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Magnetic skyrmions are swirling magnetic textures that can be efficiently driven with spin-orbit
torques with a deflected trajectory. However, pinning slows skyrmions down and alters their tra-
jectory, which prevents a quantitative comparison to analytical models. Here, we study skyrmions
driven by spin-orbit torques at room temperature in ferrimagnetic GdCo thin films, an amorphous
material with low pinning. Above a sharp current depinning threshold, we observe a clearly linear
velocity increase with current that extrapolates to zero and a constant deflection angle, reaching
high velocities up to 200 m/s. The mobility increases and the depinning threshold current decreases
with the skyrmion diameter, which we vary using an external magnetic field. An analytical model
based on the Thiele equation quantitatively reproduces these findings with a single fitting param-
eter. This validates the linear flow regime description and shows, in particular, the important role
of skyrmion size in its dynamics.

I. INTRODUCTION

Magnetic skyrmions are particle-like magnetic textures
similar to magnetic bubbles [1, 2], from which they differ
by their well-defined chirality and non-trivial topology.
In the last decade, advances in the optimization of in-
terfacial Dzyaloshinskii Moriya interaction (DMI) and of
current-induced spin orbit torques (SOTs) have allowed
the stabilization of extremely small skyrmions, down to
tens of nm, and their efficient driving in thin-film tracks
[3–5]. Their chirality is a crucial element to SOT driv-
ing, while their non-trivial topology manifests itself by a
deflected trajectory.

Three regimes for skyrmion motion can be distin-
guished with increasing driving current: a pinning
regime, where the effects of the film inhomogeneities
are strong, a linear flow regime, where the skyrmion
propagates while conserving its shape, and a non-linear
flow regime, where the skyrmion shape is deformed. In
the flow regime, analytical and numerical models [6, 7]
describe the skyrmion dynamical laws and identify the
main governing parameters: the current density (J), the
skyrmion size, and the material’s angular momentum
density (LS). The skyrmion velocity is expected to in-
crease linearly with current density while the deflection
should stay constant [8, 9]. As a function of skyrmion
size, the velocity is expected to increase whereas the de-
flection should decrease. The deflection should be pro-
portional to LS , which has motivated an interest for an-
tiferromagnetic or ferrimagnetic materials where LS can
be zero and the skyrmion deflection suppressed.

However, in most studied systems, the effects of pin-
ning are significant even at highest applied current den-
sities. Pinning slows down skyrmions, stops their motion
below a certain threshold, and interferes with their de-
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flection and shape [6, 10]. The flow regime, where the
skyrmion should propagate with negligible effects from
pinning and thus with high mobility, is often inaccessi-
ble due to the limitations that Joule heating imposes on
the applied current density. Experimental observations,
therefore, agree only partially with these predictions or
are incomplete. For example, instead of being constant,
the deflection has most often been observed to increase
with current eventually saturating at the highest cur-
rents [4, 5, 11, 12]. The velocity was observed to increase
linearly with current in some experiments [13, 14], but
often follows a shifted linear law [3, 5, 15, 16] or even an
highly non-linear variation with current, quantitatively
slower than the velocity expected for the linear regime
[4, 12, 17, 18]. The dependence of the deflection angle
on the diameter was observed in some cases [4, 14] but
not in others [18]. The dependence of the velocity with
diameter was found to be constant in ref. [19]. The vari-
ation of the deflection angle with LS was observed for
domains with chiral domain walls [20], but not for iso-
lated skyrmions.

Here, we study the SOT-driven dynamics of skyrmions
in a thin film of GdCo, a rare earth/transition metal
(RETM) ferrimagnetic alloy. The high sensitivity of mag-
netization (MS) to temperature and alloy composition in
RETMs [21] is used to tune the stability of skyrmions
near room temperature. The very low pinning of this
amorphous material allows the study the skyrmion dy-
namics in the flow regime and to attain higher mobility
than what was observed in other thin films. The varia-
tion of the skyrmion mobility and deflection with current
density and skyrmion diameter is studied. These observa-
tions are compared quantitatively to an analytical model
based on the Thiele equation. We also study the pinning
threshold and its evolution with the skyrmion size, which
is compared to previous predictions based on simulations
of inhomogeneous systems.
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II. RESULTS
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Figure 1. a) Saturation magnetization |MS | (red dots mea-
sured by SQUID, line is given by the mean field model) and
effective anisotropy fieldHk (measured from AHE loops). The
temperature range highlighted in blue shows where skyrmions
were observed at low or zero magnetic field. b) Optical im-
age of the device. The magnetic track appears in light gray.
The two red squares delimit the field of view of the skyrmion
tracking measurements. The red arrows indicate the typi-
cally observed nucleation side and propagation direction of
skyrmions.

