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Magnetic skyrmions are promising candidates as information carriers for the next-generation

spintronic devices because of their small size, facile current-driven motion and topological stability.
The controllable nucleation and motion of skyrmions in magnetic nanostructures will be essential

in future skyrmionic devices. Here, we present the microwave assisted nucleation and motion of
skyrmion-chains in magnetic nanotrack by micromagnetic simulation. A skyrmion-chain is a one-
dimensional cluster of equally spaced skyrmions. A skyrmion-chain conveys an integer bit n when

it consists of n skyrmions. A series of skyrmion-chains with various lengths is generated and moved
in the nanotrack driven by spin-polarized current. The period, length and spacing of the skyrmion-
chains can be dynamically manipulated by controlling either the frequency of the microwave field or
the time dependent spin-polarized current density. A skyrmion-chain behaves as a massless particle,
where it stops without delay when the current is stopped. Their velocity is found to be linearly
dependent on the current density and insensitive to the frequency and amplitude of the excitation
microwave field. Uniform motion of trains of skyrmion-chains in nanotrack offers a promising
approach for spintronic multi-bit memories containing series of skyrmion-chains to represent data
stream.

The dynamical behaviour of magnetic domain walls (DWs) has been extensively investigated recently
for their potential application as novel spintronic devices! 8. The successive nucleation and controlled
manipulation of a series of closely spaced DWs in magnetic nanowires by spin-polarized currents
via spin-transfer torque mechanism has attracted considerable attention for potential applications as
non-volatile magnetic memory devices"**'°, logic devices!®2, and sensing devices". However, to realize
such devices, some challenges must be addressed before this approach can be translated into a compet-
itive technology. Such kinds of challenges are to deal with the difficulty of injecting domain walls into
nanowire since it typically requires large localized magnetic field’; the large current density required to
shift DWs inducing an intensive Joule heating from resistance'; the detrimental effects of defects; and
the Walker limit of the maximum velocity at which DWs can propagate without structure deforma-
tion"~17. Other spin textures could offer viable alternatives if their intrinsic properties can help tackle
most of the constraints related to DW.

Magnetic skyrmion is a topologically nontrivial particle-like spin texture with a whirling configuration,
and it is characterized by a finite topological winding number'®-2*, The discovery of magnetic skyrmion
lattice in magnetic materials without spatial inversion symmetry?*-?® has triggered a flurry of interest in
them. Recently, magnetic skyrmions have also been found in magnetic ultrathin films?*?*?%, in which the
inversion symmetry is broken by the presence of non-equivalent interfaces with Dzyaloshinskii-Moriya
interaction (DMI)**. The sizes of the observed magnetic skyrmions are extremely small, ranging from
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Figure 1. Schematic of the investigated device structure for skyrmion-chain nucleation and motion.

The device consists of Co/Pt nanotrack with a narrow end, an antenna for generating microwave field Hy(t),
and the spin-polarized current along the —x direction. The inset is the schematic representation of the Néel
skyrmion magnetic texture. The color encodes the out of plane component of the magnetization. It changes
from the 4z direction in the center to a complete alignment with the opposite direction in the outer rim.
Blue (red) region shows that the z-component of the spin is negative (positive), while the white region shows
that the spin direction is in-plane. The arrows represent the in-plane component of the magnetization.

approximately 3nm to 100 nm depending on material parameters. These novel spin textures are topolog-
ically protected and their topological stability drastically reduces the influence of defects so as to avoid a
continuous deformation of the field configuration®. The weak influence of defects is ascribed to the role
of the Magnus force for skyrmions and the advantage of their flexibility to avoid pinning centres®. Since
the discovery of magnetic skyrmions, numerous efforts were devoted to manipulate their motion allow-
ing for potential applications. It was recently demonstrated experimentally that a spin-polarized current
with small current density (~10° A/m?) can drive the motion of the skyrmion lattices*>*, which is about
5 orders of magnitude smaller than that required to shift DWs (~10" A/m?)2. This has been attributed to
their efficient coupling to the current via spin-transfer torque by a spin-Magnus force mechanism?***43,
Therefore, benefiting from their topological stability***, nanometric size®, and ultralow threshold cur-
rent density for the motion®>*, magnetic skyrmions are promising candidate for future spintronic appli-
cations, particularly, as information carriers in ultra-dense information memory, logic operation, and
other information processing devices*~*%. Magnetic skyrmion based spintronic devices could be char-
acterized by low cost, high performance, high stability, low power consumption, and non-volatility*”.

It is essential to understand how skyrmions can be dynamically nucleated, manipulated, shifted,
detected, and annihilated before realizing the proposed device and technology based on their motion.
Although most of the reported observations are on the skyrmion lattices in thin films, from the appli-
cation point of view, skyrmionic devices will require either individual or multiple skyrmions to be effi-
ciently manipulated in magnetic nanostructures. It has been numerically shown that under the influence
of spin transfer torques, isolated skyrmions can be created by an electric current in a simple constricted
geometry of a notch or by local injection of a spin-polarized current in magnetic nanostructures®”**4.
Recently, the individual writing and deleting single skyrmions using local spin-polarized current from a
scanning tunnelling microscope (STM) has also been experimentally demonstrated in an ultrathin mag-
netic film subjected to an externally applied field*'. The creation and annihilation of single skyrmions is
realized under certain choice of temperature and external magnetic field to prevent thermally activated
switching and to tune the energy landscape, respectively. These localized skyrmion with a diameter of a
few nanometers in a two atomic layer thick film of palladium and iron on an iridium crystal were imaged
by a spin-polarized STM. However, the skyrmion motion of a multi-bit i.e. the motion of multiple skyr-
mions in magnetic nanostructures has barely been presented. The precise and synchronous nucleation
and manipulation of multiple skyrmions in magnetic nanotracks will be essential in future skyrmionic
device.

