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Magnetic skyrmion is a promising candidate for the future information technology due to its small size,
topological protection and the ultralow current density needed to displace it. The applications, however,
are currently limited by its narrow phase diagram and the skyrmion Hall effect which prevents the sky-
rmion motion at high speed. In this work, we study the Dzyaloshinskii-Moriya interaction induced mag-
netic skyrmion that exchange coupled with magnetic nano-disks utilizing the micromagnetic simulation.
We find that the stability and the skyrmion Hall effect of the created skyrmion can be tuned effectively
with the coupling strength, thus opens the space to optimize the performance of the skyrmion based
devices.

� 2017 Elsevier B.V. All rights reserved.
The magnetic skyrmion spin structure is a topologically stable
state in which the spins point in all directions wrapping into a
sphere [1]. Its configuration in a magnetic solid carries a topologi-
cal charge and Berry phase in real space [2]. Magnetic skyrmions
are relatively stable and inert under small perturbations due to
the topological protection. And they are also promising candidates
for future information technology due to their small size and to the
small current densities needed to displace them [3–5]. Also, in con-
trast to domain walls, the flexibility of skyrmions allows them to
be less hindered by defects [3,6,7]. Therefore, magnetic skyrmions
have attracted both theoretical and experimental interests due to
their unique physical properties and potential applications
[3,4,7–26]. Typically, the formation of skyrmion crystal requires
the presence of Dzyaloshinskii-Moriya interaction (DMI) and was
found to be stable only within a narrow temperature-magnetic
field region [2,16,17], which impedes its physical exploration and
application. Although major efforts have been made to extend
the phase diagram to higher temperatures, it was only recently
that DMI-induced room temperature skyrmions were reported
[27–31]. In addition, the DMI is commonly weak, which still limits
the pool of prospective materials for the skyrmion based
applications.

Another interesting phenomenon associated with skyrmion is
the skyrmion Hall effect [3,32]. When skyrmion is driven by a
spin-polarized current, it does not only move forward but also
rotates because of its specific magnetic configuration. Like the Hall
effect, a transverse movement, besides the longitudinal motion is
generated [33]. The effect, however, significantly limits the speed
of the skyrmion motion as the skyrmion can be driven out of the
track when a high current is used, resulting in a loss of information.
In other words, the skyrmion Hall effect should be suppressed for a
skyrmion-based spintronics device for high speed applications
[32].

In previous work, we present a method for creating 2D artificial
skyrmion crystals with a combination of perpendicularly magne-
tized film and nanopatterned arrays of magnetic vortices of the
same polarity and circulation. The method is demonstrated with
micromagnetic simulations and the computed skyrmion number
per unit cell [34]. In experiment, the samples are prepared by
embedding lithography-patterned arrays of micron-size Co disks
onto Co/Pt multilayer films that possess perpendicular magnetic
anisotropy. Kerr microscopy imaging and magnetic force micro-
scopy (MFM) demonstrate that the Co disks are in the vortex state
where the circulation can be tuned. The measured hysteresis loops
are quite similar to those obtained via micromagnetic simulations,
revealing the sample can be configured into either skyrmion (sky-
rmion number S = ±1) or non-skyrmion (S = 0) states [35]. The cre-
ated skyrmion crystal can be stabilized in a wide temperature and
field range, even at room temperature, zero magnetic field, and in
the absence of the DM interaction. The created artificial skyrmion
crystal can also, reproduce similar eigen modes of the skyrmion
crystal due to DMI, evidencing that the intrinsic origin of the
dynamics of skyrmion crystal is the nontrivial magnetic texture
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instead of DMI [36]. Therefore, artificial magnetic skyrmion crystal
has both statically and dynamically similar feature with that of
skyrmion from DMI. It also possesses much higher stability and
tunable skyrmion number. Artificial skyrmion, however, is strongly
pinned by geometric constriction, making it unsuitable for sky-
rmion based racetrack memory [4,37] and logic device applications
[38].