A Ta(1)/Pt(5)/Gd0.32Co0.68(5)/Ta(3) (thicknesses in
nm) thin film was deposited by e-beam evaporation
in a ultra-high-vacuum chamber [22] on a Si/SiOx
(100 nm) substrate, and patterned as 20–µm-wide tracks
(Fig. 1b). The magnetization of the film (MS) ver-
sus temperature (T ) was measured by SQUID (Fig. 1a),
showing a strong variation typical of RETM ferrimag-
nets [21]. It shows a magnetic compensation tempera-
ture TMC “ 360 K, at which the magnetic moments
of the two antiferromagnetically-coupled sublattices (Gd
and Co) balance out and MS “ 0. Analogously, the an-
gular momenta of the sublattices balances out at the an-
gular momentum compensation temperature, TAC which
we expect to be about 425 K. The effective anisotropy
field (Hk), shown in Fig. 1a, was extracted from fits of
anomalous Hall effect (AHE) hysteresis cycles taken with
a tilted field [23]. The fitted Hk increases with temper-
ature up to 360 K, and is negative below 250 K. The
point of HK “ 0 defines the reorientation temperature
TR, where the anisotropy changes from a hard (T ă TR)
to an easy (T ą TR) perpendicular axis.

The hysteresis cycles with perpendicular field taken
at different temperatures below TMC were measured by

magneto-optical Kerr effect (MOKE) and are shown in
Fig. 2a. Because the measured MOKE signal is mostly
due to the Co sublattice [21, 22] and T ă TMC, a positive
saturation is observed at negative applied magnetic field
and corresponds to a Co magnetization pointing along
`ẑ (in the coordinate system of Fig. 1b) and a net mag-
netization along ´ẑ. By convention, we describe the ori-
entation of the magnetic film using the orientation of the
Co [24]. Slightly above TR and below 290 K, the hystere-
sis cycles present a peculiar shape with low remanence
which is a sign of a multi-domain state containing tex-
tures such as stripes or skyrmions.

The MOKE images taken during the hysteresis loops
reveal different types of textures, which we classify in
four phases, shown in Fig. 2b: saturated, black or white
skyrmions (with the cobalt moment at the center along
´ẑ or `ẑ, respectively), and stripes. The transition
from skyrmions to stripes (shown as lines and symbols
in Fig. 2b) is smooth. To distinguish them, we extract
the shapes of the domains from the images using a wa-
tershed segmentation algorithm [25] and calculate their
surface-to-perimeter ratios. A threshold was chosen to
classify the textures either as stripes (with higher ratio)
or skyrmions (with lower ratio). Similar results were ob-
tained by using the eccentricity of the best-fitting ellipse
(with a different threshold).

Starting with a saturated state at ´30 mT and in-
creasing the field, we observe skyrmions (black dots
in the MOKE image of Fig. 2c) above a temperature-
dependent nucleation field (first red triangles). Then a
stripe, labyrinth-like phase develops, and becomes denser
with increasing positive field (Fig. 2d). The white stripes
are then compressed into sparse white skyrmions (Co mo-
ment along `ẑ), before reaching the full saturation of the
sample. A symmetric evolution is observed along the op-
posite field sweep (Fig. 2e,f).

Skyrmions are only observed above TR and on a narrow
range of field, which is narrower for higher temperatures.
When dipolar energy is important and the skyrmion di-
ameter is large, its stability can be understood by us-
ing the analysis developed for magnetic bubbles [1] and
later refined for the skyrmion case [26–28]. As a first ap-
proximation, skyrmions or stripes are expected when the
characteristic dipolar length lC “ σ{pµ0M

2
s q (where σ is

the domain wall energy) is greater or comparable to the
film thickness. This is indeed the case near 290 K (see
Appendix D), where spontaneous textures are observed.

