
Current-driven dynamics and ratchet effect 
of skyrmion bubbles in a ferrimagnetic 
insulator

In the format provided by the 
authors and unedited

Supplementary information

https://doi.org/10.1038/s41565-022-01144-x



 1 

Supplementary Information for 

Current-driven dynamics and ratchet effect of skyrmion bubbles 

in a ferrimagnetic insulator 

Saül Vélez1,5,*, Sandra Ruiz-Gómez2,3,6, Jakob Schaab1, Elzbieta Gradauskaite1, Martin S. 

Wörnle4, Pol Welter4, Benjamin J. Jacot1, Christian L. Degen4, Morgan Trassin1, Manfred 

Fiebig1 & Pietro Gambardella1,* 

1 Department of Materials, ETH Zurich, 8093 Zurich, Switzerland 

2 Departamento de Física de Materiales, Universidad Complutense de Madrid, 28040 Madrid, Spain 

3 Alba Synchrotron Light Facility, 08290, Cerdanyola del Valles, Barcelona, Spain 

4 Department of Physics, ETH Zurich, 8093 Zurich, Switzerland 

5 Present address: Condensed Matter Physics Center (IFIMAC), Instituto Nicolás Cabrera, and 

Departamento de Física de la Materia Condensada, Universidad Autónoma de Madrid, 28049 

Madrid, Spain 

6 Present address: Max Planck Institute for Chemical Physics of Solids, 01187 Dresden, Germany 

*e-mail: saul.velez@uam.es (S.V.); pietro.gambardella@mat.ethz.ch (P.G.) 

 

Table of contents: 

• Supplementary Note 1. Structural and topographic characterization of YIG/TmIG and 
YIG/TmIG/Pt 

• Supplementary Note 2. Magnetic characterization of YIG/TmIG 

• Supplementary Note 3. Chirality determination via nitrogen-vacancy magnetometry 

• Supplementary Note 4. Determination of the effective 𝑔 factor of TmIG 

• Supplementary Note 5. Thiele’s equation of a ferrimagnet and skyrmion velocity 

• Supplementary Note 6. Magnetic field dependence of the skyrmion radius 

• Supplementary Note 7. Skyrmion deformations due to pinning 

• Supplementary Note 8. Alternative explanations for the pulse length dependence: inertia and 
automation effects 

• Supplementary Note 9: Influence of the Oersted field and 𝐻# on the skyrmion dynamics 

• Supplementary Note 10. Skyrmion ratchet effect: supplementary data 



 2 

Supplementary Note 1. Structural and topographic characterization of YIG/TmIG and 

YIG/TmIG/Pt 

 
Supplementary Figure 1 | Structural characterization of the YIG/TmIG films. a, Symmetric X-ray 
diffraction scan of the GSGG/YIG(10 nm)/TmIG(20 nm) sample investigated in this work. As the X-ray 
response of a 10-nm-thick YIG is relatively weak1, the signal in YIG/TmIG is dominated by the TmIG 
(444) diffraction peak and corresponding Laue oscillations. The peak shifts towards higher angles with 
respect to the bulk value2 (dashed grey line) because of a reduction of the out-of-plane lattice constant 
due to tensile strain, in agreement with previous reports of TmIG films grown on GSGG3,4. b, Reciprocal 
space maps of the same sample around the GSGG (486) substrate peak (𝑞% and 𝑞& are the in-plane and 
out-of-plane wavevectors along the crystal axes indicated). The in-plane lattice constants of the films 
and the substrate along the [1 -1 0] direction coincide, confirming full epitaxy. The colour code 
indicates the intensity of the diffraction peaks, with red (blue) corresponding to maximum (minimum) 
intensity. 

 
Supplementary Figure 2 | Topographic characterization of YIG/TmIG and YIG/TmIG/Pt. a, c, Atomic 
force microscopy (AFM) characterization of the surface topography of a bare YIG/TmIG and a Pt-
capped YIG/TmIG heterostructure, respectively. The root mean square (RMS) roughness over a ~5 × 5 
µm2 area is on the order of 0.182 and 0.184 nm, respectively. b, d, AFM line profiles along the blue 
lines indicated in a and c, respectively, confirming the low roughness of our YIG/TmIG and YIG/TmIG/Pt 
films. e, AFM scan of the sample studied in the main text in a region partially covered with Pt. f, Average 
topography scan of the Pt edge along the blue line indicated in e, showing that the step size is about 
5.6 nm. Consequently, we estimate the etching of the TmIG thickness in ~0.5 nm. The RMS surface 
roughness is below 0.2 nm on both the etched and Pt covered regions.  
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Supplementary Note 2. Magnetic characterization of YIG/TmIG 

The magnetic anisotropy and saturation magnetization of the YIG(10nm)/TmIG(20nm)/Pt sample 

investigated in this work have been characterized by a combination of superconducting quantum 

interference device (SQUID) magnetometry and spin Hall magnetoresistance (SMR) measurements3,5,6.  

Magnetic anisotropy. Supplementary Figure 3 shows that the TmIG layer exhibits perpendicular 

magnetic anisotropy, with an effective anisotropy field 𝐻-	~	1.4 kOe, and that the YIG layer exhibits 

an easy-plane anisotropy with a part of the film rotating towards out-of-plane due to the exchange 
coupling with TmIG.  

