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The optical tweezer of skyrmions
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In a spin-driven multiferroic system, the magnetoelectric coupling has the form of effective dynamical Dzyaloshinskii-Moriya (DM)
interaction. Experimentally, it is confirmed, for instance, for Cu,0Se03, that the DM interaction has an essential role in the formation
of skyrmions, which are topologically protected magnetic structures. Those skyrmions are very robust and can be manipulated
through an electric field. The external electric field couples to the spin-driven ferroelectric polarization and the skyrmionic magnetic
texture emerged due to the DM interaction. In this work, we demonstrate the effect of optical tweezing. For a particular
configuration of the external electric fields it is possible to trap or release the skyrmions in a highly controlled manner. The
functionality of the proposed tweezer is visualized by micromagnetic simulations and model analysis.
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INTRODUCTION

Optimal dynamical control of a particle motion includes several
tasks, such as acceleration, braking, and trapping. In the case of
nanoparticles, ions, or atoms, the trapping problem becomes
more demanding than the others, except trapping of charged
particles which is relatively easy with the use of Pauli trap’. In
the early 90-ties, it was realized that light-atom interaction
allows trapping of neutral objects—cesium and sodium atoms
in particular®®. In the case of optical trapping of neutral objects,
the light does two jobs: (i) it attracts the particles towards the
anti-nodal points of maximum intensity of the optical lattice
with the spatial period of the order of optical wavelength, and
(ii) the light additionally cools down the atoms. The invention of
optical tweezers in 1986 by Arthur Ashkin was a triumph for the
manipulation of microparticles with laser light>. Although
trapping of various particles is widely discussed in the
literature, the problem of trapping of localized excited modes,
especially of topological solitons (skyrmions) has not been
studied yet.

The concept of skyrmion traces back to the paper of Skyrme®,
and to the fundamental paper of Belavin and Polyakov’. It is now
well known that skyrmion has a topological character. In
particular, invariance of the topological action of the field theory,
Stop(N) = %fdmdxzn - (81nx 9;n), with respect to the infinitesi-
mal transformation n(x) — n(x) + ¢?(x)Rn(x), (where € is
infinitesimal parameter and R° stands for generators of the O(3)
group) defines the specific texture of the vector field n(x)®7'°. The
set of different textures of n(x), obtained from each other by
means of the continuous deformation, has the same invariant
topological action and the related conserved topological charge
W = % Stop(n). Thus, one could argue that the topological soliton
(skyrmion) is a robust object, stable with respect to small
perturbations. Apart from this, skyrmions possess dual field-
particle properties®*°. Skyrmions are highly mobile objects. There
are several precise recipes on how to drive a skyrmion—either by
a spin-polarized electron current or with a magnonic spin current

that exerts a magnon pressure on the skyrmion surface. In the
recent work*', an alternative mechanism of skyrmion drag was
proposed, which is based on a combination of uniform
temperature profile and non-uniform electric field. Nevertheless,
a vital question that arises is whether the particle nature of
skyrmions facilitates their trapping. In what follows, we explore
trapping of a skyrmion in the laser field e,Ei(x, y, z t) (with e,
being the unit polarization vector of the electric field) and the
external electric field E; = (0, O, E,). There exist several methods
to manipulate the polarization of the laser beam. Through these
methods, the polarization of the electric field can be switched to
the desired direction. For example, one can utilize ultrafast time-
dependent polarization rotation in a magnetophotonic crystal*2.
The colloidal microspheres also can produce dominant E,
component™®,

Skyrmions emerge in materials (e.g., in chiral single-phase
multiferroics** ) with a sizeable magnetoelectric (ME) coupling
term, Eq,e = —E - P, where P = ¢g[(m - V) m — m(V - m)] is the net
ferroelectric polarization, with m denoting the unit vector along
the magnetization and ¢ is the magnetoelectric coupling
constant. In chiral multiferroics, the coupling of the external
electric field with the ferroelectric polarization mimics the
Dzyaloshinskii-Moriya (DM) term and leads to the noncolinear
topological magnetic order. The mechanism of trapping of a
skyrmion relies on the interaction between the electric compo-
nent of the laser field and the ferroelectric polarization of the
skyrmion texture. As for the specific materials, we focus on two
types of materials: spin-driven single-phase multiferroics and
Yttrium Iron Garnet (YIG)"'=". In particular, we present in addition
to YIG, results for the multiferroic material Cu,0SeOs, which
supports skyrmions. As detailed below, the emergence of the
finite (but small) electric polarization due to non-collinearity of the
spin allows for the movement of the skyrmions with external
electric fields. YIG and single-phase multiferroic are described by
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free energies densities:
Fve = f[Aex(Vm)z - IJoMsmsz + epmi + Eme}dry
Fyic = [ (VM) — ugMsm,H, + Eneldr.