The skyrmions show different sizes and shapes. To
analyze them, we define the skyrmion diameter, I, as
the one of a circle with the same surface. The measured
I are often close to the optical resolution. To validate
our procedure, MOKE images were compared with high-
resolution measurements of magnetic force microscopy
(MFM) of the same skyrmions, shown in Figs. 3b,c. De-
pending on the algorithm threshold parameter, we obtain
I “ 0.4 ˘ 0.1 µm for the small skyrmion in the image
(compared to 380 nm in MFM) and I “ 1.0˘0.1 µm for
the larger skyrmion (900 nm in MFM), which validates
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Figure 2. a) MOKE hysteresis loops near the temperature
range of skyrmion stability. Inset: Diagram of the orientation
of the Co and Gd sublattices in the domains and correspond-
ing Kerr signal. b) Phase diagram of magnetic textures during
field hysteresis loops from -30 to 30 mT and back to -30 mT.
The phases and their transition fields are defined in the text.
Red, blue and black triangles and the purple stars correspond
to the phase transition fields in the 13 measured field sweeps
from which the phase borders (lines) are deduced. The green
empty and filled regions correspond to the two temperatures
of the skyrmion dynamics measurements. c-f) MOKE dif-
ferential images at T “ 285.5 K and at the magnetic fields
indicated in b).

the use of MOKE at least down to 0.4 µm.
Fig. 3a shows the histograms of skyrmion diameters

at two different applied fields (at T “ 288.5 K). At
B “ ´1 mT, an average diameter of xIy “ 852 nm
and a standard deviation of 230 nm are obtained. The
rather large size distribution is explained by the effects
of pinning [29] coupled to the very low domain-wall en-
ergy near TR, which lead to a very shallow energy versus
size profile [28]. The size also shows a hysteretic be-
havior with field, shown in Fig. 3d for black skyrmions
during a minor hysteresis loop. This is also compatible
with the effects of pinning [29–31]: during the positive

a)

b) c)

d)

Figure 3. a) Skyrmion diameter histogram for two magnetic
fields at T “ 288.5 K. b) MFM and c) MOKE images of
the same area showing two skyrmions. d) Full and empty
red circles show the average skyrmion size versus magnetic
field applied along +ẑ for T “ 288.5 K. Green filled (empty)
hexagons show the sizes for the tracked skyrmions at 288.5 K
(290 K). The error bars are the standard deviation of sizes
measured in the images. Due to the Faraday effect during the
field sweep, the binarization threshold is field dependent.

field sweep, the skyrmion enlarges but does not attain
the equilibrium diameter due to pinning. The opposite
happens when the field decreases, which results in the
shown hysteretic behavior, where the equilibrium diam-
eter is inside the hysteretic gap. A clear decrease of the
average size with field is obtained. A numerical micro-
magnetic study reproduces this trend in field (see Fig. 6
in Appendix C).

III. DYNAMICS UNDER CURRENT

We studied the skyrmion current-driven dynamics in
a 20-µm-wide magnetic track (Fig. 1b) and focused on
sparse skyrmions after saturating the sample with a neg-
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ative field (T “ 285.5 K; see SI [23] for 290 K). 10-ns
electrical pulses of various current densities J were ap-
plied and the size and position of the skyrmions were
tracked with MOKE images. After the pulse, skyrmions
were nucleated most often on the edges, which act as de-
fects, and most often on the side favored by the Oersted
field [23]. Note that skyrmions can be nucleated by cur-
rent even in states that were initially saturated after the
field sweep (green ellipses in Fig. 2b). The velocity is
calculated from the skyrmion center position before and
after the pulse. A single pulse was injected between im-
ages for the fastest skyrmions, whereas 5 to 1000 pulses
were injected for the slowest skyrmions (at a low repe-
tition rate, 50 Hz, ensuring no cumulative Joule heating
effect).

