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Recent theory and experiments show that artificial magnetic skyrmions can be stabilized at room temperature without
the need for the external magnetic field, casting strong potentials for the device applications. In this work, we study
the electric field manipulation of artificial magnetic skyrmions imprinted by Co disks on CoPt multilayers utilizing the
micromagnetic simulations. We find that the reversible annihilation and creation of skyrmions can be realized with the
electric field via the strain mediated magnetoelastic coupling. In addition, we also demonstrate controllable manipulation of
individual skyrmion, which opens a new platform for constructing magnetic field-free and low-energy dissipation skyrmion

based media.
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1. Introduction

Magnetic skyrmions are topologically protected chiral
spin textures.!?l They possess particle-like feature with
nanoscale size and can be driven with ultralow-density cur-
rent, exhibiting great potential for applications in information
storage and logic devices.>®! Magnetic skyrmions can be sta-
bilized by the bulk Dzyaloshinskii—Moriya interaction (DMI)
in inversion symmetry broken materials!'®-!>! as well as by
the interfacial DMI in normal metal/ferromagnet (NM/FM)

s.[16-18] Besides, artificial magnetic skyrmion

heterostructure
crystals have been proposed and experimentally demonstrated
in Co nano disks decorated perpendicularly magnetization Ni
films, Co/Pt and Co/Pd multilayers at room temperature under
zero external field.['%-23! Artificial skyrmion is stabilized by
the competition between the exchange energy, dipolar energy
and anisotropy energy, which does not necessarily involve any
DMILI. Thus, it significantly widens the scope of material selec-
tions for fundamental research and practical applications. In
addition, artificial skyrmion crystal has controllable topologi-
cal number and similar dynamic features as the DMI-induced
skyrmion crystal.[>4]

Controllable creation and annihilation of skyrmion are
the prerequisites for the skyrmion-based applications. Ex-
tensive efforts have been paid to the utilization of the spin-
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[1725-30) The required high-density current,

polarized current.
however, will result in significant power consumption and in-
stability of skyrmions due to the rise of device temperature.
Alternatively, electric-field-controlled magnetism provides an
energy-efficient approach to manipulate skyrmion without
Joule heating.[31-3¢1 The hybrid FM and ferroelectric (FE) het-
erostructures have been demonstrated to realize large electric-
field-controlled magnetism at room temperature, >’ where
the magneto-electric (ME) coupling is mediated by strain.
The ME coupling was also theoretically proposed and exper-
imentally demonstrated to control the DMI induced magnetic
skyrmions.[*!=**]' As an important member of the magnetic
skyrmion family, the study of the electric-field induced nucle-
ation and annihilation of artificial skyrmion are, however, still
missing.

In this work, we study the electrical manipulation of the
artificial magnetic skyrmions through micromagnetic simula-
tions. The skyrmions are composed of nano-sized Co disk ar-
ray patterned onto Pt/Co multilayers with perpendicular mag-
netic anisotropy (PMA). And the whole heterostructure lies
on an FE substrate, wherein the PMA of the CoPt film can be
modulated by the electric field through strain. Our simulations
clearly demonstrate the reversible annihilation and creation of
skyrmions without the DMI and magnetic field. Moreover,
benefiting from the local application of the electric field, con-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

037501-1


https://doi.org/10.1088/1674-1056/ad188f
mailto:bfmiao@nju.edu.cn
mailto:ygzhao@tsinghua.edu.cn
mailto:hfding@nju.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 33, 037501 (2024)

trollable manipulation of individual skyrmion in CoPt film can
be realized and specific skyrmion patterns form. These results
provide a new direction for developing skyrmion-based infor-
mation storage and computing technology.

