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Overview: Consider some ideas about the
“Effective potential for a magnetic vortex in a nanodot”

® Magnetics & energetics for cylindrical dots.
® Vortices as particles, charges, switching prospects, etc.
® Finding the potential by using a Lagrange constraint.

® [he numerical solution method.
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® Results: Stability of a vortex in a nanodot, 1
Using defects to pin and modify vortices.



Magnetic dots

® Approx.50 nm - 5 um, magnetic elements & arrays,

soft magnetic materials, grown with epitaxial &
lithographic techniques.

® Can be islands on a non-magnetic substrate. Form
arrays of interacting particles.

® Will have effects due to small length
scales (modified spin wave modes, spin wave - vortex

interactions, surface effects, special sensitivity as
detectors).



Magnetic Dots: Applications, Advantages

® memory elements & signal processing
® nonvolatile storage (magnetic ram)
® use in giant magnetoresistance (GMR) sensors

® integration into spintronics devices (spin flipping
etc., via spin-polarized current.)

® stable vortex state with low stray field.



Magnetic Vortex Core .
Observation in Circular Dots of vortex core detection.

Permalloy
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Vortex & switching!?

053902-2 Vavassori et al.
o JOURNAL OF APPLIED PHYSICS 99, 053902 (2006)
How to control the position, - -

circulation, and polarity of a
magnetic vortex in a
nanomagnet?

--voids or holes!?
--applied fields, currents?
--optical impulses!?

Theory: computer simulations of
spin energetics & dynamics to study
vortex motion and spin reversal.

FIG. 1. Scanning electron images of a portion of the two patterns: symmet-
ric rings (upper panel) and asymmetric rings (lower panel).



Vortex particle-like
properties

“vorticity charge”
1
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circulation or curling
-1=C=+1

polarization

“topological
charge”
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possible bistable nanomagnetic switches

Can an applied magnetic
field control whether a
vortex surrounds the
left hole or the right
hole?

Approaches:

Energy minimization for
the metastable states.

Monte Carlo or Langevin
dynamics simulation for
including thermal
fluctuations and seeing
the switching process.




Microscopic Theory. Model for interacting atomic dipoles.

Hamiltonian: | H=Hex+Hdd+Hs S% ............... N J

exchange: Heoo=—=JY S;- S, Hatom = GBS,
(4,7)

dipole-dipole: 7, — — (#0)}~ 30 - 7)) (fl; - 743) — [ - )]

A rs. ’

P> ij

applied field: Hz=-)Y B

2
: F0 ) Hatom
Relative strengths: JS?, D= ( 47T) ;8 , BW,om
largest smaller, usually,

but more terms pretty small



each cell has
a unit dipole:
m = M /Ms.

Micromagnetics.
a more practical
Model for 1

interacting cells. a

® Model for cylindrical nanodot, radius R, height L.
® partition the sample into cells of size a x a x L.

e assume magnetization is saturated (Mc) in each cell, but

the directions vary from cell to cell.

® the cells interact as dipoles, with exchange &
demagnetization fields.



Hamiltonian: | H=Hex+ Hdemag+ He m. m

A i
exchange: Hex = A/dV Vm - Vm,
demagnetization: .. — H, e —l,uo/ AV Hy - M
€lna 2

—

applied field: Hp = —Mo/ AV Heuy - M
Plan Here: Use some kind of energy minimization to seek
out stable equilibrium configurations.

Difficulties: Finding demagnetization field H,
and constraining the vortex location



Scale energies by the 2A0ce

Jeel = = 2AL.
exchange between cells: ! a?
«¢ . ’9 214
magnetic exchange length Aoy = .
NOMS
demag field:
Hy = MsHy

Hamiltonian on the grid of cells:

2
— — Jeell Zmz m] <)\ex> Z (ﬁext - %ﬁM> . mz

(4,9)

Need ( ) less than 1 for reliable solutions.

(cells smaller than exchange length)

a
Aex



Finding the demagnetization field via [FFT approach.
==D> The magnetostatics problem has no free currents:

—V20 = p=-V-m Hy = —Vo

use Green’s function solution:

~

b(7) = / &r' G(7,7") p(") G(F,7") =




Some details.

