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Current-Induced Nucleation and Motion of Skyrmions in Zero Magnetic Field
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We study the stabilization and electrical manipulation of skyrmions in magnetic ultrathin films in
the absence of an applied magnetic field. We show that this requires an increased magnetic anisotropy,
controlled by the sample thickness, as compared to usual skyrmionic samples, so that the uniform state
corresponds to the zero-field ground state and the skyrmions to metastable excitations. Although skyrmion
stabilization at zero field is demonstrated over a broad range of thicknesses, electrical control appears to
be more demanding to avoid skyrmion deformation. In the thinnest samples, the large magnetic anisotropy
prevents skyrmion deformations and we show that they can be nucleated progressively by current pulses,
which underlines that the only possible transition occurs between uniform and skyrmion states. The soli-
tonic skyrmions in zero applied magnetic field have the same properties as compared to field-stabilized
ones, with a long-term stability and high mobility when excited by a spin-orbit torque.

DOI: 10.1103/PhysRevApplied.18.064072

I. INTRODUCTION

Magnetic skyrmions are appealing magnetic textures
to develop innovating spintronic devices and applica-
tions [1-3]. In that perspective, the information process
is based on the controlled nucleation and motion of indi-
vidual skyrmions that are considered as solitons [4,5].
Therefore, the magnetic materials should not host arrays
of skyrmions but metastable excitations over a homoge-
neous magnetization ground state [6]. To this aim, in most
studies [5,7—-12], the application of a magnetic field is
required in order to promote a uniform ground state over
which metastable skyrmions can be manipulated individu-
ally. However, as illustrated by several theoretical works,
solitonic skyrmions can exist even in zero applied field
[4,13,14]. From the application point of view, avoiding an
applied magnetic field sounds appealing to reduce the com-
plexity and enhance the device efficiency. In the perspec-
tives of using antiferromagnetic materials (real antiferro-
magnets [15], as well as ferrimagnets [16,17] or synthetic
antiferromagnets [18,19]), where samples are not sensitive
to an external field, the ability to stabilize skyrmions at
remanence is crucial.

The possibility of stabilizing skyrmions in the absence
of an external field has received great attention and has
led to different successful routes. An elegant possibility is
the substitution of the external magnetic field by a built-in
internal field, induced, for example, by exchange bias at
the interface with an antiferromagnetic layer [20,21] or by
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an Ruderman-Kittel-Kasuya-Yoshida (RKKY) induced
coupling from a homogeneous ferromagnetic layer through
a well-chosen nonmagnetic spacer [19]. Some samples
also enable researchers to get rid of any bias field, through
either geometrical confinement [9,22,23], a particular mag-
netic field history [24,25], micromagnetic parameter opti-
mization [17,26,27], or via thermal effects [28] or strong
frustration of the exchange interaction [29]. However, the
solitonic character of the observed skyrmions is yet to be
demonstrated. Indeed, beyond the observation of nontrivial
topological and compact domains, the control and nucle-
ation by current of nondeformable textures would provide
a real proof of the skyrmionic character, so that zero-field
skyrmions could open up significant perspectives in the
field of skyrmion-based devices.

In this paper, we study the dynamics of zero-field mag-
netic skyrmions in a Pt/Co/Au-based multilayer. Close to
the magnetic anisotropy compensation, samples display a
spontaneous stripe demagnetization pattern at zero field,
as observed in most skyrmion host materials [5,7—12].
When reducing the Co-layer thickness, the increase of the
magnetic anisotropy improves the uniform state stability
and there is a thickness range in which uniform, stripe,
and skyrmionlike states are stable at zero field, depending
on the sample magnetic history. We study the dynamics
of these excitations in connected patterned samples. The
observation of zero-field skyrmionlike textures, obtained
from a field process, is found to be an insufficient condi-
tion to enable their current-induced control. In particular,
the ability to nucleate skyrmions directly from the uni-
formly magnetized state is indeed a challenging process,
since no specific final state is promoted, contrary to the
experiments at finite magnetic field [10,12,30]. The variety

© 2022 American Physical Society
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of possible excited states implies that a high optimization
of the sample parameters is required, so that the skyrmion
is the only outcome of a current-induced nucleation exper-
iment. In the best samples, we show that the textures are
true zero-field skyrmions: they can be nucleated from the
uniform magnetic state using standard current-nucleation
techniques [10,12,30] and they obey behavior similar to
that of field-stabilized skyrmions [5,12,31,32], including
gyrotropic deflection and velocities greater than 70 m/s.

