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Size-dependent mobility of skyrmions beyond pinning in ferrimagnetic GdCo thin films
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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 trajectory, 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
parameter. This validates the linear flow regime description and shows, in particular, the important role of

skyrmion size in its dynamics.

DOLI: 10.1103/PhysRevB.106.144408

I. INTRODUCTION

Magnetic skyrmions are particlelike magnetic textures
similar to magnetic bubbles [1,2], from which they differ
by their well-defined chirality and nontrivial topology. In
the past decade, advances in the optimization of the 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 driving, while their non-
trivial topology manifests itself by a deflected trajectory.

Three regimes for skyrmion motion can be distinguished
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 nonlinear flow regime, where the skyrmion
shape is deformed. In the flow regime, analytical and numer-
ical 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 (Lg). The skyrmion velocity is expected to increase
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 deflection should de-
crease. The deflection should be proportional to Lg, which has
motivated an interest in antiferromagnetic or ferrimagnetic
materials where Lg can be zero and the skyrmion deflection
suppressed.

However, in most studied systems, the effects of pinning
are significant even at the highest applied current densities.
Pinning slows down skyrmions, stops their motion below
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a certain threshold, and interferes with their deflection and
shape [6,10]. The flow regime, where the skyrmion should
propagate with negligible effects from pinning and thus with
high mobility, is often inaccessible due to the limitations that
Joule heating imposes on the applied current density. Ex-
perimental 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
currents [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 a highly non-
linear variation with current, quantitatively slower than the
velocity expected for the linear regime [4,12,17,18]. The de-
pendence 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 variation of the deflection angle with Ly was
observed for domains with chiral domain walls [20], but not
for isolated skyrmions.

Here, we study the SOT-driven dynamics of skyrmions in a
thin film of GdCo, a rare-earth/transition-metal (RETM) fer-
rimagnetic alloy. The high sensitivity of magnetization (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 us to
study the skyrmion dynamics in the flow regime and to attain
higher mobility than what was observed in other thin films.
The variation of the skyrmion mobility and deflection with
current density and skyrmion diameter is studied. These ob-
servations 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.

©2022 American Physical Society
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FIG. 1. (a) Saturation magnetization |Ms| (red dots measured by
SQUID; the line is given by the mean-field model) and effective
anisotropy field H; (measured from AHE loops). The temperature
range highlighted in blue shows where skyrmions were observed at
low or zero magnetic field. (b) Optical image 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 typically observed nucleation side and the propagation
direction of skyrmions.

II. RESULTS

A Ta(1)/Pt(5)/Gdy.32C00.63(5)/Ta(3) (thicknesses in nm)
thin film was deposited by e-beam evaporation in an ultrahigh-
vacuum chamber [22] on a Si/SiOx (100 nm) substrate, and
patterned as 20-um-wide tracks [Fig. 1(b)]. The magnetiza-
tion of the film (Mg) versus temperature (7)) was measured
by SQUID [Fig. 1(a)], showing a strong variation typical of
RETM ferrimagnets [21]. It shows a magnetic compensation
temperature Tyic = 360 K, at which the magnetic moments
of the two antiferromagnetically coupled sublattices (Gd and
Co) balance out and My = 0. Analogously, the angular mo-
menta of the sublattices balance out at the angular momentum
compensation temperature, Tac, which we expect to be about
425 K. The effective anisotropy field (Hy), shown in Fig. 1(a),
was extracted from fits of anomalous Hall effect (AHE) hys-
teresis cycles taken with a tilted field [23]. The fitted Hy
increases with temperature up to 360 K, and is negative below
250 K. The point of Hx = 0 defines the reorientation temper-
ature Tk, where the anisotropy changes from a hard (7' < Ty)
to an easy (T > Ty) perpendicular axis.