The smaller (larger) magnetic field required for saturating the magnetization in the out-of-plane (in-

plane) configuration indicates that the dominant magnetic anisotropy of YIG/TmIG is out of plane 
(Supplementary Figs. 3a,3b). As SMR is only sensitive to the magnetic moments at the metal/insulator 

interface, the magnetic anisotropy of TmIG can be directly proven via transport measurements3,4. 

Supplementary Fig. 3c demonstrates that the magnetization of TmIG points out of plane at zero field, 

and gradually cants towards the plane as the in-plane field increases. From these measurements, we 
determine that the magnetic anisotropy of the bilayer is dominated by the perpendicular magnetic 

anisotropy of TmIG, which corresponds to an anisotropy field 𝐻-~1.4 kOe.  

The small magnetic moment of the hysteresis loop for the in-plane measurement (~1.2	 ×	1023 A m2 
at zero field, Supplementary Fig. 3b) relative to the saturation magnetic moment of the full 

heterostructure (~7.7	 ×	1023 A m2, Supplementary Fig. 3a) indicates that part of the YIG film 

magnetization lies in the plane of the film. This is not surprising, as YIG on GSGG is expected to exhibit 
in-plane anisotropy. From comparing the in-plane and out-of-plane data, we estimate that the 

magnetization of the first ~3 nm of YIG on GSGG lies in the plane of the film, while the rest gradually 

rotates towards out of the plane due to the exchange coupling with TmIG. The gradual increase of the 

magnetic moment with field above 𝐻~70 Oe, Supplementary Fig. 3b, is consistent with the in-plane 
magnetic field gradually canting the magnetic moments of both the exchange-coupled YIG and the 

TmIG layer towards the plane, eventually achieving full saturation at ~1.4 kOe (Supplementary Fig. 3c; 

the relatively large paramagnetic response of GSGG prevents us to extract the saturation field from 

SQUID measurements). Importantly, the magnetic jump observed around zero field for the in-plane 
configuration indicates that the bottom part of the YIG film can be oriented with relatively small in-

plane fields (~5 Oe; see inset of Supplementary Fig. 3b). This allows for controlling the sign of the 

exchange field between YIG and TmIG, a result that is in agreement with the ratchet effect presented 
in Figs. 5 and 6 of the main text as well as Supplementary Notes 9 and 10. 

Saturation magnetization. From the measurements shown in Supplementary Fig. 3, we estimate that 

the saturation magnetic moment of YIG(10nm)/TmIG(20nm) is ~7.7	 ×	1023 A m2. Taking into 
account that the surface area of the films is ~26 mm2, and assuming that the saturation magnetization 

of the YIG film is 𝑀7(YIG)	~	175 kA m-1 (Ref. 7), we estimate the saturation magnetization of TmIG to 

be 𝑀7(TmIG)	~	60 kA m-1. 

Temperature dependence. The saturation magnetization reduces by about 18% when increasing the 

temperature from 300 to 350 K (Supplementary Fig. 4). We thus estimate that the TmIG magnetization 
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decreases by a maximum of 7% due to Joule heating in the current-induced skyrmion dynamics 

experiments (see Extended Data Fig. 4 for the analysis of the current-induced Joule heating).  

 
Supplementary Figure 3 | Magnetic characterization of YIG(10nm)/TmIG(20nm). a, Magnetic 
moment of the heterostructure as a function of out-of-plane field 𝐻&. Both layers are fully saturated 
out of plane at 𝐻&	~	100 Oe. Note that the coercive field is smaller than the one shown in Fig. 1b of 
the manuscript. The larger coercive field in Fig. 1b is due to the pinning of domain walls at the device 
edges, resulting in a broadening of the hysteresis loop at the device area3. b, Magnetic moment as a 
function of in-plane field. Inset, magnification of the loop around zero field. The paramagnetic 
response of the GSGG substrate has been subtracted in a and b. c, Transverse SMR measurements as 
a function of in-plane field applied at an angle 𝛼 with respect to the current direction. From these 
measurements, we can extract the magnetic anisotropy of TmIG3,5,6. At 𝐻 = 0, 𝑅%# 	≈ 	0, indicating 
that the local magnetic moments of TmIG point out of the plane and are mostly randomly oriented, 
which is consistent with the data in a and the bottom images of Fig. 1c,d of the manuscript. As 𝐻 
increases, the magnetization of TmIG cants towards the plane, resulting in a change of the amplitude 
of 𝑅%#, which is maximum at 𝛼 = 45° (positive change) or 135° (negative change). The saturation of 
𝑅%# above 𝐻-	~	1.4 kOe indicates that the magnetic moments of TmIG are saturated in-plane, thus 
identifying 𝐻- as the anisotropy field of TmIG. We remark that 𝐻- is about half the value measured for 
single-layer TmIG films of the same thickness on GSGG3,4, evidencing the role of the exchange coupling 
with YIG on the magnetic anisotropy of TmIG. Note that each measurement consists of superposed 
forward and backward field sweeps, indicating that the canting of the magnetic moments of TmIG does 
not exhibit hysteresis. A device-dependent constant offset is subtracted in c for convenience. 

 
Supplementary Figure 4. Temperature dependence of the out-of-plane magnetization. The data are 
normalized to the saturation magnetization 𝑀7 at 300 K. 
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Supplementary Note 3. Chirality determination via nitrogen-vacancy magnetometry 

We used nitrogen-vacancy (NV) scanning magnetometry to characterize isolated skyrmion bubbles. 

