PHYSICAL REVIEW B 95, 174416 (2017)

Hybrid magnetic skyrmion
H. Z. Wu,1 B. F. Miao,1,2 L. Sun,1,2 D. Wu,1,2 and H. F. Ding1,2,*
1

National Laboratory of Solid State Microstructures and Department of Physics, Nanjing University,
22 Hankou Road, Nanjing 210093, P.R. China
2
Collaborative Innovation Center of Advanced Microstructures, Nanjing University, 22 Hankou Road, Nanjing 210093, P.R. China
(Received 8 November 2016; revised manuscript received 20 April 2017; published 11 May 2017)
We introduce the concept of the hybrid magnetic skyrmion (HMS) by patterning arrays of magnetic nanodisks
on top of thin films that possess the Dzyaloshinskii-Moriya interaction (DMI). The practical feasibility of the
method is validated by micromagnetic simulations and computed Skyrmion number per unit cell. The HMS has
enhanced stability and mobility with respect to existing skyrmion configurations. The skyrmion Hall effect is
substantially reduced, in comparison with skyrmion stabilized by the DMI only. We created isolated skyrmions
via current pulses and drove them by a continuous current at enhanced speed of 750 m/s.
DOI: 10.1103/PhysRevB.95.174416

Magnetic skyrmions possess a nontrivial spin texture and
carry a topological charge [1]. They are relatively stable
and inert under small perturbations due to the topological
protection. Since the first observation of magnetic skyrmions
in bulk magnets with broken inversion symmetry [2], there has
been considerable attention due to their fundamental interest
and potential for applications [3–13]. For instance, skyrmions
are promising candidates for future information technology
due to their small size and to the small current densities needed
to displace them [14–16]. Also, in contrast to domain walls,
the flexibility of skyrmions allows them to be less hindered by
defects [14,17,18]. Skyrmion states are generally explained
by the existence of the Dzyaloshinskii-Moriya interaction
(DMI) in systems lacking inversion symmetry. Skyrmions
were typically found to be stable at low temperature in
magnetic fields, which impedes their physical exploration
and application [2–4]. Although major effort has been made
to extend the phase diagram to higher temperatures, it was
only recently that DMI-induced, room temperature skyrmions
were reported [19–24]. As the DMI is commonly weak, there
is only a small group of materials where skyrmions arise
naturally from the inherent DMI [natural skyrmion materials,
Fig. 1(a)]. Alternatively, there is a growing group of artificially
designed magnetic superstructures that enable the existence of
skyrmions without the need of a microscopically built-in DMI
mechanism [artificial skyrmion materials, Fig. 1(b)] [25,26].
Such artificial skyrmion crystals have been realized experimentally at room temperature [27–29]. Numerical simulations
also suggest artificial skyrmion crystals have similar dynamic
behavior to that of the natural skyrmion crystal derived from
the DMI [30,31]. Artificial skyrmions, without the limitation of
a DMI, significantly expand the pool of prospective materials
for skyrmion-based systems. The mobility of the artificial
skyrmion, however, is restricted by the patterned disks.
Another interesting phenomenon associated with skyrmion
is the skyrmion Hall effect [14,32]. Owning to its specific
magnetic configuration, skyrmion does not only move forward
but also rotates when it is driven by a spin-polarized current.
This leads to a transverse movement besides the motion along
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the current direction, similar as the Hall effect [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. To achieve a
high-speed skyrmion-based spintronics device, the skyrmion
Hall effect needs to be suppressed effectively [32].
Herein, we present the concept of the hybrid magnetic
skyrmion (HMS), which is based on the advantages of both
natural and artificial skyrmion materials. A natural approach
to seek an improvement beyond what each of the components
can give separately would be to stack the natural and the
artificial skyrmion crystals on each other in close proximity.
This leads to an increase in stability, but the skyrmion mobility
is compromised. By inserting a spacer with suitable thickness,
we decouple the two original materials from direct coupling to
RKKY-type. Remarkably, we find that not only the skyrmion
mobility is significantly increased but also the skyrmion Hall
effect is effectively suppressed due to the attraction of the
skyrmion by the disks. The proposed HMS can be driven
by an electrical current to a speed of 750 m/s, which is
two times larger than the skyrmion with DMI only. We
further demonstrate the viability of information encoding and
propagation with the HMS in a nanotrack. With a vertically
injected current pulse, isolated skyrmions can be created
due to the spin transfer torque effect [34,35]. With a steady
current, the skyrmions can then be driven with relatively high
speed. As individual skyrmion can be detected by a simple
Hall geometry via the topological Hall effect [9,36,37], the
proposed hybrid structure enables the construction of the HMS
racetrack memory that can work at high temperature and with
high speed.
There are two types of DMI, the bulk-type and the
interfacial-type. Typically, the bulk-type DMI favors the
formation of Bloch-type (vortex-type) skyrmions, while
the interfacial DMI results in Néel-type skyrmions. Here, we
focus on the simulations of bulk-type DMI-induced skyrmions.
The Hamiltonian of the DMI term can be written as HDM =