The hysteresis cycles with a perpendicular field taken
at different temperatures below Ty were measured using
the magneto-optical Kerr effect (MOKE) and are shown in
Fig. 2(a). Because the measured MOKE signal is mostly due
to the Co sublattice [21,22] and T < Tyc, a positive satu-
ration is observed at negative applied magnetic field, and it
corresponds to a Co magnetization pointing along +Z [in the
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FIG. 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 corresponding 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 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 differential
images at 7 = 285.5 K and at the magnetic fields indicated in (b).

coordinate system of Fig. 1(b)] and a net magnetization along
—2Z. By convention, we describe the orientation of the mag-
netic film using the orientation of the Co [24]. Slightly above
Tk and below 290 K, the hysteresis cycles present a peculiar
shape with low remanence which is a sign of a multidomain
state containing textures 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. 2(b): saturated, black or white skyrmions (with
the cobalt moment at the center along —Z or +Z, respectively),
and stripes. The transition from skyrmions to stripes [shown as
lines and symbols in Fig. 2(b)] is smooth. To distinguish them,
we extract the shapes of the domains from the images using
a watershed segmentation algorithm [25], and we calculate
their surface-to-perimeter ratios. A threshold was chosen to
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classify the textures either as stripes (with higher ratio) or
skyrmions (with lower ratio). Similar results were obtained
by using the eccentricity of the best-fitting ellipse (with a
different threshold).

Starting with a saturated state at —30 mT and increasing
the field, we observe skyrmions [black dots in the MOKE
image of Fig. 2(c)] above a temperature-dependent nucleation
field (first red triangles). Then a phase of labyrinthlike stripes
occurs, which become denser with increasing positive field
[Fig. 2(d)]. The white stripes are then compressed into sparse
white skyrmions (Co moment along +Z) before reaching the
full saturation of the sample. A symmetric evolution is ob-
served along the opposite field sweep [Figs. 2(e) and 2(f)].

Skyrmions are only observed above Tz and on a narrow
range of field, which is narrower for higher temperatures.
When dipolar energy is important and the skyrmion diameter
is large, its stability can be understood by using the analysis
developed for magnetic bubbles [1] and later refined for the
skyrmion case [26-28]. As a first approximation, skyrmions
or stripes are expected when the characteristic dipolar length
lce=0/ (/L()MSZ) (where o is the domain wall energy) is
greater than 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, @, as the one of a
circle with the same surface. The measured @ 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. 3(b) and 3(c). Depending on the algorithm
threshold parameter, we obtain @ = 0.4 £ 0.1 um for the
small skyrmion in the image (compared to 380 nm in MFM)
and @ = 1.0+ 0.1 um for the larger skyrmion (900 nm in
MFM), which validates the use of MOKE at least down to
0.4 pm.

Figure 3(a) shows the histograms of skyrmion diameters at
two different applied fields (at 7 = 288.5 K). At B = —1 mT,
an average diameter of (@) = 852 nm and a standard devia-
tion 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 energy near Ty, which led to a very
shallow energy versus size profile [28]. The size also shows
a hysteretic behavior with field, shown in Fig. 3(d) for black
skyrmions during a minor hysteresis loop. This is also com-
patible with the effects of pinning [29-31]: during the positive
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 diameter is inside the hys-
teretic gap. A clear decrease of the average size with field is
obtained. A numerical micromagnetic study reproduces this
trend (see Fig. 6 in Appendix C).

III. DYNAMICS UNDER CURRENT

We studied the skyrmion current-driven dynamics in a 20-
um-wide magnetic track [Fig. 1(b)] and focused on sparse
skyrmions after saturating the sample with a negative field
(T = 285.5 K;; see the supplemental material [23] for 290 K).
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FIG. 3. (a) Skyrmion diameter histogram for two magnetic fields
at T =288.5 K. (b) MEM and (c) MOKE images of the same
area showing two skyrmions. (d) Full and empty red circles show
the average skyrmion size vs magnetic field applied along +2 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.

10-ns electrical pulses of various current densities J were
applied, 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 defects, and
most often on the side favored by the Oersted field [23]. Note
that skyrmions can be nucleated by current even in states that
were initially saturated after the field sweep [green ellipses
in Fig. 2(b)]. The velocity is calculated from the skyrmion
center position before and after the pulse. A single pulse was
injected between images for the fastest skyrmions, whereas
5-1000 pulses were injected for the slowest skyrmions (at
a low repetition rate, 50 Hz, ensuring no cumulative Joule
heating effect).
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We have tracked a large number of skyrmions using a
semiautomated process consisting in manually identifying the
same skyrmion in successive images and automatically mea-
suring their size, velocity, and deflection angle. Some 800
skyrmions were tracked along 2500 images, giving an aver-
age of three images per determined velocity at two different
temperatures for several magnetic fields. This large number
of skyrmions drastically improves the precision of the data
analysis even with a significant dispersion of skyrmion size
and velocity.