Very recently, Zhou and Ezawa have presented a conversion mechanism between a DW pair and a
skyrmion by employing nanotracks with different width*2. Inspired by this conversion mechanism, we
demonstrate the sequential injection of multiple magnetic skyrmions and their motion in the nano-
track by micromagnetic simulation. To distinguish them from the reported isolated and sequential skyr-
mions, we term these equally spaced units of multiple skyrmions as skyrmion-chains. Namely, each
skyrmion-chain is a one-dimensional cluster made of equally spaced skyrmions. The microwave field
assisted nucleation and motion of skyrmion-chains is driven by spin-polarized current via spin-transfer
torques. The static properties of the skyrmion-chains can be manipulated by either controlling the micro-
wave fleld frequency or changing the spin-polarized current pulse. It is desirable to achieve a train of
skyrmion-chains with their properties can be manipulated for potential spintronic applications.

Results

We show the schematic representation of the investigated device structure for skyrmion-chain nuclea-
tion and motion in Fig. 1. The device consists of Co/Pt nanotrack with a narrow end on the left side,
an antenna for generating microwave magnetic field to write DW pairs, and the spin-polarized electron
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Figure 2. (a) Snapshots of a sequential time evolution of the spatial distribution of the local normalized z
component of the magnetization m, for the skyrmion-chain motion in the nanotrack at selected time with
j=6.25x 10° A/m?, u,H,=5T, and f=2.0 GHz. The magnetization of the nanotrack is pointing to the +z
direction (red color) and -z direction (blue color). (b) The time evolution of the phase of the excitation
magnetic field y,H,(t) and the normalized magnetization m,, m,, m_. The dashed lines indicate the selected
times corresponding to the snapshots shown in (a).

current for shifting DW pairs and skyrmion-chains along the x-direction. The total length of the nano-
track L is 2400 nm, and the width of the right wide part W is 60 nm. To investigate the width effect on
the skyrmion-chain motion, the width W is varied from 48 to 140 nm. The length of the narrow end [
is 200 nm with the width of 20nm. The inset in Fig. 1 represents the magnetic texture of the Néel skyr-
mion, where the spin direction forms a radial pattern®. The out-of-plane component of the magnetiza-
tion changes from being fully aligned in the —z direction in the centre to a complete alignment along
the +z direction in the outer rim. The controlled generation of periodic repetitions of skyrmion-chains
containing a variable number of skyrmions will be presented. Let us call it #n-skyrmion-chain if a chain
contains n skyrmions. We also call # the length. The period of the skyrmion-chains is represented by p,
and the spacing between neighbouring skyrmion-chains denoted by s as indicated in Fig. 1. The period
D> length n and spacing s of skyrmions in a single skyrmion-chain can be determined by the frequency
of the excitation magnetic field and the density of the driving spin-polarized current, respectively.

Microwave field frequency modulated skyrmion-chains. The nucleation process of the
skyrmion-chain of two skyrmions is shown in Fig. 2(a) as serial snapshots of the spatial distribution of
the local normalized out-of-plane component of the magnetization m, with the spin-polarized current
density j=6.25 x 10 A/m?, the excitation microwave field amplitude p,H,=5 T, and the excitation
microwave field frequency f=2.0 GHz. The snapshots present a sequential time evolution of the conver-
sion process from DW pairs to skyrmion-chains. The conversion process is similar to that for isolated
skyrmions as reported in ref. 42. In contrast to the reported isolated skyrmions, we demonstrate that the
number of skyrmions in a single skyrmion-chain, i.e. the length of a skyrmion-chain, is controllable. A
series of DW pairs are generated by the locally applied microwave magnetic field H,(t) = H,sin(27ft) at a
regular time interval in the left narrow end, and then they will propagate rightward along the nanotrack
driven by the in-plane injected spin-polarized current. When they reach the junction interface, the DW
pairs are continuously deformed into a train of skyrmion-chains. The converted skyrmion-chains are
then transmitted continuously in the nanotrack and are destroyed when they reach the right edge of the
nanotrack. Hence, trains of skyrmion-chains can be realized by controlled sequential injection of DW
pairs. The conversion mechanism can be understood by the fact that the skyrmions can only exist in the
nanotrack with its width larger than the diameter of the skyrmions®#**2. Since the width of the narrow
end is smaller than the diameter of skyrmions, the resultant structures are DW pairs. While skyrmions
can exist in the wide part of the nanotrack as the width is larger than the diameter of skyrmions. For
the real-time dynamical conversion process of n-skyrmion-chains with n=1, 2, 3, 4, please refer to the
Supplementary Movies 1-4, respectively.

