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Skyrmion morphology in ultrathin magnetic films
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Nitrogen-vacancy magnetic microscopy is employed in the quenching mode as a noninvasive, high-resolution
tool to investigate the morphology of isolated skyrmions in ultrathin magnetic films. The skyrmion size and shape
are found to be strongly affected by local pinning effects and magnetic field history. Micromagnetic simulations
including a static disorder, based on the physical model of grain-to-grain thickness variations, reproduce all
experimental observations and reveal the key role of disorder and magnetic history in the stabilization of skyrmions
in ultrathin magnetic films. This work opens the way to an in-depth understanding of skyrmion dynamics in real,

disordered media.
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Current-induced motion of magnetic textures in ultrathin
films is the cornerstone of innovative applications in spintron-
ics, such as the racetrack memory [1]. However, in techno-
logically relevant magnetic materials, structural defects often
result in a considerable pinning that limits the propagation
velocity. Whereas domain walls necessarily experience the
entire disorder landscape when propagating along a magnetic
track [2,3], skyrmions, localized magnetic quasiparticles, are
predicted to move in two dimensions while avoiding strong
pinning sites [4-6]. Skyrmions are thus expected to display
a limited interaction with disorder, leading to highly efficient
motion at low current densities. Surprisingly, several recent
experiments have instead shown that skyrmion dynamics is in
fact strongly affected by disorder [7—13], suggesting that pin-
ning effects have been oversimplified in seminal simulations of
skyrmion dynamics [5,6]. These observations motivate a more
precise description of disorder in magnetic materials hosting
skyrmions.

Whereas the average magnetic parameters of ultrathin
films—magnetization, anisotropy, Dzyaloshinskii-Moriya in-
teraction (DMI), damping—can be easily measured, the effects
of structural disorder remain highly challenging to evaluate
and model. In this paper, we investigate the impact of disorder
on the size and shape of isolated skyrmions. Such a study
requires high-quality imaging of the skyrmion morphology.
Room-temperature skyrmion imaging has been achieved by
numerous experimental techniques, mostly using transmis-
sion microscopes (transmission electron microscopy [14,15]
and scanning transmission X-ray microscopy [13,16-18]),
photoemission electron microscopy [12,19], and scanning
probe techniques [mostly magnetic force microscopy (MFM)
[10,11,20,21] and nitrogen-vacancy (NV)-center magnetom-
etry [22]]. However, transmission techniques are lacking in
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sensitivity and require the use of samples with several magnetic
layers [16,17], while magnetic force microscopy, which can be
used for thinner samples, induces perturbation and therefore
may modify the skyrmion morphology. In contrast, NV-center
magnetometry has recently emerged as a high-sensitivity,
perturbation-free technique to probe the spin textures in ultra-
thin films [22-27]. Here, we use scanning NV magnetometry
in the quenching mode [23] to obtain high spatial resolution im-
ages of magnetic skyrmions in a sample relevant for spintronic
applications. Our measurements are carried out in ambient
conditions and without perturbing the magnetic structure of
the skyrmions. The recorded distributions of skyrmion size
and shape reveal the key role of disorder and magnetic history
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FIG. 1. (a) Principle of the experiment. A single NV defect
placed at the apex of a diamond tip is employed as a noninvasive,
scanning nanomagnetometer operating under ambient conditions. A
microscope objective is used both to excite (green arrow) and collect
the magnetic-field-dependent photoluminescence (PL) of the NV
defect (red wavy arrows). The magnetic sample is a symmetric bilayer
system with a stack of Pt(5 nm)/FM/Au(3 nm)/FM/Pt(5 nm), where
FM = Ni4 A)/Co(7 /f\)/Ni(4 10%). (b) PL quenching image recorded
in zero external field (B, = 0).
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FIG. 2. Step-by-step formation of isolated skyrmions by applying an external out-of-plane magnetic field B,. (a) PL quenching images
recorded at zero field and (b) B, = 3 mT. (c), (d) Images recorded at B, = 3 mT after applying a 10-s field pulse of (c) 7 and (d) 10 mT. The
bright PL spots correspond to particles on the sample which serve as position references.

in stabilizing isolated skyrmions. Micromagnetic simulations
including disorder, modeled as a grain-to-grain thickness
fluctuation, allow an accurate description of all experimental
observations, opening the way to an in-depth understanding of
the skyrmion dynamics in ultrathin films.