The inset in Fig. 4(a) shows the parallel trajectories of
three black skyrmions (with Co moment along —Z) 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 Oer-
sted field is opposite to the skyrmion core [23]. Skyrmions
move along the current direction (X), 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 deflection
towards —¥, which 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 gyrotropic deflection is
expected to be proportional to the Lg of material, which is
negative in this GdCo film below Tyic, opposite to that of a
pure Co film.

Figures 4(a) and 4(b) show the skyrmion velocity and
deflection angle versus current density, J, at three values
of applied magnetic field. We observe, at low J, a hopping
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 Jp 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/m? and B = —1 mT, resulting in a mobility of
0.59 ms~'/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 conditions 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 distortions [16].

The mobility and Jp are observed to vary with the applied
magnetic field: The lowest Jp = 125 GA/m? 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. 3(d)] decreases with increasing magnetic field, as
expected. Also, the size of the tracked skyrmions is within
the hysteretic gap of the sizes measured during 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

(@ _ [ .
200 1) Deflection %
2 . angle + " :
21501
E
> I
5100
(]
>
50
0
(b) O
—o— -5.5mT «@>=660 nm) =z== Model
—o— -2.5mT «@>-710 nm) + +
—~—20l —® -1mT «@-850nm) P
e t
o +
4 i
< -40
c
Ke]
S
<2 -60
O]
o
-80
0 50 100 150 200 250 300
Current Density (GA/m?)
© 4208
o6t —@— Mobility 360§:
g ---- Model g
X ~»— Depinning . 300 >
=04 $ {240 €
7 e )
= 180 &
£ ey 0%
;;02 #1203
: | ko 2
S ook E
0 100 200 300 400 500 600 700 800 900 )
Skyrmion Diameter @ (nm) o

FIG. 4. (a),(b) Skyrmion velocity and deflection angle vs cur-
rent 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 individual skyrmions (only shown
for —1 mT for clarity). The inset in (a) shows the superposition of
the binarized images after five successive 10-ns-long pulses of 210
GA/m? showing three propagating skyrmions. (c) Skyrmion depin-
ning current density and mobility vs 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.

lowest depinning current Jp and the highest velocity for the
smallest applied 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. 4(c)]. As for depinning, previous simulation studies of
skyrmions pinned in granular films [10,33] predict that the
pinning threshold varies strongly with skyrmion size and at-
tains a maximum when the diameter is comparable to the
lengthscale of the variation of magnetic parameters. The pre-
sented data show a strong variation of pinning with size in
an amorphous film, suggesting that the conclusions of those
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studies may also be applied to inhomogeneous films other than
multicrystalline materials. The observed variation of Jp with
diameter is compatible with a characteristic pinning length
smaller than the observed diameters. Although not directly
comparable, microscopy cross-section observations of a sim-
ilar material (GdFeCo) deposited in the same conditions [34]
showed lateral inhomogeneities with a lengthscale around
3 nm, suggesting that the pinning lengthscale 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 Ref. [13]
for GdFeCo and, for other materials, e.g., [3-5,14]). As we are
far from Tc, this high mobility is not due to the particularities
of ferrimagnetic dynamics, but is 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 propa-
gation observations were performed below or near the pinning
threshold. Another factor for the lower mobility reported in
previous studies is the smaller skyrmions that were studied, as
is discussed in the following section.

