of the laser spot. Figure
1(b) shows the dynamic temperature profile half-way
through the scan, with the maximum temperature increase
of approximately 50 K reached at the center of the laser
spot, decreasing either side. The trailing side has a higher
temperature compared to the leading side due to finite
heat dissipation time (heat is transferred to the surround-
ings according to Newton’s law of cooling, implemented
using Robin’s boundary conditions [45]). A substrate is
not included here for simplicity, although inclusion of a
substrate material would result in a slightly larger temper-
ature increase for the same heat-source power density [45].
The temperature profile gives rise to an effective anisotropy
gradient since magnetic parameters have a temperature
dependence, where Keff(T) = m2

e(KUme − μ0M 2
S /2) is the

effective anisotropy, decreasing towards the center of the
laser spot. Here KU = 380 kJ/m3, MS = 600 kA/m [12], and
the Curie temperature is taken as 700 K. Anisotropy gra-
dients result in a force on skyrmions [27], and in this case
we have a force acting towards the center of the laser spot,
FTG, as indicated in Fig. 1(b). This is further enhanced
due to the increase in skyrmion diameter with decreasing
anisotropy, which is known to accelerate skyrmion motion
[27]. It should also be noted that the decrease in A(T) and
D(T) with temperature has a net opposite effect here (also
see Ref. [26]), as the net increase in skyrmion diameter
with temperature is reduced, however for the parameter
values and their temperature dependences used here, the
net effect of FTG is to cause movement towards the hot-
ter laser-spot center. On the other hand, the temperature
increase results in sample strains due to the thermoelas-
tic effect, with the εzz strain component shown in Fig.
1(c), where the bottom face of the HM layer is mechan-
ically fixed (e.g., as would result when in contact with a
stiff substrate). Here αT = 10−5 K−1 is taken as a typical

order-of-magnitude linear thermal expansion coefficient in
thin metallic films (e.g., for ultrathin Co/Pt bilayers see
Ref. [46]). The resulting strain is of the order 10−3, which
generates a significant ME effect. The ME coupling energy
density is shown in Eq. (2), proportional to the ME cou-
pling coefficient B1= 10 MJ/m3 (e.g., this value is used
to explain the effect of SAWs on skyrmion creation in
Co/Pt/Ir tracks [16]). Here we also set B2= B1, although
the ME effect on skyrmions due to shear strains is negligi-
ble here. With a positive ME coupling, a tensile strain as
in Fig. 1(c) induces a hard magnetic axis, and easy-plane
perpendicular to the strain. Thus the ME effect is an useful
additional source of magnetic anisotropy, resulting in an
anisotropy gradient and an additional force on skyrmions,
FME, which for positive ME coupling also acts towards the
center of the laser spot.

III. ISOLATED SKYRMION MOTION IN
MAGNETIC TRACKS

Skyrmion motion in magnetic tracks is now inves-
tigated in more detail. A useful model to understand
skyrmion motion is the Thiele equation, derived from the
LLG equation under simplifying assumptions [47], and
extended more recently to include acceleration effects in
a linear anisotropy gradient [27]:

G × v + αDv = −∇U. (4)

Here G = −4πQẑ is the gyrovector, where Q = ∫
m ·

(∂m/∂x × ∂m/∂y)dxdy/4π is the topological number
with the integral taken over the magnetic surface, and
for ferromagnetic skyrmions we have Q =±1. In Eq. (4)
v is the skyrmion velocity, αDv is a dissipative term
proportional to the Gilbert-damping parameter α (here
we set α = 0.1 [48]), where D is the dissipative tensor
dependent on the skyrmion structure, and F = −∇U is
the driving force obtained as the gradient of the poten-
tial energy. Thus, for objects with nonzero topological
number, the velocity is not along the driving-force direc-
tion, but acquires an orthogonal component reminiscent of
the Magnus effect. As discussed above, the driving forces
are FTG and FME, obtained from material parameter gra-
dients due to temperature gradients, including effective
anisotropy gradients, and strain-induced anisotropy gradi-
ents, respectively. These are computed in Ref. [49] as a
function of power, e.g., for P = 1 mW, we have 23.8 and
28.4 GN/m3 maximum gradient magnitudes for FTG and
FME, respectively.