This technique measures the stray field 𝐵EF produced by the magnetic textures of the sample at the 

position of the NV center with high field and spatial resolution, from which the spin texture of domain 

walls and skyrmions can be determined3,8,9. Figures 2a,d of the manuscript and Supplementary Fig. 6a 
show representative stray field scanning maps 𝐵EF(𝑋, 𝑌) of bubble domains located in YIG/TmIG/Pt 

and of a stripe domain intersecting a region partially covered by Pt. 

Skyrmion bubbles modelling. We model the skyrmion as a closed ring of ellipsoidal shape, arbitrary 

orientation 𝛽, diametral axes 𝑎 and	𝑏, center 𝑋M, 𝑌M, and wall width ∆OP. By adapting previous 

modelling of straight domain walls3 to the bubble case, the domain wall profile is described by 

𝑀Q(𝑟) = 𝑀S
cos𝜓

cosh Y𝑟 − 𝑟M∆OP
[
	 

𝑀\(𝑟) = 𝑀S
sin𝜓

cosh Y𝑟 − 𝑟M∆OP
[
, 

                                                                   𝑀_(𝑟) = −𝑀S tanh Y
b2bc
∆de

[,           (1) 

where 𝑟M indicate the position of the center of the wall for a given position along the wall ring of the 
bubble, 𝑟 the position in the direction perpendicular to the domain wall for the corresponding 𝑟M, and 

𝜓 is the chiral angle that describes the magnetic texture of the wall. 

To fit the data, we normalized 𝐵EF(𝑋, 𝑌) to the maximum value to remove the influence of YIG on the 
stray field of TmIG. The fitting procedure is done by first finding the best domain wall width ∆OP for a 

given domain wall type (Bloch, righ-handed Néel, and left-handed Néel), leaving 𝑎, 𝑏, and 𝛽 as free 

parameters. In a second step, ∆OP is fixed and 𝑎, 𝑏, and 𝛽 (if 𝑎 ≠ 𝑏) are fitted. As an example, Fig. 2b 
of the manuscript shows the best fit of the stray field data presented in Fig. 2a, which corresponds to 

a circular bubble with right-handed Néel chirality, ∆OP= 60 nm, and 𝑎~𝑏 = 	950 nm. The accuracy 

of the fitting is computed from the residual sum of squares (RSS) using following formula 

      ln	ℒj − ln	ℒk = −l
k
	ln	 mnno

mnnp
,          (2) 

where 1 and 2 indicate different sets of fit parameters with 2 being the one with smallest RSS, and 𝑛 

the number of data points. Therefore, by using Supplementary Eq. (2) with different fit parameters, 

one can estimate the likelihood of a given type of domain wall. Supplementary Fig. 5 presents the 
likelihood of fitting the skyrmion data of Fig. 2a of the manuscript to different domain wall types 

characterized by 𝜓 and ∆OP. The likelihood plot clearly shows that the right-handed Néel chirality is 

the spin texture that best describes the skyrmions for wall widths in the range from  ∆OP	~	30 to 

~	100 nm, with best fit obtained with ∆OP= 60 nm. Taking into account the magnetic anisotropy of 
the film (Supplementary Note 2) and previous characterization of the domain wall width in TmIG3, we 

expect the domain wall width to be about 50 nm. We thus conclude that in YIG/TmIG/Pt the domain 
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wall texture is of right-handed Néel type. The same fitting procedure was followed for the deformed 

skyrmion presented in Fig. 2d-f of the manuscript. 

 

 
Supplementary Figure 5 | Log-likelihood of the fits of the data of Fig. 2a computed using 
Supplementary Eq. (2). Different ∆OP values from 10 to 200 nm and different domain wall textures 
(Bloch, right-handed Néel, and left-handed Néel) were considered.  
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Analysis of straight domain walls in YIG/TmIG/Pt and YIG/TmIG. To infer the contribution of the 

YIG/TmIG interface to the DMI, we performed measurements of the stray field of a narrow stripe 

domain running across a region partially covered by Pt (Supplementary Fig. 6a). Direct inspection 

reveals that the stray field in the Pt-covered region is stronger than in the Pt-free region 
(Supplementary Fig. 6b). However, as we demonstrated in an earlier work, Pt also contributes to the 

stray field due to the magnetization induced by proximity with TmIG3. Therefore, for comparing the 

data, we subtracted the stray field associated to the Pt polarization in the YIG/TmIG/Pt region. The 

normalized line scans are very similar (Supplementary Fig. 6c), indicating that the domain wall type in 
YIG/TmIG is also right-handed Néel (as determined to be for YIG/TmIG/Pt; Fig. 2 and Supplementary 

Fig. 5) or of intermediate right-handed Néel-Bloch favored by a positive DMI induced by the YIG 

interface. Note that changes in ∆OP between the Pt-capped and Pt-free regions are expected to be 
negligible10, and thus no significant influence of ∆OP on the stray field is expected. The relatively large 

uncertainty of the stray field data, however, does not allow us to conclude on the precise value of 𝜓. 