II. EXPERIMENTAL DETAILS

Our samples are based on a Co magnetic bilayer with
symmetric stacking, following the approach of Hrabec
et al. [12,33]. They are grown on a Si(100) highly
resistive substrate, oxydized over 100 nm and cov-
ered by a 3-nm Ta seed layer. The stack of interest
is Pt(5)/Co(tco)/Au(2.5)/Co(tco)/Pt(5) (all thicknesses are
given in nanometers; see the Supplemental Material [34]).
In such a heterostructure, magnetic textures (domain walls
or skyrmions, depending on the magnetic parameters) with
opposite chirality in each layer are coupled by dipolar
interaction and are sensitive to spin-orbit torques induced
by the charge-to-spin conversion in both Pt outer lay-
ers. The Pt-Co interface provides a large Dzyaloshinskii-
Moriya interaction (DMI) [35] with Dy = 0.66 &= 0.1 pJ/m
[33,36]. The Pt-layer thickness enables efficient charge-
to-spin conversion and therefore a large spin-orbit torque
gets induced to the Co layers. The Au thickness is suf-
ficient to avoid any exchange coupling between the Co
layers [33,37], which are only coupled through dipolar
interaction. In this symmetric stack, the chirality is not
only given by the DMI but also by the flux closure at the
domain walls or transition regions [12,38], which increase
the total chiral energy [33]. The Co thicknesses are tuned
between 1.30 and 1.60 nm in order to modify the mag-
netic anisotropy. As measured on samples with a single
Co layer, the interface (Kg/tc,) and shape (—%qusz) mag-
netic anisotropies compensate each other at approximately
1.65-1.70 nm, where the effective magnetic anisotropy
[39] Ker = Ks/tco — % poM? is close to zero. Using Ms =
1.55 x 10° A/m?, the interfacial anisotropy energy is there-
fore estimated to be Ky =2.55+0.10 mJ/m? (see the
Supplemental Material [34]). The Co thickness is varied in
steps of 0.5 A. While such a step is below the atomic layer
thickness, the magnetic layer roughness is not impacted,
since the layers are not epitaxial and consist of grains
of (10-15)-nm diameter. Similarly, the texture-pinning
landscape (relevant for the skyrmion motion, as well as
for the texture-morphology evolution) is not affected by
the roughness eventually induced by partial atomic lay-
ers, since it is mostly related to the granular structure,
as demonstrated in earlier studies [40]. Current-induced
nucleation and motion has been studied in (1-3)-pm tracks

obtained using electron-beam lithography and Ar™ etch-
ing, connected by Ti-Au contacts. Magnetic textures have
been observed using magnetic force microscopy (MFM)
using home-built soft-MFM tips with a (Co-Cr)/Cr—bilayer
coating to reduce tip-induced perturbation of magnetic tex-
tures (see Refs. [12,41,42] and the Supplemental Material

[34]).

II1. SKYRMION STABILIZATION AT ZERO
APPLIED FIELD

Magnetic textures arise from the equilibrium between
all the micromagnetic energies. To describe skyrmions,
the two key parameters are the domain-wall energy o =
4/AKr — D [13] (4 is the exchange-energy constant)
and the long-range dipolar coupling [6,9,43,44]. A large
DMI lowers the domain-wall energy and can destabi-
lize the uniform state for D > 4/AK.x/m [13]. Long-
range dipolar couplings promote a demagnetized state by
creating a flux-closure situation between up- and down-
magnetization regions and provide another mechanism to
create magnetic textures. However, such an effect is limited
in ultrathin films, and below a film thickness of o/uoM2,
their influence is not significant [9,43]. These two crite-
ria provide guidelines for material optimization through
the magnetic film thickness, so that the relative energy
of uniform and noncollinear magnetization phases can be
tuned.

