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Electronics
(basically volatile)

Magnetics
(non-volatile)

Giant Magnetoresistance
Spin-torque

Spintronics
Both charge and spin of the electrons 
are utilized for new functions



Moor’s Law:

22nm technology

SRAM cell size is  0.092 μm2
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Koomey's Law
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TMR-based full adder

CMOS full adder
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Giant magnetoresistance                                               Tunnel magnetoresistance

Fe/Cr; Co/Cu; Fe/Si Fe/MgO/Fe 

New Physical Phenomena in magnetic multilayers:

Exchange spring magnets: Exchange bias:

Fe/Cr; Co/Cu; Fe/Si Fe/MgO/Fe 

Perpendicular 
magnetic anisotropy





Giant magnetoresistance:

Oscillatory inter-layer 
coupling

+
Spin dependent scattering

Fe/Cr/Fe

Ruderman, Kittel, Kasuga, and Yoshida 
interaction:
spin polarization of the s and p electrons of the 
surrounding Medium by exchange interaction with d 
electrons of magnetic atoms



Tunnel magnetoresistance:



Fe/MgO(001)/Fe

- Theoretically predicted TMR ~1000
- Maximum experimentally observed value ~500

Imperfections at the interfaces are responsible for deterioration in TMR



Exchange spring magnets:

SmCo5, Sm2Co17, Nd2Fe14B,





Magnetic anisotropy

-magneto-crystalline
-stress induced 
-surface/interface 

– reduced symmetry– reduced symmetry
-surface roughness



Magneto-crystalline anisotropy:

Spin-orbit coupling



Domain rotation
Domain wall motion



Shape anisotropy:

N is demagnetizing tensor

In general, magnetization and magnetic induction are not In general, magnetization and magnetic induction are not 
necessarily parallel

In thin films shape anisotropy 
dominates over magnetocrystalline
anisotropy



Stress induced anisotropy:

Magnetostriction



Intrinsic stresses:



Fe0.88N0.12 thin films:

A140
H

c
=111 Oe

  

 

 

 
K

e
rr

 I
n

te
n

si
ty

 (
a
.u

.)
 A210

H
c
=158 Oe

 

 

A 210

A23

 

 

 

A140

 

In
te

n
si

ty
 (

a
.u

.)

q2

q1

θin=9.8º

α= 0.5º
θout=11.3

0

Strain measurement  (XRD)Film thickness 
dependent properties

MOKE                       Mossbauer

-800 -400 0 400 800

  

Field (Oe)

A70
H

c
=31 Oe

c

K
e

rr
 I

n
te

n
si

ty
 (

a
.u

.)
 

-9 -6 -3 0 3 6 9

  

Velocity (mm/s)

A70





 

In
te

n
si

ty
 (

a
.u

.)

2.4 2.6 2.8 3.0 3.2 3.4 3.6

  

q (Å
-1
)

N
o
rm

a
liz

e
d
 I
n
te

n
si

ty
 

In-plane

  

Out-of-plane

F62

2.6 2.8 3.0 3.2 3.4 3.6

  

q (nm
-1
)

N
o

rm
a

liz
e

d
 I
n

te
n
si

ty
 

In-plane

  

Out-of-plane

F120

With increasing film thickness soft 
magnetic  properties deteriorate
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Surface anisotropy:

Broken symmetry at the surface / interface

Ktot = KV + KS / t



Reorientation phase transition

Au/Co/Au



Co film on rippled Si surface
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Thickness dependence of anisotropy:
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Interplay among:

1. Zeeman energy,

2. Exchange energy

3. Stray dipolar fields
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J. Fassbender et al., New J. Phys. 11 (2009) 125002



Exchange anisotropy:



Magnetism at surface and interfaces

Fe  (001) 

Enhanced magnetic moment at 
the surface