Nevertheless, the right-handed chirality in GSGG/YIG/TmIG is clearly different from that of TmIG 

directly grown on GSGG, which presents negative DMI and left-handed Néel domain walls3. As the 
TmIG/Pt interface has a positive DMI3, we conclude that both YIG and Pt interfaces contribute to 

stabilize right-handed Néel domain walls and skyrmions in TmIG with an overall DMI strength above 

𝐷uv. 

 

 
Supplementary Figure 6 | Comparison of the stray field of a stripe domain in a region partially 
covered by Pt. a, Stray field map 𝐵EF(𝑋𝑌) of a stripe domain running across a region partially covered 
with Pt. Note that the stray field arises from two parallel domain walls. |𝐻x| = 15 Oe. b, Line scans of 
𝐵EF along the dashed lines in a (open symbols; the colour code identifies the line scan). c, Same as in 
b with the stray field in the Pt region corrected by the contribution of the Pt polarization to the stray 
field3 (solid black symbols).
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Supplementary Note 4. Determination of the effective 𝑔 factor of TmIG 
To estimate the effective g factor of TmIG we used the Wangsness relation11,12  

yz{
|z{

− y}~
|}~

= y�
|

,                (3) 

where 𝑀�� and 𝑔�� are the magnetic moment and g factor of the Fe3+ tetrahedral/octahedral 
sublattices,	𝑀�� and 𝑔�� the magnetic moment and g factor of the Tm3+ dodecahedral sublattice, and 

𝑀7 = 𝑀�� −𝑀�� and 𝑔 the net magnetic moment and effective g factor of TmIG. The negative sign 

accounts for the antiferromagnetic coupling between the Fe3+ and Tm3+ sublattices with both 𝑀�� and 
𝑀�� defined positive and 𝑀�� > 𝑀��. We take 𝑔�� = 2 (Ref. 7) and estimate 𝑔��	from the expected 

𝑔 factor of a free Tm+3 ion. At the lowest spin-orbit multiplet state, the total angular momentum of 

Tm3+ is 𝐽 = 6 with an orbital momentum 𝐿 = 1 and spin state 𝑆 = 5, resulting in 𝑔�� = 7/6. The 

saturation magnetization of TmIG is estimated to be 𝑀7	~	60 kA m-1 (see Supplementary Note 2). 

In thin films, 𝑀�� and 𝑀�� may substantially deviate from the bulk values due to strain and finite size 

effects1,3,7,13, giving a wide range of possible 𝑀��,𝑀�� values for the solution of Supplementary Eq. 

(3). Supplementary Fig. 7 shows the value of 𝑔 computed by using Supplementary Eq. (3) and 
considering different combinations of 𝑀�� and 𝑀�� values. 𝑔�� and 𝑔�� are constrained to be 2 and 

7/6, respectively. The dashed line indicates combinations with 𝑀�� −𝑀�� = 	60 kA m-1. The bluish-

coloured area corresponds to solutions with negative	𝑔 values, which is the case expected for our TmIG 

film according to the sign of the skyrmion Hall effect (Fig. 3 of the main text). By fixing 𝑀�� to be 175 
kA m-1 (Ref. 7), we estimate 𝑀��~115 kA m-1 and 𝑔	~ − 5.4 (solution indicated by a blue dot in 

Supplementary Fig. 7). 

 
Supplementary Figure 7 | Computed 𝒈 values of TmIG for different 𝑴𝐅𝐞 and 𝑴𝐓𝐦 combinations. 
Computed 𝑔 values by using Supplementary Eq. (3) and 𝑔�� = 2 and 𝑔�� = 7/6. The dashed line 
indicates 𝑀��,𝑀�� combinations with constant 𝑀7 = 60 kA m-1. The blueish region corresponds to 
solutions with 𝑔 < 0. The blue dot indicates the combination 𝑀�� = 175 kA m-1 and 𝑀�� = 115 kA 
m-1, which results in 𝑔 = −5.4. See text for more details. 
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Supplementary Note 5. Thiele’s equation of a ferrimagnet and skyrmion velocity 

 

Thiele’s equation. Under the approximation of point-like massless objects, the dynamics of skyrmions 

driven by current pulses is described by the modified Thiele’s equation14,15,16 

         𝐆 × 𝐯7- − 𝛼𝓓𝐯7- + 𝐅n�� = 0,          (4) 

where 𝐆 = 𝐺𝒛� is the gyromagnetic vector, 𝐯7- = 𝑣%𝒙� + 𝑣#𝒚� the skyrmion velocity, 𝛼 the damping 

parameter, 𝓓 the dissipative tensor, and 𝐅n�� = 𝐹n��𝒙� the SOT driving force generated by 𝐉% = 𝐽%𝒙� 

(see Supplementary Fig. 8 for the schematics of the forces). 𝒙�, 𝒚�, and 𝒛� are unit vectors along the 𝑥, 𝑦, 

and 𝑧 directions, respectively. The gyromagnetic vector is given by 

𝐺 = −4𝜋y�¢
£
	𝑄,               (5) 

where 𝑀7, 𝑡, and 𝛾 = 𝑔 §¨
ħ

 are the saturation magnetization, thickness, and gyromagnetic factor of the 

magnetic layer, 𝑔 the Landé g factor, and 𝑄 = j
ª«∬­Y®𝐦

®%
× ®𝐦

®#
[ ∙ 𝐦°𝑑𝑥𝑑𝑦 the topological charge with 

𝐦(𝑥, 𝑦) the magnetic moment at position (𝑥, 𝑦). 𝜇³ and ħ are the Bohr magneton and the reduced 
Planck constant. 