The time evolution of the average normalized magnetization m,, m,, m, are shown in Fig. 2(b). The
time-dependent magnetization depends on the presence of DW pairs and skyrmions. The amplitudes of
m, and m,, oscillate periodically around their equilibrium values which is the same as the period of the

y
driving microwave field H,(t). In contrast, the amplitude of m, initially decrease from the equilibrium
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Figure 3. Micromagnetic snapshots of the spatial distribution of the local normalized z component of
the magnetization for the skyrmion-chain motion in nanotrack under various excitation frequencies f
with j=6.25 X 10'*A/m? and p,H,=5T.
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Figure 4. The properties of the skyrmion-chains: the number of skyrmions in single skyrmion-chain,
the period of skyrmion-chain, and the spacing between neighbouring skyrmion-chains as a function of
the excitation frequencies f with j=6.25 X 10> A/m? and p,H,=5T.

value as a result of the continuous creation of the skyrmions in the nanotrack as the magnetization of
the skyrmion center is opposite to the initial magnetization of the nanotrack. When the first skyrmion
reaches the right edge of the nanotrack and annihilates from there, m, starts to periodically oscillate
around the new equilibrium magnetization.

In order to understand the microwave frequency f dependence of skyrmion-chain generation pro-
cess, we investigated the dynamics of the magnetizations in the nanotrack by decreasing the microwave
frequency f from 11.5 to 0.75 GHz with j=6.25 x 10"* A/m?, and u,H,=5T. Figure 3 shows the micro-
magnetic snapshots of the spatial distribution of m, for skyrmion-chains in nanotrack under various
microwave frequencies f. It should be pointed out that, for frequencies larger than 11.5 GHz, the DW
pairs cannot be converted into skyrmion-chains as they annihilate at the top edge of the narrow end
before they reach the narrow-wide junction of the nanotrack (see Supplementary Movie 5). It is observed
that the microwave frequency f not only affects the length of the skyrmion-chains but also their period.
In addition, the spacing between neighboring skyrmion-chains s is also affected by the microwave fre-
quency f. For instance, there are two skyrmions in a single skyrmion-chain for f=2.0 GHz, while the
number is four for f=0.8 GHz. Although both the number of skyrmions in a single skyrmion-chain for
f=1.0 and 0.85GHz is three, the period p and the spacing s are different. Therefore, the static properties
of the skyrmion-chains are highly dependent on the frequency of the excitation microwave field.

The dependence of the length, period and spacing of the skyrmion-chains on the excitation frequen-
cies f with j=6.25x 10 A/m? and p,H,=5T is summarized and plotted in Fig. 4. It is observed that
the length of the skyrmion-chains is stepped up from 1 to 13 when the f decreases from 11.5 to 0.2 GHz.
In contrast to the stepwise increasing of the length of skyrmion-chains, the period p and the spacing s
continuously increase with decreasing the frequency f from 11.5 to 0.2 GHz, and they are inversely pro-
portional to the frequency f. As illustrated in Fig. 2(b), the DW-pairs are only nucleated in the second
half period of the microwave field H () = H,sin(2wft) from (2N + 1)w/f to (2N + 2)7/f with N being the
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Figure 5. Dynamically controlled nucleation and motion of various skyrmion-chains by manipulating
the intensity of the spin-polarized current. (a) The snapshots of the magnetization configuration for
skyrmion-chains under various current pulses at selected times corresponding to the vertical lines in (b)
with p1,H,= 5T, and f= 8.0 GHz. (b) The intensity of pulsed current density j as a function of time. The
dashed lines indicate the selected times corresponding to the snapshots shown in (a).

integer. By changing the frequency wy, the period of the microwave field is changed resulting in the var-
iation of the time interval for DW-pairs creation. Therefore, the length of the skyrmion-chains is highly
dependent on the microwave field frequency f.

Spin-polarized current density modulated skyrmion-chains. We have demonstrated that it is
possible to control the properties of skyrmion-chains by changing the microwave field frequency f in
a single nanotrack. However, in practical applications, we need to use multiple nanotrack arrays for
ultra-dense applications. We show an array of six nanotracks as shown in Fig. 5(a). If we use the fre-
quency modulated microwave to realize skyrmion-chains independently each nanotrack needs a sole
antenna to generate microwave field of specific frequency, which obviously hinders the integration of
ultra-dense devices. Preparing microwave emitting antenna with different frequencies to change the
properties of the skyrmion-chains in each nanotrack of the arrays is not convenient. Alternatively, the
properties of the skyrmion-chains can be dynamically controlled by manipulating the intensity of the
spin-polarized current without changing the frequency of the microwave field. As shown in Fig. 5(a),
only one antenna is applied to the array of six nanotracks, then the creation of DW pairs in them are
synchronous. By injecting a series of multiple pulsed currents into each nanotrack, the properties of the
skyrmion-chains can be controlled by the profile of the current j(¢). The density of the pulsed current
jo(t) — js(t) are periodically manipulated between 6.25 x 10" and 3.0 x 10> A/m?. As the DW pairs can
only be moved in the nanotrack when j is above the threshold value ~5.0 x 10'* A/m? Hence, the DW
pairs created in the duration j(t)=6.25 % 10" A/m* can be transferred and converted into skyrmions,
while those created in the duration j(f)=3.0 x 10'* A/m?annihilate at the edge of the nanotrack and
cannot be converted into skyrmions. To investigate the effect of j(f), we record j(t) as series of time
intervals At= At,,,+ Aty,,,, with the value of j(f) of either 6.0 x 10"* A/m* or 3.0 x 10> A/m? in At,,, and
At o respectively. The current density j(t) will be recorded as j(1, 0) if At,,=1ns and At,,,=0ns.
As shown in Fig. 5, for a constant current jy(1, 0), a train of isolated skyrmions, i.e. 1-skyrmion-chains,
are generated. However, for the pulse current j (0.1, 0.2), the 1-skyrmion-chains are generated, but the
spacing between neighbouring skyrmions are enlarged. Similarly, the 2-skyrmion-chains can be gen-
erated by injecting pulsed current in the form of j,(0.25, 0.25). The 3-skyrmion-chains can be gener-
ated with j;(0.4, 0.1). The 4-skyrmion-chains can be generated with j,(0.5, 0.2). Additionally, a train of
multi-skyrmion-chains can also be generated according to how the current density j(t) is coded, i.e.,
js(t) in Fig. 5. (The dynamical process of the train of multi-skyrmion-chains is shown in Supplementary
Movie 6) Hence, a train of skyrmion-chains in the form of a combination of arbitrary numbers, can be
easily realized according to the requirement by varying the density of the current.