We have tracked a large number of skyrmions using a
semi-automated process consisting in manually identify-
ing the same skyrmion in successive images and automat-
ically measuring their size, velocity, and deflection angle.
Some 800 skyrmions were tracked along 2500 images, giv-
ing an average of 3 images per determined velocity at two
different temperatures for several magnetic fields. This
large number of skyrmions drastically improves the preci-
sion of the data analysis even with a significant dispersion
of skyrmion size and velocity.

The inset in Fig. 4a shows the parallel trajectories
of three black skyrmions (with Co moment along ´ẑ)
over five successive superimposed images. Note that
some skyrmions disappear and are not present in the last
images. Indeed, most skyrmions disappear after a few
frames, and only a few cross the entire track especially
beyond the region where the Oersted field is opposite
to the skyrmion core [23]. Skyrmions move along the
current direction (x̂), opposite to the flow of electrons,
which is coherent with the SOT and chirality given by
a Pt buffer layer. The presence of SOT is confirmed
by torque measurements [23]. There is a significant de-
flection towards ´ŷ, that we attribute to the gyrotropic
force related to the skyrmion topology [32]. Note that it
is opposite to that of a skyrmion with same cobalt core
orientation in a pure cobalt film [4, 15]. Indeed, the gy-
rotropic deflection is expected to be proportional to the
LS of material, which is negative in this GdCo film below
TMC, opposite to that of a pure Co film.

Figs. 4a and b show the skyrmion velocity and deflec-
tion angle versus current density, J , at three values of
applied magnetic field. We observe, at low J , a hop-
ping regime of very few moving skyrmions with a badly
defined deflection angle and very slow velocity. This is
followed by an abrupt transition at a depinning current
density JD above which most skyrmions propagate and
obey a linear velocity regime that extrapolates to zero.
These skyrmions move up to 170 m/s (on average) for
the largest current density of J “ 290 GA/m2 and B “
´1 mT, resulting in a mobility of 0.59 ms´1/GAm´2.

Skyrmions display a large deflection angle of
´40˝ ˘10˝ once the linear regime is reached. During
the depinning regime, the angle is found to be larger.

However, only a few skyrmions moved in these condi-
tions and were mostly located near the edge of the track,
which may strongly bias the measurement of the angle.
The angle seems also to increase at the largest current
densities, which may be due to an effect of shape distor-
tions [16].

The mobility and JD are observed to vary with the
applied magnetic field: the lowest JD “ 125 GA/m2

and highest mobility are observed for the lowest field
(´1 mT). No clear effect of the field on the deflection
angle can be discerned.

The average size of the tracked skyrmions (green
hexagons in Fig. 3d) decreases with increasing magnetic
field, as expected. Also, the size of the tracked skyrmions
lay within the hysteretic gap of the sizes measured dur-
ing field sweep, which indicates that they are close to
the equilibrium diameter for that applied field (as the
equilibrium diameter is inside the hysteretic gap). Note,
however, that the images capture the skyrmion tens of ms
after the pulse, and so the measured size may differ from
the size during motion. We observe the lowest depinning
current JD and the highest velocity for the smallest ap-
plied magnetic field, i.e., for the largest skyrmions. The
relation between the dynamic features and the magnetic
field might thus be attributed to the change in skyrmion
size (Fig. 4c). As for depinning, previous simulation stud-
ies of skyrmions pinned in granular films [10, 33] predict
that the pinning threshold varies strongly with skyrmion
size and attains a maximum when the diameter is com-
parable to the length scale of the variation of magnetic
parameters. The presented data shows a strong variation
of pinning with size in an amorphous film, suggesting
that the conclusions of those studies may also be applied
to inhomogeneous films other than multi-crystalline ma-
terials. The observed variation of JD with diameter is
compatible with a characteristic pinning length smaller
than the observed diameters. Although not directly com-
parable, microscopy cross section observations of a simi-
lar material (GdFeCo) deposited in the same conditions
[34] showed lateral inhomogeneities with a length scale
around 3 nm, suggesting that the pinning length scale of
this film is indeed smaller than the observed diameters.