Thus it is expected that the force, due to ME coupling,
has a stronger effect than that due to thermal gradients in
the case investigated here. Although this depends on the
particular material parameters, the key message is the ME
effect, as a result of thermoelastic lattice expansion, has an
important contribution, and it is not sufficient to consider
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(a)

(b)

(c)

FIG. 1. Skyrmion motion generated by scanning a focused
laser beam, due to magnetothermoelastic coupling in a magnetic
track. (a) Magnetic track showing a skyrmion being moved using
a focused laser beam (1-mW absorbed power) and with a set
velocity along the track (v = 20 m/s). In the FM layer, red indi-
cates magnetization out of the plane, and blue into the plane. (b)
Computed dynamic temperature profile. A force towards the cen-
ter of the laser spot arises directly due to temperature gradients,
FTG. (c) Computed z-direction dynamic strain profile. A strain-
induced graduated magnetic anisotropy is generated, which for
positive ME coupling results in an additional force towards the
center of the laser spot, FME.

only the force due to temperature gradients. Examples of
computed skyrmion paths for the track considered above
are shown in Fig. 2(a), obtained for P = 1 mW and laser-
spot velocity of 5 m/s, where the laser spot starts at
x = 0.3 μm and terminates at x = 1.7 μm. To see the sep-
arate effects of FTG and FME, computations are performed
as follows: (i) ME coupling disabled, thus FME becomes
zero, and (ii) ME coupling enabled, however the temper-
ature dependence of magnetic parameters is kept constant
for T > 300 K, and thus FTG becomes zero. These two sep-
arate cases are shown in Fig. 2(a) as (i) dashed-dot and (ii)
dashed lines, respectively, where an out-of-plane magnetic
field of 10 kA/m is used to stabilize a Néel skyrmion with
35-nm starting diameter. The Magnus effect is significant,
resulting in a skyrmion velocity component perpendicu-
lar to the anisotropy gradient, with sign dependent on the

topological number as expected. The computation is also
repeated for antiferromagnetic skyrmions (Q = 0), and as
expected the Magnus effect vanishes, with the skyrmion
following the laser spot in a straight line. For Q = 0 no out-
of-plane magnetic field is used, however D =−2.5 mJ/m2

in order to stabilize an antiferromagnetic skyrmion also
with 35-nm starting diameter; all other magnetic param-
eters are the same, applied equally to the two sublattices,
and additionally the homogeneous and nonhomogeneous
antiferromagnetic exchange contributions have parameters
Ah = 10 pJ/m and Anh = −10 MJ/m3, respectively. It is also
observed that the effect of FME is stronger than that of
FTG as expected—indeed, with FTG alone the skyrmion
is not displaced for the full laser-spot travel distance, but
loses tracking half-way through the scan. The full, com-
bined effect, is shown using solid lines in Fig. 2. It is
observed the skyrmion undergoes an incomplete bounc-
ing orbit motion, before settling into an off-center dynamic
equilibrium position. As shown in Ref. [50], the effect of
anisotropy gradients, both for ferromagnetic and antifer-
romagnetic skyrmions, is to induce motion towards the
region of lowest anisotropy. The results shown here are
in agreement, with both FTG and FME causing skyrmion
motion towards the region of lowest anisotropy. It is also
known that skyrmions interact with track edges with a
repulsive force [51,52], and this is also the case here.
Whilst the skyrmion Hall effect does not prevent motion
along the laser-spot movement direction, for weaker driv-
ing forces the skyrmion can get close to the edge of the
track, as seen in Fig. 2(a) for the case with FTG only where
motion is confined along the track edge. Further infor-
mation is obtained by investigating the skyrmion velocity
as a function of time, shown in Fig. 2(b). For |Q| = 1 it
is observed that the skyrmion undergoes large, damped
velocity oscillations for the first 150 ns, before settling
into the steady state 5-m/s forward velocity. Whilst an
off-center dynamic equilibrium position is reached in the
steady state, displacement away from this equilibrium
position causes additional restoring forces, and thus an
acceleration, which results in a transient velocity response
initially exceeding the constant 5-m/s laser-spot velocity.
For the same power of 1 mW, for Q = 0 the skyrmion also
undergoes an initial acceleration in the first 50 ns, before
settling into the steady-state velocity of 5 m/s.