Velocity of skyrmion-chains and its dependence. To use magnetic skyrmions as information car-
rier in the spintronic memory and logic devices, the dynamical properties of the skyrmion is intriguing.
Fig. 6 shows the dependence of the skyrmion-chain velocity on the spin-polarized current intensity j,
the excitation microwave field frequency f, the excitation microwave field amplitude y,H,, and the width
of the nanotrack W. The velocity of the skyrmion-chain as a function of the spin-polarized current
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Figure 6. Skyrmion-chain velocity v as a function of: (a) current density j with f=8GHz, yu H,=5T, and
W=60nm; (b) excitation frequency f with j=6.25 x 108 A/m?, p,H,=5T, and W= 60nm; (c) amplitude of
the excitation field p,H, with j=6.25 x 10'* A/m?, f=8GHz, and W=60nm; and (d) width of nanotrack W
with j=6.25 x 10"* A/m?, f=8GHz, and p,H,=5T.

density j is shown in Fig. 6a. The results show that the velocity of skyrmion-chains, irrespective of the
number of skyrmions in each skyrmion-chain, is linearly dependent on the current density j. The veloc-
ity increased linearly from 760 to 1850m/s when j increases from 5.0 x 10" to 12.0 x 10"* A/m?. For
the current density below ~5.0 x 10> A/m? and above ~12.0 X 10'* A/m?, the DW pairs collapse and the
spin texture is attached to one edge of the nanotrack and is elongated to form a meron***!. The motion
of skyrmion-chains of different numbers of skyrmions is also simulated, and there is no significant dif-
ference in the velocities obtained for different intensities of applied current. The results illustrate that
the velocity of the skyrmion-chains is in proportion to the applied current density and independent of
the number of skyrmions in each skyrmion-chain. The velocity of the skyrmion-chains as a function
of the microwave field frequency f and amplitude ;,H, as well as the nanotrack width W are shown in
Fig. 6b-d. The results show that the velocity is almost independent of the f, ;i,H, and W. However, the
number of skyrmions in one single skyrmion-chain is highly dependent on the frequency f. In addition,
1oH, has a strong impact on the creation of DW pairs in the narrow end of the nanotrack. The critical
amplitude is 2T, above which the DW pairs can be continuously generated. It is also observed that the
diameter of the skyrmions depends on the nanotrack width W. The diameter increases from 17 to 27 nm
when the width of the nanotrack increases from 48 to 140 nm. For the width of the nanotrack below
48 nm, the DW pairs cannot be converted into skyrmion-chains.

Discussion

A skyrmion-chain behaves like a massless particle without changing its structure. They maintain their
spin structures and the initial spacing between skyrmions remain almost a constant while they are mov-
ing uniformly in the electron flow direction. The response of the multi-skyrmion-chains to multi-pulsed
current js(¢) is shown in Fig. 7 for the time interval from 1.0 to 1.8ns. The skyrmion-chains are moved
uniformly with a velocity of 195m/s from 1.0 to 1.25ns. They immediately stop without any delay when
the density of the current is reduced to 0. In the time interval from 1.25 to 1.5ns, as the current density
is 0, the skyrmion-chains are stationary at the position where the current is switched oft. Once the cur-
rent is switched on at 1.5ns, the skyrmion-chains start to move at the velocity of 195m/s. These massless
dynamic characteristics show that the skyrmion-chains behave as if they were independent particles. This
is because that the skyrmion-skyrmion repulsion is short-ranged and they do not interact when they are
seperated®.

