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Magnetic Nano-Islands >

—

Approx. 50 nm - 5 pm wide but only 10 nm thick.

Individual & in arrays, high-permeability soft magnetic materials.
Grown with techniques of epitaxy & lithography on a non-magnetic substrate.
Form arrays of particles that can interact with each other or applied fields.

Primary physics effects -
magnetostatics controlled by island geometry.
discrete energy states for data storage.
spintronics controlled by current injection.
magnetic oscillators controlled by applied fields.
frustration in ordered arrays of islands (spin-ice).

Several principle states of a nano-island:
(1) quasi-single domain; (2) vortex; (3) multi-domains & domain walls.

........................................................................................................... ) 2
~ Increasing size ~



Magnetic nano-island applications

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

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

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



Three things to be studied:

|) Vortices. The static and dynamic properties of single vortices.
They behave very much as particles with charges.

2) Magnetostatic anisotropy of the islands themselves.

Also known as shape anisotropy because it depends mostly
on the surfaces.

isotropic elliptic Ising-like

3) Spin-ices. Especially for elongated islands with Ising-like states,
interactions within their arrays, that lead to frustrated statics and
dynamics.



Magnetostatics - For Lx X Ly x Lz elliptical islands.

Basic theory of magnetostatic energy and demagnetization:

Maxwell eqns, for Hy, caused by M:

The magnetostatic energy is:

The demagnetization field solves:

Put:

V-B=0, B=uy(Hyu+M).

Hy = —Vdy,

V2(I)M = —PM.-

Poisson’s equation.




Magnetization M determines an
effective surface charge density:

The poles
involve extra
energy.

+

|) Quasi-single-domain.
Ferromagnetic exchange
energy is small.
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Elongated islands -
Highly anisotropic.

Ising-like interaction
and behavior.

=)

) Quasi-single-domain.
Poles greatly prefer
the ends.



Micromagnetics. Y Each cell contains
A technique for a magnetic dipole:
§tudylng a L, = M /M.
continuous S)’Stem.

X a —
P Model for a cylindrical islands, radi RA, RB, 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.



Micromagnetics

Hamiltonian: j{=j_l;x+j_£:lemag+j_[3 m. m

exchange: H., = A / dV Vi - Vi,

. 1
magnetostatic Haq = Hdemag — —_MO/ dV Huyr - M

(demagnetization): 2

—

applied field: Hp = —,uo/ dV F[ext - M

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

Difficulties:
(i) Calculating the demagnetization field Hy;

(i) Enforcing a desired initial position, X, of a vortex = E(X).



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") =




Other details.

The magnetic charge densities depend on the

present magnetic configuration, such as:

gy | 2
~vol T T Yy Yy
0 T.a2 2 mj 3 2 1)
sur 1 3 O
ﬁsur L qM . mo . ’fL 1
— — E edge
0 La? 2a 5
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 an island

isolated from others.




1) Vortices: Particle-like properties PR
v ¥ Y L & <- X X X N
A A2 S N WL S
‘ . 3) v h
vorticity charge L ﬁ §<>> ; .
VN N NS> A7
— O 1 ' N N N> &> 7T g 7 7
I — N N e A A
\\\\\\\\\\ M(r)
. . . 1 . . S
circulation or curling C = N Zai o Op = [/
-1=C=+1 |
polarization p=m_= %1 in the nucleus
“topological charge G=21pq= solid angle mapped out

= gyrovector” by all the spins



Vortex, q=+1, p=+1
R=30nm, L.=8nm

L= 0,00 E=10,37 ex= 8,33 ddx= 0,75 ddz= 1,29 eb=—0,00

mz>0
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Gyrotropic movement

t= 0,00 E=11,27 ex= 746 ddx= 2,25 ddz= 1,56 eh=-0,00

" "k " &+ & A N

Sys 141, Fle Spins

State &71006

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.

time unit = 0.75 ps




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=60a Uniform dot, 1 vortex :
0 351 [L=6a, a=2.0 nm —_

