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ABSTRACT

Micromagnetic simulations are used to investigate the motion of magnetic skyrmions in an in-plane strain gradient. The skyrmion diameter
and energy are found to depend on the strain, which leads to a force that moves the skyrmion toward regions with higher strain. An analyti-
cal expression for the skyrmion velocity as a function of the strain gradient is derived assuming a rigid profile for the skyrmion, and good
agreement with simulations is obtained. Furthermore, electromechanical simulations of a hybrid ferromagnetic/piezoelectric device show
that the in-plane strain gradients needed to move skyrmions can be achieved by applying moderate voltages in the piezoelectric substrate,

which offers an original way to control skyrmion motion efficiently.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5119085

Magnetic skyrmions are chiral spin textures' ~ that display
promising features for use as future information carriers, such as small
size, high stability, and possibility of easy confinement.”” The ability
to efficiently nucleate and control skyrmion motion is a key point in
the development of future spintronic devices.””

The traditional way to move skyrmions is by spin-polarized
currents,'”""” but other approaches that do not involve charge currents
and the associated Joule heating effects are being explored, such as elec-
tric fields,”*'” spatially variable magnetic fields,"*'” temperature gra-
dients,'™"” spin  waves,”” and voltage-controlled  anisotropy
gradients.” "

Meanwhile, the possibility of controlling magnetic textures using
mechanical stress is currently being investigated, with promising results
in domain walls”*° and skyrmions.”” *' In particular, there is experi-
mental evidence that skyrmions can be nucleated and annihilated
through stress control of the topological phase transition in bulk single
crystals,”””* whereas simulations indicate that voltage-controlled
strain-mediated switching of skyrmions is possible in heterostructures
with the interfacial Dzyaloshinskii-Moriya (DM) interaction on top of
a piezoelectric (PZ) substrate.”””" Simulations have also shown that
vertical voltage-controlled strain pulses can be used to pin skyrmions.”’

In this work, we combine electromechanical and micromagnetic
simulations to explore a promising way to manipulate skyrmions
using voltage-controlled strain. While previous studies have focused
on nucleating, annihilating, and pinning skyrmions using this
technique, we propose to use it as the sole mechanism that drives

skyrmions in a given direction. In particular, we show that voltage-
induced in-plane strain gradients create a net force on the skyrmions,
which drives them toward regions with higher strain.

As shown schematically in Fig. 1(a), the proposed device consists
of a ferromagnetic (FM) nanostripe deposited on a PZ substrate, with
an Au electrode at each end. To avoid an electrical current through the
FM layer, an air gap of 1 nm is imposed between the electrodes and the
FM layer. We use COMSOL Multiphysics™ to obtain the electrome-
chanical response of the system when a certain voltage is applied. The
profile along the x axis of &, the dominant component of the strain
tensor, in the FM is plotted in Fig. 1(b), where a voltage of V, = =2V
is applied between the electrodes, which are separated by a distance of
L, = 400 nm. A standard PZ substrate (namely, lead zirconate titanate
PZ-4’%) and typical parameter values for CoFeB (namely, C;
=218GPa, C, = 93GPa,”" a Young’s modulus of 162 GPa,” and a
Poisson’s ratio of v = 0.3) were used for the simulation. As can be
observed, because of the inverse PZ effect, the voltage between the Au
electrodes induces an inhomogeneous planar strain in the PZ layer that
is partially transmitted to the FM. The strain is stronger close to the
electrodes but decreases away from them, varying linearly in the central
region of the FM nanostripe. More details about the electromechanical
response of the system can be found in Sec. S1 of the supplementary
material. In particular, we present a study on how the strain profile is
affected by (i) the distance between the electrodes, (ii) the applied volt-
age, and (iii) the lateral confinement of the PZ layer. The results show
that the strain profile is easily tailored to fit one’s demands.
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FIG. 1. (a) Sketch of the ferromagnetic/piezoelectric (FM/PZ) heterostructure under
study. (b) Profile of strain ., along the centerline (x axis) of the FM nanostripe for
L, = 400nm and V, = =*=2V. The symbols are the results obtained using
COMSOL Multiphysics,** while the solid lines are the linear profiles used in the
micromagnetic simulations, namely, %= = +1073 ym ",