The magnetic charge densities depend on the
present magnetic configuration, such as:

vol 1 2
~vol qM T T Y Y
Po — Ta2 _%[77% — m3 + My — my]
sur 1 3 O
~sur _ qM L _m . ’fl
T La? T 2a e
cell edges 4

Integrals are evaluated using fast fourier transformes.
Use zero padding to avoid the wrap-around problem.

The solution for demagnetization field is that for a
disk isolated from others.



How to minimize the energy Use Lagrange

for a vortex in a desired location? undetermined
multipliers technique.

Energy functional:

Almy; —|—ZOQ (M7 — 2)—X-Zmn

hamiltonian . |
length constraints vortex position constraint

oA OF i

omz oz - 2a,mE — Ay =0 %Zﬂx
—F 4 2a,m® — Ay = 0 % % DN N

in core: m® = 1 (F* 4+ ), N x % 7\

200y,

But need to get & and A by applying the & = %

constraints.




|terations ...

1 y ]
n = s (E AP (B 0+ ()] = m’
1 : I, (length constraints)

m

x 1 x D core £/ On (vortex position
B. Zm - Z E(Fn TA) =0 — A=~ Y veore L/ O constraint)

- F22

n

(FX+ )2+ (FY + M) 7

- m o
VIFE+ 22+ (FY 4+ ),)? -

(not using Landau-Lifshitz dynamic equations)



Example A. Vortex-in-dot total energy
a=2.0 nm, A, =5.3 nm, L=12 nm, R=80 nm
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Example A. Vortex-in-dot total energy
a=2.0 nm, A_,=5.3 nm, L=4.0 nm, R=40, 80, 120 nm
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Example. Vortex-in-dot total energy
a=2.0 nm, A\_,=5.3 nm, L=12 nm, R=40, 80, 120 nm

40— | ' | ' | ' |
R=60a Uniform dot, 1 vortex :
351 [L=6a, a=2.0 nm -
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Example A. Vortex-in-dot constraint field, }\=(O,}\y)
a=2.0 nm, A_,=5.3 nm, L=12 nm, R=40, 80, 120 nm
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0.12F - R=40a [L=6a, a=2.0 nm

0.08}

I R SR NN N SR SR N SR B I T R R N NN SR N R S R N
-120 -80 -40 0 40 30 120
X, (nm)




"8 06 % spinpic <-- spinsR20
Felaxed E=11.32 ex= 9.08 ddx= 1.03 ddz= 1.24 eb= 0.00 =0= -7.03
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Example B. Effect of an
applied magnetic field, Hy
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20 | ' |
- Dot with vortex
: R=30a, a=2.0 nm Example C. Effect of a
o L=0a, b= - hole together with an
: applied magnetic field, Hy
N N -
10— \ / —— R =1.5a|
\ / h
i \\ // —— Rh:3.0a
\\//
60 40 20 0 20 40 60
XO (nm) .
20 / s
I Dot with vortex !
I R=30a, a=2.0 nm /
. L=6a, h=0.006
~15) -
Bistable potentials = S|
(with applied field) a |
o e no hole | -
i S Rh=1.5a
- —— Rh=3.0a
260 40

60



Example C. Dot
with 12 nm
diameter hole-
defect.

Vortex-in-dot
with applied h.

a=2.0 nm,
A .=5.3 nm,

ex
L=12 nm,
R=60 nm

(arrows
proportional

to m,, m,,

o = _
S0 %/ spinpic <-- spins-h006

Relaxed E= £.40 ex= 9.34 ddx= Z.00 ddz= 1.40 eb=-4.34 =x0= -&.03
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Example C. Dot
with |2 nm
diameter hole-
defect.

Vortex-in-dot
with applied h.

a=2.0 nm,
A _=5.3 nm,

ex
L=12 nm,
R=60 nm

(arrows
proportional

tom,)
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Felaxed E= £.40 ex= 9.34 ddx= 2.00 ddz= 1.40 eh=-4.34 =x0= -8.03
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Summary

® Used a modified micromagnetics description,
demagnetization field found via FFT evaluation
with Green’s functions for a thin disk.

e A constraining (magnetic) field in the
vortex core was found using

® Can find the effective potential for vortex motion
within a dot, which could be useful for analysis of
vortex dynamics.
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