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Supplementary Note 1: Current distributions in a three-terminal racetrack memory

In our simulation studies, we employ a model system with parameters corresponding to a bilayer of
CogoFey 0By (0.8 nm)/Pt (2.7 nm). A charge current (] e) to drive skyrmions to move is applied in the heavy
metal layer through the application of a voltage between the generator and the collector. Due to the spin

Hall effect in the Pt layer with spin Hall angle O = 0‘07,1 a corresponding spin current (] s€z with
Je

m =—Xe

= . .. . . . .. P zZ. .
Js=Osul e) is then injected into the magnetic layer. The spin polarization e is a unit vector
perpendicular to the charge current applied in the Pt layer. Current distributions in the Pt layer are calculated
(through a two-dimensional model) using the COMSOL multiphysics modelling software. The assumed

_ -8
=12x10°79m > Normalized charge current density Jell emax in the Pt layer is

specific resistivity is PPt
illustrated in Supplementary Fig. 1. When applying a voltage at the generator (VG), the current distributes
almost uniformly along the wire, leading to a steady motion of skyrmions along the racetrack

(Supplementary Fig. 1(a)). During the skyrmions generation or deletion process, in addition to the voltage
pulse at the generator, a stronger voltage is also applied at the controller (VC). Supplementary Fig. 1(b)
illustrates the normalized charge current density when the Y6 is off. Local stronger current can be found
close to the narrow track (Insert in Supplementary Fig. 1(b)). This leads to the reversal of spin states. Ve
required to write or delete a skyrmion is larger than Ve by two-orders of magnitude. This means that the on
or off state of the voltage pulse at the generator only has a quite small effect on the skyrmions manipulation

process. However, we have taken this slight difference into simulations when we study the skyrmions

generation and annihilation, to ensure the simulations accuracy.
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Supplementary Fig. 1 (a) Normalized charge current distributions with the voltage pulse at the generator. The current
distributes almost homogeneously over the magnetic nanoribbon, allowing steady motion of skyrmions along the wire.
(b) Normalized charge current distributions with the voltage pulse at the controller while both the electric potentials
at the generator and collector remain at zero. Local stronger current at the narrow track is obviously observed. This

leads to the flip of spin polarization.



From the charge current distributions, the spin current Js€: with spin polarization ™ are then
calculated (Supplementary Fig. 2). With a positive (Supplementary Fig. 2(b)) or negative (Supplementary
Fig. 2(c)) voltage applied at the controller, the spin-current flows along z-axis but with the opposite spin
polarization depending on the sign of the voltage applied. This leads to the generation or deletion of a single

skyrmion. Accurate current distributions provide a fundamental basis for precise simulations.

Supplementary Fig. 2 (a) In-plane spin polarization distributions when a voltage is applied at the generator, (b) In-
plane spin polarization distributions when a positive voltage is applied at the controller. (c) In-plane spin polarization
distributions when a negative voltage is applied at the controller. The spin current flows along the z-axis but with the
sign of the spin polarization depending on the sign of applied voltage. This allows diverse spin dynamics around the
narrow track. Spin directions outside the three-terminal racetrack memory are not taken into consideration in

simulations where the spin current remains zero.

Supplementary Note 2: The steady motion of skyrmions

The centre of mass motion of a skyrmion is described by the Thiele equation (Eq.(3) in the main
manuscript). Taking the spin current and boundary repulsions into consideration, the steady state motion of

the skyrmion is given by

-Gv,+aDv,-TR],=0 (S1)



Y ¢ =
Gv, +aDv, - M_SdFy =0. (S2)

Here Yx and Yy are skyrmion velocities along the magnetic wire and perpendicular to it. Fy is the border

repulsion. Generally, Fy increases with increasing transverse displacement (¥) from the centre of the strip.?

Values of Yx and Yy calculated from Eqns. (S1) and (S.2) are shown in Supplementary Fig. 3(a) and
(b) with different current density applied. Although the charge current is applied along x-axis, there is still
a y-component motion for a skyrmion. This is known as the skyrmion Hall effect that has also been observed

in recent experiments.* With increasing off-centred displacement, Uy decreases and Vx increases. Calculated

Vx and Yy show the same trend as that observed in our micromagnetic simulation. For a particular off-centred
displacement AY, the y-component velocity vanishes due to the balance between SOT and boundary
repulsions. This off-centred displacement AY increases with increasing current (Supplementary Fig. 3(c)).

When the current exceeds a critical value, the SOT dominates and the skyrmion would be annihilated upon

touching the boundary.
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Supplementary Fig. 3 (a) Longitudinal and (b) transverse velocities at different transverse positions with current

applied. The centre of the wire (insert of (c)) is assigned to be ¥ = 0. Due to the spin-orbit torque, skyrmions move
with positive Yx and Yy. Yx increases and ¥y decreases when a skyrmion is driven close to the boundary. The trend is

the same with our results from micromagnetic simulation studies. From (b), an equilibrium position AY with vy = 0

is inferred. (c) AY increases with increasing current. When the current exceeds a critical value, there is no solution for

Ay for which ¥y = 0 and the skyrmion will touch the boundary and then be annihilated.