Gyromagnetic vector in a ferrimagnet. In a ferrimagnet such as TmIG, the effective 𝛾 can be computed 

from the saturation magnetization 𝑀7,´ and the gyromagnetic factors 𝛾µ  of the constituent sublattices 

(see Supplementary Eq. (3)), leading to11,17  

𝛾 = y¶
·�,o
¸o

2
·�,p
¸p

 .            (6) 

In our TmIG films 𝛾 < 0 (see Supplementary Note 4), resulting in 𝐺 > 0 for 𝑄 = +1 skyrmions. Note 

that Supplementary Eq. (5) can be rewritten as 𝐺 = 4𝜋𝑡𝑠º�u𝑄 with 𝑠º�u = −»y�,o
𝜸𝟏
− y�,p

𝜸𝟐
¿ = −y�

𝜸
. 

Skyrmion Hall angle. The skyrmion deflection angle 𝜙7- induced by the Magnus force 𝐆 × 𝐯7- is given 

by14,16,18 

𝜙7-~ tan2j Y
Á
ÂÃ𝒟

[,              (7) 

where the components of the dissipative tensor 𝓓 are given by14,16 𝒟µÅ = −𝑠º�u𝑡 ∬­®𝐦
®µ
∙ ®𝐦
®Å
° 𝑑𝑥𝑑𝑦, 

with 𝒟′jk = 𝒟′kj = 0 and 	𝒟′jj = 𝒟′kk ≈ −𝑠º�u𝑡
k«Ç
∆de

 under the approximation 𝑅 ≫ ∆OP, with 𝑅 and 

∆OP being the radius of and domain wall with of the skyrmion bubble19,20. 𝛼É is the effective damping 

and is given by17 

𝛼É = 𝛼 SÊËÊ
SÌ{Ê

 ,            (8) 

with 𝑠uÍu = −»y�,o
𝜸𝟏
+ y�,p

𝜸𝟐
¿ the total angular momentum. By rewriting Supplementary Eq. (7) using the 

relations given above we obtain 𝜙7-~ tan2j Y−
SÌ{Ê
SÊËÊ

kÎ∆
ÂÇ
[ as given in Eq. (1) of the main text. Note that 
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because SÌ{Ê
SÊËÊ

 is negative in TmIG, 𝜙7- is positive (negative) for 𝑄 = +1(−1) skyrmion bubbles as 

opposed to skyrmions in ferromagnets (see Supplementary Fig. 8 and Fig. 3 of the main text). 

Skyrmion velocity. The skyrmion velocity 𝒗7- = 𝑣%𝒙� + 𝑣#𝒚� in the flow regime is given by16,21  

𝑣% =
Ð

jÑÐp
ÒÓÔ}
Á

, and 𝑣# =
j

jÑÐp
ÒÓÔ}
Á

,            (9) 

and hence, 

𝑣7- = |𝒗7-| =
j

ÕjÑÐp
ÒÓÔ}
Á

 ,        (10) 

where  

𝜂 = 	 Â
Ã×
Á
= − SÊËÊ

SÌ{Ê

ÂÇ
k∆deÎ

   and   ÒÓÔ}
Á

= −𝜉OÙ𝐽%𝛾
«Ç
ª
,       (11) 

with 𝜉OÙ the effective field (per unit current density) associated to the damping-like SOT. Considering 

the values of 𝜉OÙ reported for TmIG/Pt (Refs. 4,22), we estimate a skyrmion mobility 𝜂 = 𝑣7-/𝐽% 

exceeding 3 × 1023 m3 A-1 s-1 in our TmIG devices, a value that is comparable to the mobility of 
ferrimagnetic domain walls near the angular momentum compensation3,17,22,23,24. 

 

 
Supplementary Figure 8 | Schematic of the skyrmion Hall effect in TmIG. Schematics of 𝑄 = −1 and 
𝑄 = +1 right-handed Néel skyrmion bubbles in TmIG and of the forces acting on the skyrmions due to 
the application of current pulses. The coordinate system and the direction of the current (𝐉%), the 
skyrmion velocity (𝐯7-), the sign of the deflection angle (𝜙7-), and the forces acting on the skyrmions 
(see Supplementary Eq. (4)) are indicated. The vectors indicate the direction of the magnetic moments. 
As the sign of 𝐆 is positive (negative) for 𝑄 = +1	(−1) skyrmion bubbles, the sign of 𝜙7- in TmIG is 
opposite to the one encountered in ferromagnetic materials. 
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Supplementary Note 6. Magnetic field dependence of the skyrmion radius.  

