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Magnetic Nanodots -

Approx. 50 nm - 5 pm, individual & in arrays, made from high-
permeability soft magnetic materials, grown with techniques of
epitaxy & lithography.

Can be islands in a non-magnetic substrate. Form arrays of
particles that interact.

They should exhibit new effects due to their small size:

(modified spin waves, surface effects, special sensitivity as
detectors).

Two principle states:
(1) quasi-single domain; | (2) a vortex.




Magnetic nanodots: applications

- memory elements, signhal processing
m non-volatile data storage (magnetic ram)
m use in sensors of (giant) magneto-resistance (GMR)

m- integration into spintronics (switching between states
via spin polarized currents.)

® a one-vortex state with small stray magnetic field.



Magnetization M in a circu




(2) Single-vortex Stable only above
state a minimum radius

\ Has poles (+z)
only in the core.
\ [R Their energ@s




For the vortex states.

A. Energy & Potential E(X)?

X=(x_,y )=position of the vortex center.
v iy

B. Dynamics and frequency W of the gyrotropic movement?

V=(VX,Vy)=veIocity of the vortex center.



How to study the properties of magnetic vortices
inside a cylindrical nanodot!?

Define the magnetic energies in a disk of Permalloy, as
functions of the magnetization M.

Look at vortices as particles with charges, transitions
between internal states, objects to store data, and with

interesting dynamics for X(t).

Energy = potential E(X), using a Lagrange constraint.
Energy = the dynamics M(t), via a Langevin equation.

Results: Stability, gyrotropic movement, the frequency, as
functions of geometry, etc.




Magnetic Vortex Core o
Observation in Circular Dots of The vortex cores are visible.

Permalloy
T. Shinjo,’ T. Okuno,’ R. Hassdorf,'{ K. Shigeto," T. Ono?

930 11 AUGUST 2000 VOL 289 SCIENCE www.sciencemag.org
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Vortex & switching!?

053902-2 Vavassori et al.
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).



Vortices: s e e
Particle-like properties NP N
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Gyrotropic movement

R=30 nm,
L=10 nm,
cells 2=2.0 nm

Vortex,
q=+1, p=+1

The arrows are
proportional to Mz,
out of the plane.




Atomic theory. Model for interacting

Hamiltonian: | H=Hext+Hdd+Hs S"f ............... w I

exchange: Heoo=—JY» 5;- 5, Hatom = GBS

dipole-dipole: . _ _ (@) S 3(id; - 74;) (fL; - 7i5) — [ - 1]

3 )

applied field: Hp = — Z B

Problem: Too many atoms to calculate in a typical nanodot.



Micromagnetics. Y Each cell contains
A technique for a magnetic dipole:

.studylng a L = N /M.
continuous system.

; - &S

P Model for a cylindrical nanodot, radius R, height L.

P Divide the sample into cells of size a x a x L.

P Assume that the magnetization is saturated (M,) inside
each cell: [m|=1. Only the directions vary between cells.

P The cells interact as dipoles, with exchange energy
between neighbors & with the demagnetization field.



Hamiltonian: | H=Hext+Hdemag+Hps

exchange: H.x = A/dV Vm - Vm,

demagnetization: Hdd — Hdemag — —%M()/ dV ﬁM y M

—

applied field: Hp = —,u()/ dV Heuy - M

Statics: minimize the energy = stable configurations.
Dynamics: equation of motion = periodic configurations.

Difficulties: (i) Calculating the desmagnetization field H;
(i) Enforcing a desired position, X, of the vortex=E(X).



Scale energies by the 2A0ce

Jeell = = 2AL.
exchange between cells: ! a?
(¥4 o 9 214
magnetic exchange length Aoy = S
/LOMS
demag field:
Hy = MgH,y

Hamiltonian on the grid of cells:

2
— cell{zmz m] <)\ex> Z (ﬁext_i_%ﬁM) mz}

(4,9)

2
Need (}\a ) less than 1 for reliable solutions.

(cells smaller than exchange length)



Finding the demagnetization field via [FFT approach.

== The magnetostatics problem has no free currents:

~ ~ N

V2% = j p=-V-m Hy = -V

use Green’s function solution:

~

B(7) = / &> G(7, ) p(i) G(F,7') = ———




Some details.

The magnetic charge densities depend on the

present magnetic configuration, such as:

vol 1 2
~vol qM L T T Y (]
Po = Ta _%[ml — M3 + my — My
sur 1 3 O
~sur _ qM L _m . 'fl
Po = La2 oq O hedee
cell edges 4

Convolutions are evaluated using fast fourier transformes.

