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1) Skyrmionium—-Magnetic Defect Interaction Energy

Interaction energies were obtained using equation (1) as given in the main article. Each
term of the equation was obtained using the MuMax [1] built-in function relax (), which
calculates the system ground state. The origin of the coordinates is located in the center

of the racetrack.



1.1) Skyrmionium-Semicircular Magnetic Defect Interaction Energy with a width
of W =512 nm
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Fig. S1. Interaction energy between the skyrmionium and the defect (p = 20 nm) obtained by
micromagnetic simulation using eq. (1) considering different defect parameters with a width of W = 512
nm.
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Fig. S3. Interaction energy between the skyrmionium and the defect (p = 40 nm) obtained by
micromagnetic simulation using eq. (1), considering different defect parameters with a width of W = 512
nm.



1.2) Skyrmionium-Semicircular Magnetic Defect Interaction Energy with a width
of W =256 nm.

T T T T T . r . . .
o DR*=30mim'y 00| o 4
g ! —e— Ddefect = 3.1 my/m? > . : £
“-C‘D a ) —A—DEe =32 mym? | N b
= 08F ——DE=33mum] 2
ool ~— =05} -

el >
Do6t 1 ©
Qo [0)
< c -1.0} ]
w L
- 041+ 4 p=
i) o
= B-15¢ T
§ 0.2 4 8 —a— D! = 3.5 mJ/m?
(o) o —e— DE"ct = 3.6 mJ/m?
= € —A— DYect = 3.7 myjm?
— = =2 o L int 2 i
0.0 1 t Dgefect = 3.8 mJjm?
1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T
= or 1 a5t —m— et = 1.2 Mym® |
= >° —o—Kgelee = 1.4 MJ/m?
AL S —A— KZefect = 1.0 MJ/m®
‘9 8 d ) Kdefect = 0.9 MJ/m®
SN N
> >3.0| -
=2} 4
2 2
[} [}
c c
-3 F 4 L
c c
o o 15 e
= -4 4 = 8
8 — Kefeet = 0.7 MJ/m?® ©
) —o— Kdefeet = 0.6 My/m® > L
-— =5 L - -— h
E 5 —h— K;’"EC‘ =0.5 MJ/m* E 0.0 paEnsEmmnE EREEEEER
v Kgafgcl=0.4 MJ/m?3 0+ wasTRTsTea LIRSS -
_6 1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T

— oF | s —m— Adefect = 19 pJ/m

P S’ 20t —O— A= 18 pUim |

o A f) —A— A%t = 17 pJim
e Ll J ‘o_ At = 16 pJ/m
SN N
- >15F g
o) 2
O -4 - o
T 1ot 1
{ c
o -6 1 RS
- “—

8 - AR = 14 pJim 8 0.5 L
o -8l —o— Al = 13 py/m | o) { {
€ A— ASefect = 12 pJ/m g 0.0k W‘l l..
— LS v A::’ec( =11 pd/m ! CIITTITIIIINTIL ST ool -
_10 1 1 1 1 1 1 1 1 1 1
T T T T ] T T 1 9 T T
3.0+ MEet=sa0kam S 0.0 iiiieiiipn ay'yelvewe T
= —e—Ml=550 kA | .
3 o5l g ) —a— M= 560 kAm | & —0.5 |- h _
= | —y—mEe=s70kam | 2
=~ s s ~
— 1.0} 1
>201 4 >
(o)) (@)
— e
[] O -15} .
C15F a (=
L L
= c -20Ff g
o 1.0+ 4 O
= = ‘
® © 25} —— M = 0.59 MA/m ]
o 0.5 J o : —8— Mt = 0,60 MA/m
-9 ' -9 —h— Mot = 0.61 MA/m
= = -3.0F MZet = 0.62 MA/m 7]
o0} R
1 1 1 1 1 _3.5 1 1 1 1 1
-150 -100 =50 0 50 100 150 -150 -100 -50 0 50 100 150
Position x (nm) Position x (nm)

Fig. S4. Interaction energy between the skyrmionium and the defect (p = 20 nm) obtained by



micromagnetic simulation using eq. (1) considering different defect parameters with a width of W = 256
nm.
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Fig. S5. Interaction energy between the skyrmionium and the defect (p = 30 nm) obtained by
micromagnetic simulation using eq. (1) considering different defect parameters with a width of W = 256
nm.
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Fig. S6. Interaction energy between the skyrmionium and the defect (p = 40 nm) obtained by

micromagnetic simulation using eq. (1) considering different defect parameters with a width of W = 256
nm.



1.3) Skyrmionium-Semicircular Magnetic Defect Interaction Energy with a width
of W =128 nm.

