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Fast current-driven domain walls and smalli
skyrmions in a compensated ferrimagnet

Lucas Caretta™, Maxwell Mann'>, Felix Biittner

15 KoheiUeda', Bastian Pfau®?,

Christian M. Giinther ©23, Piet Hessing? Alexandra Churikova', ChristopherKlose?,
Michael Schneider?, Dieter Engel? Colin Marcus', David Bono', KaiBagschik*, StefanEisebitt>3 and

GeoffreyS.D.Beach®™

Spintronics is a research field that aims to understand and control spins on the nanoscale and should enable next-generation
data storage and manipulation. One technological and scientific key challenge is to stabilize small spin textures and to move
them efficiently with high velocities. For a long time, research focused on ferromagnetic materials, but ferromagnets show
fundamental limits for speed and size. Here, we circumvent these limits using compensated ferrimagnets. Using ferrimagnetic
Pt/Gd,,Co../TaO, films with a sizeable Dzyaloshinskii-Moriya interaction, we realize a current-driven domain wall motion with
a speed of 1.3kms™ near the angular momentum compensation temperature (T,) and room-temperature-stable skyrmions
with minimum diameters close to 10 nm near the magnetic compensation temperature (T,,). Both the size and dynamics of
the ferrimagnet are in excellent agreement with a simplified effective ferromagnet theory. Our work shows that high-speed,
high-density spintronics devices based on current-driven spin textures can be realized using materials in which T, and T,,

are close together.

formance solid-state data storage and logic applications'™.

A promising approach is to encode bits by nanoscale domain
walls or skyrmions that can be shifted by the current in racetrack-
based devices>’. The key challenges are to achieve small bits and
translate them at high speed. Tremendous progress has already been
made utilizing new materials and physical phenomena. The early
focus on in-plane magnetized ferromagnets with wide domain walls
(~100nm) driven by conventional spin-transfer torque’ has given
way to perpendicularly magnetized ferromagnetic heterostructures
in which interfacial spin-orbit coupling stabilizes nanoscale chiral
spin textures (~1-10nm)>>* that are efficiently driven by spin-orbit
torques (SOTs)**. However, ferromagnets suffer from fundamental
limitations that impede further progress: stray-field interactions limit
the bit size’~'? and precessional dynamics limit the operating speeds'®".

By contrast, antiferromagnets lack stray fields, which allows
for atomically thin domain walls with a high packing density’
and sub-10nm skyrmions with room-temperature stability'”.
Antiferromagnets also exhibit much faster dynamics than ferro-
magnets, with terahertz switching speeds®'*'>'* and relativistic spin
texture dynamics'’. Though some methods have been proposed'>",
manipulating and detecting antiferromagnetic spin textures is,
unfortunately, challenging. However, in ferrimagnets the opposing
sublattices can fully compensate one another to achieve behaviours
similar to those of antiferromagnets®, while they remain individu-
ally detectible and addressable if the electronic or optical properties
of the constituent elements are different.

Here we show that by using ferrimagnets whose magnetization
and angular momentum compensation temperatures nearly coin-
cide, the fundamental limitations of ferromagnets can be over-
come. We show that the speed limit*** for current-driven domain

Spin-based devices are being widely pursued for high-per-

wall motion in ferromagnets does not exist in ferrimagnets with a
vanishing angular momentum, and we attain speeds for SOT-driven
motion that exceed 1.3kms™'. We then show that these same materi-
als can host magnetic skyrmions approaching 10 nm in size at room
temperature and zero applied field, which until now has only been
possible at cryogenic temperatures under fields >1 T (refs ).

Modelling of ferrimagnetic soliton dynamics
Magnetization dynamics in ferromagnets follows the Landau-
Lifshitz-Gilbert equation:

m:——WO mXxXH+

1+a? 1+a

Yag
2 Hl (1)

with y the gyromagnetic ratio, a the Gilbert damping and m the

magnetization M normalized by its saturation value M, H=— [:Tf,[ isthe

effective magnetic field, including applied and internal contributions,
with H, = —m X (m X H) the component perpendicular to m. The first
term in equation (1) causes precession around H, and the weaker dis-
sipative term slowly brings m towards H. This indirect mechanism
often limits switching and domain wall speeds in ferromagnets.

