Patterned magnetic structures

from fundamental micromagnetism
to micron-scale applications
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Micromagnetism > Table of content

€=

Q Micromagnetism (fundamental)
Q The background

Q Magnetostatics

Q The fundamental issues of micromagnetism

& Coherent reversal
& Domains and walls
@ Characteristic length scales

@ Multidomains : theory (@) and real life( @)

Q Applications for ‘large’ microstructures
Q@ Magnetic recording heads (general)
Q Magnetic recording heads (alditech : tapes)
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‘Micromagnetism > references «™

6 Micromagnetism =

Continous media theory describing
the magnetization distribution inside samples

%, Classical theory
& Atomic structure of matter is ignored

& Analytical as well as numerical approach

Magnetic domains, A. Hubert and R. Schafer, Springer Verlag, 1998.
Practical although rigourous approach to micromagnetism. More imaging.

An introduction to the theory of ferromagnetism, A. Aharoni,
Clarendon Press, 2001.

A more mathematical approach. More historical (math.) concepts.

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.3]
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‘Micromagnetism > exchange «™

Exchange energy

Ferromagnetic order comes from quantum mechanics

A A

Pauli exclusion principle
+

Electrostatic forces

Spins do not ignore each other

Exchange energy

& Magnetic moment, M(T), etc.

% e, ~ A(VO) = A(00/ ) for 1D situation

Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.4] Slides on-line: http://In-w3.polycnrs-gre.fr/themes/couches/ext/

For ferromagnetic substances : parallel alignement is favored eex




Micromagnetism > magnetocrystalline anisotropy {ﬂ T

Magnetocrystalline anisotropy energy

Electronic cloud / I:I I:I

Atom nucleus
(crystal structure)

Spin-orbit coupling = the energy of both spin and orbital moment depends on orientation
Series development on an angular basis:
Anisotropy energy Normalized magnetization components

e = K} 7772 + K, 7774 + ... Uniaxial

Alignement of magnetization
2 Is favored along
) i given axes of the crystal
CUbIC

% (Derived from slide of A. Thiaville - CNRS/Orsay)
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Micromagnetism > Zeeman energy «e™

Zeeman energy

External magnetic field
(applied by magnets, earth, etc.)

Analogy : a compass needle in the earth’s magnetic field
Zeeman energy
N Alignement of magnetization
= —u,Ms.H

% bz —— is favored parallel to the external field
Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.6]
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Micromagnetism > dipolar energy ¢ ﬁ

Dipolar energy

Magnetic moments (spin or orbital) are assimilated to microscopic currents
= they create long-range dipolar fields H
= \What is the effect of these fields ?

The dipolar energy is the Zeeman energy of the sample

Mutual energy should be counted only once !

“hs

in the dipolar field H, created by all its spins

El,z — _/Uop-l'Hz — _ﬂop-z'Hl

— gl e+,

Local dipolar energy

1 — —
Cq = —E/Zlo MS-Hd

(per unit volume)
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Micromagnetism > dipolar energy

€=

Mutual energy of two magnetic dipoles :

E.(0)=-

with vertical direction, either ‘up’ or ‘down’ : \

Cone of alignment

Let us assume two magnetic dipoles

3ulu2[l 300826] cos’(®.)=1/3 ]

Parallel allgnment Is favored for § < 0. = 54.74°

Antiparallel alignment is favored for ¢ > 0, ~ 54.74°

“hs

D
ol

?

d
[N

6 1/13 decay:
the dipolar interaction is long ranged

>
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‘Micromagnetism > dipolar energy ¢ ﬁ

Cone of alignment

How to use the ‘cone of alignment’ to predict the effect of dipolar fields ?

Situation 1 : M perpendicular

RRRNRRARRARRRRARRRRAS

Most of the spins are in the antiparallel cone
= not favorable

Situation 2 : M parallel

> > > > > > > >
> > > > > > >
> > > > > > > >

Most of the spins are in the parallel cone
= favorable

% The favored magnetization direction is along the long axis of the sample
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Micromagnetism > magnetostatics laws {ﬂ T

Electrostatics / Magnetostatics parallel

Maxwell’s equations : Electrostatics  ‘Electric charge’

#wE=L) =) EWM mg(fﬂjp UPM2

Magnetostatics €0
@B=0 [ _ AVIM(P)*P Uiy
- ivH ='—divM H(M)=—
s > divH =\-divM |:> (M) _[” i IV
—=H+M
Ho - ‘Magnetic charge’

For a finite size sample:
after integration over the entire space, a new term arises due to the magnetization discontinuity
at the sample’s surface:

‘Volume charges’ ‘Surface charges’
oM OM_ oM

J'J’J‘le[M ]d JB UPM J‘J‘ . With: diVI\_/i: ~ x - J - %
sample sample’s 47[PM X J g
L Local dipolar energy

The dipolar field coming from a sample B 1 M- H
% can be calculated from these ‘magnetic charges’ g = _E/”o S.I"d
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Micromagnetism > stray- and demagnetizing fields

Example

Let us assume a uniformly magnetized prism body :

<
vvlvv
> +++++

Note: a free dipole aligns itself parallel to the .
stray field H of the magnet ——— Magnetic charges

6 Stray field =
Field created

outside the sample

6 I Demagnetizing field = ] .

\\ —
Field created S- o
inside the sample - —
(acting from the sample on itself)

+++++
Z

(Images from A. Thiaville - CNRS/Orsay)
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Micromagnetism > demagnetizing fields ¢ ﬁ

Demagnetizing fields

How to use the ‘surface charges’ model to predict the effect of dipolar fields ?