The static properties of the proposed skyrmion-chain are quite related to the frequency of the
excitation magnetic field f, the amplitude of the excitation magnetic field y,H,, and the density of the
driven spin-polarized current j. Depending on the requirement, suitable values of the three param-
eters can be chosen. A relatively high amplitude of the excitation magnetic field p,H,=5T is used
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Figure 7. Current density modulated skyrmion-chains in naotrack. (a) The snapshots of the
magnetization configuration for skyrmion-chains at selected times corresponding to the vertical dashed lines
in (b) with p4,H,=5T, and f=8.0GHz. (b) The current density j as a function of time in a time interval and
the corresponding skyrmion-chain displacement. The dashed lines indicate the selected times corresponding
to the snapshots shown in (a).

for the results presented here, similar results can also be reproduced at smaller excitation field, such
as p1,H,=1.5T (see Supplementary Figure 1). Actually, it has been demonstrated that the conversion
between domain wall pair and skyrmion remains very robust against a wide range of the saturation
magnetization M; (i.e., 0 < M, < 8.8 X 10°A/m) and a wide range of the perpendicular magnetic anisot-
ropy K (i.e., 0.4 MJ/m® < K< 0.9 MJ/m?)*. Similarly, the proposed conversion between domain wall pairs
and skyrmion-chains also remains very robust against a wide range of M, and K. We have carried out
a series of simulations by reducing K from 0.7 MJ/m? to 0.4 M]J/m? with all the other material parame-
ters unchanged. The skyrmion-chains with different length # are converted from the domain wall pairs
(see Supplementary Figure 2). The amplitude of the excitation magnetic field p,H, is only 0.3 T, and
the density of the driven spin-polarized current J is decreased to 6.0 X 10'2 A/m? which is one order of
magnitude smaller than that used in Fig. 2.

To investigate the effect from the non-adiabatic spin torques, different values of the non-adiabatic
parameter (3 (keeping the Gilbert damping av=0.3). As shown in Supplementary Figures 3 and 4, for
B=a=0.3, there is no transverse motion, and the skyrmion-chains move longitudinally along the cen-
tral line of the track without transverse motions. For 5=0.28, the converted skyrmion-chain has a lon-
gitudinal velocity in the x-direction and also a transverse velocity in the —y-direction (see Supplementary
Figure 3b). For §=0.35, the converted skyrmion-chain has a longitudinal velocity in the x-direction
and also a transverse velocity in the +y-direction (see Supplementary Figure 3d). The transverse motion
along y stops at some distance from the edge because of the repulsive interaction due to the tilting of
magnetization on the track edges induced by DMI***2. However, the domain-wall pairs cannot convert
to skyrmions when (3 is too different from « (see Supplementary Figure 3a,3e). Hence, even when 8# c,
the presented conversion mechanism from domain-wall pairs to skyrmion is also obtained provided g is
not too different from «. The converted skyrmion-chains can still travel along the nanowire even when
B is not exactly equal to a due to the skyrmion-edge repulsive effect. Additionally, the skyrmion-chains
still behaves as massless particles, where they stop without delay when the current is stopped (see
Supplementary Figure 5).

We have presented the skyrmion-chain motion in the nanotrack with perfect structures. There will
be unavoidable defects for nanoscale devices limited by the lithography process. Similar to the reported
topologically protected stability of isolated skyrmions, the presented skyrmion-chains are also topologi-
cally protected with their uniformity unchanged by tiny defect in the track. As shown in Supplementary
Figures 6 and 7, the notches will not have significant effects on both the static and dynamic properties
of the generated skyrmion-chains. The skyrmion-chains can pass the notches if the size of the notches
is not too large. However, for larger notch of ~50 nm, the skyrmion will touch the triangular edges and
then be destroyed.

We have investigated the current-induced dynamics of a train of skyrmion-chains in a nanotrack.
We find that the frequency of the exciting microwave field drastically change the static properties of the
skyrmion-chains, i.e. the number of skyrmions in a single skyrmion-chain, the period of skyrmion-chains,
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and the spacing between neighbouring skyrmion-chains. Furthermore, we also demonstrated that the
properties of the skyrmion-chains are controllable by dynamically manipulating the density of the cur-
rent. The proposed skyrmion-chains are characteristic of massless mobility, independent of the number
of skyrmions in them. They maintain their spin structures and keep the initial spacing between skyrmi-
ons when they are moving uniformly in the nanotrack as if they were independent skyrmions. The veloc-
ity of the skyrmion-chains is observed to be linearly dependent on the spin-polarized current density and
shows a weak dependence on the excitation microwave frequency and field amplitude. We have proposed
to use a skyrmion-chain as an information carrier, where the bit # is assigned for the n-skyrmion-chain.
Our findings could provide a strategy for the design of skyrmion-based racetrack memories and logic
devices, which are appealing from the perspective of using trains of skyrmion-chains in nanotracks for
dense encoding of information.

Methods

Micromagnetic simulations. We investigate the dynamical properties of such skyrmion-chains with
micromagnetic simulations as well as theoretical analysis. The simulations are performed with the pub-
lic object-oriented micromagnetic framework (OOMMEF) code*® which was extended to consider the
Dzyaloshinskii-Moriya interaction®’-* and the current-induced magnetization dynamics as described by
the Landau-Lifshitz-Gilbert equation with additional spin-transfer torque terms®*>!:

- (u-V)M—i—ﬂMx [(u- V)M]

M (1)

where M is the local magnetization, M, = |M| the saturation magnetization, -y the gyromagnetic ratio,
H,; the effective field, o the Gilbert damping factor, and 3 the nonadiabatic spin-transfer
parameter®®°L,

The local effective magnetic field H,; includes the exchange, anisotropy, magnetostatic, and
Dzyaloshinskii-Moriya fields. The Dzyaloshinskii-Moriya field caused by the interfacial DMI is given in
a continuous form*”*;

am
dt

a dM
=YH, x M + —|M x —
T M[ dt

S

2D
Hyy = — v
owt = =g, Y ) )

where D is the continuous effective DMI constant in mJ/m?, (i, is the magnetic permeability, and M; is
the saturation magnetization.
The vector u representing the spin-polarized current density (the spin drift velocity, in m/s), is defined

as

u—=— Mj
2eM; (3)
where j is the current density, g is the Landé factor, p; the Bohr magnetron, e the electron charge and P
the polarization rate of the current. Electrons flowing toward the right, i.e. the current flows toward the
left mean that u > 0. The skyrmion should move in the direction of propagation of the electrons.