The observed velocity and mobility are significantly
higher than what has been observed in other thin films
(see reference [13] for GdFeCo and, for other materials,
e.g., [3, 5, 14, 35]). As we are far from TAC, this high
mobility is not due to the particularities of ferrimagnetic
dynamics, but mainly due to the fact that the skyrmions
attain the linear velocity regime due to the weak pinning
of this material, whereas most other skyrmion propaga-
tion observations were performed below or near the pin-
ning threshold. Another factor for the lower mobility re-
ported in previous studies is the smaller skyrmions that
were studied, as is discussed in the following section.
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Figure 4. a-b) Skyrmion velocity and deflection angle
versus current density, obtained for three different magnetic
fields. The line and circles are the mean values of all tracked
skyrmions, and the crosses are the measurements for indi-
vidual skyrmions (only shown for ´1 mT for clarity). The
inset in a) shows the superposition of the binarised images
after 5 successive 10-ns-long pulses of 210 GA/m2 showing
three propagating skyrmions. c) Skyrmion depinning current
density and mobility versus skyrmion diameter measured at
288.5 K (filled markers) and 290 K (empty markers). The
dashed lines in a-c correspond to the values calculated by the
model.

IV. MODELING SKYRMION DYNAMICS

To examine the effect of the size on the skyrmion ve-
locity and deflection, we use a model based on the Thiele
equation, which describes the motion of rigid magnetic
textures [32, 36]. This model, described in detail in the

Appendix A, yields the skyrmion velocity

|v| “
v0

a

1` ρ2
, (1)

where ρ is the deflection rate (the deflection angle is
arctanpρq) and v0 is the velocity without deflection, given
by

v0 “
~JθSHE

2eLαt

f

d
and ρ ”

vy
vx
“
LS
Lα

n

d
, (2)

where LS “ MS{γ is the net angular moment density
(negative as T ă TAC, as discussed earlier), Lα is the
energy dissipation rate [37, 38], θSHE is the spin Hall
angle, t is the film thickness, e is the elementary charge,
and ~ is the reduced Planck’s constant. The parameters
n, f and d are given by spatial integrals of the skyrmion
magnetization profile (see Appendix A). In particular, f
and d depend on its radius.

In the limit of small radius compared to domain wall
width, the model predicts that v0 9 f{d 9 R and that
ρ 9 n{d Ñ 1 (its maximum). In the large radius limit,
v0 is independent of the R and ρ 9 1{R. Therefore, the
velocity is expected to increase with skyrmion size and
the deflection angle to decrease. Therefore, the veloc-
ity v (Eq. 1) is expected to increase and saturate with
skyrmion size, while the deflection angle should be con-
stant for small skyrmions and then decrease. For a given
radius, this model, which does not account for pinning,
predicts a linear dependence of the velocity with current
and a constant deflection angle.

To apply the model to our observations, we charac-
terized the material parameters using Brillouin light
scattering (BLS) measurements [23]. The mobility
µ “ |v|{J (Fig. 4c) was fitted with this model with
only θSHE as a free parameter (which is only a scaling
factor), found to be in the range of the experimental
value obtained from torque measurements [23, 39]. The
model predictions with these parameters are shown by
the dashed lines in Fig. 4. They reproduce the size
dependence of the linear velocity regime of skyrmions
taken at 288.5 K and 290 K. The predicted deflection
angles are consistent with the data, but the agreement
is less satisfactory, in the sense that the expected vari-
ation of deflection angle with diameter is not observed
in experimental angles. Moreover, for the skyrmion
sizes we observe (R/∆ = 15), we expect the mobility
variation with size to be driven only by the variation
of ρ. Therefore, the variation of mobility implies a
variation of deflection that is not observed. This may be
due to the dispersion of the measured deflection angle,
which can blur the variation with size. The model also
predicts the angle to be more dispersed than the velocity
v for a given size distribution [23]. Another cause
may be due to the effects of skyrmion-skyrmion inter-
actions, which the model does not account for [19, 40, 41].
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V. DISCUSSION AND CONCLUSION