−D 12 · (S 1 × S 2 ), where the Dzyaloshinskii-Moriya vector






D 12 is parallel with the unit vector joining spin S 1 and S 2
[See the inserted sketch in Fig. 1(a)]. The spin rotates along
the plane perpendicular to the radial direction and forms a
Bloch-type skyrmion. Figure 1(a) presents a schematic of
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FIG. 1. (a) Schematic of the spin configuration in a Bloch-type,
DMI-induced skyrmion crystal with arrows representing direction of


local moments. The DMI vector D 12 is parallel to the direction joining
neighboring sites. (b) Schematic of an artificial skyrmion crystal,
with ordered arrays of vortices on top of a film with perpendicular
anisotropy. (c) The proposed HMS crystal, in which ordered arrays
of vortices are placed on top of a film with DMI. The exchange
coupling of the capping vortices stabilizes the skyrmion crystal
beneath.

a Bloch-type skyrmion crystal with hexagonal symmetry,
where the arrows represent the direction of the local moment.
Typically, this type of skyrmion crystal only exists at low
temperature and under a magnetic field. On the other hand,
artificial skyrmion crystal can be realized at higher temperature
via patterning an array of magnetic vortices onto the surface
of a perpendicularly magnetized film [Fig. 1(b)].
By patterning arrays of magnetic disks onto a substrate
with DMI, we show the concept of the HMS [Fig. 1(c)].
Remarkably, the hybrid has a significantly enhanced stability
in comparison with skyrmions stabilized with only a DMI
of the same magnitude. With proper tuning of the exchange
coupling between the film and the disks, the skyrmions
beneath can be moved by a spin-polarized current. Thus, HMS
benefit from both the advantages of the natural DMI-induced
skyrmion and the artificial skyrmion.
The micromagnetic simulations are performed via the
OOMMF code, including a bulk-type DMI [38] and the thermal fluctuations [39]. For the calculation of all temperatureand field-dependences of topological charge density, the
dimensions of the magnetic substrate with DMI are 210 ×
240 × 1 nm3 with cell size 2 × 2 × 1 nm3 . Material parameters
are used for FeGe in the calculations as follows: experimentally