Close to the magnetic anisotropy compensation thick-
ness, where K ~ 0, the samples spontaneously demag-
netize, as shown in Fig. 1(a), for a 7c, = 1.60 nm thick
sample, since both criteria defined above are satisfied
[9,12]. In such samples, the remanent state always cor-
responds to a disordered stripe phase (see Fig. S3 in the
Supplemental Material [34]), whatever the magnetic his-
tory, as underlined by the minor loops in Fig. 1(a). This
result is a direct consequence of the low effective magnetic
anisotropy and therefore low domain-wall energy. Under
the action of the DMI and/or the dipolar couplings, the
creation of stable domains with a reversed magnetization is
energetically favorable. Textures can proliferate; hence the
destabilization of the uniform magnetization state. Upon
the application of a perpendicular magnetic field close to
the saturation, isolated (85—150)-nm-diameter skyrmions
are observed [Fig.1(b)], with a core oriented antiparallel
to the applied field. However, when releasing the external
field, these skyrmions turn out to be unstable. As shown
in Fig. 1(c), they spontaneously expend to form wormlike
domains, in order to maximize the length of the domain
walls, an effect similar to the run-out instability introduced
to describe magnetic bubbles [45]. Note that this remanent
state is slightly different from the true demagnetized state,
which is attributed to a small energy barrier to nucleate
additional stripes.
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FIG. 1. The (a),(d),(g) hysteresis loops, (b),(e),(h),(j) field-
stabilized skyrmion states, and the following relaxed state in
(¢),(D),(1),(k) zero-field MFM images, for different Co thick-
nesses [(a)Hc) tco = 1.6 nm, (d)(f) tco = 1.55 nm, (g)(i) tco =
1.5 nm]. The hysteresis loops are taken for different maximum
fields as shown in the legends, to display full and minor loops.
The field-stabilized skyrmion images are taken close to the mag-
netic saturation, at approximately (b) 49, (e) 40, and (h) 32
mT, respectively. They display skyrmions with approximately (b)
(85—150)-nm, (e) (110—170)-nm, and (h) (150-300)-nm diame-
ters, respectively. All images have the same size, indicated in (c).
Images (j) and (k) correspond to a closer view of the #c, = 1.5 nm
sample, both taken at exactly the sample location, and show how
the textures relax at zero magnetic field, from a field-stabilized
state.

Decreasing the Co thickness increases the effective mag-
netic anisotropy. From 1.55 nm and below, the hysteresis
loops have an approximately 100% remanent magnetiza-
tion, showing that the stability of the uniform state is
improved. Below 1.20 nm, square loops are observed,
which indicates that the magnetic anisotropy is so large
that up or down uniform states are the only stable states
[33]. However, the transition from zero remanent to square
loops is continuous, with a rich variety of loops observed
between 1.30 and 1.55 nm (see the Supplemental Material
[34]). In this thickness range, despite the 100% remanence,
the magnetic state does not switch abruptly to the reversed
uniform state but to intermediate states that contain mag-
netic textures, as shown in Figs. 1(e) and 1(h) for 7¢, =
1.55 and 1.50 nm. This is interpreted as a thickness range
with an intermediate domain-wall energy, sufficiently large
to avoid self-demagnetization at zero field but that still

enables magnetic textures. This is also underlined by the
fact that these samples can easily be demagnetized through
a conventional demagnetization protocol and minor loops
as shown in Figs. 1(d) and 1(g). Close to the magnetic satu-
ration, isolated skyrmions are stabilized for Co thicknesses
of 1.50 and 1.55 nm. In these states, the skyrmion core is
antiparallel to the applied magnetic field, which maintains
a small and compact shape.