In what follows, we investigate the effect that a strain profile like to
the one shown in Fig. 1(b) has on a skyrmion stabilized in the FM layer.
To do so, we solve the Landau-Lifshitz-Gilbert equation” numerically.
With exchange, magnetocrystalline anisotropy, magnetostatic, and inter-

facial DM contributions, we include a magnetoelastic field given by’
- 1 oe"” )
e G —
" #OMS a]’?l )

where 6 and €” are the stress and magnetic strain tensors, respec-
tively, M; is the saturation magnetization, and 7 is the normalized
magnetization. Micromagnetic simulations were performed using the
GPU-based software package mumax’ (Ref. 37) modified to include
the magnetoelastic contribution from a spatially dependent strain.

We consider a thin magnetic film of dimensions L, = 1024 nm,
L, = 128nm, and L, = 1 nm with values of the magnetic and elastic
material parameters that are typical for oxide/CoyoFesoB,o/heavy
metal, namely, an exchange constant of A,, = 1.9 x 107 J/m, M,
=1.0x 10° A/m, an anisotropy constant of K=28.0 x 10° ]/mg’,38 a
DM constant of D= 1.8 mJ/m?, a damping parameter of o = 0.015,
elastic constants of C;; = 218 GPa and C,, = 93 GPa, and a magneto-
striction parameter of 2, = 3.7 x 10°."" We choose this material
because at this thickness, CoFeB is magnetized perpendicularly,” dis-
plays a phase diagram capable of sustaining skyrmions,**' and
exhibits a significant elastic response.”’

For our theoretical study, we impose a Néel skyrmion at the cen-
ter of the nanostripe. Were the device to be fabricated, a mechanism to
nucleate skyrmions in a controllable manner would be necessary.
Among the different approaches explored theoretically,'"" we would
be inclined to nucleate the skyrmion with perpendicular strain because
this would mean a fully voltage-controlled device. This would require
a third electrode below the PZ substrate and some geometrical modifi-
cations that favor skyrmion nucleation. However, these details are

ARTICLE scitation.org/journal/apl

beyond the present scope, and here, we investigate skyrmion dynamics
under the effect of a strain gradient.

For simplicity, we consider only the strain &,, along the x axis
and assume that it varies linearly with x. Electromechanical simula-
tions also give a small transverse strain £y but this contribution can
be tuned with the lateral dimension of the PZ layer (see Sec. S1 of the
supplementary material).

Assuming that CoFeB is isotropic and that ¢, is the only non-
zero component of the strain tensor, the magnetoelastic field can
be written as

32
e o Cl18xcMy,
Ho M

2)
37 (
Hﬁe ~ hl

C]zsmm},.

Ho Vs
Consequently, a uniaxial longitudinal strain gradient leads to an
inhomogeneous in-plane magnetoelastic field that depends on the
magnetization. The derivation of Eq. (2) from the general linear elastic
and magnetoelastic constitutive relations is presented in Sec. S2 of the
supplementary material.

Figure 2 shows snapshots of the magnetization configuration at
three time instants t=0.5, 20, and 40 ns corresponding to either a
positive (right) or negative (left) strain gradient of modulus ‘%’j
= 1072 um ™" These results imply that skyrmions move in the direc-
tion in which the strain increases, which, as shown before, can be
controlled with the sign of the applied voltage [see Fig. 1(b)].

Looking at the dynamics in detail, we observe that because of the
skyrmion Hall effect,'”*" initially, the skyrmion moves obliquely with
v, > Uy, but the repulsive effect from the border gradually compensates
for vy, until a steady velocity in the x direction (v, = 0) is eventually
reached (see the animation in Sec. S6 of the supplementary material).
This steady velocity v, is computed for different values of the strain gra-
dient, and the results are presented in Fig. 3. As can be seen, the velocity
depends linearly on the strain slope, which in turn depends linearly on
the applied voltage (see Sec. S1 of the supplementary material).

