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The dynamics of a vortex in a thin-film ferromagnet resembles the motion of a charged massless particle
in a uniform magnetic field. Similar dynamics is expected for other magnetic textures with a nonzero
Skyrmion number. However, recent numerical simulations reveal that Skyrmion magnetic bubbles show
significant deviations from this model. We show that a Skyrmion bubble possesses inertia and derive its mass
from the standard theory of a thin-film ferromagnet. In addition to center-of-mass motion, other low energy
modes are waves on the edge of the bubble traveling with different speeds in opposite directions.
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TOPOLOGICAL STATES IN FM NANOMAGNETS

Nanomagnets

Disk of |5 nm thickness and D=100 nm diameter

Competition between

* Exchange interaction (wants to align all spins, density
decreases with D)

* Magnetic stray field (wants to create vortex-like structure,
increases with D)
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For intermediate magnetic fields (up to ~50-300 mT)
D =100 nm

vortex structure stays in tact -1.0 7 ‘ —
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C. L. Chien et al, Physics Today 60(6), 40 (2007)
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TOPOLOGICAL STATES IN FM NANOMAGNETS

Nanomagnets

Disk of |5 nm thickness and D=100 nm diameter

Competition between
* Exchange interaction (wants to align all spins, density
decreases with D)

* Magnetic stray field (wants to create vortex-like structure,
iIncreases with D)

Interest: classical magnetic memories (MRAM)
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THIELE'S EQUATION (1)

A.A.Thiele, Phys. Rev. Lett. 30,230 (1973)

How can we describe the motion of such rigid magnetization structures!

Start from the Landau-Lifshitz equation:

m =B Xm+ am X m

! !

Precession Damping
(B=06U/ém)
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THIELE'S EQUATION (1)

A.A.Thiele, Phys. Rev. Lett. 30,230 (1973)

How can we describe the motion of such rigid magnetization structures!

Start from the Landau-Lifshitz equation:

m =B Xm+ am X m

Time dependent magnetization can l l
occur in 2 ways:
|. Magnetization structure deforms
2. Magnetic structure moves

Precession Damping
(B=06U/ém)

If we assume steady motion of a rigid magnetization texture:

This allows us to switch to R as the new variable. This gives rise to Thiele’s equation

GxR+F-DR=0

Wednesday, December 5, 12



THIELE'S EQUATION (1)

A.A.Thiele, Phys. Rev. Lett. 30,230 (1973)

How can we describe the motion of such rigid magnetization structures!

Start from the Landau-Lifshitz equation:

m =B Xm+ am X m

Time dependent magnetization can l l
occur in 2 ways: | _
|. Magnetization structure deforms el Damping
| (B0 )

2. Magnetic structure moves

If we assume steady motion of a rigid magnetization texture:

This allows us to switch to R as the new variable. This gives rise to Thiele’s equation

GxR+F-DR=0

The parameters G and D depend on the magnetization profile, for vortex
G =(0,0,G) where G  (1/47) /d2rm- (0,m X 0,m)

v

Topological invariant, Skyrmion number g=1/2
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THIELE’S EQUATION (2)

GxR+F-DR=0

Corresponds to the EOM of a massless particle in a magnetic field G/e and force F=-VU

MR +eBxR+F— DR =0

. e B e )

Mass (=0)  Lorentz External Damping
FOED IFONeE (=0)

Example: Motion of a magnetic vortex in a parabolic potential well (ignore damping)

U@XJq:3K1X2+}ﬂL@

!

Due to ‘'magnetostatic
interaction between
vortex and edge of disc’

Leads to circular motion with frequency: w = K/G

Wednesday, December 5, 12



MOTION OF SKYRMIONS (MAGNETIC BUBBLES)

Skyrmions are similar to vortices, but with skyrmion number g=|

-

Thiele’s equation predicts the same dynamics as for vortices
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MOTION OF SKYRMIONS (MAGNETIC BUBBLES)

Skyrmions are similar to vortices, but with skyrmion number g=|

-

Thiele’s equation predicts the same dynamics as for vortices

» Spin down

> Spin up

(@) 5 nm

Skyrmions move in a hypocyclodial trajectory instead
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MOTION OF SKYRMIONS (MAGNETIC BUBBLES)

Skyrmions are similar to vortices, but with skyrmion number g=|

-

Thiele’s equation predicts the same dynamics as for vortices

» Spin down

> Spin up

(@) 5 nm

Skyrmions move in a hypocyclodial trajectory instead

Correct dynamics reproduced when an inertial mass is introduced in Thiele's equation

R L (e e 0 =)
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MOTION OF SKYRMIONS (MAGNETIC BUBBLES)

Skyrmions are similar to vortices, but with skyrmion number g=|

-

Thiele’s equation predicts the same dynamics as for vortices

» Spin down

> Spin up

(@) 5 nm

Skyrmions move in a hypocyclodial trajectory instead

Correct dynamics reproduced when an inertial mass is introduced in Thiele's equation

What is the physical origin of this mass!
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ORIGIN OF MASS TERM: STRAIGHT DOMAIN WALL (1)

Certain small deformations of the magnetic texture turn out to generate the mass-term
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ORIGIN OF MASS TERM: STRAIGHT DOMAIN WALL (1)