2. Results and discussion

The schematic diagram of the concept of the annihilation
and creation of artificial skyrmions with the electric field is
presented in Fig. 1. An array of magnetic disks is patterned
onto the continuous film with PMA (blue layer) [Fig. 1(a)],
which lies on a piezoelectric substrate (dark gray layer). The
PMA film acts as the top gate, while an additional metallic
film, such as a gold layer beneath the piezoelectric substrate
serves as the bottom gate. With the suitable height and di-
ameter, the ground state of the magnetic disks is the vortex
state. The edge-clipped geometry is further used to break
the circular symmetry of the vortex, so that both the circu-
lation and polarity of the vortex can be aligned uniformly with
suitable magnetic field operation.!!%#34%] Due to the interfa-
cial exchange coupling, the magnetic disks would imprint the
vortex structures into the underlying PMA layer. As long as
the magnetization of the PMA layer surrounding the magnetic
disks is opposite to the imprinted vortex polarity, a magnetic
skyrmion lattice is formed [Fig. 1(b)]. After applying an elec-
tric field across the piezoelectric substrate, the strain of sub-
strate in combination with the magnetoelastic effect in PMA
layer results in a modulation of the PMA. For simplicity, we
assume a linear relation between the PMA constant and the
electric field as K| (E) = o|E|+ K (0), where ¢ > 0 is a con-
stant denoting the strength of the converse magneto-electric
effect. Note here we only consider the common symmetric
strain response with the electric field. When an asymmetric
response, especially with nonzero remanence as reported in
Ref. [44] is used, such a characteristic may also have the po-
tential for non-volatile control of the magnetic skyrmion. With
increasing electric field, the enhanced PMA strength would
shrink the size of the imprinted vortex core. Above a criti-
cal value, the skyrmion structure in PMA layer is no longer
stable and evolves into the perpendicular state. This pro-
cess corresponds to the annihilation of skyrmions, as shown
in Fig. 1(c). Conversely, the PMA value of the PMA layer
decreases when weakening the electric field. Due to the ex-
change coupling between PMA layer and the vortex structure
in the patterned magnetic disks, chiral magnetic structure in
the PMA layer would emerge again, leading to the reemer-
gence of the skyrmion [Fig. 1(d)]. Therefore, the annihilation
and creation of skyrmions can be achieved by changing the
anisotropy constant of the film with PMA through the electric
field only. Both the annihilation and creation processes are re-
versible, magnetic field-free, and energy-efficient since only

the voltage pulses are applied.

(a) (b)

Fig. 1. Proposed pathway for the annihilation and creation of skyrmions
with the electric field. (a) Magnetic disks arranged on top of the mag-
netic film with perpendicular anisotropy. The electric field is applied
between the film and the bottom electrode of the substrate, the arrow in-
dicates the orientation of the local magnetic moments. (b) The perpen-
dicularly magnetized film with vortex magnetic moments imprinted by
the magnetic disks. After being applied an increasing (decreasing) elec-
tric field E, the perpendicular anisotropy constant K| will enhance (re-
duce), leading to (c) the annihilation and (d) the creation of skyrmions,
respectively.

In the following, we will demonstrate our proposal with
micromagnetic simulations utilizing the OOMMEF code.*’! Co
and CoPt multilayer are selected as the materials of magnetic
disks and PMA layer, respectively. The material parameters
used in simulations are[!”! the exchange constants of A®® =
2.5x 1071 J/m, APt = 1.5 x 107! J/m, the saturation mag-
netization of M©° = 1.4 x 10% A/m, M®°P' = 5.0 x 103 A/m,
and the uniaxial perpendicular magnetic anisotropy for the
CoPt films is K| = 3.0 x 10° J/ m’ in the absence of the elec-
tric field. We assume the interlayer exchange constant between
the Co disk and CoPt film to be AC°~C°Pt = 2.0 x 10712 J/m,
which can be modulated by adding non-magnetic insertion
layer. The Co disks with diameter D = 120 nm and thick-
ness fc, = 18 nm are arranged in a square lattice. The spac-
ing between the center of the Co disks S is 180 nm. And the
CoPt film thickness fcops is 8 nm. In the simulations, we use
a two-dimensional periodical boundary condition within the
film plane, and a grid size of 2 x 2 x 1 nm>. For simplicity, we
assume that the strain only acts uniformly on the CoPt films
and has no apparent influence on the top Co disks. As the typ-
ical magnetic field required to switch the polarity of the mag-
netic vortex is ~ 500 mT,[?!l the weak magnetoelastic effect
of the in-plane Co disk is expected to have little influence on
the vortex structure. 48]