The average skyrmion radius is analyzed from MOKE measurements taken on isolated bubbles and for 
different values of 𝐻& (Extended Data Fig. 1). We note that the average radius inferred from the MOKE 

analysis (Extended Data Fig. 1c) is consistent with the radius extracted from NV magnetometry 

measurements (Fig. 2a-c of the manuscript). Both the increase of the bubble radius (Extended Data 

Fig. 1c) and the destabilization of the bubble domains into stripe domains when decreasing |𝐻&| (Fig. 
1d of the manuscript) are a consequence of the minimization of the magnetostatic energy of the 

bubble with field25. For fields below |𝐻&| ≲ 10 Oe we cannot find only skyrmion bubbles by either 

current or field sweep protocols as the bubbles tend to expand and transform into stripe domains. 
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Supplementary Note 7. Skyrmion deformations due to pinning  

Skyrmion ellipticity. The statistical analysis of the bubbles’ shape extracted from MOKE data show that 
most skyrmion bubbles present an ellipticity 𝑏/𝑎 ≳ 0.9 (Extended Data Figs. 1a and 2a), indicating that 
the bubbles tend to retain a circular shape after a current pulse. 𝑎 and 𝑏 define the larger and smaller 
axes of the ellipsoid. Such ellipsoidal deformations correspond to relative contractions/elongations of 
the skyrmion diameter of about 50 ± 50 nm between each other. These results are consistent with an 
average distance between pinning centers of about 50 to 100 nm if the deformations are assumed to 
arise from the hopping of the skyrmion wall between two adjacent defects. 

Current-induced bubble deformations. We found a correlation between the most preferred direction 
of bubble deformation relative to the direction of the current pulses. Concretely, we found that the 
bubbles exhibit a larger probability to exhibit deformation in the direction of motion as well as 
perpendicular to it (Extended Data Fig. 2b). Whereas the former indicates that the deformations 
correlate with the direction of skyrmion motion set by the skyrmion Hall effect and pinning20,26,27, the 
latter is consistent with bubble distortions induced by SOTs28. 
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Supplementary Note 8. Alternative explanations for the pulse length dependence: inertial 
and automotion effects  
 
Inertial effects. A possible explanation for the finite bubble displacements observed as 𝑡Ý → 0 (Fig. 

4c,d of the main text as well as Extended Data Figs. 5 and 6) is that the skyrmion bubbles behave as 

objects with a finite mass and thus keep moving after the end of a current pulse. This effect would be 
detected in MOKE experiments if there is an asymmetry in the acceleration and deceleration times of 

the skyrmion bubbles, as reported for Néel domain walls in low-damping media and moderate DMI29. 

However, such inertia effects are expected to emerge for domain walls and skyrmions driven in the 

flow regime. In the presence of random hopping produced by disorder and thermal fluctuations, as 
observed in our experiments for skyrmion bubbles driven in the creep regime (Figs. 4 and 5 of the main 

text), we expect that the inertia effects would be negligible.  

 

Automotion. Another explanation for the pulse length dependence of ∆𝑥ßßßß, ∆𝑦ßßßß and 𝑣̅7- (Fig. 4c-e of the 

main text) is that the skyrmion bubbles exhibit automation effects as the result of the displacement of 
vertical Bloch lines around the bubble boundary, in analogy with the behaviour of magnetic bubbles in 

a field gradient observed in thick garnet layers16,30,31. The displacement of vertical Bloch lines would be 

driven by the reversal of 𝐌âãä induced by the in-plane Oersted fields generated by the pulses (𝐇��,æ ∝

+𝐽è𝐲� at the YIG plane), and therefore inertia effects may only emerge for one polarity of 𝐉è for a given 
𝐌âãä||𝒚 configuration. This scenario, however, is ruled out because a similar behaviour is observed for 

all orientations of 𝐌âãä and 𝐉è. Extended Data Figure 6 shows representative data taken for 𝐌âãä =
−𝑀âãä𝐲�, revealing finite displacements for both polarities of 𝐉è as 𝑡Ý → 0. In addition, analysis of the 

current threshold for bubble depinning as function of 𝐉è amplitude, in-plane field 𝐻æ, and pulse length 

𝑡Ý suggests that the in-plane Oersted fields are not capable to produce significant changes to 𝐌âãä 

(Supplementary Note 9), which we ascribe to the relatively large thickness of TmIG and the moderate 

current densities employed in the experiments.  
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Supplementary Note 9: Influence of the Oersted field and 𝑯𝒚 on the skyrmion dynamics 

As demonstrated in Figs. 5 and 6 of the manuscript, both the skyrmion depinning probability and the 
velocity of the skyrmion bubbles strongly depend on the orientation of 𝐌âãä relative to 𝐉%. To control 

the orientation of 𝐌âãä, a small in-plane magnetic field 𝐇# = 𝐻#𝒚� is applied (see Supplementary Note 

2 for more details regarding the magnetic properties of the films; in particular, Supplementary Fig. 3b 

shows that an in-plane field as small as 3 Oe can significantly modify 𝐌âãä). It is therefore crucial to 

determine whether the asymmetry in the dynamics of the skyrmion bubbles with 𝐉è may arise from 

the influence of the in-plane Oersted field 𝐇��,# = 𝐻��,#𝒚� ∝ +𝐽è𝐲� generated by the pulses on 𝐌âãä, 

as well as to determine whether 𝐇# itself influence the dynamics. To investigate these questions, we 

determined the current threshold 𝐽%uv for skyrmion depinning as function of 𝐉è orientation, pulse length 

𝑡Ý, and 𝐻# strength. 

