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The magnetic skyrmion transport driven by pure voltage-induced strain gradient is proposed and studied via micro-
magnetic simulation. Through combining the skyrmion with multiferroic heterojunction, a voltage-induced uniaxial strain
gradient is adjusted to move skyrmions. In the system, a pair of short-circuited trapezoidal top electrodes can generate the
symmetric strain. Due to the symmetry of strain, the magnetic skyrmion can be driven with a linear motion in the middle
of the nanostrip without deviation. We calculate the strain distribution generated by the trapezoidal top electrodes pair, and
further investigate the influence of the strain intensity as well as the strain gradient on the skyrmion velocity. Our findings
provide a stable and low-energy regulation method for skyrmion transport.

Keywords: skyrmion, strain gradient, multiferroic heterojunction, spintronics

PACS: 77.65.Ly, 85.75.—d, 12.39.Dc

1. Introduction

Magnetic skyrmions are topologically protected quasi-
particle spin structures.!'™! Due to their small sizel® and
low driven energy consumption, skyrmions are considered a
strong competitor in the next generation of spintronic devices,
such as information storage,!”) artificial synapses,!® and nano-
oscillators.°! Towards future applications, successful manipu-
lation of skyrmions is the key. Previous work have shown that
skyrmions could be generated and manipulated by using dif-
ferent methods, including external magnetic field,!!%!! tem-

12131 microwave, ! spin wave,!'>-17! spin-

perature gradient,|
polarized current, 13221 and electric field,[>324 erc. Among
them, the spin-polarized current is the most widely used
method in driving the skyrmion. However, the skyrmion
Hall effect is inevitable during the skyrmion motion driven
by the spin—orbit torque, which makes the skyrmion devi-
ate to a certain boundary of the nanostrip, and finally, get
annihilated. [>3-26)

In recent years, the electric field-generated strain has been
experimentally proved to be an effective switching magnetic
structure method.?’3% The strain in the multiferroic hetero-
junction, which is a ferromagnetic/piezoelectric double-layer
composite structure, can be generated by applying a voltage to
the piezoelectric layer, and then acts on the ferromagnetic ma-
terial layer by the inverse magnetostriction effect to control the
ferromagnetic layer’s magneto-dynamic characteristics.31-33]
Based on this strategy, some groups have successfully realized
the electrical manipulation of magnetic skyrmion creation and

[36-38

annihilation in experiments. I In particular, the skyrmion
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transport was also demonstrated using electric fieldgenerated
strain gradients. Currently, Liu et al.’) demonstrated that
strain gradient could adjust the skyrmion transverse velocity as
the magnetic skyrmion was driven by the in-plane current in a
nanotrack. Yanes ez al.[*?! proposed the skyrmion motion via a
strain gradient generated by the voltage between electrodes on
a piezoelectric layer. However, this method inevitably results
in the limitation of the transmission distance of skyrmions.

Here we report a skyrmion transports method driven by
voltage-generated strain gradient without the assistance of cur-
rent or magnetic field. The nanostrip is constructed between a
pair of short-circuited trapezoidal top electrodes on the piezo-
electric layer. The bottom electrode under the piezoelectric
layer is grounded. Through finite element simulation, we show
that applying a voltage between the top electrodes and the bot-
tom electrode on both sides of the piezoelectric layer can gen-
erate a strain gradient on the nanostrip. Due to the symmetry
of the strain, the skyrmion can be stabilized on the linear tra-
jectory of motion, avoiding the skyrmion-Hall-effect transport
deflection. In addition, we calculate the effects of strain inten-
sity and strain gradient on skyrmion transport speed. Our dis-
covery bridges a new way for ultra-low energy voltage regu-
lation in the multiferroic heterojunction and reliable skyrmion
transport.