reported temperature dependent saturation magnetization [40]
and Msub = 3.3 × 105 A/m at 0 K. The exchange constant
Asub = 7.54 × 10−12 J/m, is calculated from Curie temperature. Similar approach has been used in Ref. [41]. The
DMI constant D = 1.35 mJ/m2 is determined from the helical
period 70 nm [42]. We also include perpendicular magnetocrystalline anisotropy Ku = 1.5 × 105 J/m3 . As FeGe is 1-nm
thick, the magnetic anisotropy may originate from the surface
anisotropy and/or the magnetoelastic anisotropy caused by the
lattice mismatch etc. In the calculations for the HMS, an array
of vortex disks with 60-nm diameter, 70-nm disk spacing,
and 4-nm thickness are patterned onto the DMI material. The
saturation magnetization and exchange constant are Mdisk =
1.4 × 106 A/m and Adisk = 2.5 × 10−11 J/m (corresponding
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 currentin-plane geometry, we consider both adiabatic and nonadiabatic terms in the Landau-Lifshitz-Gilbert equation: τadiab. =
um × (m × ∂m
) and τnonadiab. = βu(m × ∂m
), where u =
∂x
∂x
γ (h̄j P /2eMS ), x is the direction of the electron velocity, γ is
the gyromagnetic ratio, MS is the saturation magnetization,
j is the current density, P is the spin polarization, and
β is the nonadiabatic damping coefficient [43,44]. In the
simulation, the Gilbert damping coefficient α is set to 0.05,
and the nonadiabatic damping β is set to 0.08. Current
flows only within the film with DMI. For the simulation
of the nucleation of skyrmions with vertically injected spin
polarized current, we consider the in-plane torque written as
τI P = ut m × (mP × m), where mp is the current polarization
vector, and t is the FeGe thickness. In the calculation, the
out-of-plane field-like torque is set to zero.
Figure 2 shows the comparison of the stability of the
skyrmion before and after capping with the magnetic disks.
In Fig. 2(a), we present temperature dependent snapshots
of the magnetic configuration for a 1-nm FeGe film with
DMI. The system was originally relaxed from the random
state. At 0 K, a hexagonal skyrmion lattice is formed when
a 250 mT field is applied normal to the film plane. The
skyrmion size (defined as the diameter of the line where
mz = 0) is ∼40 nm with a ∼70−nm lattice spacing in good
agreement with the experimentally reported value [6]. With
increasing temperature, the hexagonal order and the skyrmion
itself distort due to thermal fluctuations. Also, the background
becomes blurred and no skyrmion can be found above 280 K.
In contrast, the system after capping with the disk array
(60 nm in diameter and 70 nm in spacing) shows strongly
enhanced stability, where the skyrmion configuration shows no
apparent change up to 275 K. We note that, strictly speaking,
the micromagnetic approach provides a correct description of
magnetic systems only for low temperatures [45]. Thereby, the
topological charge dependencies shown in Figs. 2(c), 2(d), and
Fig. 3(d) serve only as a rough estimation of the predicted effect
of the enhancement of the skyrmion phase. A more precise
estimation of the temperature effects could be achieved with
atomistic models based on Monte Carlo simulations [46,47]
or with an advanced micromagnetic approach adapted for
high temperatures and based on the Landau-Lifshitz-Bloch
equation [48,49].
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FIG. 2. Temperature-dependent snapshots of the magnetic configuration of the film with DMI only (a) and the film with DMI and capping
disk (b). Red/blue represents moment pointing out-of-plane/into-the-plane, respectively. Image sizes are 210 × 240 nm2 . Temperature- and
field-dependence of S in the thin film (c) without capping vortices and (d) with capping vortices. The stability is greatly enhanced in the latter
case. Solid/dash lines in (c) and (d) represent isolines with topological number of 80% and 50% of the maximum value, respectively.