Here, M = Mym, where M; is the saturation magnetization, A, is
the exchange stiffness, and H, is the external magnetic field
applied along the z-direction. The free energy of the single-phase
multiferroic Cu,0SeO3 has the bulk-related DM interaction term
epmi = Dem - (V X m), where Dy, is the DMI constant. The effective
magnetic field acting on the magnetization follows from the
functional derivative of the free energy functional

SFue, . .
H= 7“01M —s2™. The interaction energy E£ne = —E - P between

the external electric fields E and the spin-driven polarization P
enters Eq. (1) as a term, which is linear in P. We note that for spin-
driven multiferroics the spin-induced P is quite small (we recall
that P = ¢e[(m - V) m — m (V - m)], where ¢ is related to the
spin-orbit coupling and the spatial variations in m are smooth on
an atomic scale). Thus, higher-order terms (P)” and the spatial
variations (VP)", which both account for the energy density of
ferroelectric polarization, are negligible and therefore do not
appear in the Eq. (1) above.

The laser manipulated skyrmion dynamics is governed by the
stochastic Landau-Lifshitz-Gilbert (LLG) equation*’*8, supplemen-
ted by the ME term

oM 1 6Enme a oM
o yMx (Hept + by — I mx T8
ot v ( eff 1 UM <Sm> M, Bt

where y is the gyromagnetic ratio and a is the phenomenological
Gilbert damping constant. The effective field He for the single-
phase multiferroic consists of the exchange field, DM field, and of
the applied external magnetic field, Heg = ;:M V2m — %Vx
m + H,z. The temperature in the LLG equation, is introduced
through the correlation function of the thermal random magnetic

field by, (hip(t, hig(t', 1)) = 20788 8,,6(r — ¥)5(t — t'), where p,
g =X, Y, z, kg is the Boltzmann constant, and V is the volume of the
single cell, used in numerical simulations. The value of the
temperature T, we determine from the heat equation (see
“Methods” section). We note that the physical temperature and
the simulation temperature are related through the equation*®
Tsim = Tdsim/aL, Where a is the lattice constant and ag;, is the cell
length in simulation. Therefore, the physical temperature T = 50K
corresponds to the simulation temperature of Ty, = 100 K.

The z component, E,,, of the external electric field stabilizes
the skyrmion structure. Due to the Gaussian profile of the laser
field, Eis(x, y, z, t) has the maximum (denoted as Ey) in the center
of laser spot. The total z component of the electric field, £, = E,
+ Eis(x, ¥, z, t), is not homogeneous in the (x, y) plane. Depending
on the sign of the oscillating laser field Ejs(x, y, z, t), the total field
E, can be either negative or positive. We note that for an
ultrashort laser pulse, the pulse compressor allows control of the

spectral phase ¢(w), Eis(x,y,2z,w) = 1/|Eis|* exp(—ig(w)), where
P(w) = —¥2n(w)d, n(w) is the index of refraction and d is the film
thickness*>. In what follows, we consider both negative £y < 0
and positive Ey > 0 values of the field. We note that modern laser
technologies allow generation of ultrashort single E(x, y, z, t) =
Eis(x, ¥, 2ficp(t) and half cycle Exlx, y, z, t) = Es(x, ¥, 2)fncp(t)
pulses®®. The temporal profiles of laser pulses are defined as
follows: feep(t) = t/Tqexp(—t2/13), fnep(t) = t/To[ exp(—t?/213)—
bizexp(ftz/bro)}, t>0. The ultrashort single pulse has both
positive and negative E(x, y, z, t), while the negative field part
of fiep(t) is too small. Therefore, for half-cycle pulse E(x, y, z, 1)
can be viewed as positively defined.