To understand the origin of this strain-induced skyrmion
motion, we investigate how the skyrmion energy Ey and diameter d
depend on the strain. This is shown in Fig. 4, for which Eg and dy
were evaluated numerically, assuming a uniform strain in the nano-
stripe and a skyrmion at the center. As can be seen, the diameter
increases with strain, whereas the energy decreases. This tells us that
longitudinal strain helps to stabilize skyrmions, and it explains why
they move in the direction of increasing strain. The results in Fig. 4
can be understood qualitatively if we consider that, as shown before,
the effect of ¢y, on the magnetization is equivalent to an in-plane field
whose longitudinal (H},) and transverse (HJ,) components are

e < ) deaw > )
- t:!)ns -
» t=2l()ns il

L t:AEOns »

FIG. 2. Snapshots of magnetization m (plotted on the color scale) under the effect of a
uniform stress gradient %= = —10~2 xm~" (lef}) and 10~ um " (right) for three time
instants t=0, 20, and 40 ns. The solid lines indicate the x-dependence of the strain ¢,
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FIG. 3. Skyrmion steady velocity, v, as a function of the strain slope. The symbols
are the results from micromagnetic simulations, while the line corresponds to the
analytical model of Eq. (9).

proportional to m, and m,, respectively [see Eq. (2)]. This field acts
mainly in the skyrmion wall, where the magnetization lies in the plane.

The inset of Fig. 4 shows a schematic of the skyrmion and H
at different points on the skyrmion wall. H,,,, is predominantly paral-
lel to the magnetization over the wall, thereby increasing the sky-
rmion diameter and decreasing its energy. This simple
representation also explains the origin of the force that moves the
skyrmions along the strain gradient. H ,, is proportional to the strain
and, in the presence of a strain gradient, is no longer symmetric with
respect to the skyrmion center but rather is larger (respectively,
smaller) on the side where the strain is higher (respectively, smaller),
which leads to a net force along the strain gradient.

We have developed a Thiele model to investigate strain-induced
skyrmion motion further. Assuming that the skyrmion moves rigidly,
the equation of motion can be written as"”

0.35
= Esk' E‘
a d~ ot 50 £
5 g3 <
=5 2
. 40
EO mz ('_U
;g 0.25 | g
g8 an E
©° 30 B

w

0.2 . .

0 0.001  0.002 0.003 0.004

Strain along xz-axis, €.,

FIG. 4. Skyrmion diameter dg and energy Eg as functions of the strain. Eg is cal-
culated as the difference between the energy of the system with the skyrmion at
the center and the saturated ferromagnetic state. Inset: skyrmion with the sketch of
both magnetization (black arrows) and magnetoelastic fields (pink arrows) at differ-
ent points on the skyrmion wall (green area).
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Gxv—oDv+F=0, (3)

where G = — %ﬁ%k = GKk is the gyrovector, Ny is the skyrmion
number (Ng = —1 for our Néel skyrmion), D :%fvm(%’i‘ X ‘;x—“j‘) av

is the dissipation tensor, and F = —MSLHW‘;—‘)‘: dV is the force on the

skyrmion.
The following ansatz is chosen for the magnetization profile
= (sin © cos ¢, sin O sin ¢, cos O):

s
— (A — 0<r<A
0, r> A,

where (r, @) are the in-plane polar coordinates [X = rcos (@), Y
=rsin@] and A is the width of the skyrmion wall. As shown in
Sec. S3 of the supplementary material, this ansatz corresponds to a
zero-radius skyrmion, fits reasonably to the profile computed numeri-
cally, and allows us to obtain analytical expressions for D and F.

With our symmetric ansatz of Eq. (4), we obtain Dy, = Dy, =0
and D, = D), = D with

D ML,

2 (nz — Ci(2m) + 75 + log (Zn)), (5)

where Ci is the cosine integral function and yr Euler’s constant.
Interestingly, D is not affected by the strain. Meanwhile, for the force,
we obtain

3nA* AL dey
= u(cu +Ci) ‘

F —.
* 81, dx

(6)

According to Eq. (3), the general solution for the skyrmion’s velocity is

Uy 1 oDF, — F,G )
v, ) @?D*+G*\ uDF, +FG )’
where in addition to F, [Eq. (6)], we consider F, due to the boundary
repulsion.””* "

Initially, the skyrmion is located far from the borders and does
not experience repulsion (F, = 0). Thus, the velocity can then be

approximated by
U\ 1 oDF, )
Uy N OCZDZ + GZ F xG '

so that the skyrmion moves obliquely in a direction ¢ given by
tan ¢ = v,/vx = G/(aD)."