_ 10} D:‘:‘”i 3.0 my/m?J —~ o0k |
S —e— Dt = 3.1 mJ/m? >
o —A— D""'“‘ =3.2 mJ/m? i
‘9 0.8 ol —— Dde’ecl =33 mJ/mZ— 9
~ ~— =05} E
> >\ 4 h
Dost - o
[} o
c c-1.0} .
L L
= 04f _ =
iel .2
= F-15} .
8 0.2} o 8 —a— Dfeeet = 3.5 mJ/m?
6 (‘T) —o— D% = 3.6 mJ/m?
< = 2 —&— DYt = 3.7 myjm?
— 00} . =-20r DEefect = 3.8 mJ/m? |

T T T T T T T T T T

__ 0} ’ P —m— K = 1.2 MIim® |
&5 > —o— K = 1.1 MJ/m®
N DY d —A— KTl = 1,0 MJ/m?
O -1t C) 4 = Ketee! = 0.9 MJ/m?®
Z =

> >3.0} -

D2t - 2

[} [}

e (=

Ll " L

(=i 7 c

§e] o15r 1
© ©

®© -4 Kéeteet = 0.7 MJ/m® | ©

[0] —e— K"t = 0.6 MJ/m? [0]

- -—

= 5 —A— Kgefect = 0.5 MJ/m? < 0.0 BEsmEmER Al ARsmasumm |

—v—Koet = 0.4 MJ/m® |
1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T

—m— A% = 19 pJ/m
—o— Adefect = 18 pJ/im

f) —h— Al = 17 pJim

Adefect = 16 pJ/m

o
T
1
N
o
T

S =
o o
§ S

(= o

= .

> =15} 4
5 5

-15| J

v ot |
c =20 B c

S ]

-— -—

S -25+ At = 14 pJjm - Q05r .
> —e— A% = 13 pJ/m o

€ -3} —A— A =12 pim < |

—_— 4 ) —'—Ag:'ed =11 pJ/m - 0.0 I~ [rrorvrrvererverriy .l o e =

—35 1 1 1 1 1 1 1 1 1 1

_ 30} MEetet = 540 kA/m . 0or ]
= —o— Meeet = 550 kA/m >

N defect — N -0.5} _
~ 25 g ) —A— M 560 kA/m |

9 —v— M’ = 570 kKA/m ‘9

g 1.0t -

>20 4 >

2 >

) O -15} i
S5t 18 L

c c =20 §
S1.0f - o

Q S-25¢ —m— MZetect = 500 kA/m -
®©

o 0.5 E > —o— MZfect = 600 kA/m
€ c-3.0f —A— M2efect = 610 kA/m
T 00t 4 - MZeeet = 620 kA/M

1 1 1 L 1 - _5 1 1 1 1 L
-150 =100 -50 0 50 100 150 -150 =100 =50 0 50 100 150
Position x (nm) Position x (nm)

Ei

g. S7. Interaction energy between the skyrmionium and the defect (» = 20 nm) obtained by



micromagnetic simulation using eq. (1) considering different defect parameters with a width of W = 128
nm.
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Fig. S8. Interaction energy between the skyrmionium and the defect (p = 30 nm) obtained by
micromagnetic simulation using eq. (1) considering different defect parameters with a width of W = 128
nm.
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Fig. S9. Interaction energy between the skyrmionium and the defect (p = 40 nm) obtained by
micromagnetic simulation using eq. (1) considering different defect parameters with a width of W = 128
nm.



2) Phase diagrams for different values for the width W.
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Fig. S10. The phase diagrams of possible states for the skyrmionium dynamics in the presence of
a magnetic defect depict a wide range of physical parameters and diameters, offering a comprehensive
view of the system's behavior for a width W = 128 nm.
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Fig. S11. The phase diagrams of possible states for the skyrmionium dynamics in the presence of
a magnetic defect depict a wide range of physical parameters and diameters, offering a comprehensive
view of the system'’s behavior for a width W = 256 nm.
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Fig. S12. Phase diagrams showing all possible skyrmionium dynamics states in the presence of a defect,
with its saturation magnetization value M%¢/“* for different widths (W) and diameters (p).
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3) Schematic representation of different skyrmionium dynamics states
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pdefect — 3 0 mJ/m?

] = 2.0 MA/cm?

Fig. S13. Representation of the skirting state in which the skyrmionium avoids the magnetic
defect to continue its movement along the racetrack.

PASSING

INITIAL

paSect — 3.3 mj/m?

J = 4.0 MA/cm?

Fig. S14. Representation of the passing state in which the skyrmionium manages to cross the
magnetic defect to continue its path along the racetrack.
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Fig S15: Representation of the pinning state in which the skyrmionium is trapped inside the
magnetic defect.
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A = 11pJ/m

] = 5.0 MA/cm?

Fig. S16. Representation of the passing state in which a skyrmionium collapses into the defect,
transforming into a skyrmion and becoming trapped within the defect.
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Fig. S17: Schematic representation of a skyrmionium collapsing into a defect, transforming to a
skyrmion, and changing path from its original trajectory.
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Kgefect = 0.4 MJ/m?

] = 6.5 MA/cm?

Fig. S18. A schematic representation shows a skyrmionium trapped by a defect. However, due to
the current's effect, it deforms and increases in size along the racetrack.
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Fig. S19 Schematic representation of the passing state; the skyrmionium stops before colliding
with the defect.

4) Skyrmion—-Magnetic Defect Interaction Energy
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Fig. S19. Interaction energy between the skyrmion and the defect (p = 20 nm) obtained by micromagnetic
simulation using eq. (1) considering different defect parameters with a width of W = 512 nm
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Fig. S20. Interaction energy between the skyrmion and the defect (p = 30 nm) obtained by micromagnetic
simulation using eq. (1) considering different defect parameters with a width of W =512 nm
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Fig. S21. Interaction energy between the skyrmion and the defect (p = 40 nm) obtained by micromagnetic
simulation using eq. (1) considering different defect parameters with a width of W =512 nm
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