2. Model and device structure

When a ball is subjected to a symmetrical force, it will
maintain a stable state. But when the force at both ends pro-
duces a gradient, the ball will be “squeezed” to the side where

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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the force is smaller, as shown in Fig. 1(a). Based on the inspi-
ration of this phenomenon, we analogize it to skyrmion trans-
port regulation. As shown in Fig. 1(b), when skyrmions in
the nanostrip are subjected to a symmetrical force in the verti-
cal direction of motion, they can remain stable on the straight
line of motion, avoiding the skyrmion Hall effect. When a
force gradient is generated in the direction of movement, the
skyrmion will be “squeezed” to the side where the force is
smaller, resulting in a directed linear motion.
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Fig. 1. (a) Ball motion driven by pressure gradient. (b) Skyrmion motion
driven by pressure gradient. (c) Skyrmion transport system with strain gra-
dient generated by the voltage.

Au(shorted) PZT

Au (grounded)

Figure 1(c) is the skyrmion transport system with strain
gradient generated by the voltage. The piezoelectric layer ma-
terial is PZT (Pb(Zr,Ti)O3),[*!] and the bottom Au electrode is
grounded. A pair of trapezoidal short-circuited Au top elec-
trodes are constructed on the surface of the piezoelectric layer,
and a Pt/Co/Ta three-layers nanostrip is grown between the
top electrodes. The Pt/Co/Ta trilayer stack with asymmetric
interfaces!*>~*¥ superimposes the interfacial DMI, stabilizing
Néel type skyrmions. Applying a voltage between the top elec-
trodes and the bottom electrode will generate an in-plane uni-
axial strain in the direction which is perpendicular to the long
axis of the Pt/Co/Ta nanostrip.[*>#6] Since there is a distance
gradient between the two trapezoidal top electrodes, the gen-
erated strain will also form a strain gradient on the Pt/Co/Ta
nanostrip, thereby promoting the movement of skyrmion in
the nanostrip.

3. Results and discussion

We first use COMSOL software to calculate the uniax-
ial strain distribution on the surface of the piezoelectric layer.
The normalized uniaxial strain intensity distributions are sim-
ulated by finite element calculation using COMSOL Multi-
physics software. We use ‘linear elastic materials’ and ‘piezo-
electric materials’ in the “solid mechanics” module to simulate
the piezoelectric layer and apply the voltage through the “elec-
trostatic” module. Subsequently, the voltage action on strain is
coupled through ‘piezoelectric effect’ in “multi-physical field”
module. Finally, the strain distribution is obtained by con-
structing free tetrahedral mesh and steady-state solver. The
calculation result is shown in Fig. 2(a). The color shows the
normalized uniaxial strain intensity distribution. According to

the report by Cui et al., when the top electrode spacing is 1 to
2 times the thickness of the piezoelectric layer, the generated
local strain reaches the maximum.'*”! The size of the square
piezoelectric layer in the simulation is 5 mm X 5 mm and the
thickness is 0.5 mm. The length of the trapezoidal top elec-
trodes is 4.9 mm, the short side is 0.9 mm, the long side is
1.9 mm, and the thickness is 100 nm. The distance between
the two trapezoid electrodes gradually increases from 1 mm to
3 mm. The bottom electrode has the same size as the piezo-
electric layer, and the thickness is 200 nm. A voltage of 400 V
is applied between the top electrode and the bottom electrode.
When the system is stable, as shown in Fig. 2(a), an obvious
uniaxial strain gradient will be generated between the trape-
zoidal electrodes. Where the top electrode spacing is shorter,
the uniaxial strain generated is larger. Therefore, setting dif-
ferent trapezoids can control the rate of strain drop. Skyrmions
can even be limited in a strain potential well by setting the top
electrodes, if required.