In the case of ferrimagnets with strongly exchange-coupled anti-
parallel sublattices, equation (1) can be adapted by renormalizing
y and a to”":

- /=MS(T) (2)
=0

r__ SO
a—a = S(T) (3)
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Fig. 1| Measurement of T, and Ty. a, Schematic of the Pt/Co,,Gds layer structure in which ferrimagnetic Co,,Gds, exhibits a perpendicular magnetic
anisotropy (the TaO, cap is not shown). Green (black) arrows indicate the Gd (Co) sublattice moments in a domain wall (DW) structure. b, Coercivity
(squares) and saturation magnetization (circles) as a function of temperature. Open (filled) squares indicate the positive (negative) sign of the MOKE
signal at a positive field saturation. ¢,d, Representative MOKE hysteresis loops are measured at T=222K (¢) and T=283K (d). e, Kerr microscopy
images (bottom) showing current-driven domain wall motion near T,, where a train of N current pulses with amplitude j,,,=1.5x10? Am2 was injected
between each image frame (top). f, v\, as a function of temperature for various current densities. The error bar represents the standard deviation of
5-20 independent measurements of vy, (Supplementary Fig. 9). The sample temperature was corrected for instantaneous heating during the current

application (Supplementary Fig. 2). a.u., arbitrary units.

with
Ms (T) = |Ms,1 (T) _MS,Z (T)l (4)
S(T) — ‘ Ms,l(T) _Ms,z (T) (5)
141 16}
T
so=a0[MS'1(T) 1+ Mo )] (6)
N 72

where the subscripts denote sublattices, a, parametrizes the damping
and y,=guy/h is the gyromagnetic ratio (with g the Landé g-factor,
ug the Bohr magneton and # the reduced Planck constant). M, and
stray fields vanish at temperature T,;, which is generally distinct from
the angular momentum compensation temperature T, where the net
spin density S(T) =0. Most effective fields scale as 1/M,(T), which sug-
gests that applied torques might become extremely efficient near T;.
However, as y x M, yH remains finite and so no anomalies are expected
as M,— 0. At T, by contrast, both y and « diverge so that the preces-
sional term in the Landau-Lifshitz-Gilbert equation vanishes to leave:

M(T 1
m= ’uo—()HL =—h, (7)
Sy Sy
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Fig. 2| SOTs and DMIL. a, Out-of-plane field- (open squares) and in-plane current- (filled squares) driven vy, in the creep regime. b, SOT effective field per
unit current density, y, as a function of temperature T. Divergence occurs at magnetic compensation T,. ¢, y plotted as a function of the inverse saturation
magnetization M;]. d, Exemplary v,y as a function of the longitudinal applied field uoH, at T—T,,=63 K. The y,H, intercept of the linear fit gives uoHpwm
(ref. ©). e, uoHpw as a function of T. Divergence occurs at Ty,. f, uoHpw, @s a function of MS’W. Error bars in e and f are propagated from the M.(T)

fit (Supplementary Fig. 1).
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Fig. 3 | Accurate modelling of the temperature and current dependence of vy, a, Terminal v, as a function of T as predicted by equation (9).