From the field-stabilized skyrmion state, releasing the
applied magnetic field shows different behavior. In the
1.55-nm-thick sample, the domain-wall energy is still too
low to prevent a run-out instability, which results in a
zero-field magnetic state similar to that in thicker samples,
although with a more limited domain expansion. On the
contrary, for ¢, = 1.5 nm [see Figs. 1(g)—1(i)], the larger
anisotropy and domain-wall energy prevent the instability
and the skyrmions remain rather compact in zero field. The
main evolution is a diameter increase, since the applied
field is compressing to the skyrmion core. However, small
deformations (moderate anisotropic expansion, flowerlike
shapes - - - ) cannot be avoided, which shows that the tex-
ture morphology is close to being unstable. Even if they
probably keep to skyrmion topology, like any domains
in chiral magnetic samples, they are certainly too frag-
ile to be used as zero-field skyrmions. Note, however,
that the long-term stability of these states at zero field is
good, as checked by imaging the same sample after several
hours without any noticeable change (see the Supplemental
Material [34]).

It is tempting to further decrease the Co thicknesses
to improve the shape stability at zero magnetic field.
Indeed, the larger magnetic anisotropy should induce a
larger domain-wall energy and should suppress the run-
out instability, following the trend observed from 1.60-nm
to 1.50-nm Co thickness. Between 1.30-nm and 1.45-nm
Co thickness, the hysteresis loops are not perfectly square
and show that some intermediate textured states are pos-
sible. However, only stripes or wormlike states can be
observed during the field process, with an abrupt transition
from stripes to the homogeneous state when increasing the
field (see the Figs. S2 and S4 in the Supplemental Mate-
rial [34]). In these samples, the stabilization of skyrmions
using a field-sweeping procedure looks impossible.

Samples with a 100% remanence enable the stabiliza-
tion of different magnetic states at zero field (density and
morphology changes), depending on the magnetic history,
as visible in the minor loops in Figs. 1(d) and 1(g). Con-
trary to a sample where the homogeneous state is not stable
in zero field, here, the textures stabilized at a given applied
field remain relatively stable at zero field, without any par-
asitic nucleation of new textures. This is illustrated in the
tco = 1.50-nm sample, shown in Fig. 2. Using a standard
demagnetization process (sinusoidal field sweeping, with
a progressive amplitude reduction), a disordered stripe
phase, similar to that observed in a self-demagnetizing
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FIG. 2. (a){d) MFM images captured at magnetic remanence
in the bilayer sample with #c, = 1.50 nm: (a) after a standard
demagnetization procedure; and (b)—(d) at zero field, following a
saturation in negative field and the application of 32, 28, and 24
mT, respectively.

sample, is obtained [Fig. 2(a)]. After the application of a
field smaller than the saturation field, different states are
stabilized at remanence. They correspond to a continuous
evolution (isotropic and anisotropy expansion) of the tex-
tures stabilized at the applied field. Note that the larger the
last applied field is, the more compact are the textures at
remanence.

IV. ZERO-FIELD SKYRMION CURRENT
CONTROL

In Sec. III, skyrmionlike magnetic textures are sta-
bilized at zero applied magnetic field from an existing
skyrmion state close to the saturation field. Provided that
no run-out instability occurs at zero field, this process is
straightforward, involving a continuous evolution from the
field-stabilized texture, without any modification of the
topology. On the contrary, skyrmion nucleation directly
from the uniformly magnetized state is a more challeng-
ing process. Indeed, a topology change is required and no
specific final state is promoted. When a field is applied
close to the magnetic saturation, textures that contain mag-
netic moments oriented antiparallel to the applied field
are so unfavored that skyrmions are generally the most
likely excited state, as demonstrated in several experiments
[10,12,30]. At zero applied magnetic field, the variety of
possible magnetic states, as underlined by the observa-
tions in Fig. 2, leads to more complexity and uncertainty.

It is therefore highly demanding on the material optimiza-
tion, so that skyrmions become the most favorable nucle-
ated result. Beyond an obvious applied interest, such a
nucleation experiment provides a test of the different acces-
sible states and their relative energy.