Situation 1: M | perpe endicular
+ + + + +

T

Many surface charges : hlgh dipolar fields
= not favorable

Situation 2 : M parallel

4 > > > > > > > >
- > > > > > > > +
. > > > > > > > >

Few surface charges : low dipolar fields
= favorable

The favored magnetization direction is along the long axis of the sample
« Shape anisotropy »
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‘Micromagnetism > shape effect «™

Hypothesis : Uniformly magnetized body with arbitrary shape

ﬁ See validity for real samples, later in the course

It can be shown that :

1 2 2 2
=5 (N_M? + N M2+ N_M?)

with: N+ N +N_=1 N, =20
This is the ‘Shape anisotropy energy’ (see analogy with

magnetocrystalline...
Notes and consequences : g y )

1 1
/!\ o 6(;nax = MaX — I_[Ied'dT :_/UOMSZ
- - V | 2
Q Even if M is assumed to be Sfilmp e_ |
uniform in the system, Q The ‘shape’ energy is uniaxial

H, is in general not uniform,

except for special shapes. @ N, is higher along short sample directions

%, see examples

. @ Effective anisotropy energy: K . = K+ K
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Micromagnetism > shape effect examples

Infinite cylinder :
+ + + + + + + +

S A ARRARARRARARAR

Infinite thin films :

In thin films (or portions of thin films)
the magnetization usually lies in the plane of the film

% « Shape anisotropy »
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Micromagnetism > general equation «e™

General micromagnetic equations

Must be minimized locally (Lagrange minimization)
&(r) =€, (1) + €, (r)+&,(r) +g(r)

»Any spin interacts with all other spins in the sample:
dipolar term is non-linear and non-local.

‘ No general solution.

Q Only extremely simple problems can be solved analytically
(historical approach)

@ Since about 10 years: ‘small-scale’ problems (<1um) have become tractable
with computers - Numerical micromagnetics

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.15] Slides on-line: http://In-w3.polycnrs-gre.fr/themes/couches/ext/




Micromagnetism > coherent reversal {ﬂ T

Coherent reversal

Question to answer:

What happens to a piece of ferromagnet when
an external field is applied antiparallel to its magnetization ?

(The sample is fixed in position and orientation

in the external field : different from a compass needle) "
O
Approximation: E{(F) - l\_/i = Cte
(Extremely strong !)
Etot =1 Keff Sin® 60 — /UOMSHext COS(@ - HH)

Keff - ch + Kd

L. Néel, Compte rendu Acad. Sciences 224, 1550 (1947)
E. C. Stoner and E. P. Wohlfarth,
Phil. Trans. Royal. Soc. London A240, 599 (1948)

% IEEE Trans. Magn. 27(4), 3469 (1991) : reprint
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Micromagnetism > coherent reversal {ﬂ T

: H
Etot = T/[I<eff S|n2 0 — /UOMSHext COS(& - (9H )] \O/\l/

‘Hysteresis loops’ '

Predicted switching field: > -90°  0° 90° 180° 270
Stoner-Wohlfarth ‘astroid’ ‘ )

90/ )//’

150

210

H = Ha

1
gl = 3/2

. 2/3 2/3 )
% 270 (sm 0, +C0os™ "0,
Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.17]
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Micromagnetism > coherent reversal {ﬂ T

Switching field (polar plot)

Hysteresis loop

270° ' ' ' h

Easy and hard axis have identical
reversal fields... ... but very different jump height !

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.18]
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. Micromagnetism > coherent reversal in clusters {ﬂ ™
Coherent reversal model dates back to 1947, but the first experimental proof came in 1997!

DPM, CNRS, Lyon, France : LASER vaporization and inert gas condensation source
M. Jamet, V. Dupuis, M. Negrier, J. Tuaillon, A. Perez

Example of
experimental
evidence of
coherent reversal

HRTEM aong a[110] direction
fcc - structure, faceting

& Tiny, model system

% Eti_' M. Jamet et al., Phys. Rev. Lett., 86, 4676 (2001)
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Micromagnetism > coherent reversal in clusters {ﬂ T

Experimental evidence for coherent reversal

Experiment Theory

0.3

| 15 |

Tg - 14K

03 I I I I
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Ho Hy (T)

Back to anisotropy well

& Good agreement with Stoner-Wohlfarth model
Agreement was found in the late 90’s, only in tiny | (See temperature dependance
samples : not relevant for ‘real’ systems later in the lectures)

% EII_' M. Jamet et al., Phys. Rev. Lett., 86, 4676 (2001)
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Micromagnetism > domains in real samples {ﬂ T

In most samples there are magnetic domains

Note magnetic poles
annihilation !

@® &

i '1..'.' - 'l

Perpdicular M component' In-plane M component
on CO(].OOO) crystal _ SEMPA Images: book by Hubert & Schafer
< Do domains contradict ferromagnetic theory (exchange) ?
< What occurs at the boundary between two domains ?
% Q % How domains will influenced by microscale structures ?
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Micromagnetism > Bloch wall «™
Bloch domain wall profile calculated by variational technique

BRI

What happens in the middle ?
Try to develop a basic model to describe the transition region.

