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A comprehensive understanding of numerous electrical current-induced magnetic texture transformations is necessary to ensure the reliability of skyrmionic devices during operation. Here, we present an
experimental study of unipolar current-induced skyrmion-stripe transformation in a Pt/Co/Fe/Ir magnetic bilayer. High current density pulses induce a densely packed skyrmion state, as commonly reported
in many other studies, and skyrmion nucleation is expected to lessen with diminishing current density.
However, at a lower current density where pinning eﬀects become signiﬁcant, a regime where currentinduced skyrmion annihilation and skyrmion-to-stripe transformation is observed. Kerr imaging reveals
that, under a low current pulse, the rapidly expanding stripes crowd out and annihilate the skyrmions before
quickly decaying and leaving behind a sparse skyrmion population. Our ﬁndings establish an additional
requirement of a minimum operating current density in the design of skyrmionic devices to avoid unintended skyrmion deletion. On the other hand, this skyrmion annihilation can also be strategically employed
as a technique for skyrmion density control using solely current modulation in future skyrmionic devices.
DOI: 10.1103/PhysRevApplied.14.054048

I. INTRODUCTION
Magnetic skyrmions are topologically stable magnetization states that are particlelike and nanoscale in size [1–4].
These magnetic skyrmions can be propagated using various techniques, such as spin torques [5–9], spin waves
[10–12], electric ﬁelds [13], and magnetostatic energy gradients [14–19]. Hence, magnetic skyrmions are a promising candidate for nanoscale devices with a wide range
of applications, such as memory storage [1], computational logic [20–23], neuromorphic computing [24–28],
and probabilistic computing [29,30].
Among the diﬀerent types of materials able to
host magnetic skyrmions, sputtered magnetic multilayers with heavy metal/ferromagnetic interfaces, such as
Pt/Co/Fe/Ir, are particularly advantageous. This structure provides a strong interfacial Dzyaloshinskii-Moriya
interaction to stabilize magnetic skyrmions and ensure
their homochirality [31–35]. Furthermore, the heavy metal
layer’s strong spin-orbit coupling supports a currentinduced spin-orbit torque (SOT), which is eﬃcient in
driving skyrmions [5,6,36,37]. On top of that, their complementary metal-oxide-semiconductor (CMOS) compatibility allows electrical current-driven motion to be the
preferred propagation technique for magnetic skyrmions.
In addition to propagation, electrical current pulses can
be used for skyrmion nucleation [5,38–41], annihilation
[41], and magnetic texture transformations [40,42,43].
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Hence, a comprehensive understanding of all forms of
electrical excitations is necessary for reliable performance.
The stripe-to-skyrmion transformation has been reported
in previous work as a skyrmion nucleation technique
[5,38–40], where stripe domains were initially nucleated
via magnetic ﬁeld sweeps and subsequently broken into
skyrmions by current pulses. In articles reporting the
current-induced formation of stripes, these stripes were
not shown to be created from skyrmions [42] or investigated at a magnetic ﬁeld where these stripes showed decay
into skyrmions thereafter [40,43]. In recent work, currentinduced skyrmion-to-stripe transformation was reported
but the underlying mechanism remains unclear [44].
In this work, we observe the current density dependence of the current-induced magnetization state transformation. A high current density induces the nucleation
of skyrmions, whereas a low current density induces
skyrmion-to-stripe transformation and skyrmion annihilation. The conditions required for the low current-induced
transformation are determined to be millisecond pulses and
an out-of-plane magnetic ﬁeld with the skyrmion ground
state. By utilizing the observed phenomena, the electrical
control of skyrmion density is demonstrated using unipolar current pulses to activate the diﬀerent current-induced
magnetization states.
II. EXPERIMENTAL METHODS
A Ta(5)/Ir(2)/[Pt(1)/Co(0.5)/Fe(0.5)/Ir(0.8)]2 /Ta(5)
(nominal layer thicknesses in nanometers) stack is grown
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on a thermally oxidized silicon wafer by a magnetron
sputtering system (AJA ATC-Orion 8) at room temperature. The base pressure of the vacuum chamber is better
than 8 × 10−8 Torr, and a range of sputtering pressures of
2.0–3.0 mTorr is used during the ﬁlm deposition. The bottom Ta(5) layer is used as an adhesive underlayer while
the additional Ir(2) underlayer is added to provide a similar interface for the repeating layers. The top Ta(5) layer
is used as a protective layer against oxidation. The ﬁlm
stack is patterned into a 20 µm × 10 µm Hall cross structure using a combination of electron beam lithography and
ion milling techniques.
Images of magnetic domains are captured using a
MagVision Kerr Imaging System, which operates on the
magneto-optical Kerr eﬀect (MOKE) in the polar conﬁguration. In the polar conﬁguration, the out-of-plane magnetization is probed and observed as diﬀerent levels of
brightness in the image. In the images, regions of lower
brightness correspond to magnetization in the negative
out-of-plane direction and vice versa. The images’ color
balance is adjusted to oﬀer the best contrast for qualitative
analysis.
Four-point conﬁguration is used to measure Hall resistance using a Keithley 2401 sourcemeter. A measuring current is passed across the wider bar while the Hall resistance
measurement is performed across the narrow bar. The measuring current has a current density of 1.38 × 109 A/m2 and
a duration of 85 ms.