IV. MODELING SKYRMION DYNAMICS

To examine the effect of the size on the skyrmion velocity
and deflection, we use a model based on the Thiele equation,
which describes the motion of rigid magnetic textures [32,35].
This model, described in detail in Appendix A, yields the
skyrmion velocity

lvol
J1+p2
where p is the deflection rate [the deflection angle is
arctan(p)] and vy is the velocity without deflection, given by

_ e d === —-, 2
2el,t d an P v, L,d @)

where Ls = My/y is the net angular moment density (neg-
ative as T < Tpc, as discussed earlier), L, is the energy
dissipation rate [36,37], Osyg is the spin Hall angle, ¢ is the
film thickness, e is the elementary charge, and 7 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 vg & f/d o« Randthatp «x n/d —
1 (its maximum). In the large radius limit, vy is independent
of R and p o 1/R. Therefore, the velocity v [Eq. (1)] is
expected to increase and saturate with skyrmion size, while
the deflection angle should be constant 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 characterized
the material parameters using Brillouin light scattering (BLS)
measurements [23]. The mobility u = |v|/J [Fig. 4(c)] was
fitted with this model with only Osyg as a free parameter
(which is only a scaling factor), found to be in the range
of the experimental value obtained from torque measure-
ments [23,38]. The model predictions with these parameters
are shown by the dashed lines in Fig. 4. They reproduce the

lv| = ey

Uy_le’l

Vg =

size dependence of the linear velocity regime of skyrmions
taken at 288.5 and 290 K. The predicted deflection angles are
consistent with the data, but the agreement is less satisfactory,
in the sense that the expected variation of deflection angle with
diameter is not observed in experimental angles. Moreover,
for the skyrmion sizes we observe (R/A = 15), we expect the
mobility variation with size to be driven only by the variation
of p. 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 interactions, which the model does not
account for [19,39,40].

V. DISCUSSION AND CONCLUSION

We observe skyrmions in a RETM ferrimagnetic thin film,
at room temperature and close to Tz with zero external mag-
netic field. Skyrmions are driven by SOT and follow a clear
linear regime after a steep depinning threshold, which de-
creases 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 de-
pendence 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 parameter. 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 particular,
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 dynami-
cal properties. Indeed, in RETMs, changing temperature
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 ob-
served a negative deflection angle in a film below Ty, i.e.,
with negative net Lg, opposite to the deflection of a pure Co
film. This supports the prediction that the gyrotropic deflec-
tion is determined by Lg, and that deflectionless skyrmions
should be achievable at Tc.
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APPENDIX A: THIELE EQUATION FOR SKYRMION
DYNAMICS

Under the hypothesis of a rigid (or stationary) profile
m(r, ) = my(r — vt), where my(r) is the rigid texture and
v its velocity, the skyrmion dynamics can be described with
the Thiele collective coordinate model [32,35], obtained by
spatially integrating the Landau-Lifshitz-Gilbert (LLG) equa-
tion. For a circular Néel skyrmion subjected to a force
induced by a current J along the x direction, the Thiele equa-
tion reads [32,35]

Gxv—aDv+F =0, (A1)

where G = LgtnZ, oD = Lytd (o = Ly /Ls is Gilbert’s damp-
ing constant), and F = —%GHJ f. The three terms in Eq. (A1),
respectively, arise from the precessional, damping, and SOT
terms in the LLG equation. The parameters n, d, and f char-
acterize the texture geometry my(r) and are given by

d a
nsz Mo IO ) | 1od?r,
0x ay
9 2
d - // (ﬂ> d2r’
ox

] amg »
f= f / MONIALL: —mg, M3\ (A20)
Toox Toox

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

The solution of Eq. (A1) is

(A2a)

(A2b)

v =||v|| = [vol /v 1+ p?, (A3a)
v/, = p. (A3b)
with
F hjby f
= —=—-——">=, A4
Yo aD 2ealgt d (Ada)
G ln
= —=——, Adb
p aD ad ( )

where vy and p correspond, respectively, to the velocity along
the current direction (i.e., the velocity when v, = 0) and to the
deflection of the skyrmion.

In a ferrimagnet where the coupling between sublattices is
strong, a perfect antiparallel alignment of the two sublattices
can be assumed: m = m® = —m%¢, where we set by conven-
tion the effective normalized magnetization parallel to the Co
moment. In this case, we can apply this result by using the
effective model introduced by Wangsness and others [24,36].