These problematics are investigated using current-
induced nucleation in the vicinity of sharp electrodes in
magnetic tracks (see the Supplemental Material [34]),
using a protocol previously developed for nucleation at
finite fields [12]. We consider devices with 1-um- or 3-
um-wide tracks, connected by Ti-Au contacts. On one
side, the contact consists of a sharp electrode, whereas on
the other the contact is flat across the wire and does not
provide any current concentration. At the sharp-contact,
current concentration, current line divergence, heating, and
spin accumulation may occur and participate in the nucle-
ation [28,46—48]. However, considering the symmetry of
the multilayer stack and the current-injection geometry, the
Oersted field associated with the current is negligible close
to the contact, where skyrmions are created [12] and should
play a limited role. Before each set of measurements, the
device is saturated using a perpendicular magnetic field
and short (2—7)-ns-long current pulses are applied in the
absence of any external field.

Even if zero-field skyrmionlike texture stabilization is
possible for #c, = 1.50 nm from a field procedure, the
application of a current pulse leads to a demagnetization of
the whole track and the formation of a stripe phase. Indeed,
in these samples, the nucleation energy barrier is so small
that the global track heating easily destabilizes the uniform
state, a result similar to the work of Lemesh et al. [28].
Improved results could be obtained with thinner samples.
For samples with #c, = 1.35 nm, the application of current
pulses (J/ = 0.4 x 10" A/m?, 5 ns) leads to the formation
of stripes only in the vicinity of the sharp contact. This
indicates that the nucleation energy barrier is increased as
compared to the previous samples and that textures can
be nucleated only in the hottest part of the sample. In this
sample, skyrmions are not obtained, since the stripe phase
is likely to have a lower energy, but this result still indi-
cates an increase in texture energy. This is coherent with
the approach developed in Sec. 111, where the domain-wall
energy is increased by decreasing the Co thickness. The
application of current pulses to the 7, = 1.30 nm sample
leads to the nucleation of compact skyrmionic textures in
the vicinity of the sharp contact. In this sample, the larger
domain-wall energy prohibits the elongation of the texture
after the formation of a small nucleus and the compact
shape is retained. Note that this result is obtained in a sam-
ple where the thickness is so small that the hysteresis loop
is almost square (see the Supplemental Material [34]), indi-
cating that any texture has an energy significantly larger
than that of the homogeneous state. The difference between
the #c, = 1.30 nm sample and the thicker samples under-
lines that, here, the skyrmion state is well separated in
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FIG. 3. (al)Ha4) The current-induced nucleation in the vicin-
ity of a sharp contact (triangular notch at the top of each image)
on the fc, = 1.30-nm-bilayer samples, in a 3-um-wide track.
Starting from a saturated state (not shown), a single current
pulse (J = 0.85 x 10'> A/m? for 4 ns) is applied between two
successive images. (bl),(b2) The nucleation of skyrmions fol-
lowed by the application of three [(bl), down core)] and four
[(b2), up core)] current pulses (J = 0.85 x 10'2 A/m? for 5 ns),
respectively.

energy from the other texture, making their nucleation the
most likely result, independent of the precise nucleation
mechanism.

Figures 3(al)—~(a4) show the skyrmion nucleation exper-
iments in the #c, = 1.30 nm sample, using a 3-um-wide
track. A single current pulse of J = 0.85 x 10" A/m?
for a duration of 4 ns is applied between two successive
images, starting from a uniform state (all spins saturated
toward the up orientation—not shown here). The current
flows from the sharp electrode (represented by the gray
triangle on the top of each image) toward the flat elec-
trode. Compact magnetic textures appear in the vicinity
of the electrode with a core polarity (dark) opposite to
the initial saturation direction, as expected for any excited
texture over a uniform magnetic state. The dark contrast
corresponds to an attractive force and hence a skyrmion
core parallel to the microscope tip magnetization. Fig-
ures 3(al)~a4) show a succession of images to demon-
strate that the process is progressive. In this experiment,
each pulse nucleates exactly one skyrmion and pushes the
existing ones, forming a train of almost equally spaced
skyrmions. Further, Figs. 3(b1) and 3(b2) show the nucle-
ation of skyrmions followed by application of three current
pulses (J = 0.85 x 10'2 A/m? for 5 ns) but starting from
initial uniform states with opposite magnetic orientation.
The skyrmions that are nucleated hence have opposite core
polarization, as indicated by the opposite contrast in the
MFM images. This demonstrates that the process of nucle-
ation is independent of the core polarization. The nucleated
skyrmions are deflected toward the right or the left, respec-
tively, depending on the skyrmion-core polarization. This