As the skyrmion approaches a boundary, F, increases until it bal-
ances the gyrotropic contribution of F,. When this condition is
reached, we have v, = 0, and the skyrmion moves in the x direction
with a steady velocity given by

F,
oD’
Therefore, our model predicts that the skyrmion velocity depends line-
arly on the strain slope and also on the skyrmion’s area (o< A%).
The velocity dependence on the strain gradient that our model pre-
dicts [Egs. (6) and (9)] is shown in Fig. 3 (solid line), showing good
quantitative agreement with the results of micromagnetic simulations.

)

Ux
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The value of A used in the model was obtained by fitting the skyrmion
profile at &, = 0 to the ansatz of Eq. (4), giving A = 30.4 nm. Note
that a discrepancy between the model and the simulations becomes
apparent for large strain gradients. One should remember that for
large strain gradients, the skyrmion reaches its steady velocity close to
the boundary (see the animations in the supplementary material), in
which case the repulsive force in the x direction, which is not taken
into account in our model, becomes relevant and modifies the
skyrmion trajectory, leading to a reduction of v,.

As a final test for the efficiency of our scheme, we compare it
with the traditional way of moving skyrmions, namely, by passing a
current through the adjacent heavy-metal layer. The results are pre-
sented in Fig. 5, where the steady velocities for different values of the
strain gradient and current density J are plotted for the strain-driven
and current-driven schemes, respectively. The same sample dimen-
sions and material parameters as specified earlier in the text were used
in both cases, whereas a spin Hall coefficient of sy = —0.33 was used
for the current-driven simulations;>*® see Sec. S5 of the supplemen-
tary material for more details. From Fig. 5, we conclude that a strain
gradient of the order of 10~ um ™" results in a skyrmion velocity simi-
lar to that obtained by passing a current of the order of 10° A/m> As
shown in Fig. 1 and Sec. S1 of the supplementary material, we note
that such strain gradients can be obtained by applying moderate
voltages (a few volts) in the PZ substrate. According to our calcula-
tions, the energy required to move the skyrmion between the two
contacts is of the same order for the two methods. However, it should
be noted that for the current-driven method, the energy is dissipated
via Joule heating, whereas in the strain-gradient method, the energy is
restored to the battery when the voltage is switched off.

In summary, we have proposed a scheme to move skyrmions
based on creating an in-plane strain gradient that, via magnetoelastic
coupling, creates a force that drives the skyrmions in the direction of
increasing strain with a velocity that depends linearly on the strain
gradient. Moreover, we proposed a device to implement this scheme,
in which a magnetic nanostripe is deposited on a PZ substrate and the
strain gradient is created by applying a voltage between electrodes
located at each end of the device. Electromechanical simulations
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FIG. 5. Steady skyrmion speed as a function of either current density (blue, Osy
= —0.33) or strain gradient (red).
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showed that the strain gradients required to move skyrmions can be
achieved by applying moderate voltages. Although there is room for
optimization, such as by exploring additional strain contributions
(see Sec. $4 of the supplementary material), overall, our scheme has
the attractive features of reversibility, robustness, and scalability. Most
importantly, it is voltage controlled and involves no charge current or
magnetic field, thereby making it suitable for developing environmen-
tally friendly spintronic devices.

See the supplementary material for (i) the electromechanical
simulation, (ii) details of the elastic magnetoelastic model, (iii) the
ansatz for the skyrmion profile, (iv) comments on other contributions
of the strain tensor, (v) details of the equations for the magnetization
dynamics, and (vi) animations of the skyrmion’s motion.

This work was supported by Project No. MAT2017-87072-C4-
1-P from the (Ministerio de Economia y Competitividad) Spanish
government and Project No. SA299P18 from Consejeria de
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