We first apply a perpendicular magnetic field (800 mT,
along the z-direction) to configure the polarity of the Co disks.
Meanwhile, an in-plane magnetic field (300 mT) pulse along
the cutting edge of the Co disks is applied to align their circu-
lation. After releasing the magnetic field, all the disks are in
the vortex configuration with the same polarity and circulation.
Due to the coupling between the Co and CoPt layer, the vor-
tices also emerge in the PMA—CoPt layer. Lastly, an opposite
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perpendicular magnetic field (—200 mT, a value in between the
switching fields of CoPt layer and the vortex polarity) is ap-
plied to switch the magnetization of the CoPt layer surround-
ing the vortex structures, while leaving the polarity of vor-
tices unaffected. After these magnetic field operations,!%2!]
a uniform magnetic skyrmion lattice is stabilized as shown
in Fig. 2(a). And the inset presents the distribution of local
magnetic moments of the above Co disks. Figures 2(b)-2(d)
show the evolution of skyrmion with increasing PMA con-
stant. From K, = 3.0 x 10° J/m® to K, = 8.0 x 105 J/m’,
the size of the skyrmion core (defined as the central area of
the skyrmion within the line m, = 0) shrinks. When K| >
7.5%x10°J/ m?, the skyrmion core in the CoPt layer vanishes
and the skyrmion disappears. Namely, the whole CoPt layer
almost enters a uniform perpendicular state with only small in-
plane magnetization component beneath the Co disks. We note
that the vortex structures persist in the capping Co disks due
to the relatively weak coupling between Co and Co/Pt. Con-
versely, we can also create skyrmions by decreasing the PMA
of the CoPt film. As demonstrated in Figs. 2(e)-2(g), more in-
plane magnetization component develops beneath the Co disks
with decreasing PMA value and eventually transforms into the
vortex state (below 2.8 x 103 J/ m?). Due to the coupling be-
tween Co and CoPt, the vortex cores in these two materials are
of the same polarity. Therefore, the skyrmion structures are
nucleated without applying any magnetic field. By further re-
ducing the anisotropy constant, the diameter of the skyrmion
is slightly enhanced to lower the Zeeman energy [Fig. 2(h)].
Figure 3(a) summarizes the evolution of the calculated
skyrmion number per unit cell with the change of the magnetic

(a) K, =3.0x10°J/m? (b) 6.0x105J/m3

G o606

G o60006
G006 006
G006 006

(e) 7.0x10°J/m3 ()

CO0000000066

CO000000006O0
CO0000000000
o000 000006

(¢) 7.0x105 J/m?

(g8) 2.6x105J/m3

anisotropy constant K. It shows a loop changing between
two discrete numbers of “1” and “0”, evidencing the sweep-
ing between two topological states. We have herein achieved
reversible annihilation and creation of skyrmions by chang-
ing the PMA constant of the CoPt film through micromag-
netic simulation. And the required variation of PMA constant
from annihilation to recreation is around 63%. We note that
such amount of change of PMA constant has been demon-
strated experimentally, [*¥! indicating the feasibility of the elec-
tric field modulation of artificial skyrmion at room temper-
ature. Furthermore, the magnetoelastic coupling coefficient
for (111)-textured Co/Pt is up to 2.38 x 1072 J/(m?-V) at
room temperature in literature. [49] Therefore, we can estimate
the needed electric field E which is 19.7 MV /m for our cal-
culated CoPt system. It has been reported that high-quality
single crystal PMN-PT films can be grown on silicon sub-
strate, which is compatible with semiconductor industry.>"!
If a um-thickness piezoelectric film is used, the required volt-
age is about 20 V. We would like to mention that the magnetic
anisotropy of the Co/Pt perpendicular film can also be regu-
lated by the voltage controlled magnetism anisotropy (VCMA)
method, the equivalent magnetic anisotropy changes are about
10°-107 J/m3B1-331 with applying a few Volts. The reported
range is more than we need, showing the feasibility of our pro-
posed method. It is worth noting that we have mainly consid-
ered the influence of perpendicular anisotropic changes here.
In real samples, the electric field may also cause other changes
such as the exchange constant, Dzyaloshinskii—-Moriya inter-

[44

action, etc.[** The combined effect of multiple factors may

further reduce the required changes of PMA.