Material parameters of the nanotracks used in the simulations are those of cobalt (Co) on a platinum
(Pt) substrate inducing DMI as follows*: the saturation magnetization M,= 5.8 x 10°> A/m, the exchange
stiffness A=1.5x 107'1]/m, and perpendicular magnetic anisotropy K= 0.7 MJ/m>, the DMI constant
D=3m]J/m? the damping constant = 0.3, the nonadiabatic spin-transfer parameter 5= 0.3, the gyro-
magnetic ratio y=2.211 x 10°m/As, and the polarization rate of the current P=0.4. The cell size used
in the simulation is 1 x 1 x 1nm?, which is well below the characteristic domain wall length. All sim-
ulations are performed without the application of external magnetic field. For the material parameters
of Co used in the simulation, g=2, u=j*P*(4 x 10""'m3/As). If u=1000m/s, the current density is
j~6.25 % 103 A/m2,

For the successive generation of series of DW pairs, an external harmonic sinusoidal microwave mag-
netic field H(f) = H,sin(27ft) with the field frequency f and field amplitude ,H, is applied locally to a
Ax X Ay x Az=10 x 20 X 1 nm’ section in the left narrow end of the nanotrack by means of injection of
ac current pulses. The influence of the field distribution Ax is simulated as shown in the Supplementary
Figure 8. It is found that similar results are achieved for Ax above 6nm. But for Ax below 6nm, the
microwave field does not generate domain wall pairs and hence without the skyrmion generation. With
the effect of this microwave field, the direction of the magnetization can be locally reversed and then
two DWs are nucleated. Additionally, to shift the generated DW pairs rightward along the nanotrack,
a spin-polarized current is injected in-plane in the negative x-direction where electrons flow in posi-
tive x-direction. The DW pairs are moved and converted into skyrmions when they pass through the
narrow-wide junction part of the nanotrack.

The micromagnetic simulation model used in this work neglects the modification of the current
electrons by the skyrmion, such as the generation of current inhomogeneities due to the scattering of
electrons on the magnetization gradients. However, the modification of the current electrons by the
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skyrmion will be tiny, and this effect will not be significant for the present work. In order to investigate
the modification of the current electrons by the skyrmions, a self-consistent model is recently proposed
by coupling the Landau-Lifshitz equation through the spin-transfer torque term with the Schrodinger
equation for the itinerant spins where electrons obey quantum dynamics®>®. In the self-consistent
model, the strong inhomogeneities are spontaneously created by the interaction of the electrons and
the skyrmions. The torque exerted by the itinerant spins modifies the distribution of the magnetization
around the skyrmion core and tends initially to reduce its size and ultimately drives a topological change.

References

1.

2.
3.

4.

9.

10.
11.
. Xu, P. et al. An all-metallic logic gate based on current-driven domain wall motion. Nat. Nanotech. 3, 97-100 (2008).
13.

12

14.

15.
16.

17.
18.

19.
20.

21

24.
25.
26.
27.
28.

29.
30.

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

41.
42.

43.

44,

Hayashi, M. et al. Dependence of Current and Field Driven Depinning of Domain Walls on Their Structure and Chirality in
Permalloy Nanowires. Phys. Rev. Lett. 97, 207205 (2006).

Parkin, S. S. P, Hayashi, M. & Thomas, L. Magnetic domain-wall racetrack memory. Science 320, 190-194 (2008).

Vernier, N., Allwood, D. A., Atkinson, D., Cooke, M. D. & Cowburn, R. P. Domain wall propagation in magnetic nanowires by
spin-polarized current injection. EPL 65, 526-532 (2004).

Yamaguchi, A. et al. Real-Space Observation of Current-Driven Domain Wall Motion in Submicron Magnetic Wires. Phys. Rev.
Lett. 92, 077205 (2004).

. Diego, S. & Entanglement, S. Current-induced resonance and mass determination of a single magnetic domain wall. Nature 432,

203-206 (2004).

. Hayashi, M. et al. Current Driven Domain Wall Velocities Exceeding the Spin Angular Momentum Transfer Rate in Permalloy

Nanowires. Phys. Rev. Lett. 98, 037204 (2007).

. Tatara, G. & Kohno, H. Theory of Current-Driven Domain Wall Motion: Spin Transfer versus Momentum Transfer. Phys. Rev.

Lett. 92, 086601 (2004).

. Li, Z. & Zhang, S. Domain-Wall Dynamics and Spin-Wave Excitations with Spin-Transfer Torques. Phys. Rev. Lett. 92, 207203

(2004).