We observe skyrmions in a RETM ferrimagnetic thin
film, at room temperature and close to TR with zero
external magnetic field. Skyrmions are driven by SOT
and follow a clear linear regime after a steep depinning
threshold, that decreases with the skyrmion size. The
flow regime, beyond the effects of pinning, was observed,
with a linear dependence of the velocity extrapolating
to zero. The mobility, its dependence on the skyrmion
size, and the trajectory deflection angle were found to
be in quantitative agreement with an analytical model
based on the Thiele equation, with a single fitting pa-
rameter. This shows that the rigid skyrmion model using
the Thiele equation is sufficient and quantitative, as long
as the skyrmion is unhindered by pinning and even for
the largest current density that was applied. In particu-
lar, the model predicts a strong reduction of mobility at
smaller diameters, which is potentially a problem for the
scaling down skyrmion devices.

The observed large mobility and low pinning show the
promise of RETM ferrimagnets as tunable systems to
explore and optimize the complex skyrmion static and
dynamical properties. Indeed, in RETMs, changing tem-
perature or composition changes substantially the net
magnetization and angular momentum, which can be
used to control the skyrmion size and stability as well as
its dynamics. We observed a negative deflection angle in
a film below TAC, i.e., with negative net LS , opposite to
the deflection of a pure Co film. This supports the predic-
tion that the gyrotropic deflection is determined by LS ,
and that deflectionless skyrmions should be achievable at
TAC.
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Appendix A: Thiele equation for skyrmion dynamics

Under the hypothesis of a rigid (or stationary) profile
mpr, tq “m0pr´vtq where m0prq is the rigid texture and
v its velocity, the skyrmion dynamics can be described
with the Thiele collective coordinate model [32, 36],
obtained by spatially integrating the Landau-Lifshitz-
Gilbert (LLG). For a circular Néel skyrmion subjected

to a force induced by a current J along the x direction,
the Thiele equation reads [32, 36]

Gˆ v ´ αDv ` F “ 0 (A1)

where G “ LStnẑ, αD “ Lαtd (α “ Lα{LS is Gilbert’s
damping constant) and F “ ´ ~

2eθHJf . The three terms
in eq. A1 respectively arise from the precessional, damp-
ing and SOT terms in the LLG equation. The parameters
n, d and f characterize the texture geometry m0prq and
are given by

n “

ĳ
ˆ

Bm0

Bx
ˆ
Bm0

By

˙

¨m0d
2r (A2a)

d “

ĳ
ˆ

Bm0

Bx

˙2

d2r (A2b)

f “

ĳ
ˆ

m0,x
Bm0,z

Bx
´m0,z

Bm0,x

Bx

˙

d2r. (A2c)

They correspond respectively to the texture topology, to
the magnetization rotation length-scale, and to the tex-
ture chirality.

The solution of Eq. A1 is

v “ v0{
a

1` ρ2 (A3a)

vy{vx “ ρ, (A3b)

with

v0 “
F

αD
“ ´

~jθH
2eαLs t

f

d
(A4a)

ρ “
G

αD
“

1

α

n

d
, (A4b)

where v0 and ρ correspond, respectively, to the velocity
along the current direction (i.e. the velocity when vy “
0), and to the deflection of the skyrmion.

In a ferrimagnet where the coupling between sublat-
tices is strong, a perfect antiparallel alignment of the two
sublattices can be assumed: m “ mCo “ ´mGd, where
we set by convention the effective normalized magneti-
zation parallel to the Co moment. In this case, we can
apply this result by using the effective model introduced
by Wangsness and others [24, 37].

A two Thiele equation model, developed in [23], shows
that this effective approach is valid even in the case of
imperfect antiparallel alignment. In the effective model,
the material parameters are related to the parameters of
each sublattice: the net magnetization is MS “ MCo

S ´

MGd
S , the net angular momentum is LS “ LCo

S ´ LGd
S ,

the energy dissipation rate is Lα “ αGdLGd
S ` αCoLCo

S ,
and the effective Hall angle is θH “ θGdH ` θCoH [37] (the
parameters labeled ’Co’ or ’Gd’ refer to the parameters
of each sublattice). The MS and LS , and their variation
with temperature, can be calculated with a mean field
model (Fig. 1a). As is common in RETMs, θGd

H can be
neglected. The effective α diverges at TAC (α “ Lα{LS),
and so it is convenient to use the always-finite Lα instead.
The f , d and n parameters are unchanged as they are
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purely functions of the texture’s morphology. We can
then rewrite eqs. A4 as

v0 “ ´
~jθH
2eLαt

f

d
(A5a)

ρ “
LS
Lα

n

d
. (A5b)

This formalism successfully describes the vanishing gy-
rotropic deflection expected at the angular momentum
compensation TAC (where LS “ 0) [13, 20, 42]. The ve-
locity modulus displays a maximum at TAC with |v| «
|v0|p1´

1
2ρ

2q.