Before investigating the effect of varying beam power
and velocity, it is worthwhile to discuss the effect due to
the sign of ME coupling coefficient, B1. Both negative and
positive values are possible [53]. Positive ME coupling
coefficients have been obtained in skyrmion-supporting
MnSi [54–56], whilst positive effective ME coupling in
ultrathin Fe films was measured due to different contri-
butions of bulk and surface ME contributions [57]. The
ME coupling also depends on the lattice parameter [58],
and large positive ME coupling in thin Fe films was mea-
sured [59], which was found to change sign and become
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(a)

(b)

FIG. 2. (a) Computed skyrmion paths for 1-mW absorbed
power, with laser spot scanned at 5 m/s through the center of
a track 400 nm wide and 2 μm long, shown for ferromagnetic
skyrmions (Q =±1) and antiferromagnetic skyrmion (Q = 0).
The dash-dot lines show the skyrmion motion without the ME
effect, with the resultant motion dependent on the force arising
from temperature gradients, FTG, and the effective force due to
the Magnus effect, given by the gyrovector term contribution
in Eq. (4), G × v. The dashed lines show the skyrmion motion
due to the ME effect, FME, with magnetic parameter temperature
dependences disabled. The solid lines show the combined effect,
noting that for Q = 0 there is no net Magnus force. (b) Skyrmion
velocities, showing the velocity magnitude as well as the x and y
components. The steady-state target velocity of 5 m/s is reached
following an initial damped oscillatory response, particularly
pronounced for Q �= 0 where the Magnus force contributes.

negative for thicker Fe films. For thin Ni films, positive
ME coupling was also measured, with sign dependent
on film thickness [60]. For hcp Co large positive values
exceeding 10 MJ/m3 have also been measured [61]. More-
over, a value of B1= 10 MJ/m3 was used to explain the
effect of SAWs on magnetic skyrmions in Pt/Co/Ir tracks
[16]. If B1 is negative the sign of FME is reversed, and
thus opposes FTG. In this case, a tensile strain induces
an easy axis, and a hard plane perpendicular to the strain
axis, with the strain-induced magnetic anisotropy gradient
of opposite sign. As shown in Ref. [49], indeed the effect

of FME alone for B1=−10 MJ/m3 is to cause skyrmion
motion away from the laser-spot center, although the effect
is reduced since the skyrmion diameter is also reduced
as the total anisotropy increases. The dissipative term in
the Thiele equation, αDv, is dependent on the skyrmion
diameter, resulting in smaller velocities for smaller diam-
eters. The combination of FME and FTG nearly cancels
out due to opposite directions, on the one hand, with the
effect on skyrmion motion also reduced due to reduction in
skyrmion diameter. Conversely, when the ME coupling is
positive, the combined effect of FME and FTG is enhanced
as the skyrmion diameter increases due to decreasing total
anisotropy—the skyrmion diameter in this case, as a func-
tion of power, is also shown in Ref. [49], which reaches
approximately 120 nm at 1-mW power. In terms of maxi-
mizing the effect of FME for potential applications, a few
criteria may be identified. As discussed above, materi-
als with large, and positive, magnetoelastic coupling are
required. It is also proportional to the generated strain,
and thus proportional to the thermoelastic coefficient of the
material and temperature change. However, the generated
strain also depends on the coefficients of elastic stiffness,
and specifically on the Poisson ratio, c12/(c11+ c12). The
thermoelastic effect causes lattice expansion not only in the
out-of-plane direction, but also in the plane. Thus materials
with a large Poisson ratio are also desirable here, in order
to maximize the perpendicular strain, and therefore FME.

