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Supplementary Text

Note S1. Measurement of Dzyaloshinskii-Moriya interaction (DMI) induced effective

magnetic field poHpy; based on the magnetic droplet nucleation model

In order to measure the DMI, we use the magnetic droplet nucleation model proposed
by Kim et al.5', which is a simple scheme to quantify the DMI-induced effective magnetic field
UoHpmi- We measure the hysteresis loop by sweeping the magnetic field pyH with an angle
¢, and obtain the magnetization switching field pyHsy. The tilted angle ¢ of the magnetic
field is defined from the +z direction to the +x direction. The coercivity field pyH. and the in-

plane magnetic field pgHy are then given as pgH. = poHswcos¢ and poHy =
1
UoHsw sin ¢, respectively. Figure S1 shows the measured (ugH.)z as a function of pyHy for
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the GdFeCo/Pt sample. The tendency of (uyH.)z with respect to puoHy shows a threshold,
above which poH. decreases with increasing uoHy. This threshold corresponds to igHpy;>'
(indicated by an arrow). The red solid lines in Fig. S1 show the best fits based on the magnetic

droplet nucleation model. The good conformity supports the validity of this model.

On the other hand, the domain wall (DW) hard-axis anisotropy field py Hs is
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estimated using the relation pgHg E( )qusl/tf 5283 where M is the saturation

magnetization, t; is the thickness of the magnetic layer, and A is the DW width. The
estimated poHs is 0.9 mT by using Ms = 10* A/m, 2 = 15nm®, and t; = 30 nm. Since

UoHs 1s much smaller than pyHpy; (= 63.3 mT), homochiral magnetic bubbles with a well-

defined Q can be stabilized in the structure.

To quantify D (= AMguoHpy), we measured the magnetic properties Kqg =9 kJ/m?

and M, = 3x10* A/m using superconducting quantum interference device (SQUID)
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magnetometry, where K.g is the effective magnetic anisotropy energy density. A is defined
as /A/K.g, where A is the exchange stiffness constant, and thus, A can be estimated from

the measured K¢ and A =10 pJ/m. From this approach, we obtained D =0.06 mJ/m?.

Note S2. Estimation of the temperature rise due to the Joule heating effect

To estimate the temperature rise due to the current-induced Joule heating, we
investigate the temperature-dependent electrical resistivity of wires®. Figure S2a shows the
resistivity p of a wire as a function of the current I. Since there exists the Joule heating effect,
p exhibits a quadratic dependence on the current I, i.e., p/py, = 1 + 0;1%, where p, is the
resistivity at the ambient temperature (300 K) and o; is a proportionality constant. Figure S2b
shows the resistivity p of a wire as a function of the temperature T, which is described by
p/po = 1+ opAT with the temperature rise AT and another proportionality constant o.
Combining these two measurements, we estimate the temperature rise as AT = (g;/07)1?. In
experiments, o; and o7 are estimatedtobe 1.46 A2 and 3.45 x 10~* K!, respectively. For

the current I = 0.14 A, AT reaches about 83 K.

Note S3. Experimental reason causing the pinning problem near half-ring shaped writing

line

Franken et al. reported that the domain wall energy landscape can be directly
engineered by modulating the magnetic anisotropy via ion irradiation using a focused ion beam
(FIB). Irradiation leads to changing magnetic properties and therefore giving the desired
variation of the potential landscape for the domain walls. Similarly, the pinning can be

commonly generated at the edges of wires due to the photolithography and ion-milling
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process®’. For this reason, we believe that lithography-induced damage could induce a change
in the domain wall energy landscape that serves as a strong pinning potential near half-ring
shaped writing line. This explanation is supported by experimental observations that the

bubbles are created only near the writing line.

Note S4. Additional measurement of the elongation angle 6 as a function of T by using

the short pulse generator

To minimize the Joule heating effect, we also measure the current-driven elongation
of bubble domains by using a pulse generator (Picosecond 10, 300B), where we inject the
voltage pulse (amplitude V =15.4 V and duration At =100 ns). Due to the short pulse length,
we expect that the current-induced Joule heating is ignorable. As the temperature of our pulse
set-up varies only in the range from 300 K to 350 K, we measure the elongation angle in this
temperature range. Figure S3 summarizes the elongation angle 6 as a function of T with the
magnetization-DOWN states. Similar to Fig. 3d, 6 linearly increases with T. The linear
extrapolation (red dotted line) shows that 8 becomes zero at the temperature close to T,.
Together with the results shown in Fig. 3d in the main text, this result confirms that the

skyrmion Hall effect vanishes at Tj,.