Before presenting the numerical results, we explain the trapping
mechanism. The electric field E, is inhomogeneous only in the x

M

)
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direction. The functional derivative of the ME term with respect to

H | OEme(Ez) _ _ce _
the magnetic moment reads: TV TN 7 [OxEz(m, ey

mye;) + ZjZEZ(—ajmjez+ajmzej)}. Here j = x, y. We focus on
the first term fueled by the non-uniform electric field 0,E,, while
the second term corresponds to the effective DM interaction with
a strength tunable by a constant electric field*'. For tweezing, we
suggest using the scanning near-field optical microscopy (SNOM)
and advanced nanofabrication procedures. These two methods
permit to obtain spots of light 10-20 nm in size; see recent review
and references therein’'. Contribution of the non-uniform electric
field will be presented in the form of inhomogeneous electric

_ éEme(asz) — YCEasz _
Toiem ) = — i mx (mx pg). The vec

tor pe = X X e, is set by e, which points into the direction of
electric field. Obviously, the expression of IET is identical to the
standard spin transfer torque—cm x (m X p), because pg in IET
mimics the spin polarization direction p. However, while ¢
depends on the electric current density, the amplitude of the
IET depends on the gradient of the electric field 8,E, and on the
ME coupling strength cg. In the case of Gaussian laser beam (for
more details, we refer to the Supplementary Note 2), the

coefficient in the expression for IET, ¢ = % is determined by
s

torque (IET): —ymx <

the gradient of electric field, while ps = e, X z, where e, =

(exx + €yy)/+/x? + y? is the unit vector. The underlying mechan-
ism of the skyrmion tweezer is as follows: depending on the
direction of the laser field, the IET torque is either centripetal
(drives the skyrmion to the center of the beam) or counter-
centripetal (drives the skyrmion out of the beam center).

While the energy is supplied through the laser, skyrmion
releases energy to the bulk and SNOM shield. Thus, for the
comprehensible study of the skyrmion temperature, one needs to
solve the heat equation with source and sink terms included. The
maximal temperature of the skyrmion texture can be estimated
analytically (see “Methods” section). In our case T, = 50K and
therefore the skyrmion is stable.

RESULTS AND DISCUSSION

Skyrmion motion

We perform numerical simulations based on Eq. (2) for Néel-type
skyrmion in YIG, and Bloch-type skyrmion in Cu,0SeO; stabilized
by the constant electric and magnetic fields. In Fig. 1, we illustrate
attraction and repulsion mechanisms of the skyrmion tweezer. In
the first case, Fig. 1a, the skyrmion is initially embedded at the
point (x, ¥y) = (—7.5, 0) nm, and the laser field is positive, E(t) > O.
Therefore, pg = —Yy, ¢ < 0, and the torque winds the skyrmion on
clockwise to the laser beam center (0, 0). In the second case, Fig.
1b, the direction of the laser field and IET are reversed, Ei(t) < 0, pe
=1y, ¢ > 0, and the skyrmion winds out anticlockwise from the
laser beam center. In Fig. 1c, d, we show the corresponding
numerical solutions of the Thiele equation, see Supplementary
Note 4.