The conventional DMI-induced skyrmion has an ultralow cur-
rent density threshold albeit is only stable within a narrow mag-
netic field and temperature region. On the other hand, artificial
skyrmion has an extended phase diagram, however, loses the
mobility. It would be promising for skyrmion-based application if
we can combine the advantages of the both type of skyrmions. In
our previous work, we present a special magnetic skyrmion, which
is based on the advantages of both natural and artificial skyrmion
materials. We stack the natural skyrmion crystals and arrays of
vortices on each other in close proximity. This leads to increase
in stability and suppress of the skyrmion Hall effect due to the
attraction of the skyrmion by the disks, but the skyrmion mobility
is still compromised. This obstacle can be overcome by decoupling
Fig. 1. (a) Schematic of a skyrmion crystal with DMI only, i.e., without Co disk capping
FeCoSi thin film (c) without capping vortices. (d) Schematic of a skyrmion crystal with Co
and 1-nm FeCoSi thin film (f) with Co disk capping. The stability is greatly enhanced in th
DMI materials are AFeGe

intra ¼ 1:37� 10�11 J/m and AFeCoSi
intra ¼ 3:5� 10�12 J/m. Solid/dash line

maximum value, respectively. In (f), the 50%-isolines is beyond the presented region an
the two original materials from direct coupling to RKKY-type via
inserting a spacer with suitable thickness. We find the skyrmion
mobility is significantly increased and the stability for the system
is enhanced too. With proper tuning of the exchange coupling
between the film and the disks, the skyrmion crystal beneath can
be moved by a spin-polarized current. Thus, the skyrmion crystal
benefit from both the advantages of the natural DMI-induced sky-
rmion and the artificial skyrmion. The concept is demonstrated as
the hybrid magnetic skyrmion in FeGe system [39]. From the appli-
cation point of view, one needs to optimize the device to obtain the
critical parameters such as the moving speed and critical current
density etc. Therefore, in this work, we present a more detailed
study of the properties of the hybrid magnetic skyrmion with dif-
ferent RRKY coupling strengths. This work also serves as a guide for
optimizing the parameters for the device design. In addition, we
also prove the validation of hybrid skyrmion in a different system,
i.e. FeCoSi.

The micromagnetic simulations are performed via the OOMMF
code including a bulk-type DMI [40] and the thermal fluctuations
[41]. For the calculation of temperature- and field-dependent
. Temperature- and field-dependence of S in the 1-nm FeGe thin film (b) and 1-nm
disk capping. Temperature- and field-dependence of S in the 1-nm FeGe thin film (e)
e latter case. The direct exchange coupling strengths between capping vortices and
s in all figures represent isolines with topological number of 80% and 50% of the
d therefore not shown up.
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stability, the dimensions of the magnetic substrate with DMI are
chosen to be 210� 240� 1 nm3 with the cell size of
2� 2� 1 nm3. Material parameters are used for FeGe and FeCoSi
in the calculations as follows: experimentally reported tempera-
ture dependent saturation magnetization with

MFeGe
sub ¼ 3:3� 105 A/m and MFeCoSi

sub ¼ 6:0� 104 A/m at 0 K [42,43].

The exchange constant AFeGe
sub ¼ 7:54� 10�12 J/m and

AFeCoSi
sub ¼ 1:58� 10�13 J/m, is calculated from Curie temperature.

Similar approach has been used in Ref. [44]. The DMI constant of
FeGe DFeGe ¼ 1:35 mJ/m2 is determined from the helical period of

70 nm [45]. Similarly, that of FeCoSi DFeCoSi ¼ 0:022 mJ/m2 is deter-
mined from the helical period of 90 nm [20,44]. We also include a
perpendicular magneto-crystalline anisotropy KFeGe

u ¼ 1:5� 105 J/

m3 and KFeCoSi
u ¼ 1:2� 103 J/m3, respectively. The magnetic aniso-

tropy may originate from the surface anisotropy and/or the mag-
neto elastic anisotropy caused by the lattice mismatch etc. In the
calculations for the skyrmion crystal, an array of vortex disks with
60-nm diameter, 70-nm disk spacing for FeGe and 90-nm disk
spacing for FeCoSi, and 4-nm thickness are patterned onto the
DMI material. The saturation magnetization and exchange con-
stant are Mdisk ¼ 1:4� 106 A/m and Adisk ¼ 2:5� 10�11 J/m (corre-
sponding to the values of Co), respectively. The coupling between
the disks and DMI substrate changes depending on the geometry
(see below).