Certain small deformations of the magnetic texture turn out to generate the mass-term
In the Landau-Lifshitz formalism:

m = (sin 0 cos 1, sin 6 sin ¢, cos 0)

L[8, ] = /er {(1 — cosB)d — U6, ¢]}
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ORIGIN OF MASS TERM: STRAIGHT DOMAIN WALL (1)

Certain small deformations of the magnetic texture turn out to generate the mass-term

In the Landau-Lifshitz formalism:

m = (sin 0 cos 1, sin 6 sin ¢, cos 0)

L[8, ] = /er {(1 — cosB)d — U6, w]}

For this specific case, § = 0(y,Y). V(x1)
describes the line where m>=0. New variables

Y(x,t) and Y (x,t) %

For those variables the Lagrangian can be rewritten as

p Gives the two equations of motion:
LY, 9] = / drgYy — UlY, 9] ]—’ ey = O
0

gy —6U/sy = 0

Wednesday, December 5, 12



ORIGIN OF MASS TERM: STRAIGHT DOMAIN WALL (1)

Certain small deformations of the magnetic texture turn out to generate the mass-term

In the Landau-Lifshitz formalism:

m = (sin 0 cos 1, sin 6 sin ¢, cos 0)

L[8, ] = /er {(1 — cosB)d — U6, w]}

For this specific case, § = 0(y,Y). V(x1)
describes the line where m>=0. New variables

Y(x,t) and Y (x,t) %

For those variables the Lagrangian can be rewritten as

Gives the two equations of motion:

l
LY, 9| = /O dzgYy — U[Y, o] ]—’ —gih— SUJSY = 0O

gy —6U/sy = 0

In equilibrium: In plane magnetization is aligned with the wall

‘zp:Y’:(?Y/(?:El
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ORIGIN OF MASS TERM: STRAIGHT DOMAIN WALL (2)

Magnetization can be misaligned with the wall. Costs an energy:

[
LYw] = | dagVv—K(u =Y - U
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ORIGIN OF MASS TERM: STRAIGHT DOMAIN WALL (2)

Magnetization can be misaligned with the wall. Costs an energy:
z
LY, 0l = [ dagV'y — K — Y = UIY]
0
Use equation of motion to integrate out ¥

l
LY, 9] = /O dzpY? + gYY' — U[Y]
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ORIGIN OF MASS TERM: STRAIGHT DOMAIN WALL (2)

Magnetization can be misaligned with the wall. Costs an energy:
z
LY, 0l = [ dagV'y — K — Y = UIY]
0
Use equation of motion to integrate out ¥

l
LY, 9] = / dzpY? + gYY' — U[Y]

-~

Mass term, p = ¢?/K
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ORIGIN OF MASS TERM: STRAIGHT DOMAIN WALL (2)

Magnetization can be misaligned with the wall. Costs an energy:
z
LY, 0l = [ dagV'y — K — Y = UIY]
0

Use equation of motion to integrate out ¥

[
L7 b = / it ? <E g —

o~ T

Mass term, p = g°/K Potential energy. Two contributions:
* Local
* Long-range
Local interaction given by

Ul[Y] :/0\/X2—|—Y2%UZ[O]—l—/ldeYQ/Q

0
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ORIGIN OF MASS TERM: STRAIGHT DOMAIN WALL (2)

Magnetization can be misaligned with the wall. Costs an energy:
z
LY, 0l = [ dagV'y — K — Y = UIY]
0

Use equation of motion to integrate out ¥

l
LA ) = / dzpY? + gYY' —

Ve T

Mass term, p = g°/K Potential energy. Two contributions:
* Local
* Long-range
Local interaction given by

l
UY] = / ovVX2+Y2x / dzoY'? /2
0

This gives rise to the wave equation:
pY +29Y" —oY" =0

Wiaves traveling left and right with velocity

w = p 1 (—gk + \/gsz + kaz)
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ORIGIN OF MASS TERM: STRAIGHT DOMAIN WALL (2)

Magnetization can be misaligned with the wall. Costs an energy:
l
LY, 0l = [ dagV'y — K — Y = UIY]
0

- acuiaticn of cacticn ta iotacoadt et als

With long-range interaction

y. Two contributions:

/21, GHz

n given by

l
~ U [0] + / dzoY’? /2
0

This gives rise to the wave equation:
pY +29Y" —oY" =0

Wiaves traveling left and right with velocity

w = p 1 (—gk + \/gsz + 0,0/{2)
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ORIGIN OF MASS TERM: MAGNETIC BUBBLE

Works pretty much the same as for domain wall.

Parametrization domain wall and magnetization:

r(@) =T+ rpme™ Y(¢) = pE£ m/2H Y e e

This gives the Lagrangian

L) = 20 Y (g, - Eln Il T gy

m

After removing magnetization angle

L= Z (Wfp]ff'm\Q — dmigr), tr,) — Ulr]

m

Assuming only the lowest mode r; = (X — 1Y) /2 is excited

LIX,Y]=M(X?+Y?)/24+GXY —K(X?2+Y?)/2
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CONCLUSIONS

Thiele’s equation predicts that rigid magnetic textures behave as massless particles moving
in a2 magnetic field determined by the texture

This approach works well for magnetic bubbles, but fails for skyrmions

The authors show that the correct motion Is predicted when a mass term Is added to
Thiele's equation

The authors find the origin of this mass term
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