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We demonstrate room-temperature stabilization of dipolar magnetic skyrmions with diameters in the
range of 100 nm in a single ultrathin layer of the Heusler alloy Co,FeAl (CFA) under moderate magnetic
fields. Current-induced skyrmion dynamics in microwires is studied with a scanning nitrogen-vacancy
magnetometer operating in the photoluminescence quenching mode. We first demonstrate skyrmion nucle-
ation by spin-orbit torque and show that its efficiency can be significantly improved using tilted magnetic
fields, an effect that is not specific to Heusler alloys and could be advantageous for future skyrmion-based
devices. We then show that current-induced skyrmion motion remains limited by strong pinning effects,

even though CFA is a magnetic material with a low magnetic damping parameter.
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I. INTRODUCTION

Since the first proposition to use magnetic skyrmions for
spintronic devices [1], a concerted research effort has led
to the experimental demonstration of several key aspects
required to achieve this ambitious goal [2,3]. Skyrmions
have now been successfully observed at room temperature
in numerous types of technologically relevant magnetic
materials [4—10]. Most of these results were obtained in
magnetic multilayer stacks lacking inversion symmetry,
in which the interfacial Dzyalosinskii-Moriya interaction
(IDMI) promotes chiral spin textures that can be effi-
ciently driven by spin-orbit torques [11,12]. In recent
years, skyrmion diameters ranging from the micrometer
scale down to a few tens of nanometers have been observed
depending on the balance between the strength of IDMI,
magnetic anisotropy, and dipolar fields [13,14]. Current-
induced skyrmion motion has also been reported [6,8,9],
but with velocities remaining much smaller than those
expected from seminal theoretical predictions [12,15],
which points out the key role of sample defects in skyrmion
dynamics [8,16—18]. The last key requirement of skyrmion
nucleation has been demonstrated by Joule heating in
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nanotracks [16], current concentrations in constrictions [4]
or point contact [8], and spin-orbit-torque action at sample
defects [19,20].

A large variety of host materials are currently being
explored with the aim of optimizing the properties of
skyrmions for spintronic applications. Here, we investi-
gate the possibility of improving current-induced skyrmion
dynamics by using an Heusler alloy, a class of ferromag-
netic materials with an intrinsically low magnetic damping
coefficient [21]. Although a skyrmion phase was recently
identified at low temperature in some Heusler alloys,
such as Mn,CoAl and Mn;RhSn, by detecting a topo-
logical Hall effect [22—24], the stabilization of magnetic
skyrmions under ambient conditions has remained elusive
to date and the promise of Heusler alloys for efficient
skyrmion motion still needs to be explored.

In this paper, we employ a nitrogen-vacancy (N-V)
magnetometer [25] to demonstrate room-temperature sta-
bilization of dipolar magnetic skyrmions with diameters
in the range of 100 nm in a single ultrathin layer of
the Heusler alloy Co,FeAl (CFA) under moderate mag-
netic fields. We then investigate skyrmion nucleation by
spin-orbit torque and show that its efficiency can be sig-
nificantly improved using tilted magnetic fields, an effect
which is not specific to Heusler alloys and that could be
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used in other systems. Finally current-induced skyrmion
motion is addressed, showing that pinning effects still
limit skyrmion velocity, even in a host material with low
magnetic damping.

II. EXPERIMENTAL METHODS

The sample used in this study is a multilayer stack
deposited by magnetron sputtering on a thermally oxidized
silicon wafer [26]. As shown in Fig. 1(a), it consists of a
CFA layer with thickness # = 1.6 nm sandwiched between
3 nm of Pt and 1.8 nm of MgO. Prior to the growth of
this Pt(3 nm)\CFA(1.6 nm)\MgO(1.8 nm) heterostructure,
a 2-nm-thick Ta buffer layer is deposited on the silicon
substrate. A capping layer of Ta is also added to pre-
vent oxidation of the stack. X-ray diffraction experiments
indicate that the CFA film exhibits a (022) out-of-plane
texture, which is the typical crystal structure of CFA films
grown on (111) textured underlayers such as Pt or Ir [27].
Hysteresis loops recorded with a vibrating sample magne-
tometer (VSM) indicate a uniaxial perpendicular magnetic
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FIG. 1. (a) Principle of the experiment. A scanning-N-}" mag-
netometer operating in the PL-quenching mode is employed to
map the stray field produced above a 1-um-wide magnetic wire
made of Ta(2)\Pt(3)\CFA(1.6)\MgO(1.8)\Ta(2) (units in nm).
A static magnetic field By.y is applied along the N-J axis un.p
with a permanent magnet. The Au contact pads are used for
current injection. (b)~(d) PL-quenching images recorded for dif-
ferent external magnetic fields By.y above the same area of the
sample.