(a)

(b)

III. RESULTS AND DISCUSSION
A. Current-induced skyrmion-stripe transformation
The optical micrograph of the patterned Hall cross structure is shown in Fig. 1(a). An out-of-plane magnetic ﬁeld
HZ of 18.8 Oe is applied to initialize a magnetic state with
only skyrmions. Upon applying a magnetic ﬁeld, the magnetization evolves gradually towards the equilibrium state.
The sample is left idle for 3 min to reach its equilibrium
state. For each current density investigated between the
range of 1.11 × 1010 A/m2 to 7.75 × 1010 A/m2 , 30 pulses
of 10 ms duration are injected across the wide bar as indicated in Fig. 1(a). The subsequent relaxation process after
these pulse injections is given by the Hall resistance RHall .
Here, a positive RHall corresponds to an increase in net
magnetization in the direction of HZ , which also implies
the annihilation of stripes or skyrmions and vice versa.
The diﬀerence in current-induced magnetization states
is deduced based on the RHall trend during the relaxation
process. From Fig. 1(b), the low current density pulses
induce the relaxation process with an initial RHall , which
increases up to a peak before decaying into the ﬁnal equilibrium state. The highest RHall peak is observed at the
current density of 2.21 × 1010 A/m2 . As current density is
increased to 3.32 × 1010 A/m2 , the RHall peak decreases
in magnitude and eventually vanishes at 3.88 × 1010 A/m2 .

FIG. 1. Hall resistance measurement of the relaxation process
of current-induced magnetization transformation. (a) Measurement setup consisting of a Hall cross with widths of 20 and
10 µm. Electrical currents are injected through the wider Hall
bar while Hall resistance RHall is measured across the narrow
bar. (b) Time evolution of Hall resistance change RHall after
30 current pulses of 10 ms are injected for current densities ranging from 1.11 × 1010 A/m2 to 7.75 × 1010 A/m2 . Error bars are
omitted from the graph for clarity, and the data have a standard
deviation of 6 m or less.

At current densities higher than 3.88 × 1010 A/m2 , the initial RHall is lower than equilibrium and increases at a
decreasing rate towards the equilibrium state. Lastly, for
current densities above 5.54 × 1010 A/m2 , RHall trends
remain almost unchanged suggesting that the currentinduced magnetization states and their relaxation process
reach a limiting condition.
To observe the diﬀerent current-induced magnetization
states and their relaxation process dependence on electrical current density, MOKE imaging is performed. Figure
2(a) shows the equilibrium state of the wire where the
wire is densely packed with magnetic skyrmions. Figures
2(b)–2(d) show the MOKE images taken at 0.4 s, 12.1 s,
and 41.4 s, respectively, after injecting current pulses of

054048-2

ELECTRICAL CONTROL OF SKYRMION. . .
(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