Increasing the power results in stronger forces, as the
maximum temperature, perpendicular strain, and therefore
anisotropy gradient magnitudes increase (see Ref. [49] for
details). Thus it is expected that larger powers allow the
skyrmion to be moved with larger velocities. This is shown
in Fig. 3 both for ferromagnetic (|Q| = 1), and antiferro-
magnetic skyrmions (Q = 0). Here the skyrmion path is
computed as a function of power and laser beam velocity,
with the total skyrmion displacement shown normalized to
the laser-spot travel distance. If the power is insufficient
for a given beam velocity, then skyrmion tracking is lost,
which defines region IIb in Fig. 3. The boundary delimiting
this region is shown, obtained by fitting a logistic function
to the normalized skyrmion displacement, dSk = 1/(1 +
e−(P−P0)/w) with transition region width w and threshold
power P0. Above this threshold the skyrmion is displaced
without losing track of the laser spot, which defines region
I. At higher powers, it is helpful to make a distinction how-
ever, since the local reduction in total anisotropy results in
unstable skyrmions, which are dynamically distorted into
skyrmion strings (see Ref. [49] for an example), defin-
ing region IIa. Comparing thresholds for ferromagnetic
and antiferromagnetic skyrmions, it is seen that for Q = 0
larger powers are required to fully displace the skyrmion,
and also the boundary separating regions I and IIa is shifted
up. This is largely because the demagnetizing field is
negligible, resulting in a weaker dependence of skyrmion
diameter on temperature (see Ref. [49]). At even higher
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(a)

(b)

FIG. 3. Skyrmion displacement (normalized to laser-spot
travel distance) as a function of power- and laser-beam veloc-
ity, for (a) ferromagnetic skyrmion, and (b) antiferromagnetic
skyrmion. Three regions are distinguished: in region I the
skyrmion is displaced for the full laser-spot travel distance with-
out distortion, in region IIb the power is insufficient to fully
displace the skyrmion, and travels only a fraction of the laser-
spot travel distance, and in region IIa, at larger powers, the
skyrmion is dynamically distorted into a skyrmion string. Region
IIb lies below the dashed line, region I lies above the dashed line
and below the dash-dot line, while region IIa lies above the dash-
dot line. For the ferromagnetic skyrmion, results with different
amplitudes of surface roughness, 0 Å (perfect surface), 1 Å, and
2 Å, are shown.

powers it is possible to nucleate skyrmions, which is
another useful aspect for all-optical devices, although this
typically requires pulses [22] rather than a continuous
beam as used here.

Finally, the effect of landscape disorder is briefly
addressed. For current-induced skyrmion motion it is
known that disorder results in increased threshold cur-
rent densities, reduced velocities and a variation of the
skyrmion Hall angle with velocity [62–64]. Moreover,
defects also affect antiferromagnetic skyrmions [65]. Here
landscape disorder is introduced in the form of surface
roughness [64] using an effective field model developed
previously [66], considering cases with 1- and 2-Å rough-
ness amplitude, and in-plane correlation length of 40 nm.

As shown in Fig. 3(a), increasing the roughness ampli-
tude results in a shift of the threshold boundary separating
regions IIb and I to higher powers. This is expected since
larger forces are required to depin skyrmions from pin-
ning potentials formed by the landscape disorder. These
results demonstrate that all-optical skyrmion motion, using
the magnetothermoelastic coupling mechanism, is feasible
even when sample imperfections are present, although as
the case with 2-Å roughness amplitude shows, excessive
imperfections can be problematic for achieving distortion-
free skyrmion displacement. It is also known that thermal
effects contribute to skyrmion motion under temperature
gradients, resulting in diffusion, thermal activation, and
entropic forces [67]. Whilst the key messages in this
work remain, namely skyrmions may be moved all opti-
cally using a focused laser spot, and thermoelastic lattice
expansion due to temperature gradients results in a mag-
netoelastic force on skyrmions, the current model may be
extended to include stochastic thermal effects, however
this is reserved for a future work.