anisotropy of the CFA layer K, = 8.9 x 10° J/m? and a
saturation magnetization M, = 1.14 x 10° A/m. In this
sample, the effective anisotropy is therefore low, K.gq =
74 kJ/m?, which induces a low domain-wall energy and
therefore favors skyrmion stabilization through demag-
netizing effects [13,14]. The strength of IDMI, which is
another key parameter for stabilizing skyrmions, is deter-
mined by monitoring the nonreciprocal propagation of
spin waves with Brillouin light spectroscopy (BLS) in the
Damon-Eshbach geometry [28,29], leading to an effective
IDMI constant D = —0.70 £ 0.06 mJ/m?, i.e., with the
same sign as the Pt\Co\ AlO, structure. Finally, a damping
parameter o ~ 0.02 is inferred from BLS measurements.
The multilayer stack is patterned into 1-um-wide mag-
netic wires by using a combination of e-beam lithography
and ion milling. Ti\Au electrical contact pads are then
deposited to apply current pulses into the magnetic wires.

Magnetic imaging is performed with a scanning-
N-V magnetometer operating in the photoluminescence-
(PL) quenching mode under ambient conditions [25]. As
sketched in Fig. 1(a), a single N-V defect located at the
apex of a diamond tip [30,31] is integrated into an atomic
force microscope (AFM) and scanned above the magnetic
sample. The AFM system is combined with a confocal
optical microscope that collects the N-V defect PL signal at
each point of the scan. When a magnetic field larger than
approximately 5 mT is applied perpendicular to the N-V
defect quantization axis, an efficient mixing of its elec-
tron spin sublevels leads to an overall reduction of the
PL intensity [32,33]. Here, this magnetic-field-induced PL
quenching is exploited to map regions of the sample pro-
ducing large stray fields with a spatial resolution fixed by
the N-V-to-sample distance dy.y [34,35]. This parameter
is measured through the calibration procedure described in
Ref. [36], leading to dn.y ~ 80 nm.

III. RESULTS AND DISCUSSION

Figure 1(b) shows a typical PL-quenching image
recorded at zero field above a 1-pum-wide wire of the
Pt\CFA\MgO stack. Dark PL contours indicate high stray
field areas, which correspond to a network of domain walls
organized in a wormlike structure. Compared to magnetic
force microscopy, here the main advantage of scanning-
N-V magnetometry is the absence of magnetic back-action
on the sample. This is particularly important for the study
of spin textures in ultrathin films, which are often highly
sensitive to magnetic perturbations.

Nucleation of isolated dipolar skyrmions was first
achieved by applying a static magnetic field. In order to
avoid parasitic PL-quenching effects, the external field
must be applied along the N-V defect quantization axis
un.y, which is characterized by the independently mea-
sured polar angles (0 ~ 45°,¢ ~ 4°) in the (x,y,z) sam-
ple reference frame [see Fig. 1(a)]. For a magnetic field
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Bnoy =5 mT applied along the N-V axis, the magnetic
domains start to shrink [Fig. 1(c)], and for By = 13 mT
the wormlike domain structure fully collapses into iso-
lated skyrmions, with a minimum diameter in the range
of 100 nm [Fig. 1(d)]. The variation in shape and size of
the resulting skyrmions is linked to pinning effects arising
from structural disorder in the sample [18,37,38].