PHYS. REV. APPLIED 14, 054048 (2020)
0.743 µm−2 and 0.709 µm−2 as shown in Figs. 2(g) and
2(h). This transformation is visually subtle but remains
in agreement with the RHall results shown in Fig. 1(b),
where the current injection induces a negative RHall , corresponding to the nucleation of skyrmions. While a larger
current can be expected to nucleate more skyrmions, a limiting condition exists as the skyrmion density is limited
by skyrmion-skyrmion repulsion [45,46]. Even though the
skyrmion density can be raised above this limit, it is not a
stable state and excess skyrmions will annihilate until the
equilibrium skyrmion density is reached.
The long timescale of magnetic state transition observed
in this work is primarily due to the thermally activated
transitions between the ferromagnetic state and skyrmion
state. The creeping motion of stripe domains as they shrink
back into skyrmions is also in the timescale of seconds,
but ultimately the transition time is dominated by the
even slower spontaneous nucleation and annihilation of
skyrmions.

FIG. 2. MOKE images of current-induced magnetic states and
their relaxation process back to equilibrium. (a) Magnetization
state at equilibrium. After the injection of 2.21 × 1010 A/m2 current pulses, the skyrmions are transformed into a mixed state of
stripes and skyrmions at (b) t = 0.4 s. Magnetization state at (c)
t = 12.1 s and (d) t = 41.4 s after current injection. (e) Magnetization state at equilibrium with skyrmion density of 0.645 µm−2 .
After the injection of 7.20 × 1010 A/m2 current pulses, a state
with a higher skyrmion density of 0.761 µm−2 is observed at (f)
t = 0.4 s. The high skyrmion density state shows a gradual reduction in density at (g) t = 12.1 s and (h) t = 41.3 s, with skyrmion
density of 0.743 µm−2 , and 0.709 µm−2 , respectively. The states
in (d) and (h) eventually to return to the equilibrium state.

2.21 × 1010 A/m2 . After the pulses are injected, the magnetization state transforms into one with sparse skyrmion
density along with newly formed stripes. The formation of
stripes crowds out the skyrmions and causes part of the
skyrmion population to be annihilated into the ferromagnetic state. These stripes gradually shrink into skyrmions,
leaving behind regions in the ferromagnetic state. With
time, the spontaneous nucleation of skyrmions gradually
ﬁlls the wire as shown in Fig. 2(d), and the wire returns
to the equilibrium state. The peaking of RHall observed
in Fig. 1(b) can then be attributed to the two competing
processes: the shrinking of stripes into skyrmions, which
increases Hall resistance, and the spontaneous nucleation
of skyrmions, which decreases Hall resistance.
In contrast to the observation for current pulses with
the lower current density of 2.21 × 1010 A/m2 , the higher
current density pulses of 7.20 × 1010 A/m2 induce a proliferation of skyrmions that increase the skyrmion density from 0.645 µm−2 to 0.761 µm−2 as shown in Figs.
2(e) and 2(f). The skyrmion density gradually reduces to

B. Current pulse duration
The wire is initialized following the same procedure as
in Sec. III A; an out-of-plane magnetic ﬁeld of 18.8 Oe
is applied and left idle for 3 min. However, only a single current pulse is used in this section. While the negative
RHall induced by higher current densities remains observable for pulse durations as short as 10 µs, the RHall peak
associated with lower current densities becomes barely
observable for a pulse duration of 1 ms or less. Based on
the mechanism of the magnetic texture transformations due
to low current excitation revealed in the previous section,
the relative value of the RHall peak correlates to the number of stripe domains formed and the general eﬀectiveness
of the low current pulse in decreasing skyrmion density.
The peak value of RHall increases with pulse duration as
shown in the inset of Fig. 3(a). Figure 3(a) shows that the
maximum RHall quickly approaches a saturation value
with pulse durations above 10 ms. Comparing Figs. 3(b)
and 3(c) the increasing Hall resistance peak corresponds
to the lower minimum skyrmion density reached during
the relaxation process caused by the increased number of
stripes formed. Figure 3(d) shows that the stripe formation
does not increase indeﬁnitely and approaches a limiting
number of stripes.
In investigating the skyrmion-to-stripe transformation
mechanism, it is observed that the stripes tend to form from
several spots on the wire after low current injection. In
addition, stripes of diﬀering lengths in the direction of the
current consistently formed from these same spots, which
correspond to pinning sites. It is therefore likely that the
stripes are nucleated due to skyrmion-pinning site interactions, where a skyrmion is pinned at a defect and becomes
elongated due to the propagative force caused by the
injected current pulse. Similar elongation phenomena have
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FIG. 3. Current-induced stripe formation dependence on pulse
duration. (a) The plot of maximum RHall during the relaxation
process after low current pulse injection against pulse duration.
The inset provides the plot of Hall resistance change RHall
over time for pulse durations ranging from 1 to 10 ms. Error
bars correspond to the standard deviation. MOKE images are
taken immediately after current pulse injections with a pulse
duration of (b) 5 ms, (c) 10 ms, and (d) 50 ms. (e) Relative
pinning potential along the wire obtained from 100 images of
skyrmion-to-stripe transformation.