Note SS. Analytical description of the elongation dynamics of a pinned magnetic bubble

driven by SOT

I. The SOT-induced pressure on the Neel-type DW. According to the spin Hall

phenomenology™®, the SOT can be written as,



Tsor =NEZXj)Xn+Inx(ZXj)Xn, (S1)

where 1 and ¥ are the reactive and the dissipative coefficients characterizing spin-orbit
interactions present in the system. Here, n is the spin order parameter, j is the charge current
density, and Z is the normal to the film plane. The first and the second terms on the right-hand

side are the so-called field-like and the damping-like components of the SOT, respectively.

Let us derive the pressure (per unit length) on a Néel-type DW along the x direction,

whose profile is given by

-Y -Y
nkx,y—-Y,z) = (0, q, sech (yT ) , g, tanh (}IT )) (S2)

where A parametrizes the width of the DW and q;, g, = %1 specify the type of the DW. The
pressure (the density of the force Fy per unit length) on the DW is given by (The direction of

the pressure is normal to the wall, i.e., along the y direction)
on )
P = f dym X Tsor * 5 = ~Mq1q20]y, (S3)

within the collective-coordinate approach®. In the vectorial notation, P = —mq,q,9j,, where
J 1 1s the component of the current density perpendicular to the DW string. The product g,q,
is determined by the sign of the DMI of the material. Let us fix it as q;q, = —1 in this note.

Then, P = mdj,.

I1. The elongation dynamics of a magnetic bubble. A magnetic bubble can be considered as
a loop of a magnetic DW. Here, we consider an elongated bubble with one pinned end [see Fig.
4a] as a composite object that consists of a small rigid ball at the free end (representing a half-
skyrmion) and a stretchable straight rod with the fixed tension Fp (representing an energy

density per unit length of a DW along the circumference of a bubble) [see Fig. 4a]. This model



is similar to that used in Ref. S10, where small skyrmions were created from big magnetic
bubbles. There are two dynamic variables: the length of the line I(t) (or, equivalently, the
distance between the origin and the ball) and the angle 6(t) from the current direction j =

jX to the elongation direction.
A. The simple model

We are interested in the steady-state solution with a constant angle 6(t) = 6, and the constant

growing rate of the line [(t) = [, + vt. There are several types of forces acting on the rigid

ball (a half skyrmion): F; = [ dlP = 2rr9j(cos 81+ sin@1x 2),

alf-skyrmion circumference
Fy = 4m5,6:Q(Z X D), and F; = —aSora DV, where 7 is the radius of a half skyrmion, 1is
the unit vector along the elongation, Q = *1/2 is the topological charge of a half-skyrmion,
Sphet 18 the net spin density that changes its sign across the angular momentum compensation
temperature Ta, Siora 1S the sum of the magnitudes of the sublattice spin density, D is the
dimensionless number of order 1 (see, e.g., Ref. S11). In this model for explaining the constant-
angle elongation dynamics, we neglect the SOT-induced pressure on the straight rod since it
can be easily cancelled by the disorder-induced pinning potential in an analogous way that the
dynamics of a long DW is easily pinned by disorders. There is also a tension acting on the rigid
ball, Fr, exerted by the DW attached to it, which is twice the DW energy density per unit
length. We remark here that the tension Fr does not depend on the velocity or the angle; it is

constant over time. To have the constant angle 6, the net torque should vanish:
41510cQV — 2mrIj sin O = 0. (54)
To have the constant growth rate v, the forces should balance:

2nrdj cos 8y — aSiora DV = Fr. (S5)



We can remove the angle variable 6, which results in

aStotalD
2SnetQ

2nrdj cos B, = Yjsin b, + Fr. (S6)

In the large-bubble limit (large 7) or in the high-current limit (large j), where we can neglect

the tension on the right-hand side over the left-hand side, we obtain

4TS et Q

tanf, = ,
aStotalD

for rdj > Fr, (§7)

which is identical to the expression for the skyrmion Hall angle obtained for an isolated

skyrmion®'?

. This result explains the experimental results reasonably well. For a circular ansatz
for a half magnetic bubble, D = 2nr/A, where A is the DW width. In this case, we obtain the

equation of the skyrmion Hall angle Ogyy (Osky = 6o),

anetQ/1>

(S8
A Stotal” )

Oy =~ tan™? (

Note S6. Numerical simulations based on the atomistic Landau-Lifshitz-Gilbert equation

with both SOTs

The spin Hall effect in the Pt substrate generates not only damping-like SOT but also
field-like SOT. To clarify the effect of field-like SOT, we perform numerical simulations based
on the atomistic Landau-Lifshitz-Gilbert equation including both SOTs : 4dS;/0t =
—ViSi X Hopri + aS; X 08;/0t —y;¢;8; X (§; X §) — xvi¢;S; X ¥, where y is the ratio of
field-like SOT to damping-like SOT. Previous report>'3 shows that for the Pt layer, y is
smaller than 1.0. For this reason, we carry out simulations with y of 0, £0.1, +0.2, 0.5,

and +1.0. As shown in the Fig. S4, the elongation angle does not change much with .