For simulations of the spin transfer torque with current-in-
plane geometry, we consider both adiabatic and non-adiabatic
terms in the Landau-Lifshitz-Gilbert equation: sadiab: ¼ um�
m� @m

@x

� �
and snon�adiab: ¼ bu m� @m

@x

� �
, where u ¼ cð�hjP=2eMSÞ, x is

the direction of the electron velocity, c is the gyromagnetic ratio,
Fig. 2. Temperature- and field-dependence of S in the 1-nm FeGe thin film capped with m
(a) 0.02 mJ/m2, (b) 0.04 mJ/m2, (c) 0.08 mJ/m2 and (d) 0.16 mJ/m2, respectively.
MS is the saturation magnetization, j is the current density, P is
the spin polarization, and b is the non-adiabatic damping coeffi-
cient [46,47]. In the simulation, the Gilbert damping coefficient a
is set to be 0.05, and the non-adiabatic damping b is set to be
0.08. Current flows only within the film with DMI. For the simula-
tion of the nucleation of skyrmions with vertically injected spin
polarized current, we consider the in-plane torque
sIP ¼ u

t m� ðmP �mÞ, where mp is the current polarization vector,
and t is the film thickness. In the calculation, the out-of-plane field-
like torque is set to be zero.

Fig. 1 (a) and (d) present the schematic of skyrmion lattice with-
out and with vortices capping, respectively. In order to make the
quantitative comparison on the stability of the skyrmion before
and after capping with the magnetic vortices, we compute the inte-

grated skyrmion number S ¼ 1
4p

R
m � @m

@x � @m
@y

� �
dxdy [3,16,48]. The

temperature- and field dependent-S for a 1-nm FeGe and FeCoSi
film (without capping) is summarized in Fig. 1(b) and (c), respec-
tively. The result is similar to that reported by Huang et al. [11],
while that of FeCoSi is slightly smaller compared with experimen-
tal observations [17,18]. In comparison, the stability for the system
after capping with vortices array is greatly enhanced [Fig. 1
(e) and (f)]. Here the couplings between capping vortices and
DMI materials are direct exchange coupling with

AFeGe
intra ¼ 1:37� 10�11 J/m and AFeCoSi

intra ¼ 3:5� 10�12 J/m. In order to
illustrate the effect better, we define two boundaries where the
skyrmion number of the given area has 80% (solid line) and 50%
(dash line) of the maximum value. Before capping with the mag-
netic disk, the skyrmion crystal is stable only for 180–350 mT
and <180 K with the 80%-boundary definition in FeGe. After cap-
ping, the skyrmion phase is stable for 0–420 mT and <260 K in
agnetic vortices, the strength of the RKKY interaction between FeGe and Co vortex is
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FeGe, which is significantly larger than that in DMI-only case
shown in Fig. 1(b). Similar effect is also found for FeCoSi without
and with capping vortices as presented in Fig. 1(c) and Fig. 1(f),
respectively. FeCoSi has more limited stability than FeGe, and is
stable only for 27–51 mT and <4 K with the 80%-boundary defini-
tion due to smaller exchange value and DMI. And skyrmion phase
extends to >12 mT and <11 K with capping vortex. Therefore, we
demonstrate that the patterning vortex onto the magnetic material
with DMI can indeed enhance significantly the stability of the sky-
rmion crystal beneath.

The stability of skyrmion crystal is increased by capping with
the magnetic disk, but the skyrmion mobility is compromised
due to strong interlayer coupling. Therefore, we decouple the
two original materials from direct coupling to RKKY-type by insert-
ing a spacer with suitable thickness. Fig. 2 shows the temperature-
and field-dependent S in FeGe thin film with different RKKY
coupling strength, varied from 0.02 mJ/m2 to 0.16 mJ/m2 for
Fig. 2(a)–(d), respectively. As expected, they clearly demonstrate
the stability enhancement of the skyrmion with increasing the
RKKY coupling. Even with 0.02 mJ/m2, the phase diagram for sky-
rmion has been considerably extended when compared with the
Fig. 3. Snapshots of magnetic configuration (top view) in skyrmion nanotrack at differen
without/with vortex capping, respectively. The RKKY coupling strength between FeGe
capping.
natural DMI-induced skyrmion case. When the RKKY coupling
strength is 0.16 mJ/m2, the skyrmion crystal can stable for 60–
360 mT and <270 K, which is already similar with that obtained
with direct coupling [also see Fig. 1(e)].