The sample used in this study is a symmetric magnetic
bilayer system, which has shown skyrmion stabilization at
room temperature under a moderate external magnetic field,
with state-of-the art skyrmion motion under current [10]. It
consists of two ferromagnetic layers (FM = Ni/Co/Ni with
a total thickness of 1.5 nm), separated by a 3-nm-thick gold
spacer, and sandwiched between two 5-nm-thick Pt layers [see
Fig. 1(a)]. The DMI arising at the Pt/FM interfaces, combined
with flux-closing dipolar fields [28], promotes the stabilization
of superimposed skyrmions having an identical topological
charge and opposite chirality in each FM layer. The resulting
skyrmion pairs are strongly coupled by dipolar fields and
behave as magnetic quasiparticles, which are hereafter referred
to as skyrmions, for simplicity. Using MFM, it has been shown
that such magnetic textures can be moved efficiently by an
electrical current with a critical current of about 2.5 x 10!!
A/m?, reaching velocities as high as 60 m s~!. The observa-
tion of a transverse deflection induced by the Magnus force
[10], an effect often referred to as the skyrmion Hall effect
[8,9], has further confirmed the topological charge of chiral
magnetic skyrmions. Note that in some studies, such textures,
stabilized by a combination of DMI with dipolar coupling,
have also been called skyrmionic bubbles, in order to make
a semantic difference between dipolar coupling and the other
micromagnetic energies [29,30]. However, since most of the
literature [7-20,22] simply calls them skyrmions, and since no
particular differences (not even their size [16,31]) have been
found between dipolar or non-dipolar-stabilized textures, we
adopt the denomination skyrmions in the following.

Here, we investigate the morphology of isolated skyrmions
by using a single NV defect in diamond as an atom-sized
magnetic field sensor [25,32,33]. This technique, which can
provide noninvasive and quantitative magnetic field mea-
surements with nanoscale spatial resolution, has recently
emerged as a versatile tool that offers valuable information on
technologically relevant magnetic materials [22,26,27,34-37].
Combining optical illumination and microwave excitation,
static magnetic fields are usually measured by recording the
Zeeman shift of the NV-defect electronic spin sublevels though
optical detection of the magnetic resonance (ODMR) [25].
Such a measurement protocol becomes highly challenging

for magnetic fields larger than 10 mT with a significant field
component perpendicular to the NV spin quantization axis.
In this moderate-field regime, any off-axis magnetic field
induces spin state mixing, leading to a drastic reduction in
ODMR contrast [38]. This situation is inevitably reached as
soon as the NV sensor is brought in close proximity to a
ferromagnet, i.e., when high spatial resolution is required.
As an example, magnetic simulations indicate a stray field
amplitude larger than 20 mT at a distance 2 = 50 nm above
a domain wall in the bilayer magnetic sample studied in
this work. For such fields, the ODMR contrast vanishes and
quantitative magnetic field imaging cannot be performed with
NV-based magnetometry. However, it has been shown that
the decreased ODMR contrast is accompanied by an overall
reduction of the NV-defect photoluminescence (PL) intensity
[39,40]. This magnetic-field-dependent PL quenching can be
exploited to map high magnetic field regions without the need
for microwave excitation [38]. Although not fully quantitative,
we show below that this all-optical imaging mode is ideally
suited to study the morphology of ferromagnetic textures with
high spatial resolution.

As sketched in Fig. 1(a), we employ a single NV defect
located at the apex of a nanopillar in a diamond scanning-
probe unit [41,42]. Once integrated into a tuning-fork-based
atomic force microscope (AFM), this device enables scanning
of the NV sensor in close proximity to the sample. For the
present study, a calibration process following the method
described in Ref. [43] indicates a probe-to-sample distance of
~50 nm. Magnetic field imaging is performed in the quenching
mode by recording the NV-defect PL intensity while scanning
the magnetic bilayer sample. A typical PL quenching image
recorded at zero field is shown in Fig. 1(b). Sharp dark areas
with a contrast greater than ~20% reveal regions of high stray
magnetic fields, which correspond to domain walls organized
in a wormlike structure. Although very similar images could
be obtained with MFM [10], the key advantage of NV-based
magnetometry is the absence of magnetic back action on the
sample, which provides unambiguous field measurements.

Starting from a wormlike magnetization structure, isolated
skyrmions are obtained by applying an external magnetic field
B, perpendicular to the sample (Fig. 2). For B, =3 mT,
one domain type starts to shrink but skyrmions are not yet
formed [Fig. 2(b)]. In the next step, a ~10 s magnetic field
pulse of larger amplitude is applied in order to release domain
walls from the pinning sites. The magnetic field image is
subsequently recorded at B, = 3 mT. As shown in Fig. 2(c),
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FIG. 3. (a) PL quenching images recorded above several isolated skyrmions at various positions in the sample. These experiments are
performed at B, = 3 mT after applying a field pulse of 10 mT. The white dashed contours indicate the PL. quenching ring from which the
skyrmion area A is extracted. (b) Histogram of the effective skyrmion diameter d; extracted from measurements over a set of 27 skyrmions.
The solid line is a fit with a Gaussian distribution. (c) Typical micromagnetic simulations of the skyrmion spin texture by including thickness
fluctuations with a relative amplitude of 1%. (d) Histogram of the effective skyrmion diameter obtained for a large number of randomly picked
disorder configurations. The blue dashed arrow indicates the skyrmion diameter for a disorder-free sample (860 nm) and the black dashed arrow
shows the initial skyrmion size in the simulation (40 nm) before expansion in a 3-mT field.