Potential

S . . I
20 80 0 0 0 80 120



Example. Total energy of a vortex, E(x,)="2k:x
a=2.0 nm, A,,=5.3 nm, L=4.0 nm, R=40, 80, 120 nm

Potential

E(x,)

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

~
s__’

120

softer
potentials



Gyrotropic movement

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

gyrovector:
G =21Qz
Q = %1

Suys= 171, V16 Spins State 47105



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

A

— =m X (5+I;S) — am X [mx (I;Jrgs)}
dT
R stochastic fields /

fluctuation-dissipation theorem:

<b?(7_) bg(T/)> — 20475aﬁ 5(7‘ — 7-/) T — kT k‘T

JceII: 2AL

(the stochastic fields carry thermal energy & power)

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

dr b5 (1) — osw;

%

o, = V2aT AT ran( )

: n+A
A. Euler predictor step. TAT
B. Trapezoid corrector step. -




time uni

initial position
X0=Yo=0
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Spontaneous gyrotropic movement for T>0 (ellipse)

L=17000, 00 E=e0, 28 ex=hd4 00 ddx= 2,97 ddz= 2,31 eh=-0,00

120nm x 60nm x 5.0nm @ T=300K
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The distribution of vortex radial coordinate in a circular nanodisk.
data points = simulation.  curves = Boltzman distribution.

p(r) = Blpr e 20krT

1 '| | I I 1 | |

[.=20 nm R=30 nm, T=300 K

[.=10 nm

J Aok i a-a

4 5

Wysin & Figueiredo
PHYSICAL REVIEW B 86, 104421 (2012)



2) Model for magnetic anisotropy of elliptical islands.
Total magnetic moment = M. Single domain assumed.

E=Ey+Ki[l— (& -1+ K3(-2)°

A

u Z
hard axis

Lx X Ly % Lz island

X

—

easy axis

U direction = (Gm,cbm)

/

angle from Xy-plane angle from X-axis



b=, 170 E=4,072 ex=0,014 du=4 0605 dz=0,000 25=0, 003 mh=0,9602 phi=29,23 th= 0,00
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240 x 48 x |2 nm permalloy, reversal by
an applied field at 10° to the axis.

0 oea=0,00l mh=0,999 phi= 757 th= 0,00
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240 x 48 x |2 nm permalloy, reversal by
an applied field at 10° to the axis.
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240 x 48 x 12 nm permalloy, reversal by

Obtained b
an applied field at 45° to the axis. aln€d Dy energy

minimization
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minimization

Obtained by energy
for each H

240 x 48 x 12 nm permalloy, reversal by

an applied field at 80° to the axis.
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internal energy

Eint(¢m) = Eo + K1sin*¢n,.
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internal energy

Eint = Eex + Edd

Eint(gm) = Eop + (Kl T K3)Sin26m° K1+K3:111 Jcell
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The results confirm the particle anisotropy for
| x X Ly x Lz particles with high aspect ratios Lx/Ly:

E=Ey+K[l— (& 27+Ks3(-2)°

J. Phys.: Condens. Matter 24 (2012) 296001

Table 1. Values of the in-plane anisotropy constant K; and
out-of-plane anisotropy constant K3 in units of J = 2AL, for
different particle sizes and aspect ratios g; = L, /L. All of the
particles calculated have g3 = L, /L, = 20.

120 nm 240 nm 480 nm
g1 K K3 Ky K3 K K3
2 6.35J 72.77J 27.3] 287J 111J 1140J
3 7.32J 43.4] 31.9J 169J 134 670J
5 6.96J 21.1J 31.5J 79.9J 133 311J
3 7.39J 8.30J 29.5J 33.1J 118J 132J




Anisotropy constants per unit volume
depend mainly on aspect ratios.
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Figure 3. The anisotropy constants K; (solid curves) and K3
(dashed curves) scaled by elliptical particle volume, versus particle
lengths, for the indicated g aspect ratios. All data has g3 = 20. The
values of K/V are given in units of A nm~2, where A is the
exchange stiffness. K;/V increases with aspect ratio while K3 /V
decreases, and they become equal at high aspect ratio.