Supplementary Figure 9 shows representative data taken for 𝐻# < 0 and 𝑄 = +1 (𝐻& = −20 Oe). At 

magnetic fields below ë𝐻#ë~4 Oe, the current threshold is rather independent on the magnetic field 

and the polarity of the current, but above that field value, a strong asymmetry with 𝐉% emerges, with 

the current threshold becoming larger for 𝐽% < 0, an asymmetry that is in agreement with the results 
presented in Fig. 6e,f of the main text. Moreover, when reversing the direction of 𝐻# (not shown here), 

we observe that the current threshold becomes larger for 𝐽% > 0, while it stays rather constant for 𝐽% < 
0, also in agreement with the asymmetry with 𝐉è for 𝐌âãä = +𝑀âãä𝒚� presented in Fig. 6g,h of the 

main text (see Supplementary Note 10 for more details regarding the asymmetries of the ratchet 

effect). We note that the results shown in Supplementary Fig. 9 are not dependent on the particular 

sequence followed with the magnetic field 𝐇# before starting the measurements, suggesting that the 

application of current pulses randomize the domains towards the equilibrium configuration set by the 

external field for values in the range ë𝐻#ë < −10 Oe. 

The rather constant 𝐽%uv with 𝐻# < 0 observed for 𝐽% > 0 (Supplementary Fig. 9b) is attributed to the 

fact that no significant difference should be observed in 𝐽%uv between a demagnetized case (𝐻# = 0 

Oe) and a saturated one along the favoured 𝐌âãä direction. That is because a demagnetized case 
presents domains with both favoured and unfavoured 𝐌âãä	orientations as well as intermediate ones 

aligned with the current. The average skyrmion velocity for 𝐽% > 0, however, increases when 𝐌âãä 

saturates along −𝒚, in agreement with the data shown in Figs. 4a,b and 5a,b of the main text. Further, 

the velocity is found to be weakly dependent on the external field for fields from ë𝐻#ë	~ − 10 Oe to 

~ − 25 Oe, the later defining the threshold for the destabilization of the bubble domains into stripe 
domains.  

We now focus our attention on the field dependence of the current threshold for 𝐽% < 0 and	𝐻# < 0 

(Supplementary Fig. 9a). Remarkably, while the depinning current density increases by a factor ~	4 

when decreasing the pulse length from 100 to 15 ns (blue up triangles and green down triangles, 

respectively; note that the 𝑡Ý-dependence of 𝐽%uv is in agreement with the data presented in Extended 

Data Fig. 3), the field-dependence remains qualitatively the same, with a field-independent regime 
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observed from ë𝐻#ë	~ 10 to 20 Oe. The fact that the field independent regime is reached at the same 

value for all current conditions (despite the associated 𝐻��,# field differs by a factor ~4 between the 

extreme cases: 𝐽%	~	8.5	 ×	10jj A m-2 for 𝑡Ý = 15 ns, while 𝐽%	~	2.2	 ×	10jj A m-2 for 𝑡Ý = 100 ns), 

indicates that the influence of 𝐇��,# on 𝐌âãä is negligible and that the magnetization of the YIG film is 

saturated above ë𝐻#ë = 𝐻S = 10 Oe (indicated by a vertical line), further indicating that 𝐻# has a 

negligible effect on the skyrmion dynamics compared to 𝐌âãä. We thus conclude that the ratchet 

effect arises from the exchange coupling of 𝐌âãä with the skyrmions in TmIG. 

 

 
Supplementary Figure 9 | Current threshold for the depinning of skyrmion bubbles as function of 𝐉𝐱, 
𝒕𝐩, and 𝑯𝐲. a, Current threshold as function of 𝐻# for different pulse lengths. The polarity of the 
magnetic field and the current applied are 𝐻# < 0 and 𝐽% < 0, which corresponds to the unfavoured 
configuration for bubble motion. Same field dependence is observed for 𝐻# > 0 and 𝐽% > 0. The 
dashed lines are guides to the eye. A field-independent regime is reached at 𝐻7	~	10 Oe for all 𝑡Ý, |𝐽%| 
conditions (indicated with a vertical solid line). b, Same as a, but for 𝐽% > 0 and 𝐻# < 0, i.e., a favoured 
configuration for skyrmion motion. Same data is obtained for 𝐽% < 0 and 𝐻# > 0. The solid lines are 
guides to the eye. Data in a and b correspond to 𝑄 = +1 skyrmion bubbles with 𝐻& = −20 Oe. Same 
behaviour for the current depinning threshold is observed for 𝑄 = −1 skyrmion bubbles and 𝐻& =
+20 Oe. The inset indicates the orientation of 𝐉% and 𝐇# relative to the current line. See 
Supplementary Note 10 and Figs. 5 and 6 of the main text for more details regarding the symmetries 
of the skyrmion dynamics with 𝐌âãä, 𝐉%, and 𝑄.  
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Supplementary Note 10. Skyrmion ratchet effect: supplementary data 

 