Note S7. Quantitative comparison among experiment, theory, and modeling

As it is rather difficult to directly compare the experimental results with the modeling
ones because of very different dimensionality of bubbles, we perform two separate

comparisons; i.e., between experiment and theory [Eq. (2)], and between modeling and theory.

For the former, material parameters such as Mgeco, Mgq, Sreco, and Sgg are
estimated by measuring the net magnetic moment of GdFeCo film, M, for various
temperatures. The Gd and FeCo sub-lattice magnetic moments, Mgec, and Mgq, are obtained
based on the power law criticality [see details in Ref. S14]. The spin densities, Sgeco and Sgq,
are calculated using the known Landé g-factor of FeCo and Gd (the Landé g-factor of FeCo is
2.2 and that of Gd is 2.0)3'*5!7_ Figure S5a shows the temperature-dependent M, ... Symbols
indicate the experimental data and solid line is the best fit from the power law criticality. The
good conformity supports the validity of this model. Figures S5b-d show the temperature-
dependent sub-lattice magnetic moment M;, sub-lattice angular momentum s;, and the ratio
Snet/Stotal> respectively, where Spet = Speco — Sgd and Siotal = |Sreco + Sgal- Here, we use

the relative temperature defined as T — T to investigate Spet/Stotal-

Figure S6 shows the experimentally obtained elongation angle as a function of
Snet/Stotal - At Spet/Stotal = 0, the elongation angle is nearly zero, consistent with both
experiment and theory. The solid lines are the best linear fits. The slope for the UP
magnetization state (Q = +1/2) is 10.17 and the slope for the DOWN magnetization state
(Q = —1/2)is —8.81. From Eq. (2), the slope is given by (2Q4)/(ar). By using 1 = 20 nm%*
and a =0.003%%, the estimated (2QA1)/(ar) is 6.67/r, where the unit of 7 is pm. From the
MOKE images, we find that r is about 5 um. It gives the slope of 6.67, which shows a similar
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order of magnitude with experimental slopes (i.e., 10.17 or —8.81).

We also quantitatively compare the numerical results to the theory [Eq. (2)]. Figure S7
shows the numerically obtained elongation angle as a function of spe. The bubble radius r
estimated from numerical results is 10 nm £ 2 nm. Other parameters such as A, o, sy, and
sge are shown in Methods and Table S1. Symbols are numerical results and lines correspond
to Eq. (2) with different r. Figure S7 shows that the numerical results are in reasonable

agreement with the theory.



Table S1. Parameters used in the numerical simulation. Mty (Mgg) is the magnetic

moment of transition-metal (rare-earth) element.

Index 1 2 3 4 5 6 7 8 9

Mgg [kKAm™'] 540 530 520 510 500 490 480 470 460
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Figure S1. DMI measurement in GdFeCo/Pt sample using the magnetic droplet model.
Coercivity field poH. and in-plane magnetic field py,Hy. A red solid line is the best fit with

the magnetic droplet model. A vertical arrow indicates the effective DMI field.
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Figure S2. Estimation of the temperature rise due to the Joule heating effect. a, The
variation in resistivity p/p, as a function of current I. The solid line is the best fit with
p/po = 1+ 0;1%. b, The variation in resistivity p/p, as a function of AT. The solid line is

the best fit with p/py, = 1 + o7AT.
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Figure S3. The elongation angle 6 as a function of T for magnetization-DOWN state. A
short current pulse (100 ns) is used for the measurement. A red dotted line is the linear

extrapolation.
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Figure S4. Effect of field-like SOT on the elongation angle. Images on the left-hand side are
for y = 0and 1.0, where y is the ratio of field-like SOT to damping-like SOT. A plot on the
right-hand side summarizes the results. No meaningful change due to the field-like torque is

observed for the tested ranges of y.
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Figure S5. Temperature dependence of magnetic and spin moments. The material
parameters such as Mreco, Mad, SFeco, and sad are estimated by measuring the net magnetic
moment of GdFeCo film. a, temperature-dependent |M.|. b, the temperature-dependent sub-

magnetic moment M;. ¢, the temperature-dependent sub-angular momentum s;. d, the
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Figure S6. Experimentally obtained elongation angle as a function of S,.¢/Siotal

16



20

® Q=+1/2
® Q=-1/2
10} 2
)
S Oof
)
-10¢ ”;. Solid :r=8nm .
Dashed :r=10nm
20 o .E).Ott(?d.:r.:12.nm. L
-15 10 -05 00 05 10 15
s, [107 Js/m’]

Figure S7. Numerically obtained elongation angle as a function of s,,,.
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