Supplementary Note 3: The effects of pulse durations on skyrmions motion

When we apply a train of voltage pulses at the generator to drive the skyrmions toward the collector, it is
essential to keep skyrmions codes from distortion. In the above discussion, we have shown that the current
density and initial off-centred positions for skyrmions are critical factors for achieving steady motion.
However, in Supplementary Note 2, we have assumed that a continuous current is applied. In practical
experiments, a pulsed current is generally used to avoid overheating. This is the reason why we use the
pulsed current to drive skyrmions in the racetrack memory. In this part, we briefly discuss the effects of

pulse durations on skyrmions motion.

Both with the continuous current and pulsed current (with pulse duration AT = 3 1S period) applied,
time-dependent longitudinal (Supplementary Fig. 4(a)) and transversal (Supplementary Fig. 4(b)) positions
show similar results. Constant y-coordinates during a large part of the skyrmions trajectory illustrated in
Supplementary Fig. 4(b) for both cases further confirm the results shown in Supplementary Fig. 3(c). The
short pulse during which the value of the transverse coordinate increases and then resumes the original
constant value correspond to time interval when the skyrmion is moving through the controller region. The
main difference is that the average velocity in the longitudinal direction is slower for the pulsed driving,
resulting from the absence of SOT during the period when the current is off. The comparison between the
two circumstances demonstrates that the pulse duration is not an important factor in the driven skyrmions

motion.
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Supplementary Fig. 4 (a) Time-dependent longitudinal and (b) transverse coordinates when we apply a pulsed current
with duration of AT =375 (orange lines) and continuous current (green lines) along the three-terminal racetrack

memory. Insert in (a) is the diagram of the pulsed current to drive skyrmions move along the racetrack.



Supplementary Note 4: Thiele equation and the coupling of Breathing and Gyration mode

For the time dependent trajectory of a skyrmion, both the centre of mass coordinate 7(t) and the skyrmion

radius R(t), can be separated into a slowly time varying components 0 and Ro® and more rapidly

Ar(t) = Axe, + Aye

oscillatory components ( v and AR(t)). We analyse the Fourier transform of the

oscillatory part of 7(t) and R(t) as described in Eq.(4) of the main manuscript leading to the equations

2

- ﬁM(Zn)szA;(v) + G2mvA,(v) - aD2mvA, (V) - ﬁg]e%AR'(v) =0 (S3a)
S
y " : : .
mM(Zn)szAx(v) +G2nvA (v) - aD2mvA,(v) + ﬁe]eTAR v)=0 (S3b)
S
14 - " " Y o,
- M—SdM(Zn)szAy(v) - G2mvA,(v) - aD2mvA (v) + M—SdKAy(v) =0 (S3¢)
MLSdM(Zn)szA;(v) — G2mvA(v) - aD2TvA (V) - MLSdKA;(v) — 0. (S3d)
s

We note that there is a 2- phase difference between the x- and y-components of the gyrating motion of a

C e n _ 12 "2
skyrmion. This implies that Ax==4y and 4x = 4y if we assume that [0 = A4 M) + 4 °W) is the same

_ (42 "2 - " " .
as |Ay(v)| =4, W) +4, (V). Substituting 4y and 4y by A and ~4x respectively, into Eq.(S3a-d) yields

after a little manipulation the result

K

- Y _MeEn»? - 62nv + iab2mv + —
M 2M

1
s 2N = TIARM =0 (S4)

b

where 4x(V) = A,() +{4,(V) 34 AR(v) = AR (v) + iAR"(v), This then yields the result

AWM= x(v], K)AR(V),Ay(V) = —ix(v.J, K)AR(v), (S5)

with



x(v ] K) = (S6)

- Y MEDR? + 21(- G+ iaDy + ——K
Md 2Md

The above equation suggests that the FFT spectrum for the gyration mode is modulated by the breathing

mode of a skyrmion. Obviously, ¥ (v.Jo K) depends on the inertial mass of a skyrmion, current applied and

the repulsive force from the racetrack boundary.

Supplementary Note 5: Repulsive force from the racetrack edge

F==0,U \here U is the free energy

As presented in the main manuscript, the boundary force F is given as
exactly described in Eq. (2). Thus, from the total energy extracted from micromagnetic simulations, the

boundary force and the stiffness K can be derived (Supplementary Fig. 5). For a skyrmion in a racetrack as

inserted in Supplementary Fig. 5(a), the boundary force only has a y-component value Fy and K5y =K in

the tensor K remains non-zero. Results show an increasing boundary force with decreasing the distance (

Ysb) from the skyrmion centre of mass to the racetrack edge. For the particular magnetic parameters adopted

F

in our simulations, 7 is only a function of Vsb (Supplementary Fig. 5(a)).