Use zero padding to avoid the wrap-around problem:

FFT grid is 2X larger than original system to avoid false copies.

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:

A|m,; —I—Z(x@ (7 — 2)—X~Z7ﬁn

hamiltonian N |
length constraints vortex position constraint

O\ OF N

e — e - 2a,mE — A\, =0 %Zxx
_F' 4+ 2a,mt — A, = 0 % % N N

in core: m® = 1 o pria) N & % 7\

20,

But need to get & andA by applying the & =7 %

constraints.




Iterations ...

— ]- T .
iy, = 4o [(Fy + Ao)” 4 (B4 Ay)" + (Fn)Q] =m’
1 . I (length constraints)

U \(FE 4 A2+ (Fi 4 M)+ (F7)?

x 1 x D core T /Ot (vortex position
B. Zm - Z 20, Fotd) =0 — [ he=— > ore 1/t constraint)

- F22

n

(X + )2+ (FY+ M) Y

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

(not using Landau-Lifshitz dynamic equations)
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Example. Total energy of a vortex, E(x,)~ "2k x >

F0

a=2.0 nm, A_,=5.3 nm, L=12 nm, R=80 nm

. 40 | |
Potential I Uniform dot, 1 vortex
E(Xo) 35 [L=6a, a=2.0 nm
300 :
a L . .:
< ~_r before relaxation e
SIS /7
E I \\ ///
20+ “\ 7 N
B /7
i AN 7
15F RN - _~ “after relaxation ~
: | | | |
%0 40 0 20 30
X (nm)



Example. Total energy of a vortex, E(x,) = "2k x,?

a=2.0 nm, A_ =5.3 nm, L=12 nm, R=40, 80, 120 nm

40— | ' | ' | ' |
E(X ) R=604 Uniform dot, 1 vortex :
0 351 [.=6a, a=2.0 nm —

Potential

T . . B
N2 =0 40 0 40 30 120



Example. Total energy of a vortex, E(x,)=

ok x .2

F0

a=2.0 nm, A, =5.3 nm, L=4.0 nm, R=40, 80, 120 nm

Potential

E(x,)

LA R
Uniform dot, 1 vortex
[L=2a, a=2.0 nm

~
‘_—’

120

softer
potentials



Example. Vortex constraint field }\=(O,}\y)
a=2.0 nm, A_ =5.3 nm, L=12 nm, R=40, 80, 120 nm

I B B B R A A B
0-16:— R=60a Uniform dot, 1 vortex -
0.12F - R=40a [.=6a, a=2.0 nm

0.08}

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

Using a modified micromagnetics for thin systems, the
demagnetization field Hy, is found using FFTs to evaluate the

convolutions of M with the Green’s functions for quasi-2D nanodots.

A magnetic constraint field in the vortex core is used in

Lagrange’s method of , to enforce a desired
vortex position X.

In this way it is possible to determine the effective potential E(X) for
a vortex inside a nanodot, which could be useful in the study of their
dynamics.

Next, we shall see what this has to do with the dynamics
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a cell has a

About Dynamics: magnetic dipole = fI; = La*Mm,
dfi; = = OH Jeell
v — A~ . BZ = — p— b
TRt i La?M,
dn i — T A CL2 rTex ]
m =1m; X b;, T =vBgt. bi = ij+)\2 (H t—|—HM)
dT nbrs exX
2A
Boy = Y to = (vBo)™! =15 ps for
i Permalloy

This defines the dynamics at temperature T=0.
We can integrate with fourth order Runge-Kutta.

dm;

dT

—

— 11 X b; — ar X (m X bz-)  (if damping is present)




Gyrotropic movement

R=30 nm,
L=5 nm,
cells 2=2.0 nm
«=0.02

gyrovector:
G =2mQ)z
Q = +1




Position of the vortex core:
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gyrovector:




Thiele equation:
gl

—F+G XV =0.

mo

A central force:

F = —kF’I“f — -|(FX

Solution (for &=0): circular movement of the core:

~

V= GLM.

X F = —

YEpT

2mQQ LM,

A

Frequency of the gyrotropic movement:

YEF

wG:—:

2mQQ LM

fG=wG/2Tr

ﬁThe important part is k./L.



Simulations: 6k R=30 nm, L=10 nm, 0:=0.02, T= 0
. . ~ 8
| . Constrained relaxation = g
initial position (x,,y,) :o()
-8
2. Evolution with Runge-Kutta-4
Wlth O(=O 02 to T= I OOO _160 2000 4000 6000 8000 10000

R 30nm L 10nm oc—OO2 T O

0.4F
3. Evolution with Runge-Kutta-4
with &=0.0 for several periods 9;2__
< 0
0.2
4. Measure the rotation frequency: ol

VG=1/TG

<m,m >

0 2000 4000 6000 8000 10000
T



Differences with nanodot thickness L .