The strategy for skyrmions trapping is as follows: Focus the laser
beam on the center of the skyrmion texture. Steer the center of
the beam until the electric field is positive Eis > 0, the skyrmion
follows then the center of the beam (Fig. 2). Rotation of skyrmion
leads to a weak oscillation of the skyrmion center (g,(t), q,(1)).
When the beam velocity v, is below a critical velocity v¢, v, <v§ =
14.22 m s~ ', increase of the beam velocity v, leads to an increase
in the velocity of skyrmion drag. When the beam velocity is above
v, the skyrmion is not able to follow the center of the laser beam
(Fig. 3). The critical velocity v increases linearly with Eo, as is
demonstrated in Fig. 4a. Thus, one can argue that the skyrmion
behaves as a massive object. Changing sign of the laser field from
positive to negative, Ei; < 0, releases the skyrmion and drives it off
the center of the beam (not shown).
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Fig. 1 Skyrmion dynamics in a static laser beam in YIG. The
simulation has been done the following parameters Ms = 140 kA
M, Aex=3%x10""Jm ", a=0.001,cc=09pCm ', Ho=4x10"
A m ' and E,o = 1.7 MV cm™'. a The spiral trajectories of the
skyrmion winding on clockwise to the laser center. The laser electric
field £ = 1.2 MV cm™ . Initially, the skyrmion center (g, g,) is
embedded in the point (—7.5, 0) nm. b The spiral trajectories of the
skyrmion winding off annclockwnse from the laser center. The laser
electric field Eg = —1.2MVcm™ In|t|a||y, the skyrmion center (g, g,)
is embedded in the point (—0.25, 0) nm. Numerical solution based
on the Thiele equation is shown in ¢ and d. The spiral trajectories of
the skyrmion winding on ¢ and off d the center of the laser beam
are for the laser electric field £y = 1.2 MV.cm ™' (c) and Ey = — 1.2 MV
cm ™' (d), respectively.
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Fig.2 Skyrmion drag by a laser beam. Center of the laser beam (x, (Xor
yo) is steered with the velocity v, = 1 m s~ and £g = 1.2 MV cm
The skyrmion center (q,, q,) trapped by the laser beam follows the
motion of the center of the laser beam (black and red colors). The
inset plot shows the numerical solution of the Thiele equations
(Supplementary Note 4). Other parameters as in Fig. 1.

Skyrmions are topologically protected objects. However,
when the ground state is the ferromagnetic state, thermal
fluctuations may cause a thermal collapse of the skyrmion. This
problem has been widely discussed in the recent literature®>~>>,
The rate of skyrmion collapse follows the Arrhenius law
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Fig. 3 Skyrmion motions under different velocities. The center of
the laser beam is steered with velocity Ve = 14.19 (14.22) m s " and
Eo =12 MVcm . For v, = 1419 m s, the skyrmion center (g,(t),
q,(t) follows the center of the laser beam When, v, = 1422 m s,
the skyrmion center is able to follow the laser beam only at the
beginning of the evolution, t < 5 ns. Other parameters as in Fig. 1.

14.5

14.0
13.5

v (m s

13.0

12.5 1 1 1 1 1 1 1 1 1
00 0.1 02 03 04 05 06 07 08 09 1.0

J. (GHz)
14.5

140t " —a :

13.5 1

(ms™

c
‘/‘\

13.0 1
~

125 L L L L L L L
0.00 0.01 0.02 0.03 0.04 005 0.06 0.07 0.08
El]/EIO

Fig. 4 Critical velocity. a The critical velocity v§ as a function of the
laser electric field Eo. b The critical velocity v§ as a function of the
frequency f. plotted for electric fields: Eg = Ejp + Ejy sin(2mfet), with
Ep = 1.2 MV cm ™' and E; = 0.07E,. ¢ Dependence of the critical
velocity on the Ej/E, at the frequency f. = 0.22 GHz. Other
parameters as in Fig. 1.

I=Toexp(—U/T), where U is the relevant barrier height. In
the vicinity of the critical region, the value of the barrier height
can be estimated anal tlcaIIy. At a critical value of the magnetic
field, H. ~ JMy D/J , the radius of the skyrmion starts
shrinking. For Bloch-type of skyrmions, the critical field and
height of the barrier can be estimated as follows®
U/IM3 ~ (D/J)2/3(1 — H/Hc)3/2. The analytical estimation of the
barrier is valid only in the critical region. Away from the critical
region, the rate of skyrmion collapse can be estimated
numerically as®®: T'=—(lIn (1 —{)), where i quantifies the
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Fig. 5 Skyrmion stability. a For temperature T = 135K, the time-
dependent probability P(t) of skyrmion stability. Through the fitting
of function P(t) = exp(—Tt) to the probability P(t) extracted from the
simulation data (black open squares are extracted from several
hundred repeated simulations), we estimate the parameter I' =
0.012 (ns)™" (red curve). b Time-dependent probability P(t) for T = 50
K. ¢ T'" as a function of temperature T. Black open squares are
obtained through fitting to the simulations statistics. The solid red
circles correspond to the function (T) = I, exp(—U/T) for U = 386
K and Ty = 0.15 (ns) ™.