(d) 8.0x10° J/m3

oo

(- K]

w

(h) 2.4x10° J/m

Fig. 2. The annihilation and creation of skyrmions with increasing/decreasing PMA. (a) Top view of magnetic moment distribution of CoPt
film with K, = 3.0 x 105 J/m®, the inset represents the situation of Co disks. With the increase of K, the diameter of skyrmions decreases
until it disappears, shown in (b)—(d). In turn, when decreasing the magnitude of K , skyrmions are created after the critical value is reached,
as shown in (e)—(h). The color bar represents the projection of local moments along the z-direction, +1/ — 1 indicates that the magnetization is

saturated along the +z/—z direction, respectively.
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Fig. 3. The evolution of skyrmion number and magnetic energy terms
(the total energy, uniaxial anisotropy energy, exchange energy, demag-
netization energy) with different anisotropy constants. (a) Skyrmion
numbers “1” and “0” represent skyrmion state and non-skyrmion state,
respectively. (b) The blue (pink) shadow area represents the regions for
the annihilation (creation) of skyrmions, respectively. The solid (open)
symbols represent the skyrmion (non-skyrmion) state. The blue arrows
indicate the sweeping direction, and the dashed square indicates the case
both the skyrmion and non-skyrmion states have the same energy.

To gain a deeper understanding of the skyrmion’s anni-
hilation and creation behavior, we conduct further analysis.
We perform calculations with different Co disks spacing S.
The simulations show that when S decreases from 180 nm to
130 nm, the K| for skyrmion annihilation remains almost un-
changed while K| for the skyrmion nucleation changes from
2.8 x10% J/m® t0 2.6 x 10° J/m®, suggesting weak influence
of the dipolar interaction between the disks. For simplicity, the
exchange constant AP is assumed to be uniform across the
CoPt films in our simulation. Besides, we also perform simu-

lations with different AC°Pt

values for the in-plane and vertical
direction, such as the AC°Pt values on vertical direction are
decreased (increased) to 1.0 x 107" J/m (2.25 x 10! J/m)
respectively while keeping the in-plane AC°" unchanged. The
simulations show that, in both cases, the changes of ACoPt only
have minor influence on the critical value K| for skyrmions
annihilation and creation.

Figure 3(b) presents the evolution of the total energy E
as well as the corresponding demagnetization energy Egem,
anisotropy energy E,,; and exchange energy terms Eex. during
the process of annihilation and creation (corresponding to the

process in Fig. 2). According to the evolution of the total en-
ergy Ei, with the variation of K| , the stability diagram can be
defined as three regions. At low K| (pink area), the magnetic
structure has only one stable state, namely the skyrmion state
(solid symbols). At high K, (light blue area), the magnetic
structure has only one stable state, namely, the non-skyrmion
state (open symbols). In the middle region (white area), both
the skyrmion and non-skyrmion states are stable but with one
as the metastable state. This is further supported by the evo-
lution of Ege, Eani and Eexc, which show hysteresis loop like
behavior. With increasing K|, both Eger, and Eey increase
but E,y; decreases. The competition between them results in
an interesting evolution of the Eyy in this region. At K|, =~
5x10° ] /m3 , both states have almost the same total energy
(marked by the dashed square). Namely, the metastable and
stable states swap their statuses at K| ~ 5 x 10° J/ m®. When
K| deviates more from this value, the total energy difference
between these two states becomes larger. And the metastable
state becomes unstable, resulting in a change of magnetic con-
figuration, either from non-skyrmion state to skyrmion state or
vice versa.

We further study the phase diagram where the skyrmion
can be reversibly annihilated and created with different PMA
constant K| of the CoPt layer and the exchange constant
ACO~CoPt petween Co and Co/Pt. Figure 4(a) presents the re-
sult for D = 120 nm and § = 180 nm. Within the most region
(solid square), the skyrmion structure can be reversibly anni-
hilated and created. And the system can bear stronger perpen-
dicular anisotropy when the interlayer exchange interaction
is larger. This can be understood as the skyrmion structures
are the results of competition among different energy terms.