We now investigate skyrmion nucleation induced by
short current pulses injected into the magnetic wire. As
shown in Fig. 2(a), the experiments start with a fully sat-
urated wire and a magnetic field Bn.y = 13 mT applied
along the N-V quantization axis. We stress that this cor-
responds to an in-plane field component B, ~ 9 mT along
the +e, direction. A bunch of three 30-ns pulses with a
current density J = 6 x 10! A/m? is first applied along
the —e, direction. In these conditions, skyrmions are
not nucleated in the magnetic wire [Fig. 2(b)]. By sim-
ply reversing the current direction to +e,, nucleation
becomes highly efficient [Fig. 2(c)]. Such an asymmet-
ric nucleation process with the current polarity cannot be
explained solely by a thermal activation through Joule
heating [16]. The main driving force of the nucleation pro-
cess is attributed here to the spin-orbit torque resulting
from the spin Hall effect (SHE) in the Pt layer, as explained
below.

The SHE leads to a spin accumulation at the Pt\CFA
interface, which results in a damping like torque associated
with an effective magnetic field [39]

0
" (e; x J) x m,

Hgpyg = ———
SHE 2eoM;t

where 6y denotes the spin Hall angle, which is positive
for Pt. The perpendicular magnetization component m,
leads to a SHE field along =+e,, with a sign fixed by
the current direction. This effective field induces a slight
tilt of the magnetization but does not favor magnetization
reversal for a particular current polarity [40]. However, in
our experiments the external magnetic field B, breaks the
symmetry by producing an in-plane magnetization com-
ponent m,, which modifies the effect of the SHE-induced
torque and promotes a switching directionality, as previ-
ously invoked in the context of magnetization reversal in
thin magnetic nanodots [40]. More precisely, the m, com-
ponent leads to an effective SHE field perpendicular to
the sample surface, which can switch the magnetization
and assist skyrmion nucleation. In our case, as the in-
plane component of the external field is along +e,, m, is
positive, and Hspyg has a component along —e, (respec-
tively +e,) when the current is applied along +e, (respec-
tively —e,). Starting from a saturated state with m, > 0,
skyrmion nucleation is therefore expected to be more effi-
cient for a current applied along +e,, in agreement with
the experimental observation.
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FIG. 2. Current-induced skyrmion nucleation. (a) PL-

quenching image recorded over a saturated magnetic wire. The
same wire is imaged after applying a bunch of three 30-ns
current pulses with J =6 x 10'' A/m? (b) along the —e,
direction and (c) along the +e, direction. These experiments are
performed with an external magnetic field Bn.y = 13 mT, which
correspond to an in-plane field component B, ~ 9 mT (see blue
arrows).

This qualitative interpretation is confirmed by micro-
magnetic simulations of the nucleation process using the
MUMAX3 code [41] with magnetic parameters extracted
from independent measurements. Thickness fluctuations
of the magnetic layer with a relative amplitude of 2%
are included in the simulation following the procedure
described in Ref. [18]. Such a structural disorder provides
a network of nucleation centers in the sample. A mag-
netic field B, = 9 mT is always applied perpendicular to
the sample surface and the nucleation process is simulated
by applying a single 2-ns-long current pulse. The initial
state is chosen to be uniform along the perpendicular field
direction, so that nucleated skyrmion cores are opposite to
this field. The skyrmion density is extracted from the sim-
ulated magnetization maps, while varying (i) the current
density and (ii) the in-plane magnetic field component B,.
We note that these simulations do not intend to quantita-
tively reproduce the experimental observations because we
lack an accurate description of several key parameters of
the experiment, such as the pinning landscape induced by
structural disorder or thermal activation.
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Simulations of the nucleated skyrmion density as a func-
tion of the current density are shown in Fig. 3(a). Without
an in-plane magnetic field, skyrmion nucleation is obtained
above a current threshold Ji, ~ 1.6 x 10'' A/m?, indepen-
dently of the current polarity. This nucleation threshold is
found to be tuned by an in-plane magnetic field. More pre-
cisely, Ju, decreases when the current is applied along the
in-plane field direction (+e,), and increases when the cur-
rent direction is reversed. As discussed earlier, this effect
is expected from the symmetry of the SHE-induced torque.
This is further illustrated by Fig. 3(b) showing the evolu-
tion of Jy, as a function of the in-plane magnetic field. For
B, = 10 mT, the nucleation threshold decreases (respec-
tively increases) by ~20% when the current is applied
along +e, (respectively —e,). This effect leads to an asym-
metric nucleation efficiency with the current polarity, as
observed in our experiments. Although recent reports in
the literature have also invoked SHE-induced torque as