number of collapsed skyrmions at the time t; and N is the total
number of skyrmions. Calculations done for T = 50K, t = 100 ns
show that barrier height is U = 386 K and therefore the probability
of collapse at T = 50K is zero. We obtained this information as
follows: the time-dependent probability P(t) of skyrmion stability
was fitted with the function P(t) = exp(—Tt), where T is the rate
coefficient. The probability P(t) was extracted from the statistics
collected through hundreds of repeated simulations. For a given
temperature of skyrmion T = 135K, we simulate the time-
dependent probability P(t), as demonstrated in Fig. 5a. Through
the fitting of statistical P(t) to the formula P(t) = exp(—Tt), we
estimate the value of the parameter I = 0.012(ns)"". In turn, the
temperature dependence '(T) = Iy exp(—U/T) follows Arrhenius
law, and through the fitting of curves in Fig. 5¢, we obtain U = 386
K, [y = 0.15 (ns)~". For these parameters, the probability of stability
of skyrmion is P = 0.993 at t = 100 ns and T = 50 K, which confirms
that the skyrmion is stable (Fig. 5b). This result is supported by the
recent experiment®” showing the robustness of skyrmions in
CUZOSeO3.

We also analyzed the influences of oscillating laser electric field
Eo = Ejp + Ej sin(2nifet). It turns out that the oscillating field drags
the skyrmion, and the critical velocity v as a function of the
frequency f, is shown in Fig. 4b. The trapping of the skyrmion
depends on the frequency of the field. As we see, the critical
velocity v§ drops down at f, = 0.2 GHz. Analyzing the spectrum of
the skyrmion oscillation frequency (not shown), we find that the
frequency f. = 0.22 GHz coincides with the natural frequency of
the laser-induced pinning potential of the skyrmion, i.e. the
resonant oscillation frequency of the rigid skyrmion. The resonant
amplification of the skyrmion oscillations leads to a release of the
skyrmion, and thus reduces v§. Furthermore, increase of Ej; leads
to a decrease of vg (Fig. 4c). The large E; activates nonlinear
effects and dependence of the critical velocity on the frequency is
not linear anymore, see Fig. 4c for E; > 0.05E.

Similar to evanescent Gaussian laser beam, the oscillating laser
field also traps the skyrmion. We simulate the laser pulses 70 ps in
width and period and steer the center of the laser beam on a
distance 14v/2 nm along y = x in 1.3 ns. As we see in Fig. 6, the
skyrmion is trapped by the laser beam and follows the center of
the laser beam (Supplementary Note 2). The speed of the
skyrmion moving along the y = x axis is about 155 m s™'. As
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Fig. 6 Skyrmion motion driven by laser pulse. The skyrmion drag
by an oscillating laser pulse. The skyrmion center (g,, g,) follows the
center of the laser beam (xo, ¥o). The laser center (red dots) is steered
in 14v/2 nm in 1.3 ns. For each pulse with whole period 27.3 ns, as
demonstrated in inset, E, = 1.2 MV cm ™' is applied when t < to = 1.3
ns and it becomes —0.06 MV cm™' for t > t,. Right bottom corner:
shape of the half cycle laser pulse. Other parameters as in Fig. 1.
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Fig. 7 Skyrmion in CUEOSeO?. Simulation for Cu,0SeO; (M = 110
kA m*‘,A$X =1x10"Jm 1, a=001,cc=55pCm ', Ho=6x
10* Am™', E,, = 0, and the bulk-type DMI constant D, = 0.15 m)J
m~2). a The center of the laser beam (x?, Yo) is steered with the
velocity v, = 1 m s~ and E, = 0.2 MV cm ™. The skyrmion center (g,
q,) trapped by the laser beam follows the motion of the center of
the laser beam. The inset plot shows the Bloch skyrmion structure.
b The spiral trajectories of the skyrmion winding on clockwise to the
laser center. The laser electric field £, = 0.2 MV cm™". Initially, the
skyrmion center (q,, g,) was at the point (—20, 0) nm. ¢ The center of
the laser beam is steered with velocity v, = 13.09 (13.25) m s~ ' and
Eo = 0.2 MV cm™". For v, = 13.09 m s, the skyrmion center (g,(t),
q,(t)) follows the center of the laser beam. When, v, = 13.25 m s,
the skyrmion center is able to follow the laser beam only at the
beginning of the evolution.

we have already mentioned, the obtained results can be also
interpreted in terms of the Thiele equation that describes motion
of a rigid skyrmion®®°?, see Fig. 1¢, d and the inset to Fig. 2, as well
as the Supplementary Fig. 4.