IV. DIRECTED SKYRMION MOTION

One key advantage the all-optical skyrmion motion
mechanism presented here has over conventional current-
induced skyrmion motion, and even SAW-induced
skyrmion motion, is the ability to controllably move
skyrmions on magnetic surfaces in any direction. An
example of directed skyrmion motion is shown in Fig. 4,
where a magnetic surface of 2 × 2 μm2 is used, and the
laser spot is rotated about the center with a 700-nm radial
distance. The starting position for the skyrmion and laser
spot are x = 1.7 μm, y = 1 μm as indicated in Fig. 4, and
two cases are investigated for clockwise and anticlockwise
laser-spot paths. Using a power of 1 mW and linear veloc-
ity of 5 m/s, in both cases the skyrmion is observed to track
the laser spot fully. For a topological charge Q =−1 the
skyrmion has a spiralling clockwise orbit motion around
the laser-spot center (see Ref. [49]). Thus, for a laser spot
moving in a clockwise path, the skyrmion begins moving
towards the outside of the circle traced by the laser. In this
case, the skyrmion is always found on the outside of the
circular path traced by the laser. On the other hand, for a
laser spot moving in an anticlockwise path, the skyrmion
starts moving towards the inside of the circle traced by the
laser, in order to maintain its clockwise orbit direction. In
this case, the skyrmion is always found on the inside of
the circle traced by the laser. This results in a smaller aver-
age distance from the laser spot, since for an anticlockwise
laser-spot movement direction, the skyrmion path always
curves towards the circular laser path, whilst for a clock-
wise laser-spot movement direction, the skyrmion path
curves away from the circular laser path. Unlike the case
of magnetic tracks, it is expected that the two movement
directions now have different power thresholds for any
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FIG. 4. Directed skyrmion (Q = −1) motion due to a circu-
lar laser path, with 1-mW power and 5-m/s tangential velocity
(period of 880 ns). The plotted skyrmion paths are computed for
clockwise and anticlockwise laser-path directions.

given beam velocity. Investigation of power thresholds for
curved ferromagnetic skyrmion motion however is outside
the scope of the current work, and the results shown in Fig.
4 demonstrate the possibility to guide skyrmions in any
direction on a magnetic surface. Circular skyrmion motion
is also obtained in spin-torque nano-oscillators, both for
ferromagnetic and antiferromagnetic skyrmions [68,69].
The all-optical method presented here is an alternative to
using electrical currents. Here, an oscillating laser spot
can be used to tune the oscillation frequency, as well as
the radial position independently, obtaining an all-optical
skyrmion-based nano-oscillator.

V. EFFECT ON SKYRMION LATTICES

It is also possible to address multiple skyrmions using
a single laser spot, and this is discussed for a skyrmion
lattice. Moreover, for experimental verification of the all-
optical control mechanism presented here, it is advanta-
geous to first investigate a simple case where the beam is
stationary. A suggested case is shown in Fig. 5(a), where a
simple 2 × 2 μm2 square is used, hosting a ferromagnetic
skyrmion lattice configuration. A stationary laser spot is
centered on the sample, and computed skyrmion paths are
plotted in Fig. 5, with the initial skyrmion lattice configura-
tion shown. The same forces discussed in previous sections
are present, however we also have additional repulsive
interactions between skyrmions. Thus the central skyrmion
is stabilized at the laser-spot center, however the neighbor-
ing skyrmions undergo a clockwise orbiting motion due
to the Magnus effect (Q =−1). Skyrmions are attracted
to the center due to the combination of FTG and FME,
with the effect decreasing away from the laser spot. Since
the orbiting skyrmions are prevented from spiralling all
the way towards the laser-spot center, owing to repulsive
interactions with skyrmions closer or at the center [52],
the net effect is an orbiting motion for the entire lattice.
Thus an experimental verification here could consist of
observing the rotation of a skyrmion lattice using a suitable
direct imaging technique, before and after application of a
focused laser pulse of sufficiently large power and small
spot size.