been reported recently, where stripes extended from the
edges of existing domains after current injections [47,48].
The pinning potential map of the wire shown in Fig. 3(e)
is generated using images from 100 iterations of stripe
formation cycles. In each iteration, the wire is ﬁrst left
idle to reach equilibrium, then injected with a single lowcurrent pulse, and imaged once immediately afterwards.
The pinned ends of the stripe domains formed are identiﬁed in each image and summed across all iterations to
generate an overall spatial pinning potential across the
wire.
C. Out-of-plane magnetic field
The observations for the low current density transformation presented thus far have been performed at

HZ of 18.8 Oe, a ﬁeld close to the saturation ﬁeld
where the ground state is characterized by densely packed
skyrmions. The current-induced transformations are also
investigated for the full range of HZ below saturation
where the ground state ranges from labyrinth domains to
stripes and skyrmions. The investigation is executed similarly using 30 pulses of 10 ms at a current density of
2.21 × 1010 A/m2 .
In the absence of an external magnetic ﬁeld, the ground
state of the wire is the labyrinth conﬁguration. Current
injection transforms the initial labyrinth domain into parallel stripes aligned in the direction of the current as shown
in Fig. 4(a). Increasing HZ to 13.4 Oe, skyrmions with
diameters of approximately 700 nm start to form while
the labyrinth domains break into stripes. In this range of
HZ , the current-induced magnetization states start to form
shorter stripes that remain aligned in the direction of current as shown in Figs. 4(b) and 4(c). The current-induced
magnetization states formed in the range of 0.0 to 10.1 Oe
are stable and do not show signiﬁcant changes in domain
texture over time.
For the HZ range of 13.4 to 20.1 Oe, the current-induced
formation of stripe domains is observed as shown in Figs.
4(d) and 4(e). These then shrink over time into skyrmions
following the same process previously given in Fig. 2. By
comparing Figs. 4(d) and 4(e) it can be seen that the current
forms fewer and shorter stripes with increasing HZ . The
skyrmion diameter also shrinks down to approximately
500 nm. At the saturation ﬁeld of 23.5 Oe, the currentinduced phenomenon is no longer observed due to the large
Zeeman energy that restricts any transformation into other
magnetic conﬁgurations.
In Fig. 4(f), the current-induced phenomena are analyzed quantitatively by the comparison of the maximum
RHall achieved during relaxation at each magnetic ﬁeld.
A clear peak is found at approximately 20 Oe. A common
trend is seen between the current-induced state RHall and
maximum RHall within the HZ range of 16.8 to 23.5 Oe.
This range of HZ also closely coincides with the diverging segment of the magnetic hysteresis where irreversible
magnetization transformations take place.
D. Skyrmion density control
The contrasting magnetization states induced by high
and low current density injection presents an opportunity
for applications in skyrmion density control using a unipolar current. A series of current pulses alternating between
low (2.21 × 1010 A/m2 ) and high (5.54 × 1010 A/m2 ) current density is injected as shown in Fig. 5. The magnetization state can be interchangeably transformed between
the low and high skyrmion density state by injecting low
and high current density currents, respectively. Although
these states eventually return to the equilibrium state, this
technique remains applicable to skyrmions with higher
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FIG. 4. Current-induced magnetization state dependence on the out-of-plane magnetic ﬁeld. MOKE images of their equilibrium and
current-induced magnetization state at HZ of (a) 0.0 Oe, (b) 10.1 Oe, (c) 13.4 Oe, (d) 16.8 Oe, and (e) 20.1 Oe. (f) The plot of the
initial current-induced state’s RHall and its corresponding maximum RHall during relaxation against HZ . Error bars correspond to
the standard deviation.