Through the calculation in Fig. 2(a), we determine that
the trapezoidal top electrodes can produce a uniaxial strain
gradient between the two electrodes. Next, we use the mi-
cromagnetic simulation software Mumax3[*®) to simulate the
Néel-type skyrmion motion in the Pt/Co/Ta nanostrip driven

by solving the Landu—Lifshitz—Gilbert equation(*°!
dM o
S oYM xHu+ 2 M x (M x Hyy)], (1)
dr M

where « is the damping coefficient, ¥ is the magnetization ra-
tio, M is the magnetization vector, M is the saturation mag-
netization, and Hg is an effective field generated by various
energies, including strain anisotropy energy, shape anisotropy
energy, and DMI energy, which is represented as

1 dE

= oV M’ @

Hf
where = 47 x 1077 is the permeability of vacuum and V is
the volume of the magnetic layer. The strain gradient effect on
the magnetic layer through the strain anisotropy energy, which
is equivalent to a magnetic anisotropy energy

3
Estrain—anisotropy = Elﬂ oV, 3

where 3A5/2 is the saturation magnetostriction. The magni-
tude of the applied strain o is

0 = Ydeta(U /21y), )

where Y is the Young’s modulus, U is the applied voltage, 74
is the distance between the two top electrodes, and ¢, is the
thickness of the piezoelectric layer. d.s is the piezoelectric
coefficient, which is given as

detr = (d31 —d32) /(1 +), &)
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where v = 0.3 is Poisson’s ratio. In the simulation, the size of
the Pt/Co/Ta nanostrip is 256 nm x 50 nm, the thickness of
the Co layer is 1 nm, the grid size is 2 nm X 2 nm x 1 nm,
the damping coefficient o = 0.1, the saturation magnetostric-

Strain gradient

tion A, = —2 x 1077, the saturation magnetization Mg = 5.8 x
10° A/m, and the exchange constant A = 1.5 x 1071 J/m. All
strain directions are perpendicular to the skyrmion movement
direction, that is, the long axis of the nanostrip.
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Fig. 2. (a) Uniaxial strain distribution on the surface of the piezoelectric layer generated by trapezoidal top electrodes. The color shows the normalized
uniaxial strain calculated by COMSOL software. (b) The Néel-type skyrmion motion driven by the strain gradient. The magnetization in different

directions is indicated by HSL color.

Figure 2(b) shows the Néel type skyrmion motion driven
by the strain gradient. The HSL color in the figure indi-
cates the magnetization in different directions. The uniaxial
strain decreases uniformly from 2000 MPa (on the left side of
the nanostrip) to 0 (on the right side of the nanostrip). The
skyrmion is driven by the strain gradient from the left side to
the right side of the nanostrip. The skyrmion moving speed
under a uniform strain gradient decreases with the strain. The
distance of the first 40-ns movement is almost equivalent to the
distance of the subsequent 120-ns movement. After 160 ns,
the skyrmion movement tends to stagnate. This shows that the
skyrmion moving speed is not only related to the strain gradi-
ent but also related to the magnitude of the strain. When the
strain is too small, the skyrmion cannot continue to move.

We calculate the influence of the magnitude of the strain
on the skyrmion velocity, as shown in Fig. 3. We fix the strain
gradient to 0.78125 MPa/nm, and make the skyrmion move
from the center of the nanostrip to the right. The average ve-
locity of skyrmions within 10 ns is calculated with the strain
at the center of the nanostrip from 100 MPa to 1000 MPa. As
shown in Fig. 3, skyrmion velocity increases linearly with the
strain. Therefore, the greater the strain, the faster the skyrmion
moves. If the strain is too small, the skyrmion will not be able
to move. For our material system, the skyrmion motion has a
threshold strain close to 100 MPa. Below this strain level, the
skyrmion will stop moving. When the strain is too large (about
1800 MPa), the skyrmion will be “squeezed” by the strain
and annihilated. Under the action of the strain gradient, the
skyrmion will produce asymmetric deformation, which leads
to the motion of the skyrmion. Due to the topological pro-
tection of the skyrmion, the skyrmion can basically maintain
its shape, moving under certain strains and strain gradient. A
certain threshold of the strain and the strain gradient are re-
quired for the skyrmion to produce enough deformation for its
motion. It can be compared to the ball in Fig. 1(a), which ex-
plodes under excessive pressure. Therefore, using the strain

gradient to drive skyrmions requires the strain not too large to
cause the skyrmion to annihilate.