(a) Current density J (10 A/m?)
1.2 1.4 1.6 1.8 2.0 2.2 2.4

skyrmion density (um™2)

1.2 1.4 1.6 1.8 2.0 2.2 2.4
current density J (10''A/m?)

magnetic field B, (mT)

FIG. 3. Simulations of the skyrmion nucleation process. (a)
Variation of the nucleated skyrmion density as a function of the
current density and polarity, for three values of the in-plane mag-
netic field B,. The inset shows a typical simulated magnetization
map obtained for B, = 9 mT andJ = 1.65 x 10" A/m? applied
along +e,. (b) Current threshold for skyrmion nucleation, J,, as
a function of B, for the two different current polarities.

a driving force to explain deterministic skyrmion nucle-
ation [19,20], our work demonstrates that its efficiency
can be significantly improved by applying an additional
in-plane magnetic field.

Once the microwires are filled with isolated skyrmions,
we then investigate their current-induced motion. To this
end, PL-quenching images are recorded after applying
subsequent single current pulses with a magnetic field
Bn.y = 13 mT applied along the N-V axis. In order to avoid
nucleation or annihilation of skyrmions by Joule heating
and SHE-induced torque, the current density is decreased
to study their dynamics. Figures 4(a)4(c) show the initial
magnetic configuration of a wire and those observed after
applying single 30-ns current pulses along the +e, direc-
tion with a current density J = 3 x 10! A/m?. Although
most of the magnetic textures remain pinned in the
wire, current-induced motion can be observed for some
skyrmions. Importantly, the motion is found against the
electron flow. This observation is confirmed in another
wire in which the current polarity is reversed, as shown in
Figs. 4(d)4(f). This suggests that the SHE is the principal
source of motion and that the skyrmions are of Néel type
with a left-handed chirality [12,42], in agreement with the
negative value of the IDMI constant measured by Brillouin
light spectroscopy. We note that skyrmion displacements
are not equal for successive current pulses owing to pin-
ning effects. The motion is thus in the hopping regime,
which prevents a clear observation of the skyrmion Hall

FIG. 4. Current-induced skyrmion motion. (a)-c) Series of
PL-quenching images recorded above a magnetic wire after
applying subsequent 30-ns pulses with a current density J =
3 x 10'" A/m? along the +e, direction. (d)~(f) The same exper-
iments performed on another wire while reversing the current
polarity and using 15-ns pulses with J = 4.5 x 10'! A/m?. All
images are recorded with a magnetic field Bn.y = 13 mT applied
along the N-J axis.
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effect [43]. Nevertheless, based on the data shown in Fig. 4,
we can estimate a velocity in the range of ~10 m/s. It
is worth mentioning that motion at higher current density
could not be studied owing to parasitic skyrmion nucle-
ation or annihilation effects. Although thin layers of CFA
exhibit a low damping parameter, our observations indicate
that skyrmion dynamics remain limited by strong pinning
effects in this material.

IV. CONCLUSION

In conclusion, we have used scanning-N-J magne-
tometry in photoluminescence quenching mode to image
current-induced nucleation and dynamics of dipolar
skyrmions in a Co-based Heusler alloy at room tempera-
ture. Skyrmion nucleation is found to be asymmetric with
the current polarity. This asymmetry is attributed to the
SHE-induced spin-orbit torque in the presence of an in-
plane magnetic field, which is further corroborated by
micromagnetic simulations. This effect suggests a path
towards efficient, deterministic generation of skyrmions
via spin-orbit torques, which will be advantageous for
future skyrmion-based devices. Current-induced skyrmion
motion in our experiments remains limited by strong pin-
ning effects, pointing out the key role of sample defects
in skyrmion dynamics even in materials with intrinsically
low magnetic damping.
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