In the single-phase multiferroic Cu,0SeOs the bulk-type DM
interaction'" stabilizes the Bloch skyrmion (its structure is shown
in Fig. 7a). The bulk-type DM interaction contributes to the total
magnetic field in LLG equation through the effective field
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Fig. 8 Temperature profile. Laser-induced heating temperature
profile T(x, y, t) of the Neel skyrmion at a given time t = 11 ns. For
solving the heat equatlon we implemented a Forward-Time Central-
Space (FTCS) scheme®. The velocity of the center of laser beam is v. Vi
=14 m s~ and the amplitude of the electric field £, = 1.2 MV cm

:D" Vxm. In case of YIG, the role of the bulk-type DM
interaction is replaced by the constant electric field E,, = 1.7
MV cm~". In this case, the laser electric field has an amplitude of
the order of Eg = 0.2 MV cm ™. As shown in Fig. 7, when the laser
center is static, the IET torque induces the centripetal motion of
skyrmion. After steering the center of the laser beam, the
skyrmion still follows the center of the beam until the critical
velocity 13.09 m s .

Thermal influence of laser radiation

A further influence of the laser pulses is heating. The temperature
profile T(x, y, t) induced by the laser heating, through the beam
with a moving center, is shown in Fig. 8. The temperature T(x, y, t)
is calculated from the heat equation (see “Methods” section). The
region of the largest temperature (about 50 K) follows the center
of the laser beam and the temperature gradually decreases with
the distance from the center. The laser heating leads to the
inhomogeneous time-dependent temperature profile and affects
the skyrmion dynamics. The main effect of laser-induced heating
is that the trapping process becomes non-deterministic. We
performed a set of calculations with the same initial conditions
and collect ensemble statistics in Fig. 9. The trapping probability P
decreases for the higher velocity of the center of beam, but
remains finite. Even at the speed v, = 1432 m s~ ' and £y = 1.2 MV

m~', P = 54% as is shown in the inset in Fig. 9. An interesting fact
is that below the threshold velocity of v,<14 m s7! the
probability P = 1.

In summary, we have proposed a method of optical control of
skyrmions in magnetoelectric materials. Owing to the magneto-
electric coupling, electric field of a laser beam couples to the
magnetic moments of the skyrmion. When the field in the laser
beam is pre-designed in an appropriate way, one can trap, shift,
and then release the skyrmion. Such an optical tweezer may be
very useful in control and manipulation of the skyrmion position.
Numerical results have been obtained from micromagnetic
simulations based on Landau-Lifshitz-Gilbert equation with a
contribution from magnetoelectric coupling and additionally from
solution of the Thiele equation describing motion of rigid
skyrmions. A very good agreement of the results obtained by
these two methods has been achieved.

METHODS

Micromagnetic modeling

To explore numerically the skyrmion dynamics, we utilize Eq. (2). The
simulations have been done for the magnetic film (which is the x — y
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Fig. 9 Skyrmion trapping probability. The effect of the laser
heating on the motion of the Neel skyrmlon The velocity of the
center of laser beam is v, = 14.32 m s~ ' and the amplitude of the
electric field E; = 1.2 MV cm™". More than 50 repeated simulations
have been performed under the same condition. Inset: dependence
of the skyrmion trapping probability P on the velocity of the laser
beam v,.

plane) with the size of 500 nm x 500 nm X 2.5 nm. The film is discretized
into the simulation cells of 2.5 nm x 2.5 nm x 2.5 nm (i.e.,, dsim = 2.5 nm).

2““ ~ 15 nm)

and the skyrmion size. The LLG equation Eq. (2) is numencally solved
through the fifth-order Runge-Kutta scheme with a fixed time step of At =
0.1 ps. In the simulation, we first let a single skyrmion to relax to the
stationary state and only after apply the laser field. The position of the
skyrmion center (q,, q,) is measured through the formulas g, = (fxqdxdy)/
(lqdxdy) and g, = (lyqdxdy)/(fqdxdy) and the simulation data. Here
q(x,y) = 2m- (3,mx d,m) is the topological charge density.