X_= vortex core coordinate

251

L=20 nm

[L=10 nm

L=5 nm

. | .
R=120 nm, T=0 K

all with Xy= 4 nm

|
10000

|
20000

|
30000

40000

larger W



Differences with nanodot radius R.

X_= vortex core coordinate

251 R=30 nm | | |
L=10 nm, T=0 K

20 all with X,= 4 nm

151 R=60 nm

5 R=120 nm

. | . |
0 10000 20000

30000

larger W



Gyrotropic frequencies:

(Calculated from the dynamics)

0.012 ! ! l ' I I | ' T | T ' —
i 0.0016
__0.008F _0.0012
i V., =
io 1 Vg Yave
= 0.0008
O p
~0.004F :
0.0004
OO ' , (S)

thickness [./a



Force constants: E(x) = E(0) + 2 k_x?

(Calculated only from the static energy, not the dynamics)

o | | | | | | | | | | | | |
1.2 v—v R=15a| a=2.0 nm
- 4—4 R=30a _
115 R=45a -
_ ~—= R=60a :
e—e R=90a
5 08f A
3 I
0.6 »
A I
0.4F -
0.2 -
I == | | ' _

thickness 1./a



Dynamic frequency vs. force constant:

wa = vBollg Qp =21V = 2T0/7

G
? | | | | | | | | | |
o 0.12F v R=15a
g - A R=30a
- i R=45a /,7/
P>: _ = R=60a ) .
0.08|-
0% 2
% I A7
~ i ,,&’//CQ\OQ Thiele theory:
/’/
0.04|- e kra?
I v"‘/ e = 4w LA
i .‘l" 7T Q
_ /n"
O‘A/. | | | | | | | | | | |
0 0.04 0.08 0.12

k /L (A/a”)



With temperature T>0. For the movement in one cell:

d_m = m X (5—H;S) — am X [mx (5—|—IZ)}
dT
R stochastic fields /

fluctuation-dissipation theorem:

kT kT
b () b2 (7)) = 20T S 6(T — 7' = — = ——
(05 (1) b5 (77)) r go(r —1) 7 Jeell 2AL

(the stochastic fields carry thermal energy & power)

We can integrate with Heun’s 2"? order algorithm:

dr b5 (1) — osw;

%

0. = V2aT AT ran( )

: nt+A
A. Euler predictor step. T AT
B. Trapezoid corrector step. r




initial position
X5=Yo=0
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Spontaneous gyrotropic movement for T>0 (ellipse)

t= 0,00 E=14,51 ex= 9,72 ddx= 3,43 ddz= 1,36 eh=-0,00

120nm x 60nm x 5.0nm @ T=300K m,>0

initial position
X5=Yo=0




vortex core position: (ellipse)

15— |

h 1I20nm IX 60n1;1 X 5n}n, T=3IOOK (lliT/J =OI.O32)E
- | :
- yw | M M
~ - | i
g 0 Y i i
=2 il ::
-5k } 1
M
10 | -

“ _
150720000 40000 60000 80000 1e+05
K (0.15 pis)




total magnetization:
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0.1

A
= 0
Vv
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—0.40

(ellipse)
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<m >
X

I ”
e

)

. | .
20000

I | I | I |
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Spontaneous gyrotropic movement for T>0 (ellipse)

0,28 ex=54,00 ddx= 3,97 ddz= 2,31 eb=-0,00
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Spontaneous vortex movement (circular nanodots):

- | | ' ' | ' | ]
25F L=20 nm R=120 nm, T=300K -
20 ; lesser
i amplitude
/é\ 15:_ L=10 nm o
£ 10} !
Q
< i
5 L=5nm
0 ' - greater
i ] amplitude
-SF -

A S I R I I
0 10000 20000 30000 40000 350000 60000
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Summary, vortex gyrotropic dynamics:

Without an external magnetic field, the vortex gyrotropic movement
begins naturally, when the vortex is not in the center of the nanodot.

The frequency w . of gyrotropic movement is proportional to k./L for

circular nanodots.

Even thermal fluctuations can initiate the movement spontaneously,
which should have an amplitude determined by the principle of
equipartition of energy equally among degrees of freedom.

The dynamics in ellipses should be even more interesting, due to the

presence of two inequivalent axes.

wysin@phys.ksu.edu
www.phys.ksu.edu/personal/wysin
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