Appendix B: Effect of skyrmion size on Thiele
parameters

A strong variation of the dynamics with the geomet-
ric parameters in eqs. A2 is expected when the skyrmion
radius is comparable to the domain wall width param-
eter ∆ “

a

A{Keff (with A the exchange stiffness and
Keff the effective anisotropy). This is important near
TR, as in the experiments, where ∆ can be large. Since
n corresponds to the skyrmion topological number, it is
independent of the skyrmion size (n “ ˘4π depending
on the skyrmion core polarity). The integral d is simi-
lar to the micromagnetic exchange integral [32, 43], and
it is expected to scale likewise with the skyrmion size.
The integral that defines f is similar to a micromagnetic
Dzyaloshinskii-Moriya integral [44] and therefore involves
the skyrmion chirality c (c “ ˘1 respectively for clock-
wise and counterclockwise spin rotation). In the limit of
R " ∆, f Ñ π2cR. Since f Ñ 0 for small skyrmions,
this linear variation can be used as an approximation for
the full range of size. We also note that it is independent
of ∆. The variation of these three parameters with the
skyrmion radius is shown by the lines in Fig. 5a,b.

For a skyrmion radius R large as compared to ∆, d “
2πR{∆ [15, 45]. However, as shown by Belavin and
Poliakov [46], an exchange integral does not vanish at
small size for a topological texture [46], and, for R Ñ 0,
dÑ |n|, which shows that the dissipation does not vanish
at small sizes [47]. To describe the dissipation over the
full range of R, the two limits can be interpolated as

d « |n| exp

ˆ

´
2πR

|n|∆

˙

`
2πR

∆
. (B1)

This approximation is shown as dashed lines in Fig. 5.
As a consequence, the mobility, which is proportional to
f{d (Eq. A5), vanishes for small skyrmions (Fig. 5d), and
the deflection is maximum but does not diverge (Fig. 5c).

Appendix C: Micromagnetic simulations

We performed micromagnetic simulations of skyrmions
in a GdCo thin film using MuMax3 [48], modified to ac-
count for the specificity of ferrimagnetic films [23, 37, 49],

a)

c) d)

b)

|f/
d|

 / 
(π
Δ/

2)

n/
d

R/Δ R/Δ

f /
 π
²Δ

n/
4π

, d
/4
π

0.5

2

0

4

6
10

5

0
1

0.5

010501050

1

0

n/d∝ρ

|f/d|∝v₀

Figure 5. Geometric components of the Thiele parameters
versus the normalized skyrmion radius (R{∆). (a) Gyrotropic
n and dissipation d parameters. (b) Spin Hall effect force re-
lated length f (divided by ∆ so that is represented as a func-
tion of R{∆). (c) n{d, proportional to the skyrmion deflection
ρ. (d) f{d, proportional to the skyrmion deflectionless veloc-
ity v0. The solid lines correspond to the analytical expressions
in the text and the dots correspond to the simulations of a
GdCo ferrimagnetic alloy at different fields and temperatures.
Note that ∆ is not constant (Fig. 6). In c) and d), the dashed
line shows the small skyrmion limit (n{d “ 1, |f{d| “ πR{2)
and the dotted line the large skyrmion limit (n{d “ 2∆{R,
|f{d| “ π∆{2).

Table I. Parameters used for the micromagnetic simulations.
Only the MS and LS of the two sublattices were considered
to vary with temperature according to the mean field model
(Fig. 1a). Their range is shown in brackets. JTM{RE is the
interlattice coupling, and g is the g-factor (γ “ gµB{~, where
µB is the Bohr magneton).