The cell size is smaller than the typical exchange length (

Heat equation
The temperature profile T(x, y, t) is the solution of the heat equation:
AT (x,y,t)
ot
Here D = ';”C“ is the thermal d|ffu5|V|ty In simulation, we considered the
parameters: koph = 6 W (m K)~" is thermal conductlwty, = 5170 kg m~3is
the mass density, and C = 570 J (kg K)" is the heat capacity. The source
term is

= DV2T(x,y,t) + I(x,y,t) — bT(x,y, t). 3)

I 6rce
I6y, 1) =25 = B exp(=[(x = x0)* + (v =

¥0)’1/0%),

where c is the light speed, ¢, is the permittivity of vacuum. We exploit axial
symmetry and rewrite source in the form | = o exp (7 —) The last term bT

(%, y, t) has the role of the sink and describes heat exchange of the
skyrmion with the rest of the system, i.e., substrate and SNOM shield. Its
value can be estimated from the heat diffusivity of the substrate®®
b 7_ In particular, for D; = 0.24 cm? s~ ', we deduce b = 1.6 x 105"

The parameter 67 = 1.5 x 10° m~' describes the laser penetration depth
and is proportional to the complex part of the refractive index. The
absorption efficiency of laser energy I, is equal to the real part of the
refractive index. We note that for YIG, both real and complex parts
drastically depend on the frequency and magnetic field and, in certain
regimes, are rather small®’. Thus, parameter I, should be reasonably small.
On the other hand, we cannot precisely define the value of /, and consider
it as a phenomenological parameter with particular attention to the value
I, = 8%. The result for I, = 5%, with a lower temperature T = 30K, leads to
the slightly larger skyrmion trapping probability, see inset in Fig. 9. In
simulations, we see that skyrmion temperature linearly increases with I,
and for |, = 17%, the temperature is still below T < 100 K. However, the
skyrmion temperature depends on the temperature of the substrate and
SNOM shield (they play the role of sink). If their temperature is zero, then
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the maximal temperature of the skyrmion in simulations is below T < 25K
even for I, = 100%.

Exploiting the Green function method, we solve the heat equation
analytically®?

0=1]
0) =

2 Iy
Ii 2)Glp—p',t — t)degde'dr,
0 0

0,

T(p — oo, t) =0,

lo exp(f

T(o,t= 4

Glp—p',t—t) = 5y exp{ -

=i }
4D(t—t'

The exact analytic solution of Eq. (4) can be obtained for the center of
the beam, i.e., the region of the trapped skyrmion.

Io bo} bog\ [..[ bod [—bo?

O |Ei——2—bt)—E 9. 5
vap P\ )"\ " "\"a ©)
Here Ei(-) is the exponential integral. The analytic solution shows the
dependence of the skyrmion temperature on the phenomenological
coupling constant b. The maximal temperature of the skyrmion reads
Tmax = lo/b. In our calculations, T,.x = 50 K. The temperature in our case

conforms to the temperature in the experiment’’. The temperature
effect can be included in the LLG equation Eq. (1) through the

T(e=0,t) =

random  magnetic field hy, and its correlation  function
(hip(t,0)hg(t, ) = ZV’LBJZ““(‘SWé(r —¥)6(t — t'). Here, kg is the Boltzmann

constant, and V is the volume of the single cell, used in numerical
simulations. However one should remember the relation between the
physical temperature and the temperature used in the simulations®®
Tsim = Tdsim/aL, Where a is the lattice constant and dg;, is the cell length
in simulation, the lattice constant for YIG a, = 124

In numerical simulation, temperature is calculated from the heat
equation Eq. (3) and Forward-Time Central-Space method®®. The thermal

A . 5 - A : _ 2akgT.
field in the numerical simulation is determined from h,_q,/qusy‘;'g't,

where n is a random vector drawn from a standard normal distribution
whose value is changed at every time step, and V = a,,, is the volume of a
single finite-difference cell.
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