100
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FIG. 4. (a)~(e) The motion of skyrmions under the influence
of a series of current pulses (J/ = 1.13 x 102 A/m? for 4 ns)
for the sample with #c, = 1.30 nm. The dashed circles and lines
represent the positions and movements of the skyrmions, respec-
tively. (f) The velocity (vayg) versus the current density (J) plot
for sample with 7c, = 1.30 nm. The error bar in (f) corresponds
to the difference of the velocities between the fastest and slowest
skyrmions in between two successive electrical pulses.

behavior is a direct consequence of the topological char-
acter of the skyrmions. Due to their particular topology,
skyrmions traveling at a velocity v undergo a gyrotropic
force G x v, with G = (Mytco/y)Sz (y is the gyromag-
netic ratio), which induces a deflection, the direction of
which depends on the topological number S. Since an
opposite skyrmion core leads to an opposite topological
number [49], this force explains the opposite deflection
direction.

The skyrmion-current-induced motion in the #¢, = 1.30-
nm-thick sample is further studied in 1-um-wide tracks
where the skyrmions are better confined. Current pulses
with varying intensity J and duration from 4 to 10 ns are
used to move the skyrmions at zero applied field. Figures
4(a)4(e) show the motion of skyrmions under the influ-
ence of a series of current pulses (J/ = 1.13 x 10'2 A/m?
for 4 ns). The dashed circles and lines represents the posi-
tions and movements of the skyrmions, respectively. The
direction of the current pulse is from the point contact
toward the flat electrode (top to down) in the sample. The
skyrmions are pushed along the current direction, which
suggests that the motion is induced by the spin Hall effect
in the Pt layers, as expected, considering that the Pt-Co
interface DMI induces a left-handed chirality [12,35,50,
51]. It can be observed that the movement of the skyrmions
in between two pulses is not uniform and eventually differs
from one skyrmion to the other. This is associated with
the role of defects and skyrmion motion mostly occurs by
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hopping within the inhomogeneous pinning landscape of
the sample, which limits their velocity [52]. Further, the
skyrmions either annihilate or remain pinned once they
reach the side of the magnetic tracks. Figure 4(f) shows
the average velocity v, versus the current density. A pin-
ning threshold of about 0.5 x 10'?> A/m? is observed, a bit
higher than the best published results, probably due to the
high pinning at the Co-Au interface [53]. However, the
skyrmion mobility is comparable to the best results with
a maximum average velocity of approximately 70 m/s,
obtained at 1.13 x 10'> A/m>. The application of current
pulses with a larger J leads to skyrmion deformations or
further nucleation within the track. At the largest current
densities, a stripe phase is formed in the whole track. The
skyrmion motion under a few other current densities and
pulses is presented in the Supplemental Material [34].

V. CONCLUSIONS

In this work, we show that magnetic skyrmions can
be stable in the absence of an external magnetic field if
the sample micromagnetic parameters are finely tuned via
the sample thickness. Contrary to the usual approaches
that enable field-stabilized skyrmions, this requires sam-
ples with a finite perpendicular magnetic anisotropy, to
prevent the skyrmions from being converted to elon-
gated structures (run-out instability). The ability to stabi-
lize skyrmionlike textures from the field process is found
to be an insufficient condition to enable their use in
skyrmion-based spintronic devices. Indeed, when excited
by current, some skyrmions can be deformed into elon-
gated structures. Robust skyrmions the shape of which
remains compact during the motion require an even larger
anisotropy and therefore an accurate optimization process.
In these conditions, the skyrmions behave as solitonic exci-
tations. We demonstrate the ability to nucleate zero-field
skyrmions and move them using electric current pulses,
with an efficiency similar to the best established results of
the literature using field-stabilized skyrmions. Beyond an
obvious applied interest for applications, this demonstra-
tion opens an alternative method to stabilize skyrmions,
as compared to the litterature. This may be used in anti-
ferromagnetic situations, where a magnetic field cannot be
applied to the samples.
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