Co Gd

g 2.22 2.00

α 0.019 0.019

MS (MA/m) [0.62 – 0.5] [1.1 – 0.4]

K (kJ/m3) 11.5 0

A (pJ/m) 4.6 0

DDMI (mJ/m2) 0.22 0

JTM{RE (MJ/m3) 25

θSHE 0.03 0

each lattice being described independently, and coupled
with an antiferromagnetic coupling JTM{RE. The param-
eters used for the simulations (Table I) are those cor-
responding the skyrmions phase in Fig. 1. We keep all
parameters constant in temperature except for the sub-
lattice magnetization and angular momentum (MCo

S pT q,
MGd
S pT q calculated with the mean field model, Fig. 1a;

LCo
S “MCo

S pT q{γCo, LGd
S “MGd

S pT q{γGd).
The simulated skyrmion radius versus temperature
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Figure 6. Skyrmion radius versus temperature at several
magnetic fields. The circles represent the minimum radius of
each field.

shows a minimum at TMC (Fig. 6). As observed ex-
perimentally, the external field changes the size of the
skyrmion. This effect is opposite above and below TMC

as the net magnetization of the skyrmion core changes
sign. The temperature of the minimum radius is, there-
fore, shifted by the field.

b)

a)

Figure 7. (a) Mobility |v|{J versus temperature for different
magnetic fields from simulations (points) and model (dashed
lines). The circles represent the maximum mobility for each
field. (b) deflection vy{vx versus temperature and field. J “
100 GA/m2.

The skyrmion velocity versus temperature and field is
shown in Fig. 7a. These simulations are performed in

a low current regime (J “ 100 GA/m2) so that does
not deform the skyrmion. A velocity maximum is ob-
served close to TAC, as predicted by the model. How-
ever, the velocity curve is more complex than a simple
peak. Since the mobility depends on the radius, and
therefore on the temperature, the result is affected by
both the skyrmion size and the angular momentum com-
pensation. The mobility minimum at TMC is due to the
size minimum (Fig. 6). The maximum observed slightly
above TAC is due to a combination of vanishing LS and
the increasing size with temperature. The model, using
no fitting parameters other than the static skyrmion di-
ameter (obtained from simulations), is in quantitative
agreement with the simulations, a consequence of the
simulated skyrmion conserving its static profile during
motion and despite the finite coupling (the case of im-
perfect anti-parallel alignment is treated in [23].) The
skyrmion deflection vy{vx crosses zero at TAC and is lin-
ear around TAC. This supports the model which predicts
that vy{vx9LS . Far from TAC, the deflection deviates
from this linear relation due to the large skyrmion size,
as the deflection decreases as 1{R.

Appendix D: Material parameters

We determined some of the material parameters us-
ing Brillouin light scattering measurements [23, 50]: ex-
change stiffness A “ 4.6 pJ/m, the DMI parameter
DDMI “ ´0.22 mJ/m2 (which yields a surface DMI pa-
rameter DS “ 1.1 pJ/m), γ{2π “ 18.3 GHz/T and
α “ 0.15. The found exchange stiffness A was found to
be in agreement with [51, 52]. We can evaluate how these
measurements compare to the expected effective values
given by Wangsness theory. The value of γ is much lower
than the value of Co, as expected from Wangsness for-
mula. We expect that the measured effective α be larger
than the α of the Co sublattice, which is indeed the case
[53].

Table II shows the calculated lC and critical DMI pa-
rameter DC “ 4

a

AKeff {π at which stripes are favored,
calculated for three temperatures.

280 K 290 K 300 K

MS (kA/m) 90 78 65

Keff (kJ/m3) 6.4 7.7 8.8

lc (nm) -0.4 8 22

Dc (mJ/m2) 0.22 0.24 0.26

∆ (nm) 27 24 23

Table II. Sample magnetic parameters. MS measured by
SQUID (Fig. 1a), Hk extracted from AHE measurements [23].
The dipolar characteristic length is lc “

σ
µ0M2

s
, where σ “

4
?
AKeff ´ πDDMI is the domain wall energy.
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A. Stashkevich, S. Mourad Chérif, L. Aballe, M. Foer-
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