With decreasing the RKKY coupling strength, the pining on sky-
rmion from vortex also decreases. Therefore, the current density
threshold is also expected to decrease and the skyrmion can be dri-
ven by electrical current with reasonable current density. Fig. 3
presents the comparison of the movement of the skyrmion before
and after capping with the magnetic disks. The dimension of the
nano-track is 1400� 100� 1 nm3. An in-plane current with den-
sity 1:0� 1013 A/m2 and spin polarization P = 0.4 is injected with
electron flow along the nano-track. And the RKKY coupling
strength between underlying film with DMI and Co magnetic disks
is 0.02 mJ/m2. To illustrate the one-by-one comparison, we present
four groups of snapshots show the position of the skyrmion at dif-
ferent time in Fig. 3. In every group, the upper and lower snapshot
correspond to the skyrmion without and with the capping disk
respectively. For the skyrmion without capping disk case, the sky-
rmion can be moved along nano-track with electronic current
injected due to the spin transfer torque. In addition to the
t time sequences. For each point of time, the upper/lower panel represents the case
and Co is 0.02 mJ/m2. The skyrmion Hall effect is strongly suppressed with vortex
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longitudinal movement, the skyrmion also exhibits a transverse
movement, which is the skyrmion Hall effect. If the current density
is relatively small, the transverse motion can be balanced by the
expelling force from edge and afterwards skyrmion undergoes a
steady movement along current direction. Otherwise, the skyrmion
would be squeezed out of the nano-track if the current density is
too high. As a comparison, we also present the calculated results
for the skyrmion exchanged coupled with the magnetic disks. With
the same current density, the skyrmion with disk-capping moves a
little bit slower than that without capping due to the pining from
vortices. And remarkably, we find that the magnetic vortices also
act as attracting center and reduce the transverse movement of
skyrmion significantly. Fig. 3(e) presents the trajectories for sky-
rmion without and with capping vortices under current with den-
sity of 1.0 � 1013 A/m2, respectively. The time interval for
neighboring position is 0.1 ns. Obviously, the skyrmion Hall effect
of skyrmion with capping is strongly suppressed. Thus, the sky-
rmion with capping in principle can move at higher speed at a
higher current density, which is favorable for high speed and high
density required for information transfer and storage application.

Fig. 4 shows skyrmion velocity as a function of in-plane current
density for skyrmions with DMI only, and that with magnetic disks
capped with different RKKY coupling strengths. We find that the
current threshold of skyrmions with DMI only is small, well below
1:0� 1010 A/m2, and the velocity is linearly proportional to the
injected current density. When the current density is over
4:0� 1010 A/m2, the skyrmion will deviate from the center of the
track and slip away at the edge of the track due to the skyrmion
Hall effect, in agreement with previous findings [3,32]. For compar-
ison, we also present the skyrmion velocity as the function of cur-
rent density with different RKKY coupling strengths. In our
simulations, we choose the RKKY coupling strength to be 0.02,
0.04 and 0.06 mJ/m2, respectively. The velocity of the skyrmion
all show an almost linear dependence with a slope similar to that
without vortex capping [black square in Fig. 4]. However, the cur-
rent threshold is increased with the enhancement of RKKY cou-
pling due to the pining effect of the capping magnetic disks. And
the skyrmion can move at the speed of more than two times higher
of that in natural DMI-induced skyrmion system because of the
suppression of the skyrmion Hall effect.

In summary, we demonstrate that by patterning an array of
nano-disks onto a magnetic film with DMI, we can combine the
high mobility of DMI-induced skyrmion and high stability of artifi-
cial skyrmion together. The stability of the skyrmion state can be
significantly enhanced due to the coupling from the chiral spins
of the vortices above. And the skyrmions beneath can move under
the action of a spin-polarized current when the vortices are
exchange coupled by a RKKY-type coupling. The capping magnetic
disks also act as attracting centers so that the skyrmion Hall effect
is effectively suppressed and thus resulting in a higher moving
speed. The proposed sandwich structure may also enable the read-
out of the individual skyrmion via the giant magnetoresistance
effect. The stability and speed limit are explored as a function of
the exchange coupling strength between the film and the disks
and found to be strongly dependent, enabling the possibility in
the device optimization.
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