a field pulse of 7 mT considerably compresses the magnetic
domains, while after a 10-mT pulse the wormy domain struc-
ture completely collapses, leading to the formation of isolated
skyrmions [Fig. 2(d)]. In this experiment, the characteristic
skyrmion size remains much larger than the NV-to-sample
distance (~50 nm). As a result, domain walls from opposite
sides of the skyrmion can be easily resolved, leading to a
dark ring in the PL quenching image. As mentioned above,
the skyrmionic nature of such magnetic bubbles was proved
in a previous work by the detection of the skyrmion Hall
effect [10].

Magnetic skyrmions were extensively imaged over the
sample in order to obtain their size and shape distributions.
Whereas perfectly circular skyrmions would be expected
owing to the in-plane symmetry of the magnetic energy, we
observe significant distortions of the magnetic texture [see
Fig. 3(a)]. As analyzed below, these observations can be well
explained by pinning effects induced by disorder in the sample.
The characteristic skyrmion size is inferred by measuring the
area A enclosed by the dark ring observed in the PL images.
The effective diameter d; is then defined as d;, = 2./ A/,
corresponding to a conversion of the distorted skyrmion ge-
ometry into a perfectly rounded shape. The measurement of
27 isolated skyrmions leads to d; = 268 % 63 nm [Fig. 3(b)].
This size is larger than the one reported in our preceding
paper using MFM measurements [10] as the observations
were performed at a larger field (6 mT) and as the nucleation
protocol was different (no field pulse but a current-induced nu-

cleation at the point contacts). Note also that the measurement
accuracy here is better with N'V-center magnetometry than
with MFM.

In order to understand these results, micromagnetic simu-
lations including disorder were carried out with the MUMAX3
code [44]. The sample is modeled as two magnetic layers,
each fp = 1.5 nm thick, with a 3-nm-thick spacer. We use
magnetic parameters extracted from previous measurements
[10]: interfacial anisotropy K = 0.75 mJ m™2, saturation
magnetization M; = 0.85 MA m~!, exchange constant A =
12 pJ m~!, and interfacial DMI constant D; = 0.3 pJ m™!
with a negative (positive) sign in the bottom (top) FM layer.
Disorder is included by a random fluctuation of the FM layer
thickness ¢ between columnar grains arranged in a Voronoi
fashion [45-48]. The average lateral grain size is fixed to 15
nm, as observed by high-resolution atomic force microscopy
(AFM) imaging [49], and the thickness variation between
grains is assumed to follow a normal distribution. Since the
micromagnetic code requires a computational cell with a
constant thickness #; over the whole sample, the saturation
magnetization is varied from grain to grain as Mt / ty. Averaged
over the thickness, the uniaxial anisotropy K and the effective
DMI constant D are also directly modified in each grain, i.e.,
K = K/t and D¢ = Ds/t.

In a disorder-free medium, magnetic simulations lead to
circular skyrmions with a diameter dy = 860 nm under a 3-mT
field, which is much larger than the experimental observation.
However, measurements are performed after a 10-mT field
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FIG. 4. (a), (b) Effective skyrmion size distribution obtained for
different strengths of disorder after relaxation in a 3-mT field while
starting with a skyrmion diameter of (a) 40 and (b) 1500 nm. The
black dashed line in the middle indicates the skyrmion diameter for
a disorder-free sample (860 nm). (c) Effective skyrmion size after
relaxation vs initial size for different disorder strengths. The error
bars represent the variance of the size distribution. The black dashed
line corresponds to a disorder-free sample and the diagonal (black
solid line) is a guide to the eye for the case without relaxation.

pulse, which means that skyrmions are imaged after a com-
pression of their diameter, followed by relaxation at 3 mT. To
account for such a magnetic history, round skyrmions with a
diameter d; = 40 nm, corresponding to the skyrmion size for
a 10-mT field in a disorder-free medium, are first generated
and then relaxed in a 3-mT field while including disorder.
Figure 3(c) shows typical results of the simulation for thickness
fluctuations with a relative amplitude of 1%. The calculated
skyrmion morphology is similar to that observed in the ex-
periments, revealing the key role of disorder and magnetic
history in the stabilization of isolated skyrmions. Statistics
over a large number of disorder distributions leads to an
effective skyrmion diameter d!'%! = 348 + 59 nm [Fig. 3(d)].
A similar analysis performed for disorder amplitudes of 2%
and 0.5% thickness fluctuations leads to d**! = 136 + 55 nm
and dl%3% = 577 & 44 nm, respectively [Fig. 4(a)]. Note
that for grain sizes larger than the domain wall width A =

VA]Kr (with Ko = K — 1110 M? the effective anisotropy),
the relaxation is unaffected by the grain size [49].