The velocity peaks at the angular momentum compensation but does not diverge. Peaks are less pronounced at smaller heavy metal current densities jiy.
b, The same data as in a plotted as a function of j instead of T. Near T, the velocity v(j) is linear for all j. ¢, Experimental v(j) data (open symbols) overlaid
with a full 1D domain wall model (lines), which includes the experimental current pulse shape as well as thermal and pinning effects (Methods and
Supplementary Fig. 3). Joule heating leads to a saturation of the data even near T,=260K because the device temperature changes during the 1ns pulse.
The reduced de-pinning threshold at elevated temperatures is responsible for the sizable monotonic variation of v with T at small j. Error bar represents the
standard deviation of 5 to 20 independent measurements of v, (Supplementary Fig. 9).

with h) = u,M (T)H, = 6E/ém. This fundamentally changes the
dynamics of solitons (quasi-particles) such as domain walls
and skyrmions. In general, the precession term of the Landau-
Lifshitz-Gilbert equation leads to topological gauge terms in
the Lagrangian and in the equation of motion of any mag-
netic soliton” and ultimately to typical topological dynamics,
such as the Walker breakdown of domain walls and the Hall
effect’®”” and gyration® of skyrmions. At T,, all of these effects
vanish and magnetic quasi-particles behave like Newtonian
particles, that is, they move immediately and rapidly in the
direction of the applied force'*>*°, which is highly desirable
for many applications.
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Fast domain wall motion

We examined spin texture statics and dynamics in Gd,,Cos, an
amorphous ferrimagnetic alloy whose antiferromagnetically cou-
pled sublattices (Fig. 1a) possess similar g-factors such that T,
is close to T,. Perpendicularly magnetized Ta(lnm)/Pt(6nm)/
Gd,,Cos(6 nm)/TaO (3 nm) films were sputter deposited on Si/SiO,
(Methods) with the alloy composition chosen to yield compen-
sation near room temperature. The bottom Pt layer serves as a
source of SOT, owing to the spin Hall effect in Pt, and simultane-
ously generates a strong Dzyaloshinskii-Moriya interaction (DMI).
The top TaO, is a protective cap. Figure 1b shows the temperature
(T) dependence of M, and coercivity u,H,, obtained by vibrating
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Fig. 4 | Stray-field versus DMI skyrmions. a,b, Analytically calculated energy E versus radius R at several applied fields p,H,. Shown are a stray-field
skyrmion with parameters typical of heavy metal/ferromagnet multilayers (a) and a DMlI-stabilized skyrmion with parameters that correspond to
Pt/Gd,,Cos/TaO, (b) (Methods). Inset: micromagnetically simulated spin structures at a field of 100 mT in a, and at a zero field in b; the arrows in b refer
to one of the sublattices. ¢, Calculated skyrmion diameter d,, versus uyH, for the stray-field (SF) skyrmion (sk) in a and for the DMI skyrmion in b. The
solid blue curve was calculated using the material parameters except for the anisotropy, which was 16 kJ m=. Open symbols are experimental data for two
skyrmions whose size difference can be accounted for by a difference in local anisotropy.

sample magnetometry and magneto-optical Kerr effect (MOKE)
polarimetry, respectively. Figure 1c,d shows representative out-of-
plane MOKE hysteresis loops. M(T) vanishes and H(T) diverges
at T~ 240K, which identifies this temperature as T,. The MOKE
contrast inverts across Ty as expected, because it arises primarily
from the Co sublattice, which is parallel (antiparallel) to the net
magnetization above (below) T;.

Domain wall motion was studied in lithographically patterned
tracks using wide-field Kerr microscopy. Figure le shows a series of
Kerr snapshots acquired as nanosecond current pulses were injected
to drive a domain wall along the track (Methods). Both up-down
and down-up domain walls move along the current flow direction,
consistent with SOT-driven left-handed Néel domain walls>**.
Figure 1f shows domain wall velocity (vpy,) versus T for several cur-
rent densities jy;,, in the Pt layer. The v,,,(T) curves are shifted hori-
zontally to account for Joule heating (Supplementary Figs. 2 and 3).
At a low current, vy, increases monotonically with T, whereas at a
larger current vy, exhibits a pronounced peak at T~ 260K, signifi-
cantly above T),.