Hayashi, M., Thomas, L., Moriya, R., Rettner, C. & Parkin, S. S. P. Current-controlled magnetic domain-wall nanowire shift
register. Science 320, 209-211 (2008).

Allwood, D. A et al. Submicrometer ferromagnetic NOT gate and shift register. Science 296, 2003-2006 (2002).

Allwood, D. A et al. Magnetic domain-wall logic. Science 309, 1688-1692 (2005).

Diegel, M., Glathe, S., Mattheis, R., Scherzinger, M. & Halder, E. A New Four Bit Magnetic Domain Wall Based Multiturn
Counter. IEEE Trans. Magn. 45, 3792-3795 (2009).

Yamanouchi, M., Chiba, D., Matsukura, F. & Ohno, H. Current-induced domain-wall switching in a ferromagnetic semiconductor
structure. Nature 428, 539-542 (2004).

Kldui, M. et al. Current-induced vortex nucleation and annihilation in vortex domain walls. Appl. Phys. Lett. 88, 232507 (2006).
Beach, G. S. D,, Nistor, C., Knutson, C., Tsoi, M. & Erskine, J. L. Dynamics of field-driven domain-wall propagation in
ferromagnetic nanowires. Nat. Mater. 4, 741-744 (2005).

Hayashi, M., Thomas, L., Rettner, C., Moriya, R. & Parkin, S. S. P. Direct observation of the coherent precession of magnetic
domain walls propagating along permalloy nanowires. Nat. Phys. 3, 21-25 (2006).

Skyrme, T. H. R. A unified field theory of mesons and baryons. Nucl. Phys. 31, 556-569 (1962).

Khawaja, U. Al & Stoof, H. Skyrmions in a ferromagnetic Bose-Einstein condensate. Nature 411, 918-920 (2001).

Miihlbauer, S. et al. Skyrmion Lattice in a Chiral Magnet. Science 323, 915-919 (2009).

. Yu, X. Z. et al. Real-space observation of a two-dimensional skyrmion crystal. Nature 465, 901-904 (2010).
22.
23.

Heinze, S. et al. Spontaneous atomic-scale magnetic skyrmion lattice in two dimensions. Nat. Phys. 7, 713-718 (2011).

Réssler, U. K., Bogdanov, A. N. & Pfleiderer, C. Spontaneous skyrmion ground states in magnetic metals. Nature 442, 797-801
(2006).

Huang, S. X. & Chien, C. L. Extended Skyrmion Phase in Epitaxial FeGe(111) Thin Films. Phys. Rev. Lett. 108, 267201 (2012).
Milde, P. et al. Unwinding of a skyrmion lattice by magnetic monopoles. Science 340, 1076-1080 (2013).

Nagao, M. et al. Direct observation and dynamics of spontaneous skyrmion-like magnetic domains in a ferromagnet. Nat.
Nanotech. 8, 325-328 (2013).

Shibata, K. et al. Towards control of the size and helicity of skyrmions in helimagnetic alloys by spin-orbit coupling. Nat.
Nanotech. 8, 723-728 (2013).

Yu, X. Z. et al. Near room-temperature formation of a skyrmion crystal in thin-films of the helimagnet FeGe. Nat. Mater. 10,
106-109 (2011).

Moriya, T. Anisotropic superexchange interaction and weak ferromagnetism. Phys. Rev. 120, 91-98 (1960).

Dzyaloshinsky, . A THERMODYNAMIC THEORY OF “WEAK” OF ANTIFERROMAGNETICS. J. Phys. Chem. Solids 4,
241-255 (1958).

Iwasaki, J., Mochizuki, M. & Nagaosa, N. Universal current-velocity relation of skyrmion motion in chiral magnets. Nat.
Commun. 4, 1463 (2013).

Jonietz, E et al. Spin transfer torques in MnSi at ultralow current densities. Science 330, 1648-1651 (2010).

Yu, X. Z. et al. Skyrmion flow near room temperature in an ultralow current density. Nat. Commun. 3, 988 (2012).

Everschor, K. et al. Rotating skyrmion lattices by spin torques and field or temperature gradients. Phys. Rev. B 86, 054432 (2012).
Everschor, K., Garst, M., Duine, R. A. & Rosch, A. Current-induced rotational torques in the skyrmion lattice phase of chiral
magnets. Phys. Rev. B 84, 064401 (2011).

Nagaosa, N. & Tokura, Y. Topological properties and dynamics of magnetic skyrmions. Nat. Nanotech. 8, 899-911 (2013).

Fert, A., Cros, V. & Sampaio, J. Skyrmions on the track. Nat. Nanotech. 8, 152-156 (2013).

Kiselev, N. S., Bogdanov, A. N., Schifer, R. & Rofiler, U. K. Chiral skyrmions in thin magnetic films: new objects for magnetic
storage technologies? J. Phys. D Appl. Phys. 44, 392001 (2011).

Iwasaki, J., Mochizuki, M. & Nagaosa, N. Current-induced skyrmion dynamics in constricted geometries. Nat. Nanotech. 8,
742-747 (2013).

Sampaio, J., Cros, V., Rohart, S., Thiaville, A. & Fert, A. Nucleation, stability and current-induced motion of isolated magnetic
skyrmions in nanostructures. Nat. Nanotech. 8, 839-844 (2013).