The stiffness K is calculated through K=0yF, a5 a spatial derivation of the boundary force

£ Dw=160mm o K value is

(Supplementary Fig. 5(b)). For a skyrmion in a racetrack with the width o
almost independent of the current. This indicates that the boundary force for a skyrmion located at a fixed
position is only determined by the magnetic parameters adopted in micromagnetic simulations studies.
Due to the complex structure of the controller in the three-terminal racetrack, K XX, Ky and Kyx are
no longer zero. However, when processing the skyrmion dynamics observed during skyrmions generation
and annihilation processes, we reduce the K to be a constant K to simplify the calculation. Even though, the
main peak around 8.5 GHz and a small peak around 2.4 GHz in the gyration mode spectrum can still be
well simulated from the response function; however, the fitting K may be slightly different from the actual

value determined directly from the free energy U.
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Supplementary Fig. 5 Repulsive force from the racetrack boundary. (a) Boundary force F, as a function of the distance
from the skyrmion centre of mass to the racetrack edge (y sb). Insert is the racetrack with a width of b, studied in

micromagnetic simulations studies. (b) The stiffness K as a function of Ysb,

Supplementary Note 6: Inertial mass of a skyrmion

In the response function shown in Eq. (S6), both the inertial mass of a skyrmion and the stiffness K are
needed to describe the gyration mode spectrum which is coupled to the breathing mode dynamics. The
boundary force has been discussed in Supplementary Note 5. In order to determine the inertial mass of a
skyrmion, we analyse the skyrmion dynamics for a skyrmion in an infinite layer where K =0. When we

- 11 2
apply a charge current Jeex Je=3x107A/m

, the followings are the same) in the Pt layer, both the
oscillatory variation of the skyrmion radius and gyrating motion of the center of mass are observed
(Supplementary Fig. 6(a)), from which the FFT spectra of the gyration and breathing modes can be derived

(Supplementary Fig. 6(b)). In this case, the inertial mass is the only fitting parameter in Eq. (S6). The best

fit of the simulation result with Eq.(S6) results in the value M~1.46 X 10" ** kg This inertial mass

M
_ p=——-~2.07 X 10_8kg/m2 ) '
corresponds to a mass density of ~ 27Rd with R =14.07 nm_1n the next section, we

demonstrate that the mass density is a more meaningful parameter than the inertial mass in describing the

skyrmion dynamics.
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Supplementary Fig. 6 (a) Real-time spectra of breathing and gyration modes for a skyrmion in an infinite layer without
boundary force. (b) the fast Fourier transformation (FFT) of the breathing mode (AR) for a skyrmion, and trajectories

of the centre of mass (A and AY). Gray line is calculated from Egs. (S6)

Supplementary Note 7: The effects of current and boundary force on skyrmion dynamics

We note that both the breathing (“») and gyration mode (Y9) frequencies observed during skyrmions

generation and deletion are larger than that for a skyrmion in an infinite layer with the charge current Je€x
applied. We attribute this to the large boundary force with a small distance from the center of mass to the
racetrack edge (Supplementary Fig. 6(b)), while the current only has a comparatively small effect on the
frequencies (Supplementary Fig. 7(a)). For a skyrmion in an infinite layer without boundary repulsions, the
breathing mode frequency decreases when the current increases. If taking the boundary force into account,

frequency dependence of the current is even much reduced.

To further demonstrate that the frequency is raised by the boundary force, we look into the

=160nm a5 illustrated in

dynamics of a skyrmion in a constricted structure with the width of b,
Supplementary Fig. 7(a). When a skyrmion is located at a position with a large off-centred displacement, a
larger K value results, and both breathing and gyration mode frequencies greatly increase (see
Supplementary Fig. 7(b)). We employ Eq. (S6) to calculate the K'-dependent gyration mode frequency with
a given M =146 x 10~ ** kg_We find that the calculated result does not agree with the results directly from
micromagnetic simulations studies. The reason is that the variation of the inertial mass of a skyrmion with

its radius need to be taken into account. When a skyrmion is driven from the centre of the racetrack to the

position close to the racetrack edge, the skyrmion size decreases from 13.2 nm to sub-10 nm. This leads to

9



a change of the inertial mass M = 2mpRd if we assume the mass density a constant. We obtain the radius of
a skyrmion from the micromagnetic simulations. With the corrected inertial mass, the result calculated from
the Eq. (S6) reproduces well the K dependence of the gyration mode frequencies. This shows that the inertial
mass density is a more meaningful parameter compared with the inertial mass when studying the skyrmion

dynamics.
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Supplementary Fig. 7 (a) Breathing mode frequency as a function of charge current density for a skyrmion in an

= 1601m (oreen diamonds). (b) Stiffness K-

infinite layer (orange circles) and in a racetrack with the width of b,
dependent frequency of gyration and breathing modes. Square dots are data for a skyrmion in an infinite layer, and
the diamond dots are data for a skyrmion in a racetrack. The grey line is calculated from the Eq. (S6) with a fixed
inertial mass. The light green diamond dots are calculated from the Eq. (S6) with the corrected mass with the

assumption that the mass density is a constant.
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