 
Supplementary Table 1 | Skyrmion dynamics with 𝐌𝐘𝐈𝐆, 𝐉𝒙, and 𝑸: symmetry of the ratchet effect. 
Comparison of the skyrmion dynamics for different 𝐌âãä, 𝐉%, and 𝑄 configurations relative to the YIG 
demagnetized case. The vectors 𝒙� and 𝒚� indicate the orientation of the vectors 𝐌âãä, 𝐉%, 𝐓OÙ, and the 
ratchet effect, and the sign + or – their polarity (see Fig. 1a of the main text for the definition of the 
sample coordinates). Note that the polarity of 𝐓OÙ is given by 𝐉% and that here we only consider the 
sign of the 𝒚� component at the bubbles wall as is the relevant one for the ratchet effect. Further, we 
only consider configuration with 𝐌âãä orthogonal to 𝐉% as no asymmetry in the dynamics is observed 
when 𝐌âãä and 𝐉% are collinear (Extended Data Fig. 7). When the polarity of 𝐉𝒙(𝒙�) and 𝐌âãä(𝒚�) are 
the same, the dynamics of the skyrmions are slow or pinned (combinations indicated by orange 
colour), but when they are opposite, the skyrmion motion is efficient and faster (indicated by green 
colour) relative to the demagnetized case. See also Figs. 5 and 6 of the main text, which present 
representative data of the dynamics of the skyrmion bubbles with 𝐉𝒙(𝒙�) and 𝐌âãä(𝒚�). For a given 
𝐌âãä(𝒚�) orientation, the asymmetry in the skyrmion dynamics with 𝐉𝒙(𝒙�) leads to the ratchet effect 
indicated in the last column, with the bubble motion being preferred towards +𝒙� for 𝐌âãä aligned to 
−𝒚�, while motion is preferred towards −𝒙� for 𝐌âãä saturated along +𝒚� (note that here the deflection 
of the skyrmion bubbles towards ±𝒚� due to the topological Hall effect is not considered for simplicity). 
The same asymmetric motion is observed for both	𝑄 = +1 and −1 skyrmion bubbles. As schematized 
in Fig. 6a-d of the main text, the asymmetric dynamics with 𝐉% originates from the distortion of the 
magnetic configuration of the skyrmion bubbles produced by 𝐓OÙ	(which	depends	on	𝐉%) relative to 
the one induced by the exchange coupling with 𝐌âãä. When the distortions oppose (favour) each 
other, the net distortion towards 𝒚� becomes smaller (larger), resulting in stronger (weaker) 𝐅n�� 
driving forces. See also Supplementary Fig. 10, which provide additional sketches of the expected 
distortion of the skyrmion bubbles for other 𝐌âãä, 𝐉è, and 𝑄 configurations than the ones presented 
in Fig. 6a-d of the main text.  
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Supplementary Figure 10 | Schematics of the magnetic distortion of the skyrmion bubbles with 𝐌âãä 
and 𝐉%: additional 𝐌âãä and 𝑸 configurations. a-d, Same as Fig. 6a-d of the main text, but for 𝐌âãä =
+𝑀âãä𝒚�. As opposed to the case of Fig. 6a-d, the distortion of the skyrmion bubble is enhanced 
(reduced) for 𝐽% > 0 (𝐽% < 0). Consequently, for 𝐌âãä = +𝑀âãä𝒚� the skyrmion motion is more 
efficient for 𝐽% < 0 than for 𝐽% > 0, in agreement with the results presented in Fig. 6g,h of the main 
text. e-h, Same as a-d, but for a 𝑄 = −1 skyrmion bubble. The symmetry of the resulting torques with 
𝐉% is the same as for 𝑄 = +1 skyrmion bubbles, i.e., larger (smaller) distortions are observed for 𝐽% >
0 (𝐽% < 0). See c,d and g,h. In the later, only the direction of the 𝒚� component of the 𝑑𝐦OP/𝑑𝑡 
induced by the torques is depicted for simplicity. Fast (slow) motion is expected when 𝑑𝐦OP/𝑑𝑡(𝒚�) 
opposes 𝐌âãä. 
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Supplementary Figure 11 | Ratchet effect for stripe domains. a, Top, Differential MOKE image 
showing stripe domains in TmIG. The white (dark) contrast indicates domains with the magnetization 
pointing up (down). An in-plane magnetic field 𝐻# = +30 Oe is applied along +𝒚� to stabilize stripe 
domains oriented perpendicular to the current line. 𝐻& = −10 Oe. Bottom, Schematics indicating the 
position of the current line in the MOKE image. When applying current pulses 𝐉%, as for the case of 
skyrmion bubbles with 𝐌âãä = +𝑀âãä𝒚�, we observe that the dynamics of the stripe domains is more 
efficient for 𝐽% < 0 than for 𝐽% > 0 (see Fig. 6g,h of the main text). When the orientation of 𝐇# is 
reversed, the asymmetry in the dynamics of the stripe domains with 𝐉% is also reversed, agreeing with 
the asymmetry with 𝐌âãä (which is set by 𝐇#) and 𝐉% as summarized in Supplementary Table 1. The 
explanation of the effect is the same as for the case of skyrmion bubbles. The motion of the stripe 
domains is more (less) efficient when the distortion of the magnetic moments at the stripe’s walls by 
𝐌âãä and 𝐉% is minimal (maximal). See sketches from b to e. The bubble domains surrounding the 
current line are induced by the out of plane component of the Oersted field for currents 𝐉% ≳ 8 × 10jj 
A m-2 at this field values. b, Schematics of the expected orientation of the magnetic moments at the 
walls of the stripe domains in TmIG (as discussed in the main text, the domain walls should exhibit 
right-handed Néel chirality). c, Magnetic distortion of the walls due to 𝐌âãä = +𝑀âãä𝒚�. d, e, 
Additional magnetic distortion due to 𝐉%, showing that a more efficient wall motion is expected for 
𝐽% > 0 (d) than for 𝐽% < 0 (e).  
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