Y
0°0
‘ 2KSInfcosd =2 A4—— @ 0.00 iy

-100 -75 50 -25 00 25 50 75 100

1.00 [ ‘ =Q

o)

Asymptotic width| 1 —
‘ A(x) = 2 Atan| exp| —— AR g =1 A/K

A ALK (Bloch wall width)

Dimensional analysis:

(Bloch wall profile) exchange against anisotropy

=1nm > L. =100nm
% See again magnetization reversal (::I Hard (magnets) SoBft

L.
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Micromagnetism > exchange length «e™

Competition of dipolar and exchange energy

J/m
Exchange energy ¢, = (V ) —> J/m°

- 1 1
Dipolar energy egwax — max — j”ed'df _ E/UOMSZ

4 sample
ﬂ Determine a length scale characteristic of dipolar/exchange competition ‘A]
I CANVIZVIONYES R Dimensional analysis:
(Exchange length) exchange against dipolar
Situation 2 : M parallel Few surface charges : low dipolar fields = favorable
> > > > > > > >/
- - > > > > > > > + + ID
> > > > > > > >

f D>101 Significant magnetization deviations appear at the cylinder length

“hs I
Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.23]
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Micromagnetism > length scales

€=

What if dipolar and anisotropy compete

Anisotropy Coy = Ksin® 4
L’J/m3 Wm® <+
Dipolar energy max __ 1 Jr — 1 M2
€y _max;J'”ed. Z'—EIZ/O S
sample

Quality factor : (O = 2K / u, M

Hard (permanent magnet) () >> 1 = Anisotropy dominates over dipolar

Ag is the most relevant length scale

Soft material () << 1 = Dipolar dominates over anisotropy

Aex is the most relevant length scale

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.24]
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Micromagnetism > use of length scales ¢ ™

Use of characteristic magnetic lengthscales : guess qualitatively the system’s behavior.

o s the magnetization in-plane or out-of-plane ?
o s the system hard or soft ?
o Does the size of the system play a role ?

< Do we expect some domains ?

Real life is more complicated : ) Zeeman energy was not discussed in the previous slides
= more definitions of length scales

<) Dimensional approach only:
Exact numerical values depend on the exact sample geometry

o All four energies may play a role simultaneously

Magnetic imaging, analytical and numerical calculation have to be used
: to unravel the complexity of micromagnetics
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€=

Micromagnetism > Van den Berg model: theory

Hypotheses: Infinitely soft material (K=0) ¢, =0
2D geometry (neglect thickness)
Size >> all magnetic length scales (wall width) Coy — 0

Zero external magnetic field ¢, = 0

Looking for a solution with: § /jy\M = ()  (no volume charges)
« Flux closure »

Cq — 0 M.n =0 (no surface charges)
H. A. M. Van den Berg, J. Magn. Magn. Mater. 44, 207 (1984)

S
— <

See walls: charge free

See volume: charge free
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Micromagnetism > Van den Berg model: experiments

In the following, many pictures taken from Hubert’'s book

Zero field : agreement with Van den Berg’s model

Material : Nig,Fe,,
‘Permalloy’, Py.

Easy axis

-

g B TS - : pa-a 8 SL -.i > E. -

View details

Longitudinal applied field

The domains with magnetization parallel to the applied field are favored

Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.28] Slides on-line: http://In-w3.polycnrs-gre.fr/themes/couches/ext/




Micromagnetism > Van den Berg model: experiments detail {ﬂ ™

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.29]
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Micromagnetism > Van den Berg model: demagnetization process (ﬂ Bl

First experiment Oscillating demagnetizing field parallel to easy axis

— 50 pm

n Oscillating demagnetizing field parallel to hard axis

Questions: ) Compatibility with Van den Berg’s model ?

< Why more fragmentation with H applied along hard axis ?
% <) Why leaf and ellipsoid not affected ?
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Micromagnetism > Van den Berg model: demagnetization process {ﬂ ™

o Compatibility with Van den Berg’s model ?  YES

Artificial separation =>» Still compatible with model
(Analogy with fluid dynamics)

< Why more fragmentation with H applied along hard axis ?  More poles
+ + + + + + + +

Many magnetic poles at saturation :
spins start to rotate at many places simultaneously
% Fragmentation of domains

< Why leaf and ellipsoid not affected ? Not completely clear !
Experimental finding : pointed ends stabilize (‘pin’) magnetization

Many Few  Local energy minimum:
% poles > poles  magnetization is pinned
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_Micromagnetism > Van den Berg model: weak anisotropy (ﬂ ™

Easy axis of weak
magnetocrystalline

anisotropy
>

Easy axis of weak
magnetocrystalline
anisotropy

Large dots 9

= many degres of freedom
= many possible states

= history is important

= even slight perturbations
can influence the dot
(anisotropy, defects, etc.).

J)
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Micromagnetism > Applications for well-above-micron-scale structures {ﬂ T

Q) History Such structures have been studied for decades.

O Sensitivity. As seen above, possibility to have complex and unpredictable magnetization states:
= Great care must be taken for the design of the dot;
Ground state ?
Magnetization reversal and field response ?
Defects ?

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.33]
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Micromagnetism > Magnetic recording heads {ﬂ ™

With in-plane
magnetization

Longitudinal recording media density (Hard disks)

50-100 Thit/in® Sngle Particle Superparamagnetic Limit

I. I I
10000 — 5 5
= - Self Orgaélnized
E i : Magnetic Arrays /
g5 1000 F— Y Patterned Media/
9 T 1 Thit/in Perpendicular Recording
P [ ﬁ
7 100 F— ., Hitach
T - 50-100 Ghit/in ' Fujitsu Seagate
o [ . Seagate IBM g
| 1BM |
10 EL ABORATORY |
— June 2001
1 ke
_ Historical  60% CGR line
01 1 l 1 1 1 1 l 1 1 L 1 L | I 1 1 1 1 | 1 1 1 L N
1990 1995 2000 2005 2010
Availability Year courtesy of D.Weller - Seagate,
% N. Dempsey, LLN-CNRS
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Micromagnetism > Magnetic recording heads {ﬂ ﬁ

Longitudinal recording : principle

Tens of microns
read/write head

* H.

ghelic

> P P PP PP D
Top view Media cross-section

500nm |

View f state-of-the-art hard disk media

35Ghit/in2
Images courtesy of J.-P. Noziéres, LLN-CNRS,
% S. Wang, Stanford Universit
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Micromagnetism > Magnetic recording heads {ﬂ ﬁ

Domain pattern in a recording head
The yokes are nearly saturated during the writing process...