A further example is given in Fig. 5(b), where the
effect of a moving laser spot, with 10 m/s velocity, on
a skyrmion lattice is shown. Skyrmions tend to rotate
clockwise due to the Magnus force, however skyrmions in
the top-right part acquire an overall anticlockwise rotation
due to repulsive interactions with skyrmions originating
from the lower half. The effect is a net accumulation of

(a) (b)

FIG. 5. Effect of a laser spot on a skyrmion lattice (skyrmions with Q =−1). Initial positions are shown, with overlaid computed
paths in response to a laser spot with 1.5-mW power. (a) Laser spot is static and centered, and skyrmions rotate clockwise due to
the Magnus force, with effect increasing closer to the center; the skyrmion at the center provides a repulsive force on neighboring
skyrmions. (b) The laser spot moves with velocity of 10 m/s along the black horizontal line. A net accumulation of skyrmions in the
upper-half results.
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skyrmions in the top half. Thus, unlike the static laser-
spot case, due to the incomplete orbiting motion as the
laser spot moves, a symmetry-breaking effect is gener-
ated, where a net accumulation of skyrmions is obtained
in the top half. Reversing the beam travel direction results
in a net accumulation of skyrmions in the bottom half.
Further work is required to fully investigate the effect of
magnetothermoelastic coupling on skyrmion lattices, and
it is hoped the present work will stimulate efforts in this
direction.

VI. CONCLUSIONS

For magnetic thin films hosting skyrmions, using a
focused laser beam to produce a local temperature gradi-
ent, and hence a thermoelastic lattice expansion, it was
shown that forces are generated due to magnetothermoe-
lastic coupling. One such force is due to magnetic parame-
ter gradients, especially local effective anisotropy gradients
generated by local temperature gradients, acting towards
the center of the laser spot. Another equally useful force
however, is due to the ME effect as a result of thermoe-
lastic lattice expansion, and it was shown that for positive
ME coupling coefficients this force also acts towards the
center of the laser spot, with the two effects reinforcing
each other owing to an increase in skyrmion diameter.
Conversely, for negative ME coupling coefficients, the
two forces nearly cancel out, largely due to their oppos-
ing directions. By moving the laser spot, ferromagnetic
and antiferromagnetic skyrmion displacement is shown,
with a threshold power dependent on the beam velocity.
This method of all-optically generated skyrmion displace-
ment allows full control of motion over two-dimensional
magnetic surfaces, with a possible method of MEMS-
VCSEL on-chip integration discussed in the introduction,
in contrast to current-induced skyrmion motion, or even
SAW-generated skyrmion motion, which are limited by
lithographically defined electrodes. It is hoped this work
will stimulate future efforts in this direction, with methods
of experimental verification also discussed, particularly
for skyrmion lattices. Further possible extensions include
use of synthetic antiferromagnetic multilayers, where the
skyrmion Hall effect vanishes [70], but also combined cur-
rent and focused laser pulse control to achieve skyrmion
motion gating and controlled deflection.

APPENDIX A

The magnetothermoelastic model is implemented in
BORIS [71] using finite differences, running on CUDA-
enabled graphical processing units. The strain is related to
mechanical displacement, u, as

εpq = 1
2

(
∂up

∂q
+ ∂uq

∂p

)
, (p , q = x, y, z). (A1)

Taking the time derivative of Eqs. (3) and (A1) allows
replacing the displacement with velocity, and together
with Eq. (1) we obtain a system of first-order differential
equations for elastodynamics, written in the velocity-stress
representation as

ρ
∂vp

∂t
=

∑

q=x,y,z

∂σpq

∂q
− ηvp , (p = x, y, z),

∂σpp

∂t
= c11

∂vp

∂p
+ c12

(
∂vq

∂q
+ ∂vl

∂r

)
− (c11 + 2c12)αT

∂T
∂t

+ 2B1mp
∂mp

∂t
, (p , q, l = x, y, z, p �= q �= l),

(A2)

∂σpq

∂t
= c44

(
∂vp

∂q
+ ∂vq

∂p

)
+ B2

(
mp

∂mq

∂t
+ mq

∂mp

∂t

)
,

(p , q = x, y, z, p �= q).

Time derivatives of temperature and magnetization, neces-
sary for Eq. (A2), are evaluated directly from Eq. (1).