Romming, N. et al. Writing and deleting single magnetic skyrmions. Science 341, 636-639 (2013).

Zhou, Y. & Ezawa, M. A reversible conversion between a skyrmion and a domain-wall pair in a junction geometry. Nat. Commun.
5, 4652 (2014).

Ezawa, M. Giant Skyrmions Stabilized by Dipole-Dipole Interactions in Thin Ferromagnetic Films. Phys. Rev. Lett. 105, 197202
(2010).

Ezawa, M. Compact merons and skyrmions in thin chiral magnetic films. Phys. Rev. B 83, 100408 (2011).

SCIENTIFIC REPORTS | 5:15154 | DOI: 10.1038/srep15154 9



www.nature.com/scientificreports/

45. Zhang, X. C. et al. Skyrmion-skyrmion and skyrmion-edge repulsions in skyrmion-based racetrack memory. Sci. Rep.5, 7643
(2015).

46. Donahue M. J. & Porter, D. G. OOMMEF Users Guide, Version 1.0, Interagency Report NISTIR 6376 (Gaithersburg, MD, 1999).

47. Rohart, S. & Thiaville, A. Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya
interaction. Phys. Rev. B 88, 184422 (2013).

48. Thiaville, A., Rohart, S., Jué, E., Cros, V. & Fert, A. Dynamics of Dzyaloshinskii domain walls in ultrathin magnetic films. EPL
100, 57002 (2012).

49. Ma, E. & Zhou, Y. Interfacial Dzialoshinskii-Moriya interaction induced nonreciprocity of spin waves in magnonic waveguides.
RSC Adv. 4, 46454-46459 (2014).

50. Zhang, S. & Li, Z. Roles of Nonequilibrium Conduction Electrons on the Magnetization Dynamics of Ferromagnets. Phys. Rev.
Lett. 93, 127204 (2004).

51. Thiaville, A., Nakatani, Y., Miltat, J. & Suzuki, Y. Micromagnetic understanding of current-driven domain wall motion in
patterned nanowires. EPL 69, 990-996 (2005).

52. Elias, R. G. & Verga, A. D. Topological changes of two-dimensional magnetic textures. Phys. Rev. B 89, 134405 (2014).

53. Verga, A. D. Skyrmion to ferromagnetic state transition: A description of the topological change as a finite-time singularity in
the skyrmion dynamics. Phys. Rev. B 90, 174428 (2014).

Acknowledgements

ES.M. thanks the support from the Temasek Laboratories, National University of Singapore. Y.Z. thanks
the support by the National Basic Research Program of China (Grant No. 2014CB921101), the NSFC
(Grants No. 61274102 and No. 61427812), the support by the Seed Funding Program for Basic Research
and Seed Funding Program for Applied Research from the University of Hong Kong, ITF Tier 3 funding
(ITS/171/13) and University Grants Committee of Hong Kong (Contract No. AoE/P-04/08). M.E. thanks
the support by the Grants-in-Aid for Scientific Research from the Ministry of Education, Science, Sports
and Culture, No. 25400317. M.E. is very much grateful to N. Nagaosa for many helpful discussions on
the subject.

Author Contributions
ES.M. performed the micromagnetic simulations. Y.Z. coordinated the work. ES.M., M.E. and Y.Z.
analysed and discussed the results. All the authors contributed to the preparation of the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Ma, E et al. Microwave field frequency and current density modulated
skyrmion-chain in nanotrack. Sci. Rep. 5, 15154; doi: 10.1038/srep15154 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oM jmages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:15154 | DOI: 10.1038/srep15154 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Microwave field frequency and current density modulated skyrmion-chain in nanotrack

	Results

	Microwave field frequency modulated skyrmion-chains. 
	Spin-polarized current density modulated skyrmion-chains. 
	Velocity of skyrmion-chains and its dependence. 

	Discussion

	Methods

	Micromagnetic simulations. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic of the investigated device structure for skyrmion-chain nucleation and motion.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) Snapshots of a sequential time evolution of the spatial distribution of the local normalized z component of the magnetization mz for the skyrmion-chain motion in the nanotrack at selected time with j = 6.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Micromagnetic snapshots of the spatial distribution of the local normalized z component of the magnetization for the skyrmion-chain motion in nanotrack under various excitation frequencies f with j = 6.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ The properties of the skyrmion-chains: the number of skyrmions in single skyrmion-chain, the period of skyrmion-chain, and the spacing between neighbouring skyrmion-chains as a function of the excitation frequencies f with j = 6.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Dynamically controlled nucleation and motion of various skyrmion-chains by manipulating the intensity of the spin-polarized current.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Skyrmion-chain velocity v as a function of: (a) current density j with f = 8 GHz, μoHo = 5 T, and W = 60 nm (b) excitation frequency f with j = 6.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Current density modulated skyrmion-chains in naotrack.



 
    
       
          application/pdf
          
             
                Microwave field frequency and current density modulated skyrmion-chain in nanotrack
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15154
            
         
          
             
                Fusheng Ma
                Motohiko Ezawa
                Yan Zhou
            
         
          doi:10.1038/srep15154
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep15154
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep15154
            
         
      
       
          
          
          
             
                doi:10.1038/srep15154
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15154
            
         
          
          
      
       
       
          True
      
   