aspect ratios
g1=L, /L

g3=L, /L
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Figure 6. The anisotropy constants K; (solid curves) and K3
(dashed curves) scaled by elliptical particle volume, versus particle
thicknesses, for the indicated g; aspect ratios. All the data 1s for
particles of length L, = 240 nm. The K3/V constant crosses below
zero for the thickest high aspect ratio particles, which have become
needle-like and no longer satisfy the assumption of a thin particle.
That 1s the case of a particle with only uniaxial anisotropy.

aspect ratios
g1=L, /L

g3=L, /L



Dynamics and hysteresis in square lattice artificial

spin ice G MWysin', W A Moura-Melo?, L A S MéI>** and A R Pereira’
New Journal of Physics 15 (2013) 045029 (24pp)

3) Artificial spin-ice. Arrays
of elongated magnetic islands,
dominated by anisotropy &
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Figure 1. A 16 x 16 model system with d = k; = k3 = 0.1, in a metastable state
at temperature kg7 /¢ = 0.025, from a hysteresis scan (this is a state at s = 0).
Most of the system is locally close to the Z = +1 ground state. The upper right-
hand corner is locally near the Z = —1 ground state, and there is a bent domain
wall connecting the two regions. For interior charge sites (junction points of four
islands), there happens to be no discrete monopole charge present: all g, = 0 and
the discrete p,, = O.

spin ices of rare earths in
lattice of corner sharing
tetrahedra of a pyrochlore
structure.



Interactions = dipolar + shape anisotropy +  external field

%:_ﬂﬂ_z B -ri) (i -7ij) — i -
4 a’ — (rij/a)’
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dipolar energy scale = D

f+++f+++1‘+++ bbbt

O

SRR PR

Vot PR

AN PR

T POETE TR
(a) (b)

FIG. 2: (a) Configuration of the ground-state obtained for
L = 6a, in exact agreement with that experimentally ob-
served. Note that the ice rules are manifested at each vertex.
This is the case in which the topology demands the minimum
energy (see Fig. ( 3)). (b) Another configuration also respect-
ing the ice rule, but displaying a topology which costs more

energy. (Mol et al 2008.)

lce-rule:

For lowest energy, equal
numbers of inward and
outward pointing dipoles
at each vertex.



deviations from the ice rule
= higher energy and monopole “charges”

ice-rule ice-rule single charges double charges
A 4 v A A 4 v A
sl IR Sde R R Vel 5 S s S g
“Vollete || Te Ve e B ||V«
A 4 v A v 4 A A
(a) (b) (c) (d)

FIG. 3: The 4 distinct topologies and the 16 possible mag-
netic moment configurations on a vertex of 4 islands. Al-
though configurations (a) and (b) obey the ice rule, the
topology of (a) is more energetically favorable than that of
(b). Hamiltonian (1) correctly yields to the true ground-state
based on topology (a), without further assumptions. Topolo-
gies (c) and (d) does not obey the ice rule. Particularly, (c)
implies in a monopole with charge Q.

How do the
excitations behave
as particles, interact
with each other, and
contribute to
thermodynamics!?



artificial ice model

EMD h=0,00000 ET=0,01000 E=-341,6280 nl=) R2=0 Z=0,991 F2=0,983 mh=-0,001 +- 0, 0000 D — O . 1

KIZO.l
K3=O.5

kT=0.01

~ ground state

(from long-time
Langevin dynamics)

2
b Mow

Sus 1/1. 512 Spins gqn=0. np=0. =zl=0. nulti=0




artificial ice model

D =0.1
KIZO.l

K3=O.5

kT=0.10

> ground state

(from long-time
Langevin dynamics)

Sus 1/1. 512 Spins gqn=0, np=0. =gl=0, multi=0



artificial ice model

EMD h=0,00000 kT=0,14000 E=-270,201 nl=4 n2=0 £=0,866 £2=0,733 D — O . 1

KIZO.l
K3=O.5

kT=0.14

few monopoles

(from long-time
Langevin dynamics)

oyz 151, 512 Spins gn=d. np=d4, sgl=d4, multi=0



artificial ice model

00 E=-198,306 nl=33 n2=0 Z=0.,573 7 = D — O.l
K=0.1

K3=O.5

kT=0.22
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artificial ice model