thermal stability and can be used to produce nonvolatile
state transformations.
E. Discussion
Based on the evidence presented previously, the
skyrmion-to-stripe transformation is found to occur under
the conditions of (i) an out-of-plane magnetic ﬁeld where
stripes are unstable and only skyrmions are stabilized,
(ii) a long pulse duration of the order of milliseconds,
and (iii) a low current magnitude range of 1.11 × 1010
to 3.32 × 1010 A/m2 . By utilizing this phenomenon, one

FIG. 5. Demonstration of electrical control of skyrmion density. The plot of RHall as a measure of skyrmion density over
time due to alternating pulses of low (2.21 × 1010 A/m2 ) and high
(5.51 × 1010 A/m2 ) current densities.

can achieve two-way skyrmion density modulation under
a constant magnetic ﬁeld.
In materials with Pt/Co, pinning sites are expected
due to the sputtering process, its polycrystalline structure,
and grain boundaries. As current density increases, the
skyrmions are less likely to be pinned, which explains the
lack of stripe nucleation at high current density. Higher
current density injection, on the other hand, induces nucleation of skyrmions with a higher density than that of the
equilibrium state.
Joule heating has been closely associated with magnetic
texture transformations and skyrmion nucleation in the literature [39–41,49,50], but is found to be negligible and not
the main contributor to the current-induced skyrmion-tostripe transformation or current-induced skyrmion annihilation in this work (see Supplemental Material [52]). The
current pulses used in the study are found to produce no
measurable increase in temperature. However, by applying
a longer pulse of 352 ms, we can establish an upper bound
of 1 K change in temperature. Hence, the current-induced
phenomena observed in this work is not likely to be due to
Joule heating.
While the skyrmion-to-stripe transformation is dependent on the current pulse duration of the order of
milliseconds, it is due to the slow elongation of the
domain in the creep regime. The nucleation mechanism
of skyrmions under high current density can be attributed
to SOT induced nucleation in nonuniform pinning potential [43,51]. The presence of a SOT in our multilayer
is evident from the current-driven motion of magnetic
skyrmions along the direction of current as shown in the
video in the Supplemental Material [52]. Hence, pinning
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potential is the key property that allows for skyrmion
nucleation, skyrmion annihilation, and skyrmion-to-stripe
transformation.
The timescale of magnetic texture transformation shown
in Fig. 1(b) is intentionally adjusted to the order of seconds and tens of seconds by adjusting the out-of-plane
magnetic ﬁeld to acquire MOKE images, which requires
seconds of exposure time. With higher out-of-plane magnetic ﬁelds, stripe domains become less favorable as shown
in Figs. 4(a)–4(e), and the timescale of the transformation decreases. With tuning of the operating out-of-plane
magnetic ﬁeld, and fabricating artiﬁcial pinning sites, the
volatile nature of the stripes formed from skyrmion-tostripe transformation at a pinning site can be applied in
neuromorphic devices. For instance, the mimicking of a
leaky-integrate ﬁre neuron requires the property of potential decay over time after excitation, and artiﬁcial synapses
with short-term plasticity where their states are only temporarily retained. Nonetheless, the primary phenomena
raised in the manuscript, skyrmion-to-stripe transformation due to pinning, remains a valuable consideration for
the design of future skyrmionic devices.
IV. CONCLUSIONS
In conclusion, we report the observation of currentinduced skyrmion annihilation and skyrmion-stripe transformation at low current density due to pinning eﬀects.
By utilizing this phenomenon together with the nucleation
of skyrmions at high current density, its application as a
technique for skyrmion density control that only requires
the use of a unipolar electrical current is demonstrated.
The current-induced skyrmion annihilation reported here
also has implications on the operating current densities of
future skyrmionic devices where pinning eﬀects are signiﬁcant. Our study further advances the understanding of
current-induced phenomena on magnetic skyrmions for the
development of future skyrmionic devices.
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