Explain why a slight perpendicular magnetocrystalline anisotropy is used
(interesting during read-out)

yoke

Cross section L. iTip
through -
| Gap :
(a) L
@ Less noise (‘pop-corn’) &é This type of heads if not anymore
@ Linear response (non-pinned spins) used for read-out in HDD

Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.36] Slides on-line: http://In-w3.polycnrs-gre.fr/themes/couches/ext/




Micromagnetism > Magnetic recording heads (tapes)

Top View of HSS Head

40-turns copper
solenoid

marks for gap depth
measu rement and
micromachining

mag neti c circuit

ALDITECH Jean- Baptiste Albertini Juin 2001

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.37]

Slides on-line: http://In-w3.polycnrs-gre.fr/themes/couches/ext/




Micromagnetism > Magnetic recording heads (tapes) {ﬂ ™

Poles and Gap with Azzimuth

sili con sup erstrate
silicon dioxide

mag neti ¢
quad rilayer

gap with
20° azi muth

| — dliconsubst rate

VIEW FROM
TAPE SIDE

ALDITECH Jean- Baptiste Albertini

% Olivier Fruchart - LLN-CNRS.

Juin 2001
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Micromagnetism > Magnetic recording heads (tapes) {ﬂ ™

Solenoid  Coll @ Electrical Connections

8 um copp er
Hn {2 um SO,
e

Cross section of the electrical connections in the solenoid coll

% ALDITECH Jean- Baptiste Albertini Juin 2001
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Micromagnetism > Magnetic recording heads (tapes) {ﬂ ™

Silicon Technolog y : 2000 heads /wafer

High performance
Extreme miniatu rizati on
Narrow track width
Goo d un iformity
Mass production
High yiel d

New features
GMR
Har d material
Integrate d azim uth
Multiple heads in a chip

Protected by 16 worldwid e patents

ALDITECH Jean- Baptiste Albertini Juin 2001

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.40]
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Patterned magnetic structures :

current and prospective applications

\—
% Olivier Fruchart - Laboratoire Louis Néel, Grenoble, France. Slides on-line: http://In-w3.polycnrs-gre.fr/themes/couches/ext/




Patterned > table of content

€=

@ From flux-closure to near single-domain structures (fundamental)

@ Applications of near single-domain structures (list)

@ Magnetic sensors

Shape anisotropy (fundamental)

¢ 666

Magnetic recording media

@ Magnetic computing

Magnetic Random Access Memory (MRAM)

Challenges of dot switching control (fundamental)

@ Conclusion on patterned magnetic structures

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.2]
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Patterned > towards near single-domain states

Macroscopic and microscopic features

Macroscopic : Flux-closure configuration

Prediction for infinitely large disk :

P. Bryant et al., Appl. Phys. Lett. 54, 78 (1989)

o Microscopic : vortex, not domain wall

15nm thick permalloy disks ; Lorentz microscopy
% M. Schneider et al., Appl.Phys.Lett.77(18), 2909 (2000) !a
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Patterned > towards near single-domain states > size effect {ﬂ T

Macroscopic and microscopic features

180 240 340 -140 530 620 700 800 900nm 15nm thick permalloy disks

. ® ] ﬁ [+ ] ® © ° o M. Schneider et al., Appl.Phys.Lett.77(18),
2909 (2000)

o 0 0 &

. 0 ® @ (o]
d S 0 © © 0 0

. . ® ® e o o . (»

(@) 2pm Do we expect the vortex state
o INte 0. @ O © 0 @ down to very small size ?

© 060 & _

(b) (c) Exchange and dipolar compete
. Is a relevant length scale

Vortex state should disappear at least below 5-10 times A, = 25-50nm diameter

5 Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.4] Slides on-line: http://In-w3.polycnrs-gre.fr/themes/couches/ext/




Patterned > towards near single-domain states > size and thickness effects

‘Phase diagram’ of single domain versus flux-closure
U How do reversal loops look like ? 1

500
=400 1 (a) |
=
= 300 0
D
=200 _
R R RS 300nm/10nm |
= 100 -500 0 500
Field (Oe)

0 5 10 15 20
7% Thickness (nm)

R.P. Cowburn, J.Phys.D:Appl.Phys.33, R1-R16 (2000)

Normalised magnetisation

Q Single domain state becomes favorable well above A,

1 - -100nm/10nm -
) Dipolar energy is higher for thicker dots 200 -100 O 100 200
(think in terms of magnetic charges) Field (Oe)

% Oliv LLN-CNRS.  [09/10/2001 / p.5]
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Patterned > towards near single-domain states > 3D dots ‘j ﬁ

Magnetometry, microscopy, and calculations in a sub-micron-size 3D dot

»n 1.0F | | OOy
s -o- [/ [001] X X
(110) L3 0.5 A //[1-10] f
: h~65nm S *//[110]
2 00 300K
. N
= :'% -0.5+ » ]
R [001] S 1.0kEbaf ]
-1.5 -1.0 -0.5 OO 0.5 1.0 1.5
E P.-O.Jubert et al, Phys.Rev.B 64, 115419 (2001) Applied field p H (T)

MFEM measurements
(Y. Samson, DRFMC)

H., // [001]

Numerical calculations
(J.C. Toussaint)

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.6]
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Patterned > towards near single-domain states > 3D dots
3D dots

Length =550nm

£

t

= T R A
i =i
f io N
i ne 1 "
L) i1, 1 A | 1
; o A‘ - N
B e
4 N
A kel Iy Gy e e 3 » ] 4 £ e A
my : \| Y T nm 1 n 1
e - . e v, = L A .
4 - o o
il Uit
3
¥ o8 \
g 1 \ 5
: i E
{ e Wy FmT N — /

o \ " B A M, D=8
[}
[}
[}
[}
H

Van den Berg’s model is still valid although size is < micron
Reason : High thickness P> High dipolar fields B> flux closure more favorable

6 The size is not the only factor determining the single domain/flux closure state.
: Anisotropy (even weak) and thickness are also key parameters

Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.7] Slides on-line: http://In-w3.polycnrs-gre.fr/themes/couches/ext/




Patterned > towards near single-domain states > recipes

What recipes can we use to be sure to fabricate single-domain dots ?