It is striking to note that the impact of disorder on the
skyrmion morphology is very strong, even for the relatively
small thickness fluctuations considered. The key parameter
fixing the skyrmion size is the domain wall energy o, which
involves all magnetic parameters [31]. For a single magnetic
layer, 0 = 4/ AKcfr — 7 Degr. Note that in the sample studied
in this work, the bilayer behavior makes the relation slightly
different [49], with no simple analytical formulas [10]. Media
adapted for skyrmion stabilization are generally optimized
to display a low effective anisotropy in order to decrease
the domain wall energy to a few mJ m~2. As a result, tiny
fluctuations of any micromagnetic parameter are converted
into large relative fluctuations of the effective anisotropy and
domain wall energy. As an example, 1% thickness fluctuations
lead to about 30% fluctuations in effective anisotropy and
domain wall energy, respectively [49]. Such large fluctuations
explain the observed strong impact on the skyrmion spin
texture.

Although illustrative, these micromagnetic simulations
were performed at zero temperature, i.e., without including the
effects of thermal fluctuations. As a result, a direct comparison
between simulations and experiments does not allow extracting
exact information about the thickness fluctuations in the sam-
ple. These simulations rather provide a disorder model suitable
for further 0-K simulations as used in previous studies [11,48].
Since thermal agitation helps to overcome energy barriers
induced by pinning sites, the actual thickness fluctuations in
the sample are most likely larger than 1%. Micromagnetic
simulations can be performed at finite temperature using
an additional fluctuating field [44,50] but cannot accurately
include all its impact [49,51] if the temperature is too large.
Therefore, we have also investigated the relaxation process at
100 K, and found an agreement with the experiments for a
thickness fluctuation of about 5%, a value closer to the AFM
estimated roughness [49].

To further illustrate how the skyrmion size depends on
disorder and magnetic field history, the skyrmion relaxation
was simulated under the same 3-mT magnetic field while
starting from a large skyrmion with a diameter d; = 1500 nm.
The resulting skyrmion size distribution is shown in Fig. 4(b)
for various amplitudes of the thickness fluctuations. We now
observe that the skyrmion size is larger than the one expected
in a disorder-free sample. Such a measurement procedure
was not accessible experimentally, as round 1500-nm-diameter
skyrmions could not be stabilized before the application of the
3-mT magnetic field. However, a qualitative comparison can
be made by comparing the first two images in Fig. 2, where
the 1400 x 500 nm? domain at the center in zero field relaxes
under 3 mT into a 1200 x 400 nm? domain.

The disorder-limited relaxation is highlighted by plotting
the variation of the effective skyrmion size obtained after
relaxation (dy) as a function of the initial size (d;) [Fig. 4(c)].
In a disorder-free medium, the final size does not depend on
the initial size and no magnetic history effect is found [see the
black dashed line in Fig. 4(c)]. Including disorder in the model
always leads to d; < dy (dy > dy) when d; < dy (d; > dp).
Moreover, the simulations show that the skyrmion relaxation
becomes more and more efficient when the disorder decreases,
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as expected. We finally note that for the smallest initial size,
relaxation is always found to be more efficient than for a larger
initial size. This illustrates that the skyrmion energy variation
versus its diameter is strongly asymmetric [10,19,31,52], so
that the force restoring the equilibrium size is stronger when
d; < dy compared to d; > dj.

In conclusion, we have used scanning-NV magnetometry
in the quenching mode to investigate the impact of disorder
and magnetic history on the morphology of skyrmions in an
ultrathin magnetic sample relevant for spintronic applications.
A simple model of disorder based on thickness fluctuations
has been shown to provide a good description of the obtained
results. This work opens the way to a detailed understanding
of the dynamics of skyrmions in real, disordered media [8,9].
Indeed, the uniformity of the skyrmion size directly influences

the skyrmion dynamics [11], as the dissipation term in the
Thiele equation grows with skyrmion size, whereas the gy-
rotropic term is independent, fixed by topology [10]. Besides
providing insights into the impact of structural disorder on the
morphology of magnetic skyrmions, this work also highlights
the unique potential of NV magnetometry in the quenching
mode to study ferromagnetic textures with high spatial resolu-
tion under ambient conditions.
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