22=0,456 mb=0,001 +- 0,000 D — O 1
K 1 =0.1
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ice model for Wang et al (2006) particles

D = 0.000835
K {=0.0897

K4=0.2000

kT=0.001

# ground state

(from long-time
Langevin dynamics)

Note: 300 K 1s
kT =1.29x107

2
o Mo



ice model for Wang et al (2006) particles
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ice model for Wang et al (2006) particles
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Sys 141, 512 Spins gqm=122, np=112, =gl=102, multi=10

D = 0.000835
K {=0.0897

K4=0.2000

kT=0.015

more monopoles

(from long-time
Langevin dynamics)



ice model for Wang et al (2006) particles
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K {=0.0897
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ice model for Wang et al (2006) particles
D =0.000835
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artificial ice model - Kagom¢ lattice

START h=0,00000 kT=0,02000 E=-15,692 Lx=13,0 Ly=11.3 H=123 ng=E&

Ty & W & o my A & L & oAy A

0 0 0 0
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Sy=sz 11, 123 Spins State 1.4

D =0.1
KIZO.l

K3=O.5

1 of 6
ground states




artificial ice model - Kagom¢ lattice

START h=0,00000 kT=0,02000 E=-15,692 Lx=13,0 Ly=11.3 H=123 ng=E&
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Sy=sz 11, 123 Spins gm=33. np=bb. =gl=6b. multi=0 State 1.4

D =0.1
KIZO.l

K3=O.5

1 of 6
ground states

all vertices have a
monopole charge.




artificial ice model - Kagom¢ lattice

EMD h=0,00000 LT=0,01000 E=-40,101 nl=120 nrn=0 F=-0,087 72=0,745 mb=0,058 +- 0, 0003
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Syz 151, 212 Spins

gm=b0, np=120, =gl=120, multi=0

State 1027102

D =0.1
KIZO.l

K3=O.5

kT=0.01 (low T).

Frustrated state
does not approach
ground state.

(from long-time
Langevin dynamics)




artificial ice model - Kagom¢ lattice

EMD h=0,00000 kT=0,05000 E=-31,279 nl=120 nm=0 Z=-0,061 £2=0,711 mb=-0,002 +- 00,0007
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Syz 151, 212 Spins gm=b0, np=120, =gl=120, multi=0 State 987102

(from long-time
Langevin dynamics)




artificial ice model - Kagom¢ lattice

EHD h=0,00000 kT=0,10000 E=-15,722 nl=118 nm=2 Z=0,088 F2=0,6d3 mbh=0,005 +- 00,0007
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Syz 151, 212 Spins gm=bz, np=120, =gl=118, multi=Z State 937102

D =0.1
KIZO.l

K3=O.5

kT=0.1 (moderate)

multi-charge poles

(from long-time
Langevin dynamics)




artificial ice model - Kagom¢ lattice

EHD h=0,00000 kT=0,230000 E=21,23d42 nl=100 nm=20 F=0,001 £2=0,449 wmh=0,000 +- 0, 0007

D =0.1
KIZO.l

K3=O.5

kT=0.3 (high)

many
multi-charge poles

(from long-time
Langevin dynamics)

Syz 151, 212 Spins qn=80, np=1Z0, =gl=100, multi==20 State 735102




Summary

Shape anisotropy of magnetic islands has a strong effect on the states.

Vortices in nanodots have frequency W of gyrotropic movement,

which is proportional to the force constant over thicknes, k¢/L.

Even thermal fluctuations can initiate spontaneous vortex motion that
satisfies equipartition of energy.

Anisotropy coefficients for islands used in artificial spin ice are found
from the effective potential of the magnetic moment in an island.

A model is developed for spin-ice, based on effective island dipoles
which can point in any direction, but constrained by anisotropies.
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