The equations are solved using the FDTD scheme, with
staggered velocity and stress components as indicated in
Fig. 6 for a given computational cell. The temperature and
magnetization values are cell centered; their values and
that of their time derivative at vertices, edge, and face cen-
ters, are obtained to second-order accuracy in space using
interpolation. Spatial derivatives at inner points are evalu-
ated using standard finite differences to second-order accu-
racy [72]. There must be at least one fixed surface where
the mechanical displacement is zero, since no translational
motion is allowed, and thus the velocity is also zero. Veloc-
ity components on a fixed surface are set directly as zero,
whilst derivatives of velocity components perpendicular
to a fixed surface are evaluated using standard expres-
sions with Dirichlet boundary condition of zero [72]. As
an example, for a fixed xz surface in Fig. 6, vx = vz = 0,
whilst for ∂vy/∂y at the boundary the Dirichlet condition
vy = 0 applies. For all other surfaces (free surfaces) bound-
ary stress values are prescribed from external forces as (δ
is the Kronecker δ):

∑

q=x,y,z

σpqδlq = Fl, (p , l = x, y, z). (A3)

For Eq. (A3) p is normal to the free surface. In this
work there are no external forces, thus F is zero on all sur-
faces. The boundary stress values are either set directly for
components on free surfaces, or else are used as Dirichlet
boundary conditions to evaluate derivatives of stress per-
pendicular to a free surface. As an example, for a fixed xz
surface in Fig. 6, σyy = Fy is set directly, whilst σxy = Fx
and σyz = Fz are used as Dirichlet boundary conditions to
evaluate ∂σxy/∂y and ∂σyz/∂y, respectively, at the bound-
ary. Finally, required derivatives of velocity perpendicular
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FIG. 6. Velocity, stress, magnetization, and temperature com-
ponents for finite-difference discretization of the magnetother-
moelastic model. Velocity components are edge centered, diag-
onal stress components are at vertices, shear stress components
are face centered, and magnetization and temperature values are
cell centered.

to a free surface are obtained from Eq. (A2), using bound-
ary values for the time derivative of stress, in turn obtained
from the time derivative of Eq. (A3) (also zero in this
work). These are obtained in general as (p is normal to
the free surface):

∂vp

∂p
= 1

c11

∂Fp

∂t
− c12

c11

(
∂vq

∂q
+ ∂vl

∂r

)

+
(

1 + 2
c12

c11

)
αT

∂T
∂t

− 2B1

c11
mp

∂mp

∂t
,

× (p , q, l = x, y, z, p �= q �= l). (A4)

For multilayered structures, such as the FM/HM bilayer
investigated here, composite media boundary (CMB) con-
ditions are also required. Using the scheme in Fig. 6,
these consist of enforcing continuity of velocity and stress
components located on the CMB interface, achieved by
interpolating respective values either side of the interface.
These values are set after the elastodynamics equation is
iterated in all layers. It is also necessary to specify ini-
tial values for stress and velocity. The velocity initial value
is zero throughout, whilst the initial values of stress com-
ponents, which are not on a free surface where Eq. (A3)
applies, are computed using Eq. (3) by taking the initial
strain to be zero.

The LLG equation is solved using the implemented RK4
method [73] with 200-fs time step, using the tempera-
ture and strain values available at the start of each time
step. The heat equation is solved using the forward-time
centered-space method with 100-fs time step. The elas-
todynamics equation is solved with velocity and stress

staggered in time, i.e., velocity is updated first, and result-
ing values are used to update the stress using Eq. (A2). The
time step for the elastodynamics equation is �t = 100 fs,
which satisfies the Courant, Friedrichs, Lewy condition,
�t < 1/

(
vp

√
�x−2 + �y−2 + �z−2

)
, where vp is the

elastic compressional wave velocity (vp = 6000 m/s here),
and �x, �y, �z are the cell-size dimensions. The FM
layer is discretized as (4, 4, 1 nm) for the elastodynam-
ics and heat equations, whilst the magnetic cell size is
2 nm. The HM layer is discretized as (4, 4, 5 nm) for
the elastodynamics and heat equations. Finally, material
values not specified in the main text are C = 420 J/kgK,
ρ = 8920 kg/m3, K = 122 W/mK for FM (bulk Co values),
and C = 125.6 J/kgK, ρ = 21 452 kg/m3, K = 71.6 W/mK
for HM (bulk Pt values). For both FM and HM the mechan-
ical damping is η = 1016 kg/m3s, although this does not
affect strain values obtained on the timescale of magne-
tization processes, and serves to absorb the much faster
transient elastic waves.
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