In order to compare the stability quantitatively,
we compute

1
m · ( ∂m
the integrated skyrmion number S = 4π
× ∂m
)dxdy
∂x
∂y
[2,14,50]. The temperature- and field-dependence of S of a
1-nm FeGe film with DMI (without capping) is summarized
in Fig. 2(c), which is similar to that reported by Huang et al
[8]. As a skyrmion unit possesses a skyrmion number S of 1
or −1 (in our case, S = 1), an ordered skyrmion crystal would
have S = 12 for such a given area [red region in Fig. 2(c)].
To better illustrate the temperature- and field-dependence of
S, we define two boundaries where the skyrmion number of
the given area has 80% (solid line) and 50% (dash line) of
the maximum value. The skyrmion crystal without capping
disks is stable only between 180 and 350 mT and <180 K
with the 80%-boundary definition. In comparison, the area
with large value of S for the system after capping with
disk array is greatly extended [Fig. 2(d)]. Given the same
definition of an 80% boundary, the skyrmion phase is stable for
0−420 mT and <260 K, which is significantly larger than that
without a disk capping. We, thus, demonstrate that the vortex
patterning onto the magnetic material with DMI can indeed
enhance significantly the stability of the skyrmion crystal
beneath.
As has been reported, DMI-induced skyrmions can be
moved at low current density via the spin transfer torque
mechanism. Thus, they have been proposed as candidates for
information carriers [14–16]. As a reference, we first compute
the current-driven motion of skyrmions in a nanotrack without

capping disks. The dimension of the nanotrack is 1400 ×
100 × 1 nm3 . An in-plane current of spin polarization P = 0.4
is injected with electron flow along the nanotrack. We find that
the current threshold is small, well below 1.0 × 1010 A/m2 ,
and the velocity is linearly proportional to the injected current
density [blue triangles in Fig. 3(a)], similar to previous findings
[14]. Under a current density of 4.0 × 1012 A/m2 , skyrmions
can reach a velocity of ∼320 m/s. Upon further increasing the
current density, we find that 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 [see blue triangles in Fig. 3(b)], in
agreement with previous findings [14,32]. Hence, the velocity
is limited.
As a comparison, we also computed the current-driven
dynamics for the skyrmion with disk capping. As mentioned
above, the stability of a skyrmion crystal with disk capping
is extended, but its mobility is compromised, as is the case
for the artificial skyrmion [25]. To remove this obstacle,
we reduced the magnetic coupling between the film with
DMI and the vortices by inserting a nonmagnetic spacer
in between. In such a configuration, the magnetic coupling
changed from direct coupling to RKKY-type whose strength
can be tuned by varying the spacer thickness [51,52]. The
typical maximum value for the ferromagnetic (FM) coupling
is of the order of 10−4 J/m2 [51,53,54]. In our simulations,
we inserted 6-nm Cu and choose the RKKY coupling strength
to be ARKKY = 4.0 × 10−5 J/m2 . Remarkably, we find that
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FIG. 3. (a) Skyrmion velocity ν as a function of in-plane current density J for skyrmions with DMI only (blue triangle) and the HMS with
magnetic disks lifted above (red circle). The velocity of skyrmions with DMI only is limited by the skyrmion Hall effect. (b) The trajectories
for skyrmion with DMI only and HMS driven by current with 1.0 × 1013 A/m, respectively. Time interval for neighboring position is set as
0.1 ns. (c) The threshold current that enables skyrmion motion versus the RKKY coupling strength between magnetic disk and DMI material.
(d) Temperature- and field-dependence of S of the HMS with lifted magnetic disks. Solid/dash line represents isolines with topological number
of 80% and 50% of the maximum value, respectively.

skyrmions stabilized with this configuration can be moved
when the current is >5.0 × 1012 A/m2 . Above that, the
velocity of the skyrmions show a linear dependence with slope
similar to that without vortex capping [red circles in Fig. 3(a)].
Equally interesting, we find that the vortex can also serve as
an attracting center, significantly reducing the skyrmion Hall
effect [14,32,55]. Thus, the skyrmion can be moved with speed
up to 750 m/s, which is two times the speed of the skyrmion
without vortex capping. Figure 3(b) presents the trajectories
for DMI-induced skyrmion and HMS under current with
density of 1.0 × 1013 A/m2 , respectively. The time interval
for neighboring position is 0.1 ns. Obviously, the skyrmion
Hall effect of DMI-induced skyrmion is strongly suppressed
in the HMS system. With this current density, skyrmion moves
at the speed of 600 m/s which results in a reading speed of
8 Gb/s for a single track, given that the separation between
each skyrmion is ∼70 nm. One can expect that the reading
speed can be readily increased when multiple tracks are used
simultaneously. We also calculate the relationship between
the lowest current needed to drive the HMS and the RKKY
coupling strength. The result presented in Fig. 3(c) clearly
indicates that higher threshold current is needed when RKKY
coupling strength increases. In addition, the skyrmion state
is stable within (190 mT, 310 mT) and below 220 K in this
geometry [Fig. 3(d)], which is extended by 25% compared with
the skyrmion phase without vortex capping [Fig. 2(c)]. We note
here that the simulations are for Co disks on an FeGe film but