A two Thiele equation model, developed in [23], shows
that this effective approach is valid even in the case of imper-
fect antiparallel alignment. In the effective model, the material
parameters are related to the parameters of each sublattice:
the net magnetization is My = MS° — M$9, the net angular
momentum is Lg = Lg" — Lgd, the energy dissipation rate is
L, = aGdLg’d + ozC"LSC", and the effective Hall angle is 6y =
659 + 65° [36] (the parameters labeled “Co” or “Gd” refer
to the parameters of each sublattice). Mg and Lg, and their
variation with temperature, can be calculated with a mean-
field model [Fig. 1(a)]. As is common in RETMs, ng can be

neglected. The effective « diverges at Tac (¢ = L, /Lg), and so
it is convenient to use the always-finite L, instead. The f, d,
and n parameters are unchanged as they are purely functions
of the texture’s morphology. We can then rewrite Eqs. (A4) as

hjou f

- L A5
Yo 2el,t d (ASa)

_Lsn (A5b)
P d

This formalism successfully describes the vanishing gy-
rotropic deflection expected at the angular momentum
compensation Tac (where Lg = 0) [13,20,41]. The velocity
modulus displays a maximum at Tpc with |v| = |vg|(1 —

1p%).

APPENDIX B: EFFECT OF SKYRMION SIZE ON THIELE
PARAMETERS

A strong variation of the dynamics with the geometric
parameters in Eqs. (A2) is expected when the skyrmion ra-
dius is comparable to the domain-wall width parameter A =
/AJK (with A the exchange stiffness and Kot the effective
anisotropy). This is important near Ty, as in the experiments,
where A can be large. Since n corresponds to the skyrmion
topological number, it is independent of the skyrmion size
(n = 47 depending on the skyrmion core polarity). The
integral d is similar to the micromagnetic exchange inte-
gral [32,42], and it is expected to scale likewise with the
skyrmion size. The integral that defines f is similar to a micro-
magnetic Dzyaloshinskii-Moriya integral [43] and therefore
involves the skyrmion chirality ¢ (¢ = %1, respectively, for
clockwise and counterclockwise spin rotation). In the limit of
R> A, f — m%cR. Since f — 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 A. The
variation of these three parameters with the skyrmion radius
is shown by the lines in Figs. 5(a) and 5(b).

For a skyrmion radius R large as compared to A, d =
2rR/A [15,44]. However, as shown by Belavin and Poli-
akov [45], an exchange integral does not vanish at small size
for a topological texture [45], and, for R — 0,d — |n|, which
shows that the dissipation does not vanish at small sizes [46].
To describe the dissipation over the full range of R, the two
limits can be interpolated as

27 R 27 R
d = |n|exp| —

— )+ —. B1
|n| A A B
This approximation is shown as dashed lines in Fig. 5. As
a consequence, the mobility, which is proportional to f/d
[Eq. (AS)], vanishes for small skyrmions [Fig. 5(d)], and the
deflection is maximum but does not diverge [Fig. 5(c)].

APPENDIX C: MICROMAGNETIC SIMULATIONS

We performed micromagnetic simulations of skyrmions in
a GdCo thin film using MuMax? [47], modified to account for
the specificity of ferrimagnetic films [23,36,48], each lattice
being described independently, and coupled with an antifer-
romagnetic coupling Jym/re. The parameters used for the
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FIG. 5. Geometric components of the Thiele parameters vs the
normalized skyrmion radius (R/A). (a) Gyrotropic n and dissipation
d parameters. (b) Spin Hall effect force related length f (divided by
A so thatitis represented as a function of R/A). (c) n/d, proportional
to the skyrmion deflection p. (d) f/d, proportional to the skyrmion
deflectionless velocity vy. 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 A is not constant (Fig. 6). In (c) and (d), the dashed line shows
the small skyrmion limit (n/d =1, |f/d| = 7R/2) and the dotted
line shows the large skyrmion limit (n/d = 2A/R, |f/d| = 7 A/2).

simulations (Table I) are those corresponding to the skyrmions
phase in Fig. 1. We keep all parameters constant in tem-
perature except for the sublattice magnetization and angular
momentum [MSC"(T), Mgd(T) calculated with the mean-field
model, Fig. 1(a); L§° = MSC"(T)/)/CO, LSGd = MSGd(T)/de].