The SOT and DMI effective fields diverge at T\, and not at the
velocity peak, which implies that their divergence is not responsible
for the dramatic velocity enhancement in Fig. 1f. This was experi-
mentally verified—Fig. 2a shows the field- and current-driven
Vpw in the creep regime (Supplementary Figs. 4 and 5), in which
identical scaling is observed in both cases. The current hence acts
like an easy-axis effective field H" = yj;, as expected for damping-
like SOT acting on Néel domain walls. In that case?, y=7 "6 |

2 2epgMt
with ¢ the magnetic film thickness, e the electron chgirge
and 9&T the effective spin Hall angle. Figure 2b,c shows that y(T)
scales as 1/M(T), as expected from theory and previous studies®,
from which we determine that 9t = 0.155, which is nearly indepen-
dent of temperature in this range. Harmonic SOT measurements are
consistent with these results (Supplementary Figs. 6f and 7).

The domain wall chirality and DMI effective field Hp,,; can be
obtained from the dependence of v, on longitudinal field H, (ref. °).
SOT-driven vy, increases (decreases) when H, is parallel (antiparal-
lel) to Hy,,;, which sets the orientation of the Néel domain walls. The
measured positive (negative) slopes of v (H,) for down-up (up-
down) domain walls in Fig. 2d indicate left-handed chirality, both
above and below T,,. Extrapolation to v,y =0 yields Hp,,;, which is

related to the DMI parameter D through HDMF% with A the
H,

domain wall width*>. As seen in Fig. 2e,f, Hpy, dichrgses as 1/M((T)
and we find that D=0.12mJm™? (Methods and Supplementary
Fig. 8). This compares well to the DMI values reported for

Pt/ferromagnet systems>***" and Pt/ferrimagnet systems™, given
the differences in t.

The spin Hall effect-driven velocity of chiral domain walls in fer-
romagnets is given in the one-dimensional (1D) model by*:

Dy ®)
- - 8
: /]:[M + a]02

where jo=%. The velocity first increases linearly with current,
hoghA

Yy =«
VEM= T —
EM M, 2

vy~ ZplM_ and eventually saturates towards v, =ZD for
aM; 2 M, 2

Jum> @jp, which serves to limit the domain wall speed. However, in
ferrimagnets, a and y are replaced by a'(T) and y'(T) to yield:

z Dj\,
M= T
2 [(S(D)jyp) 2+ (Siy)?

)

which is independent of M,. Instead, the denominator depends on
the net spin density S(T), which vanishes at T, so that v(jy,) does
not saturate and so allows very high velocities to be attained.

Equation (9) explains well the vy, (T) curves in Fig. 1f. At a
small j, <, the velocity is always in the linear regime because
Syjo dominates in the denominator. At a larger ji,, the velocity is in
the saturation regime except near T~ T, where S(T)=0. This leads
to a velocity maximum at T, but with no critical behaviour, consis-
tent with Fig. 1f. We conclude that the velocity peak in Fig. 1f cor-
responds to T, ~260K. Comparing T, and T, yields g5q=2.0 and
gco=2.05, which are reasonably consistent with values reported for
GdCo (ref. *).

Figure 3a shows v, (T) calculated from equation (9) for several
jum using experimentally determined parameters and modelling
M, (T) and M, (T) by fitting M(T) (Supplementary Section 1).
Figure 3b shows the corresponding calculated vy (j;,) curves,
which highlight the reason for the enhanced velocities observed
near T, in Fig. 3a. Far from compensation, vpy(jyy) increases
linearly and then saturates. As T, is approached, velocity satura-
tion occurs at increasingly high j,\,, and when T=T,, vy (i) is
always linear. Figure 3c shows experimental vy, (ji;),) curves at vari-
ous cryostat temperatures, along with fits using the 1D model in
which the Joule heating-induced temperature variation and pinning
is included (Supplementary Sections 2 and 3). The latter finally
explains the monotonic increase of vy, (T) at small j;),. Overall, we
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Fig. 5 | Room-temperature-stable ferrimagnetic DMI skyrmions. a-c,
Sequence of X-ray holography images of Pt/Co,,Gds,/TaO, immediately
after injecting a nucleation current pulse (a), after 20 min (b) and after
40 min (c). Skyrmions are outlined by circles for clarity. d,e, Image of
skyrmions at different positions obtained after saturating the film and
injecting a nucleation current pulse. The coloured squares indicate the
absence of skyrmions in locations present in a and b, respectively.