Soft materials Semi-soft materials

QD Moderate thickness Moderate thickness

QO Moderate lateral size Moderate magnetocrystalline anisotropy
(even for Q<<1)

(Critical size can be increased using
shape dipolar anisotropy, see later)

< e

Arbitrary size

Note from fundamental studies:
If devices require only one dot per chip is needed, then micron-size or well-above micron

dimensions are sufficient
= High resolution lithography not required = lower cost.
These devices would make use of:

moderate thickness AND moderate magnetocrystalline anisotropy
(or other tricks)

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.8] Slides on-line: http://In-w3.polvcnrs-gre.fr/themes/couches/ext/




Patterned > single domain > applications {? ™

Applications of micron-size single-domain dots
(current and prospects)

<& Magnetic field sensors < Magnetic memories (MRAM)
Resistance depends on Resistance depends on
magnetization orientation. magnetization orientation.

- non volatile

Do not need magnetization reversal:
use only susceptibility

= ‘easy’ to achieve low noise

< Magnetic recording <& Magnetic computing
Patterned media with one bit per dot ? Replace wires by chains of
= extremely high density magnetic dots

= extremely low consumption

For all these applications:
Thin films and elements # high integration % new devices and low prices

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.9]
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Patterned > single domain > magnetic sensors {?

Some physical effects can be used for field sensing...

Applications: Current sensing
 Hard disks heads

Conductor

e Tape heads

» Magnetic sensors: position, rotation, etc.

Movement detection

|

sensi

Current .

Precise, fast, robust. @

tive axis

/

magnetic sensor POSItIOn | ng

field / \ field / "\

left-to-right time right-to-left time i—

Direction sensing for vehicles driving over e
magnetic sensor. s

The earth’s magnetic field can be approxi-
% Images from Honeywell mated by a dipole field

Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.10] Slides on-line: http://In-w3.polycnrs-gre.fr/themes/couches/ext/




Patterned > single domain > magnetic sensors

€=

Example of sensors : cars

- SIEMENS CT x
MM1% ™

Automotive applications for position sensors e
- -

o
Sun roof positioning  Navigation systems

4-wheel drive: steering
wheel position

Crank shaft encoder
Engine Cam shaft encoder
Throttle valve position
Pedal sensor

gear box

Headlight
position
Suspension height control

ABS

Seat position sensors
raction control

Window lifter position
modern cars: up to 70 sensors

multiple tasks: security, drive, navigation, comfort

CT MM 1 - Innovative Electronics Busrmans_sapet_ 003 bt

Slide J. Bangert (Siemens - Erlangen) for

% Workshop in Aspet (France, 2001
Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.11]
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Patterned > single domain > magnetic sensors > AMR 4?

Field sensing effect : anisotropic magnetoresistance

Spin-orbit coupling

+

Electrical current

Design: very simple (1 single-domain structure)
Magnitude: ~1%

100
80
60
40
20

360

/ > / Two crossed sensors

Direction (degree) for 2D direction sensing

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.12]

-20
-40
-60
-80

-100

Output (%Full Scale)

%, electronic compass
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Patterned > single domain > magnetic sensors > GMR {?

Giant Magneto-Resistance (GMR)

S "T{E) E. Configuration Configuration AP
ld\ | » P LM NM M MjNM
5;{ E +
Id, » ™
v n,(E)
R+ = (r+R)/2

R+=r

ﬁ R-=R R- = (R+r)/2

Design: more complex: multilayers + small size (for high resistance)
Magnitude: <20%

Currently in use in hard disks heads

A.Barthélemy et al.;Handbook of magnetic Materials,
% vol.12, 1, Ed. K.H.J.Bushow (1999), Elsevier. Slide A. Barthélémy (CNRS-Thalés, France)
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Patterned > single domain > magnetic sensors > TMR {?

Tunneling Magneto-Resistance (TMR)

_- N|Fe
"'_“““"“"-_
| nsul ator 16}
12]
= o
e 4 _ <4 )
-_= | <= >
Op, J . "
-200 0 200
Tunneling effect H(Oe)

Design: more complex: multilayers + high insulator resistance (electronics !)
Magnitude: <40%

Not in commercial use at the moment
J.Moodera et al.; Ann. Rev. Mat. Sci. 29, 381 (1999)

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.14]
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Patterned > single domain > magnetization reversal 4?

All these effects (AMR, GRM, TMR) and their applications to field sensors

will be studied in great detail in the lecture of Pr. Manon.
| will concentrate on micromagnetics issues in the following

Some other applications require to switch the dot magnetization

See application table of content

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.15]
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Patterned > single domain > shape anisotropy {?

Conventional uniaxial shape effect

O Reminder : hysteresis loops In real world, finite-size dots are
for magnetocrystalline anisotropy not strictly single-domain. However...

Along hard axis ~ Along easy axis

A A c
O
®
> > N
©
c
o
S
< Reminder : for stricly single-domain particles, ﬁ
. T
E,., =K,sin’0— u,M.H, cos(d—0 T,
et e ) S 600 -400 200 0 200 400 600
K, is the averaged dipolar energy § _
(shape anisotropy) Field (Og)
ﬂR.P. Cowburn, J.Phys.D:Appl.Phys.33, R1-R16 (2000)
Note:

Switching field is lower than anisotropy field

& ‘Shape anisotropy’ has some significance (not 100%...)
% % Understanding of coercivity is very phenomenological
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Patterned > single domain > shape anisotropy {?

