


Crash Course on Magnetism

Experimental fact:

Two ordinary magnets can attract or repeal which
other, depending on their relative orientation.
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The force acting on a magnet depends on its shape
and orientation with respect to other sources of

magnetism.
These properties are characterized by
the “moments” of the magnet
— magnetic field line
N
Simplest magnetic moment:  the dipole
S

Usually, macroscopic magnets are formed by the sum of many
microscopic dipole moments... But where do they come from?



How is magnetism generated!?

(pre-quantum mechanics view)

electric charge moving
around a loop

electric charge “spinning”




How is magnetism generated!?

(post-quantum mechanics view)

“Magnetism arises from intrinsic magnetic moments
that electrons (and other elementary particles) have.”

More experimental facts:

I) Particles of the same kind have the same magnetic moment amplitudes.

2) These magnetic moments can only take certain discrete values.



Example: electron traversing a non-uniform magnetic field

electrons are emitted with random
magnetic dipole orientation

electron should feel a force I

dependent on the magnetic
dipole onientation with
respect to the magnetic field
gradient

after repeating the experiment
many times, only two
outcomes are observed

A fundamental quantum number called spin is the reason behind the
non-continuous (discrete) measurement of the magnetic dipole moment

Check out  http/Awww if ufrgs br/~betz/quantum/SGtext htm#Instructions



How does the spin relate to the magnetic dipole moment?

m=—g" us S

magnetic dipole /u \ spin

gyromagnetic factor Bohr magneton
( = 2 for electrons) (universal constant)

1 h="h/2r, h~6.6x10"%*].5
For electrons: | S = 5 (in units of h) (Planck’s constant)
IIUP’.’ I‘DOWN’,,

Only two possible values f o ‘

for the spin projection:
parallel antiparallel

OM: there are only 25 +1 projections



What physical property is behind the “spin” quantum number S ?

Angular Momentum (!!)

—

S = intrinsic angular momentum (independent of orbital motion)

like a spinning top

“The spin is a fundamental property of any particle, as much
as the mass and the electric charge are.”



The reasons why electrons have S =1/2 go very deep in
physics, relativity, and quantum mechanics...

... s0 we will skip the explanation this time!

For other (perhaps not so elementary) elementary particles:

“fermions”

protons S =1/2 :7 \‘quarks S=1/72
mmesons S=10

neutrons S =1/
AN

neurﬂnos S !]/2// ;iosonS”

photons S =1 gluons S =1 gravitons § = 2



Quick Review

|) Magnetic forces depend on distance, shape, and orientation.

2) Electric charge in motion can produce magnetic dipole
moment.

3) Macroscopic magnetism is generated by microscopic magnetic
dipoles.

4) Electrons and other elementary particles have well-defined
values of magnetic dipole moment.

5) Measurements of the electron magnetic dipole moment do not
yield continuous results.

6) An intrinsice property called “spin” is responsible for the
discreteness of the dipole moment see in experiments.



Fundamental Questions:

I) If electrons carry charge and spin, and spin is related to magnetism,
why batteries are not magnetic?
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In most materials, there are as many
‘up” as “down” electrons

When electric currents run through
them, they carry as many
‘up” as “down” electrons
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How to create an unbalance between “up” and “down”
electrons!?

I) Use magnetic materials (intrinsically magnetic):

magnetization

Ny > N M =m (N1 — N))

§{Cmﬁomb interaction combined with Pauli principle do that)

2) Apply strong magnetic fields:

0g)]

magnetic field

o

AFE = % g* up B (Zeeman energy)
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Spin + Electronics = Spintronics

A relatively new, but already vast field:

- Incorporate magnetism into electronics

(Example: fast Gb hard disks, non-volatile RAM)

where light

- Transport information (classical or quantum) «—
cannot go

ImA =10"°C/s =6.2 x 10"°e/s
1 e < 1spin “bit” =0 J=1
1mA = 6.2 Thpersecond (Tera = 10'°)

- Quantum computation



Question: What nano has got to do with spintronics ?

- Make it smaller, make it better!

e larger storage capacity per volume
e faster operations
e /ess dissipation

- Individual spin states don’t go very far... spins get flipped.

e hyperfine interaction (electron-nucleus)
e spin-orbit interactions (relativistic effect)
e scattering by magnetic impurities

# shorter/faster means fewer spin flips.
(nanowires and nanostructures)
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A famous spintronics device: the GMR valve

. antiferromagnet
.- pinned ferromagnet

GMR = giant magnetoresistance

- conductor
magnetic domain

N

.~ free ferromagnet

Artipara lel Farallel
magrezaticns tragretzsticne
e == Ferromag astiCo)
I o arnag netic wetal (Cu)
e e [T This device can be made very small and very
I sensitive: it allows for R/W in high-density
_ magnetic media
ey AME= v =Ry
o

Id ag e Tic field
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