f, Skyrmions under zero out-of-plane field uyH, (nucleated in a bias field
which was subsequently reduced to zero). In all the images, the light (dark)
contrast indicates magnetization out of (into) the plane. The high-pass
filter leads to the ringing in some of the images, as seen in f. This is not a
magnetic feature but simply an artefact from the circular field of view. g,
The histogram shows the distribution of skyrmion diameters. h, Magnetic
contrast line scans of the numbered skyrmions in ¢ and e (grey filled
circles) and fits (red lines) (Supplementary Fig. 10).

find that the simple effective ferromagnet model with scaled a and
y agrees well with our experimental data, which implies that it accu-
rately describes the underlying physics.

Small DMI skyrmions

Owing to their weak stray fields, compensated ferrimagnets can
also host much smaller room-temperature skyrmions than can fer-
romagnets'”. So far, room-temperature skyrmions have all been
much larger than the 1-10nm skyrmions seen in single-layer fer-
romagnets at cryogenic temperatures**, with sizes that range from
~30nm to 2pm (refs *>”*'). The larger sizes relate to the dominant
dipolar interactions in the heavy-metal/ferromagnet multilay-
ers commonly used to realize them'”. This can be understood from
the distinct skyrmion energy E versus radius R landscape. Figure 4a
shows such a typical E(R) curve, calculated for a ferromagnetic
multilayer (Methods). Similar to circular domains in bubble
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materials*’, E(R) exhibits a minimum formed by a balance of stray-
field, dipolar and domain wall energies, separated from R=0 by a
maximum that pushes the equilibrium radius out to larger R. The
minimum defines a stray-field skyrmion'?, with a characteristic strong
field-dependent size (Fig. 4a,c), collapse at a finite diameter and finite
field, and expansion into stripes at zero field. At room temperature,
the collapse diameter of such stray-field skyrmions is much larger
than 10 nm for realistic material parameters, as described elsewhere'”.

In films with a strong DMI and simple anisotropy-like stray-field
interactions, such as atomically thin ferromagnets in which nano-
metre-scale skyrmions have previously been observed®”, there is a
minimum in E(R) with no intermediate maximum, which allows
the equilibrium skyrmion size to be much smaller. This minimum,
which defines such DMI skyrmions'?, exists for any applied field but
its depth scales with the film thickness'’, which is why ultrasmall
ferromagnetic skyrmions** cannot be stable at room tempera-
ture—and increasing the film thickness leads to destabilizing dipo-
lar fields". In addition, surface-volume stray-field interactions in
thicker ferromagnets can lead to a non-uniform (twisted) skyrmion
profile along the out-of-plane direction**** and hence additional
destabilizing 3D collapse paths®.

In compensated ferrimagnets with bulk perpendicular mag-
netic anisotropy, film thickness can be increased without increas-
ing the stray fields, so the depth of the potential well that stabilizes
DMI skyrmions can be increased'”. Figure 4b shows E(R) computed
for parameters that correspond to the ferrimagnet studied here
(Methods), along with a micromagnetically computed spin structure
that shows a compact Néel skyrmion. We predict a zero-field mini-
mum at small R with a depth sufficient for room-temperature stability,
and a field-insensitive size characteristic of DMI skyrmions", as
shown in Fig. 4c. We note that away from T, stray fields can destabi-
lize DMI skyrmions. However, as stray-field energies scale with M7,
DMI skyrmions are expected to be stable up to M,~150kAm™ in
our material, which corresponds to a large temperature range of over
100K around T, (Fig. 1b).