Shape anisotropy increases with dot thickness

700
288 i i What should we remember about shape anisotropy ?
~ L |
C 400 | : _
= S0l ] 6 Shape anisotropy =
T 200+ | . -
100 & Phenomenological description only
0 I O Predicts reasonably well:
@ » Easy / Hard axis directions
(0 e " ".H » Saturation field and susceptibility along
600 - Switching & sl e
~ 9500 4onm .- L
S 400 | | & Can be used qualitatively:
300 | - « Switching field order of magnitude
L 200 L5nm |
100 = G\S\s\e\e-\o_\e 7
0 L T Always remember that
0O 100 200 300 400 500 600 is not strictly valid !

Maor axis (nm)

% ER.P. Cowburn, J.Phys.D:Appl.Phys.33, R1-R16 (2000)
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Patterned > single domain > MRAMSs «e™

MRAM’s: principle of operation
Magnetic Random Access Memory

Single junction (1bit memory)

Read/Write ‘1’
> e >

A/(\te GMR or TMR junction / ] ‘0’

ReadI\N <
\.
for space applications (radiation insensitive) IBM, Siemens, Japan.
Mbit-Gbits prospects.

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.18]
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Patterned > single domain > MRAMSs «e™

MRAM’s: write obstacle

Write with current-induced J2H
magnetic field ? / H EEENENER
| H NN NN N N
I ENEN
H EEEMENNR
" EEEENENEN
- Roughly speaking: all dots must switch under vV2H, : : : : : : :

but none should switch under H !

Is it feasible ?
NO in general : one observes a very broad distribution of switching fields !

(From cell to cell, and even cell irreproducibility)

= What factors influence magnetization reversal (Switching field) ?

% = Back to fundamental studies !
Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.19]
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Patterned > single domain > shape details : end domains

End domains arise in order to avoid surface magnetic charges

‘C state’ ‘C state’

‘S state’ ‘S state’

At least 8 nearly equivalent ground-states for a dot !

> how does a dot reverse its magnetization ?

$ Sensitive to any dissymetry like defects, temperature, stray fields, etc.

%  Rectangles are not be the best shape for single domaine devices...

Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.20] Slides on-line: http://In-w3.polycnrs-gre.fr/themes/couches/ext/




Patterned > single domain > shape details : end pinning effects {?

Magnetization is pinned at sharp ends

Numerical micromagnetic calculation

J.G. Zhu
6672 J. Appl. Phys., Vol. 87, No. 9, 1 May 2000
Two ground-states each

350 ~

300 4

L, GOOD: Better reproducibility
% BAD: Higher switching field

250 -

2004

150 4

100 +

Switching Field (Oe)

50 -

000 005 010 045 020 Eight ground-states

Element Width W (1 m)
FIG. 11. Calculated switching fields of NiFe film elements with different

end shape. All the elements have the same size of 0.2X0.1 um?, counting
tip-to-tip, and a thickness of 20 A.

Essentially Equivalent Topological Properties

% (Images courtesy of J. Miltat - CNRS, Orsay, France)
Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.21]
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Patterned > single domain > shape details : end pinning effects 4?

Experiments

Magnetization is pinned at sharp ends

Permalloy (soft)

700 - ;
e 1] -

600 -+ i
. W 1‘[ 1 —
@ 500 T
Q | 7 1P
E 400 + 5 |
o 300 + .
5 200 | = g ) Similar
= 1
“® 100 + ,

0 - _..! Experimentally confirmed
0 1 2 L, GOOD: Better reproducibility

Fig. 8 Dependence of switching field of acicular

elements on the

number of flat ends

number of flat ends.

% BAD: Higher switching field

Element

geometry is also shown: L=25pgm, W=200nm,

P=500 nm.

% K.J. Kirk et al., J.Magn.Soc.Japan, 21 (7), (1997)
Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.22]
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Patterned > single domain > shape details : roughness

Roughness influences the dot ground state and reversed state

Numerical micromagnetic calculation

Edge Domain Walls

1809 Domain Walls

3600 Domain Wall

< A~ C Z

= N [\
T
N AN

& Source of noise !l

{b)

(a) o

% Decrease of switching field
(not controlable)

% E& J.G. Deak et al., J.Magn.Magn.Mater.213, 25(2000)
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Patterned > single domain > configurational anisotropy

Configurational anisotropy : deviations from single-domain

Strictly speaking, ‘shape anisotropy’ is of second order:

1
4=t (N M2+ N M2+ N M)

2D E, =K sin®0

Num.Calc. (100nm)
' izationis [FrRE AR A A
Howmmnnwmm§mnpmsm%meanm Teentiiiid
never perfectly uniform rarbsapass
ritrtttres
+4tetrtrrs
++trtrters
i trirrataas
Corrective energy terms, that depend uponE o G S
the average magnetization angle ARApERRRR

% higher order contribution to the
anisotropy ?

‘Configurational anisotropy’

% BR.P. Cowburn, J.Phys.D:Appl.Phys.33, R1-R16 (2000)
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Patterned > single domain > configurational anisotropy: experiments... {?

Polar plot of experimental configurational anisotropy with various symmetry

'

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.25]

500 Oe
400 Oe

300 Oe
200 Oe

Color code: strength of anisotropy in a given direction
Radius: size of measured pattern
Direction: direction of measurement

Configurational anisotropy may be used
to stabilize stable configuration

ER.P. Cowburn, J.Phys.D:Appl.Phys.33, R1-R16 (2000)
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Patterned > single domain > conclusion on sensors and memories (?