The simulated skyrmion radius versus temperature shows
a minimum at Tyc (Fig. 6). As observed experimentally, the
external field changes the size of the skyrmion. This effect is
opposite above and below Tyic as the net magnetization of the
skyrmion core changes sign. The temperature of the minimum
radius is, therefore, shifted by the field.

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

TABLE I. Parameters used for the micromagnetic simulations.
Only the My and Lg of the two sublattices were considered to vary
with temperature according to the mean-field model [Fig. 1(a)]. Their
range is shown in brackets. Jyw/re is the interlattice coupling, and g
is the g-factor (y = gup/h, where up is the Bohr magneton).

Co Gd
2 222 2.00
o 0.019 0.019
Mg (MA/m) [0.62-0.5] [1.1-0.4]
K (kJ/m?) 1.5 0
A (pJ/m) 46 0
DDM[ (mJ/mz) 0.22 0
Jrmre MI/m?) 25
O 0.03 0

Tuc

EERY

)

Radius (nm

250 300 350 400 450
Temperature (K)

FIG. 6. Skyrmion radius vs temperature at several magnetic
fields. The circles represent the minimum radius of each field.

low current regime (J = 100 GA/m?) so that the skyrmion
is not deformed. A velocity maximum is observed close to
Tac, as predicted by the model. However, the velocity curve
is more complex than a simple peak. Since the mobility de-
pends on the radius, and therefore on the temperature, the
result is affected by both the skyrmion size and the angular
momentum compensation. The mobility minimum at Tyic is
due to the size minimum (Fig. 6). The maximum observed
slightly above Txc is due to a combination of vanishing Lg
and the increasing size with temperature. The model, using
no fitting parameters other than the static skyrmion diameter
(obtained from simulations), is in quantitative agreement with

(@ [ " smT. ' !
?06? — 0mT ’;; /:.:.:,«’. -
[ — 1mT
< 0.5¢ —— 5mT 1
=4l 10 mT ]
15mT
0.3F PR —— 20mT ]

Mobility ((m/s
o
S

0.1r 1
) [T ]
4r / 1
< 3 g 1
E 5 i H -05 mTT N
S 4 m ]
> — 1mT
s —— 5mT o |[Tac ]
ok —— 10mT 1
15mT \
_1 F L 1 1 1 20 m-I-I 1 1 1 1 ]
250 275 300 325 350 375 400 425 450

Temperature (K)

FIG. 7. (a) Mobility |v|/J vs temperature for different magnetic
fields from simulations (points) and model (dashed lines). The circles
represent the maximum mobility for each field. (b) Deflection v /v,
vs temperature and field. J = 100 GA/m?.
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TABLE II. Sample magnetic parameters. Mg measured by
SQUID [Fig. 1(a)], H; extracted from AHE measurements [23].
The dipolar characteristic length is [, = #M%, where 0 = 4/AK s —
7 Dpyy is the domain wall energy.

280 K 290 K 300 K
Mg (kA/m) 90 78 65
Ko (kKJ/m) 6.4 7.7 3.8
I, (nm) 04 8 22
D. (mJ/m?2) 0.22 0.24 0.26
A (nm) 27 24 23

the simulations, a consequence of the simulated skyrmion
conserving its static profile during motion and despite the
finite coupling (the case of imperfect antiparallel alignment is
treated in [23]). The skyrmion deflection v, /v, crosses zero at
Tac and is linear around Tac. This supports the model, which
predicts that v, /v, o Ls. 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 using
Brillouin light scattering measurements [23,49]: exchange
stiffness A = 4.6 pJ/m, the DMI parameter Dpyy = —0.22
mJ/m? (which yields a surface DMI parameter Ds = 1.1
pJ/m), y/2m = 18.3 GHz/T, and o = 0.15. The exchange
stiffness A was found to be in agreement with [50,51]. We can
evaluate how these measurements compare to the expected
effective values given by the Wangsness theory. The value of
y is much lower than the value of Co, as expected from the
Wangsness formula. We expect that the measured effective o
to be larger than the o of the Co sublattice, which is indeed
the case [52].

Table II shows the calculated /¢ and critical DMI parameter
D¢ = 4/AK /7 at which stripes are favored, calculated for
three temperatures.
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