These predictions were confirmed by room-temperature imag-
ing in a similar Pt/Gd,Co,s/TaO, film using X-ray holography
(Methods). Nanotracks were patterned onto SiN membranes
(Methods) to permit current pulse injections for skyrmion nucle-
ation, as has been shown elsewhere**. Starting from the out-of-
plane saturated state, skyrmions were nucleated by injecting 10ns
current pulses in the presence of an out-of-plane bias field (Methods
and Supplementary Fig. 10). Skyrmions appear as circular regions
of dark contrast (down magnetization) in the otherwise up-mag-
netized (light contrast) film. Every image is independently recon-
structed by two high-resolution reference holes, and skyrmions are
only counted if they meet strict criteria (Supplementary Section 8
and Supplementary Fig. 11). Figure 5a shows an exemplary mag-
netic contrast image after current-pulse nucleation in which we
identify four skyrmions, as indicated by the coloured circles.
Figure 5b shows a subsequent image of the same state with the four
skyrmions visible at the same locations, which distinguishes them
from background intensity fluctuations that vary randomly from
image to image. After some time, the skyrmions tend to vanish, with
the smallest of the four skyrmions (with a diameter of 16 nm) no
longer present after 40 minutes (Fig. 5¢). The thermal lifetime of the
skyrmions is longer for larger skyrmions, which were observed to
persist for several hours in this sample at room temperature.

Skyrmions were observed in a variety of locations and in a broad
range of applied fields (Fig. 5a—f). The skyrmions remain stable in
a zero applied field, as shown in Fig. 5f. There is almost no cor-
relation between the positions of the skyrmions before and after
saturation and renucleation. The coloured squares in Fig. 5d indi-
cate the absence of skyrmions in the locations they appeared in
Fig. 5a,b. Also, all of the skyrmions disappear in a field of 450 mT,
which clearly distinguishes them from random contrast variations.



The skyrmions range in size (Fig. 5g), with a mean diameter of
23nm and minimum observed diameters approaching ~10nm,
which is significantly smaller than has been observed in ferromag-
nets at room temperature. We attribute the distribution in sizes to a
dispersion in local magnetic properties. Small variations in anisot-
ropy, for example, lead to a significant variation in the skyrmion
size, as seen in the calculated R(H,) curves in Fig. 4c. The sizes in
Fig. 5g were conservatively estimated from the largest possible con-
tour of the black region in the images, which accounts for all of the
resolution-limiting effects. In reality, the skyrmions are therefore
significantly smaller as the apparent size includes convolution with
the instrument resolution. To estimate the minimum skyrmion size
more accurately, we compared line scans of pairs of small and large
skyrmions (Fig. 5h). The peak intensity of the smaller skyrmion was
weaker than that of the larger skyrmion, which provides a measure
of size beyond the resolution limit*. Size was estimated by fitting
each skyrmion profile to a box function convoluted with a Gaussian
of width o, which represents the domain wall width and the imag-
ing resolution (Supplementary Fig. 10). We identify skyrmions 1-4
(Fig. 5c.e) to be 31+6, 17+2, 22+4 and 14+2nm in diameter,
respectively, where the uncertainty comes from noise in the image
contrast (Supplementary Fig. 10). Finally, as shown in Fig. 4c, these
skyrmions show a flat R(H,) dependence and are observed in zero
and even negative fields, which is a clear signature of DMI skyrmions.
We hence conclude that DMI-stabilized skyrmions are stable at
room temperature in this material, which would not be possible
in a ferromagnet.