0.045
= 0.035
~
g
— 0.025
Q
()
& 0.015
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Fig. 3. The speed variation of skyrmion as a function of the beginning strain
in the middle of Pt/Co/Ta nanostrip as the strain gradient is fixed.

We then calculate the influence of the strain gradient on
the skyrmion velocity, as shown in Fig. 4. We fix the maximum
strain of the nanostrip to 2000 MPa, and calculate the average
speed of skyrmion in 10 ns under different strain gradients.
Similarly, skyrmion motion requires a strain gradient greater
than a threshold, about 0.7 MPa/nm. Below this strain gradi-
ent, the skyrmion cannot move. Different from the influence
of strain magnitude, the influence of increasing strain gradi-
ent on skyrmion velocity is not linear. Although the skyrmion
velocity increases with the strain gradient, the ascent speed
slows down with the increase of the strain gradient. After
the strain gradient increases above 7 MPa/nm, the skyrmion
velocity will no longer increase significantly with the strain
gradient. Therefore, when the strain gradient is applied to
drive skyrmion motion, the energy consumption, efficiency
and transmission distance should be considered comprehen-
sively to set the strain gradient reasonably.

The reading of skyrmion can be achieved by constructing
a magnetic tunnel junction at the appropriate position. Li et al.
recently reported a skyrmion magnetic tunnel junction, which
displays an obvious tunnel magnetoresistance signal.>"! Their
experiments showed that the skyrmion had a double-layer cou-
pling structure in the tunnel junction and could generate a

117701-3
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readable tunnel magnetoresistance signal through the differ-
ence in interplane magnetization between the free and refer-
ence skyrmion layers.

Since the calculation of micromagnetic simulation is dif-
ficult to support the calculation of oversized size, the nanos-
trips we calculate are at nanometer size and the strain gradi-
ent is amplified. It should be pointed out that it is difficult
for our electrode to generate a very large strain gradient due
to the limitation of the thickness of the piezoelectric layer
in the experimental preparation. Therefore, the speed of the
skyrmion driven by the strain gradient is significantly lower
than that driven by the current. Meanwhile, due to the limi-
tation of electrode size, the range of strain gradient is limited.
Therefore, our design is suitable for the local precise motion
of skyrmion with low heat loss. A large range of skyrmion
motions can be considered by growing magnetic materials on
flexible polyimide substrates to produce a large range of strain

gradients. !

0.28
0.24¢
0.20f

0.16

Speed (m/s)

0.12}

008b—4
0o 1 2 3 4 5 6 71 8

Strain gradient (MPa/nm)

Fig. 4. The speed variation of skyrmion as a function of the strain gradient
in the Pt/Co/Ta nanostrip as the beginning strain is fixed.

4. Conclusion

We proposed a skyrmion transport method driven by a
voltage-generated strain gradient. Through the arrangement
of trapezoidal electrodes pair on the piezoelectric layer, a uni-
form uniaxial strain gradient is generated to the ferromagnetic
nanostrip to drive the skyrmion to move. Due to the symmetry
of the strain, the skyrmion can move stably along a straight
line under strain protection without deviation. The speed of
movement increases with the strain intensity and the strain
gradient. It is worth mentioning that the strain-gradient in-
duced skyrmion transport speed is not comparable to the cur-
rent induced skyrmion transport speed. In addition, the archi-
tecture is not compatible with modern semiconductor technol-
ogy. Therefore, our approach is mainly aimed at the insulating
skyrmion-hosting materials regardless of their electrical con-
ductivity.
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