the generality of the method is not limited to these materials.
Since the swirling spin structure of the disk and the interlayer
exchange coupling favor the stability of the skyrmion, similar
effect would be expected for other materials. We applied our
method for Co disks on an Fe0.5 Co0.5 Si and found similar
results. Our method would be especially useful for the DMI
induced skyrmion material with the phase stability close to
room temperature.
For a skyrmion-based information technology, controllable
creation, manipulation, and detection of the skyrmion are
necessary. We demonstrate that skyrmions can be nucleated
and driven steadily in a prototype skyrmion-based racetrack
memory. The detection of skyrmions can be achieved by
the measurement of the topological Hall effect, as has been
reported previously [see Fig. 4(a)] [9,36]. The film with DMI is
relaxed from saturation state at −250 mT along −z direction,
and the capping disks are in vortex states with +z polarity
and counterclockwise circulation. A vertical spin polarized
current pulse is injected through a Co nanopillar with 20-nm
diameter at position (x = 50 nm, y = 50 nm) [Fig. 4(b), red
pulses], and an in-plane spin polarized current is applied along
a nanotrack to drive the movement of the skyrmions [Fig. 4(b),
blue lines]. After applying a 0.4-ns current pulse with density
J = 5.0 × 1012 A/m2 , the magnetization beneath the Co
nanopillar switches and results in a skyrmion state [Fig. 4(c),
1], which moves steadily at ∼600 m/s under a continuous
current of density J = 1.0 × 1013 A/m2 . Thereafter, the chain
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FIG. 4. (a) Schematic of skyrmion race-track memory. (b) Time-dependent current density used for the information encoding. Red current
pulse is injected vertically through Co nanopillar to nucleate an isolated skyrmion, and blue steady current is applied along the long axis of the
nanotrack to displace the skyrmions. (c) Snapshots of magnetic configuration (top view) in HMS nanotrack at different time sequences, as also
noted in (b).

of skyrmions, created by several pulses, moves along the
same trajectory as isolated skyrmions with the same velocity
[Fig. 4(c), 2]. The nucleation of skyrmion (i.e., writing of
information) can be repeated reliably and with given distances
[Fig. 4(c), 3]. After six current pulses, we observe a chain of
six skyrmions (encoded as “11011101”) moving steadily with
separate distances along the nanotrack [Fig. 4(c), 4]. Due to
the coupling between skyrmion and capping disks, the shape
of the moving skyrmion has a slight distortion depending on
the relative position with the disks, compared with the static
HMS presented in Fig. 2.
In summary, we demonstrate a new concept of hybrid
magnetic skyrmion using micromagnetic simulations. By
patterning an array of nanodisks onto a magnetic film with
DMI, the stability of the skyrmion state can be significantly enhanced due to the coupling from the chiral spins

of the vortices above. Also, the skyrmions beneath can
move under the action of a spin-polarized current when the
vortices are lifted at a certain distance by a nonmagnetic
spacer, where the skyrmion Hall effect is effectively suppressed. We also demonstrate a prototype skyrmion-based
racetrack memory with reading speed of ∼8 Gb/s for a single
nanotrack.
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