Conclusions

We have demonstrated fast SOT-driven domain wall motion with
velocities that exceed 1kms™ and small DMI skyrmions of sizes
that approach 10nm at room temperature in ferrimagnetic
Pt/Gd,,Cose/TaO,, which has a strong interfacial DMI due to the Pt
underlayer. Our experiments confirm that the dynamics of such a
ferrimagnet is accurately described by a simple scaled ferromagnet
model, even close to compensation and at extreme velocities, which
makes decades of ferromagnetic research applicable to this class
of materials. Ferrimagnets are therefore promising for spintronic
applications based on small, mobile spin textures. Their proper-
ties can be controlled by a range of easily tunable engineering
parameters, such as interfaces, annealing and composition. More
importantly, they provide a means to realize antiferromagnetic spin
systems in which the magnetic state can still be readily detected opti-
cally and electrically. Yet, the antiferromagnetic properties of soli-
tonic spin textures, such as skyrmions and domain walls, are realized
at two distinct temperatures: at magnetic compensation for the static
properties (such as size) and at angular momentum compensa-
tion for the dynamics. Ferrimagnets for which Ty, and T, are close
together, such as GdCo, are therefore necessary to realize simultane-
ously all the benefits of ferrimagnets in potential device applications.

Online content

Any methods, additional references, Nature Research report-
ing summaries, source data, statements of data availability and
associated accession codes are available at https://doi.org/10.1038/
$41565-018-0255-3.
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Methods

Model calculations. For the 1D model simulations, we numerically solved the

full 1D model of SOT-driven domain wall motion introduced by Martinez

et al.”, with variable y and a. In time steps of 50 ps, we updated the current density
based on the Gaussian pulse shape and the local sample temperature based on the
experimentally determined heating and cooling rates (Supplementary Fig. 2).

The time-averaged velocities are defined as distance travelled divided by the
experimentally determined effective pulse width (Supplementary Fig. 9).

The analytical calculations of skyrmion energy versus radius (Fig. 4a,b) and
skyrmion diameter versus out-of-plane field (Fig. 4c) were computed using a
published model™. Figure 4a was derived using a multilayer with 30 repeats,
where each repeat is 4 nm thick and contains a 1 nm thick magnetic layer with the
parameters: A=10pJm, K,=824kJ m~ (corresponding to an in-plane saturation
field of y1oH,=0.7 T), M;=900kAm™" and D=—1mJ m™> Here, K, is the uniaxial
anisotropy energy and u,H, is the anisotropy field. Figure 4b corresponds to a
single 6 nm thick ferrimagnet with A=7pJm™, K,=25kJm, M;=50kAm™
and D=—-0.3mJ m™. Here we used a local anisotropy that reproduces the
field-dependent size of the small skyrmion in Fig. 4c; small variations in
anisotropy lead to variations in skyrmion size (Fig. 4c) but not the qualitative
shape of the E(R) curve. The insets in Fig. 4a,b were computed with the same
material parameters as used in the model calculations, using the MicroMagnum
micromagnetic simulation package’*’ with cell sizes of 1 nm X 1nmx 120 nm
and 0.5nmx 0.5nm X 6 nm, respectively. All of the calculations employ effective
medium scaling to combine all the magnetic sublattices and non-magnetic spacers
into one micromagnetic unit”. The skyrmion profiles in the micromagnetic

simulations agree with the analytically calculated results, as also shown elsewhere'”.

Sample preparation. The Ta(1)/Pt(6)/Gd,,Co.(6)/TaO,(3) and Ta(1)/Pt(6)/
Gd,,Co,4(12)/Ta0,(3) (thicknesses in nm) samples were grown using d.c.
magnetron sputtering at a nominal room temperature with an Ar sputter gas
pressure of 3 mtorr and a background base pressure of ~2x 10~ torr. Samples were
deposited on thermally oxidized Si wafers. We neglected current shunting through
the Ta seed layer, as the resistivity of Ta is approximately ten times higher than

in Pt. GdCo was co-deposited using separate Co and Gd targets, and the
composition was controlled by varying the Gd sputter gun current. Deposition
rates were calibrated using X-ray reflectivity measurements of the film

thickness. The domain wall motion wires and Hall crosses were patterned using
photolithography and ion milling. The contact pads (Ta(5nm)/Au(100nm))

and Hall cross structures were patterned using standard lift-off processes. SOT
effective-field measurements were performed on a 200 X 40 pm? track and