What should we remember about the design of small
near-single-domain magnetic elements for memories ?

(dots that require to be magnetically switched forth and back)

<& The subject is not trivial ! Approaches need to be three-fold to give a complete view:
* experiments
* analytical
* numerical calculation

< Single domain favored by :
* small lateral size
* moderate thickness
* even weak in-plane magnetocrystalline anisotropy

< Coercivity is obtained from :
* magnetocrystaline anisotropy
* shape anisotropy
* configurational anisotropy
* other means not mentioned here...

<& Switching control is better achieved for :
* structures with pointed ends

% * low edge roughness Back to list of applications
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Patterned > magnetic recording > areal density

Increase of areal density of Hard Disk Drives (HDD), as viewed by IBM

10000 ¢
- IBM Advanced Storage Road
1000 -
o i
S 100 e-..oMPSTRaramagnetic Effect
o) - 35.3 Gbitsli
o I 20.3 Gbits/in
> 10 . 12.1 Gbits/in2@
g B 5 Gbits/in2 Demq,
8 B 3 Gbits/in2 Demog
— '1 Gbit/in2 Demo
8 1 - o
< E ..0
L 0. Ramp Load/Unloa8 2 bstrates
i No-I1D
N 0.1 c o - MR Head/Nano-slider (.) ;ag’l,'ff,:”ﬁﬁ
% F o PRML Data Channel _ @® 25 inch FF
< Thin Film/High Coercivity Disks @® >10Inch FE
g r | Small Forrp Factor | |
E 0.01 ‘ ‘
8 85 90 95 2000 05 10 15
=== Availability Year
==== ED GROCHOWSKI at ALMADEN

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.27]
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Patterned > magnetic recording > bit size

€=

Size of magnetic bits written on IBM Hard Disk Drives (HDD)

3 (1990)
8 0.09 Gbit/in2
s 12 20:1
- A Decade of Shrinking Bit Cell
10 (1992)
B 0.2 Gbit/in2
£ g 19:1
Py (1994)
- I 0.5 Ghit/in2
= & . (1996)
= c 1871 -
E o 1.3 Gbit/in2
< o g 17:1
O 4 oq - (1998)
N~ .y
- i ° 5 Gbit/in2 (2000)
= £
5 3 o 14-1 20 Gbit/in28ézggi)/
2 £ 12:1 vinz
B ° o~ 0w 8:1
™ © N
0 — o o l
0.60 0.41 0.27 0.17 0.094 0.052 0.03
Bit length, em
===7= Ed Grochowski at Almaden

% Olivier Fruchart - LLN-CNRS.
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Patterned > magnetic recording > principle {ﬂ ™

Recording Process

GHR Read Inductive -
Sensor Wrils Elamenl

Recording Mediaim

ST

Commercially shiped : 10-20 Gbit/in?
Demonstrated (summer 2001) : 100 Gbit/in?

Stable magnetic recording requires :

 Ferromagnetic grains (nano-magnets)
* Many grains per bit (high signal to noise ratio)

(Images courtesy of D. Weller - Seagate
% C. Chappert - 1EF-Orsay)
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Patterned > magnetic recording > superparamagnetic limit 4?

Side view i a
lubricant " Carbon Topview <M
1] L - Co-alloy
MESNEE ov

~ NiAl
substrate

& Current HHD: longitudinal granular media
(weak coupling between grains ; in-plane magnetization)

& High S/N ratio needed for read-out: number of grains per bit must remain high (102-103)

Q Increase media density = shrink grains size = face superparamagnetism

O
@f&“ P
(O <o
AN
\)‘J\\ (\%\9\\
R P
NG

% Olivier Fruchart - LLN-CNRS.

[09/10/2001 / p.30] Slides on-line: http://In-w3.polycnrs-gre.fr/themes/couches/ext/




Patterned > magnetic recording > superparamagnetic limit {? ™
Anisotropy barrier Eg~KV

Phenomenological description of

thermal activation : Néel-Brown theory
/\ 25kT @ Brown, Phys.Rev.130, 1677 (1963)

A

@ Probability of not having switched
P( f) —o— 7 /7

Q Mean reversal time
! kT

Tozlo_gs
“ / < Barrier for not switching during time ¢
E, = £,TIn(#+/7,)

T =7,

Magnetic recording : >>10% FE, ~604&,T Ty = Ep/ 254,

% Back to roadmap
Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.31]
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Patterned > magnetic recording >

patterned media {? ﬁ

Patterne d magneti c média

2 orders or magnitude

S Chou et al.' proposition (ca 1994) : 1 bit ~ 1 grains gain on superparamagnetism

Electrodeposition of Ni into arrays of holes
* in PMMA resist
*ina SO0, layer

Reguirements :

@ ultra smooth media'====p planari zation

® (Jow dispersion of magnetic properties in media

(Slide courtesy of C. Chappert - 1EF-Orsay)

@ This prospect has triggered a lot of work in the past five years
= sub-micrometer-sized single domain dots (see previous section...)

& However: how to meet the above two requirements ?
Q (many other issues ; we focus here on magn.)
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Patterned > magnetic recording > patterned media > growth on template {?

Preparation of a topographic pattern on Si (well established processes)
Preparation of arrays of resist dots or lines by either :
-electron beam lithography (CEA/LETI) : resolution~50nm

or

-nano-imprint using a mold made by e-beam
(A.Lebib, Y.Chen, CNRS/L2M) : resolution 30nm

resist dots RIE etching Removal of resist

Smallest size by nano-imprint: 30 nm dots with edge to edge spacing of 30nm.