When the system has large K| and small AC°~CoPt

, skyrmion
cannot be generated (cross). The CoPt layer beneath the Co
disk is dominated by the perpendicular magnetization but with
small in-plane curling component. Figure 4(b) presents the
case for D = 80 nm and S = 100 nm, with all other parame-
ters identical to Fig. 4(a). Due to the decrease of the stability
of the skyrmion structure with the decreased size, the region
where both annihilation and creation can be achieved becomes
much smaller. And for the open square, the skyrmion can only
be annihilated but not be recreated. This could be due to the
fact that as the diameters of the Co disks further decrease, the
energy that they could provide also decreases. And at a cer-
tain level, it could not overcome the energy threshold required
to induce the recreation of skyrmions. In addition, we also
calculate the case with different Co disk and CoPt film thick-
nesses, the annihilation and recreation of skyrmion state can
also be achieved under suitable conditions. The above results
show that the manipulations of patterned artificial skyrmions
are feasible under various situations.
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Fig. 4. The phase diagram of skyrmions regions for system with (a) D =
120 nm, S = 180 nm, and (b) D = 80 nm, S = 100 nm. K, and ACo~CoPt
are the perpendicular anisotropy constant of CoPt film and the interfacial ex-
change constant between Co and CoPt, respectively. The solid symbols show
skyrmions can be annihilated and created reversibly; the open symbols show
skyrmions can only be annihilated, but not be recreated; the cross point shows
the skyrmions cannot be generated.
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For applications such as the magnetic storage, not only
the collective and reversible control of the annihilation and
creation of the skyrmion lattice but also the independent ma-
nipulation of the individual skyrmion is important. We further
demonstrate the local control of individual skyrmion with the
electric field. Figure 5(a) presents the studied system with 36

e 6 6 6 6

skyrmions in the CoPt layer, where K| = 2.6 x 10° J/ m’ and
other parameters the same as those used in Fig. 2. For each
unit, Co/Pt film is in a square shape and the Co disk locates
in the center of the square. The PMA of the CoPt film in the
square can be changed by the local strain. Besides, the starting
condition of the system is a random distribution of magnetic
moments, then the field sequence described in the text above
is performed to formulate a uniform magnetic skyrmion lat-
tice [shown in Fig. 5(a)]. Figures 5(b)-5(d) are sequentially
obtained by individually changing K, of the underlayer CoPt
films of the selected unit cells with Fig. 5(a) as the starting
state and without applying any magnetic field. After applying
local electric field upon specific 24 unit cells, the PMA con-
stant K| therein increases to 8.0 x 1007 / m3, while the other
12 unit cells remain unchanged. Our calculations show that the
spin configuration transforms from full skyrmions state to “S”,
“K” and “X” shaped skyrmions patterns [Figs. 5(b)-5(d)], de-
pending on the positions of the local electric field. Therefore,
we achieve the encoding of information with a single skyrmion
as the unit cell. We note that although the control of number
of skyrmions in the skyrmion clusters in a one-by-one manner
through an electric field has been reported previously, the au-
thors therein still need assisting magnetic field.[>*! In contrast,
we herein report the annihilation and creation of individual
skyrmions by modulating the PMA constant with the electric
field only, which is more energy-efficient. For simplicity, the
control of a single unit is performed with a voltage controlled
local strain modification only. The strain may have lateral
spread. The lateral spread is expected to have a decay away
from the unit being controlled. From our simulation shown
in Fig. 3(a), the skyrmion annihilation and creation show a
square loop with a relatively wide region. This indicates that
it requires a large change of strain to modify the configuration.
The attenuated strain at the adjacent units thus has no strong
influence on their magnetic configurations.

—1

Fig. 5. The schematic of independent control of individual skyrmion with the local electric field applied at different positions. (a) The top view of
skyrmions with K| =2.6x 10° J/ m’. Varying the anisotropy constant of each cell transforms between K| = 2.6 x 10° J / m?> and K 1 =8.0x10°7J / m,
we have achieved the desired “S”, “K”, “X” shaped skyrmion patterns, as shown from (b) to (d). The color bar represents the projection of local moments
along the z-direction, +1/ — 1 indicates that the magnetization is saturated along the +z/ — z direction, respectively.

3. Conclusion

In summary, we provide a new pathway to realize the
reversible annihilation and creation of artificial magnetic
skyrmions in patterned Co disk—Co/Pt multilayer heterostruc-
tures through changing the perpendicular anisotropy constant

of the CoPt film deposited on piezoelectric substrate with the
electric field. In particular, this can be achieved without the
need of DMI and magnetic field. A phase diagram is pro-
vided which shows that the reversible annihilation—creation

behavior can exist over a wide parameters space. Further we
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also demonstrate the controllable manipulation of individual
skyrmion, providing a new platform for encoding information
in skyrmion based media.
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