domain wall motion measurements were performed on a nearby 50 X 40 pm?
track. Holography samples were prepared by defining 10 pm-wide tracks of the
same Ta(1)/Pt(6)/Gd,,Cos,(6)/TaO,(3) material as before on a 700 nm thick SiN
membrane supported by a high-purity Si frame via electron beam lithography and
lift-off. Cr(5nm)/Au(100nm) contacts were subsequently deposited by thermal
evaporation and shadow masking. On the back side of the membrane we deposited
an opaque layer of (Cr(5nm)/Au(55nm)),,, in which we prepared a holography
mask with four holes by focused ion beam milling: one object hole 1 pm in
diameter and three reference holes with diameters of 30 nm, 40 nm and 100 nm. In
a final step, the 10 pm wide magnetic track was reduced to 900 nm in the region
behind the object hole (Supplementary Fig. 10) and a small notch was introduced
to assist the current-induced nucleation of skyrmions’.

MOKE measurements. All polar laser MOKE and differential MOKE images were
acquired in a custom-built Kerr microscope with independent out-of-plane and
in-plane field controls and an integrated flow cryostat for the temperature control.
Differential wide-field MOKE microscopy was performed using a light-emitting
diode white-light source. Focused laser MOKE measurements were used to acquire
hysteresis loops, and were performed using a 532 nm diode laser focused to a spot
size of ~10 pm and attenuated to ~1 mW to avoid laser heating of the sample™.

Sample current injection. High-bandwidth pulses for domain wall motion
experiments were delivered to the sample from a custom-built nanosecond pulse

generator via a waveguide. A low duty cycle was used to avoid heat build-up and
damage. Domain walls were nucleated using SOT switching of a constricted region
of the wire. The velocity of the domain wall was determined by dividing the change
in the position of the domain wall (as viewed by MOKE) by the duration of the
current pulse (Supplementary Fig. 9).

Extraction of D and exchange constant. D is extracted from the high current
saturation velocity v, = %, far from T,,. This yields D=0.12m] m Next,

we determined the domain width A =11 nm from Hpyp=

D and we used
A

A=.[A [ K g with K= 1/2u,M to extract the exchange stiffness A=7pJm™,

which is in agreement with the literature values®. Finally, note that we calculated
A using the value of A at Ty, where K4 ~ K, as M(T = T\ = 0. However, A shows
only very small changes as a function of T due to the small value of M, in the
ferrimagnet for all T (Supplementary Fig. 8), which makes this analysis
universally robust.

Vpw Measurement. Measurements of vy,,, were made using a wide-field Kerr
microscope with in situ field, current and temperature controls. Velocities are
defined as the displacement of a domain wall after a single pulse divided by the
pulse duration, with the latter calibrated as described in Supplementary Fig. 9.
Every velocity data point in this paper represents an average of 4-30 single velocity
measurements that correspond to a total domain wall travel distance of ~20 pm.

X-ray holography. Fourier transform X-ray holography measurements were
carried out at room temperature in the custom MAXI endstation at the P04
beamline of the PETRA III synchrotron radiation source, Germany, using a
monolithic sample-mask approach®-*'. Exploiting X-ray magnetic circular
dichroism at the Co L, absorption edge at 777.7 eV photon energy, difference
holograms obtained with opposite circular polarization encode the Co
magnetization map of the sample in the 1 pm diameter circular field of view, and
the sample topography was also accessible through the local absorption via the
sum hologram. Image reconstruction was carried out by direct Fourier inversion
and propagation to focus the image™. All of the holography images are cropped
to the most interesting part of the nanotrack (Supplementary Fig. 10). Regions
of dark (light) contrast indicate magnetization pointing out of the plane (into the
plane). Skyrmions were nucleated by first saturating the magnetization out of plane
and subsequently injecting a single up—down-up current pulse of 10 ns width per
polarity and 1.7x 10> Am™ amplitude, with an out-of-plane bias field B,~ 30 mT
along the saturating field direction.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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