% Slide courtesy of B. Diény - CEA/SpinTech-Grenoble
Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.33]
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Patterned > magnetic recording > patterned media > growth on template

Magnetic materials overgrowth

Deposition of magnetic material
(sputtering or MBE)

Advantages :
-Etching of Si very well controlled in microelectronics,
-Possibility of very high aspect ratio,
-Substrate preparation independent of the choice of the magnetic materials,

- No processing after deposition of the magnetic materials,
-Possible large scale preparation by nano-imprint (180Gbit/in? demo).

% Slide courtesy of B. Diény - CEA/SpinTech-Grenoble
Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.34]
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Patterned > magnetic recording > patterned media > growth on template 4?

Magnetic state : single domain (‘bits’)

Pt 20 nm/( Co 0.5 nm/Pt 1.8 nm), multilayer with
perpendicular magnetic anisotropy :

400 nm square dots
(spacing of 100 nm, height of 47 nm)

Local checkerboard patterns
most stable from magnetostatic
point of view

8 um x 8 pum image MFM: magnetic pattern, as-deposited

GOOD: magnetic properties more homogeneous (less edge defects)
BAD: topography

% Slide courtesy of B. Diény - CEA/SpinTech-Grenoble
Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.35]
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Patterned > magnetic recording > patterned media > ion beam {?

lon beam irradiation patterning : initial media with perpendicular anisotropy

@® Epitaxial Pt/Co(1.4 nm)/Pt grown by sputtering
@ Perpendicular anisotropy
% Film 2D-Ising
%  Magnetization reversal: domain wall motion
Distribution of propagation field AH ~ 20 Oe
Hysteresis loop Strongly anisotropic
spin-orbit coupling
1
w1 . | & Perpendicular anisotropy
= . 1 despite thin film shape effect
—~ 0" "F~"*" 1" "1
— i 1
-, |
_I Aﬂ
r a1 8 1 3 1 1
-0.8 0 0.8
H (kOe) 90 um
bﬁg Slide courtesy of A. Mougin — LPS-Orsa
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Patterned > magnetic recording > patterned media > ion beam {?

lon beam irradiation patterning : irradiation physical effect

25 keV Ga*ion

%! Interface roughness
“| Interface mixing
% Cascade defects
% Low fluences: minor etching and few cascades

1.3 nm for 10'5 jons/cm?

® Modifications on a nanometric scale
# Patterns: scan of the beam, step after step
# Quasi-uniform irradiation

'- .‘1- " - .‘1 .I-r .1- lr -1- .'r.'l- i r"‘
.‘..: CAREE AR R REK N )

[ !
L
-
e
*
]
-
w

-----------

REL N R
i & i
b e LN P

A& TATATE

) Beam diameter < 10 nm Step ~ 15 nm

% Slide courtesy of A. Mougin - LPS-0Orsa
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Patterned > magnetic recording > patterned media > ion beam {?

lon beam irradiation patterning : irradiation magnetic effect

Reduction of coercivity and anisotropy
Paramagnetic at 300K

10" jons / em?

~ | Virgin film -
-0.8 -0.4 () 0.4 0.8
Magnetic field (kQOe)

[m]
ES[II]-‘-
& , &
= 200} 12 5
o —
T 1of 1' =
0 0 S

10 10" 1™ 10" 10"
Dose FIB [(iu+ ions / ¢m I}

% Slide courtesy of A. Mougin - LPS-Orsa
Olivier. Fruchart - LLN-CNRS.
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Patterned > magnetic recording > patterned media > ion beam {?

lon beam irradiation patterning : flat patterned magnetic media

Replication lithography
possible
%, Mass production

% Pattern of dots in dipolar interaction

GOOD: magnetic properties more homogeneous (less edge defects)
GOOD: flat topography

% Slide courtesy of A. Mougin - LPS-Orsa
Olivier Fruchart - LLN-CNRS. [09/10/2001 7/ p.39]
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Patterned > magnetic recording > patterned media > conclusion

@ Inprinciple interesting:
* More homogeneous properties

* flat topography possible
* one grain per bit : no more superparamagnetism

@ However many unsolved issues:

* how to read/write
* demo density of cenventional media is now 100Gbit/in? (with read/write !!!),

whereas reasonnable demo with patterned media is 100Gbit/in2.
& Patterned media came to late ? Obsolete idea ?...

(see roadmap...)

! Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.40] Slides on-line: http://In-w3.polycnrs-gre.fr/themes/couches/ext/




. Patterned > magnetic computing {ﬂ ﬁ

A Very prospective subject... A working magnetic logic device

Transmission line: replace copper wires by macrospin dots
Dots are superparamagnetic if isolated, but stabilized by dipolar interactions in a chain
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Input pin AND-gate o,
. I
[ Number of dots per chain =70
ROOM Dot diameter = 110nm
TEMPERATURE * Dot pitch = 135nm
» Dot thickness =10nm /
@ Cowburn et al., New J. Phys. 1, 16.1 (1999)
% @ Cowburn et al. Science 287, 1466 (2000) Slide courtesy of R.P. Cowburn — Durham, UK
Olivier Fruchart - LLN-CNRS. [09/10/72001 / p.41] Slides on-line: http://In-w3.polycnrs-gre.fr/themes/couches/ext/
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A working magnetic logic device

All logic functions are possible : AND, OR, ...

AND gate

& Higher density on chips than conventional
semiconductor processors

O 103 less power dissipation (propagation
IS not dissipative !).
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% @ Cowburn et al. Science 287, 1466 (2000)
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Field of patterned magnetic structure...

@ Extremely rich from the fundamental point of view.

50 years old subject
Renewed recently (demand, technology)
Computer simulations from the 90’s

$$ 9

Q@ Extremely promising from thé technological point of view

Sensors : sensitivity and integration
Storage : memories, Hard disks, tapes, etc.
Prospects:
magnetic processing ?
Spintronics ?

% Olivier Fruchart - LLN-CNRS. [09/10/2001 / p.43]
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