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Spin Transport: GMR, TMR etc.
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Giant magnetoresistance Spin transfer torque

Spin-to-charge conversionSpin-orbit torque Chiral magnetism
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Magnetism, inversion symmetry breaking, spin-orbit coupling

Typically: Co/Cu/Co, CoFeB/MgO/CoFeB

Typically: (Pt, Ta, W etc.)/Magnet

Spintronics: A history of revolutions
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Major semiconductor bigfoot: IBM, 
Samsung, Intel, Toshiba, Qualcometc.

Spintronics: A history of revolutions
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I. Electronic transport in metals
II. Spin transport in metals
III. Spin-dependent tunneling
IV. Antiferromagnets



I. Electronic transport in metals
a. Semi-classical charge transport
b. Conductivity in metals



Actually, the electron is rather a Bloch wave
scattering against the crystalôs defects

a. Semi-classical charge transport

Paul Drude

The electron is described as a classical free particle
colliding with the ions of the crystal Newtonôs equation of motion

Electronôs 
momentum

Electric field
Momentum 
relaxation

Drudeconductivity

If the Fermi wavelength of the electronic wave is 
much shorter than the mean free path and the 
size of the system, 
Drudeôsclassical picture is acceptable

Drudeôsmodel for charge conduction



The semiclassicalelectron gas

The electron cloud is represented by a statistical 
distribution over the positionand velocity

a. Semi-classical charge transport

Boltzmann transport equation

Ludwig BoltzmannCloudôs dynamics collision integral, relaxes f
towards equilibrium

Electronôs dynamicsvelocity acceleration=force

scattering 
matrix element



We now assume that Non-equilibrium (linear in v)
Equilibrium (Fermi-Dirac)

In steady state, we obtain

By definition, the charge current reads

Drift Diffusion

a. Semi-classical charge transport

Boltzmann transport equation

Einstein relation
Conductivity

Diffusion
coefficient

Drift -diffusion equation



Scattering against phonons

A few words on the collision integral

a. Semi-classical charge transport

Scattering against impurities

In the limit of short-range impurities, the 
momentum relaxation time is independent 
of the momentum

Constant relaxation time approximation

It can be written in second quantization

Debye temperature

The scattering time increases with temperature

Impurity concentration

Phonon absorption Phonon emission



I. Electronic transport in metals
a. Semi-classical charge transport
b. Conductivity in metals



Johansson and Linde, Annelder Physics 5, 1 (1936)

Cu-Au alloy

Au content
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Matthiessenôsrule (1862) Nordheim s rule (1931)

b. Conductivity of metals

Gerritsenand Linde, Physica18, 877 (1952)

Mn and Cr impurities in Au
R

es
is

tiv
ity

Temperature

Cu3Au CuAu

CuAu3

ImpuritiesPhonons



Coles, Proc. Phys. Soc. B 65 221(1952)

Deviation from Nordheimôsrule

The s-d model in transition metals(Mott 1935)

Transport is dominated by s-electrons
Butés-d scattering is quite strong! 

b. Conductivity of transition metals

Nevill F. Mott

Typical density of states of a transition metal

s
d

Ni

Weak s-d scattering

Pd

Strong s-d scattering



H. Potter, Proc. Phys. Soc. 49, 671 (1937)

Conductivity enhancement in magnetic transition metals 

b. Conductivity of transition metals

Tc

We remember that 

In a free electron model

One can define Average density per spin

Spin polarization at Fermi level

Assuming we get

Paramagnet

Ferromagnet



II. Spin transport in metals 
a. The two-channel model
b. Spin diffusion and magnetoresistance



The two-channel model
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Density of states in a ferromagnet

Electronôs magnetic moment

Spin relaxation

Spin relaxation time

Spin relaxation length
Spin diffusion length

Equivalent circuit

Spin up = magnetic moment down = down electron
Spin down= magnetic moment up= up electron

Spin flip

Spin dependent scattering

Spin-dependent 
mean free path



Spin relaxation

Elliott-Yafet scattering

The fast the scattering,
the faster the spin relaxation

The itinerant spin precessesaround the 
spin-orbit field

The precession occurs upon scattering
(phonons or impurities)

Dyakonov-Perelô relaxation

The itinerant spin precessescontinuously
around the spin-orbit field of the crystal

The precession occurs during propagation

The fast the scattering,
the slower the spin relaxation

It leads to anisotropic relaxation times

Magnetic impurities

Isolated magnetic impurities acts like a 
random field, spatially distributed

The stronger the scattering,
the faster the spin relaxation



The two-channel model

We start from Boltzmann transport equation

Spin relaxation time

Spin-dependent scattering time

Weak spin relaxation: decoupled spin channels Strong spin relaxation: no spin-dependence



Current-in-plane Giant Magnetoresistance

Baibichet al., Physical Review Letters 61, 2472 (1988) 
Binaschet al., Physical Review B 39, 4828 (1989)

B
Ferromagnet

Ferromagnet

Spacer

Knudsen regime

Diffusive regime

Parallel

The electron doesnôt ñrememberò 
where it comes from! Camley, Physical Review Letters 63, 664 (1989)

Antiparallel



II. Spin transport in metals 
a. The two-channel model
b. Spin diffusion and magnetoresistance



Spin transport in metals
Remember that in a metal, charge transport is governed by

Charge current density

Charge density

Flow of charge per unit area

Number of charge per unit volume

Chemical potential

Total charge current density
(A/m2)
Total spin current density
((eV.s)/(s.m2))

Now, imagine that we have two spin channels

Pure spin current!

Spin-polarized 
currentTotal charge density

(C/m3)
Total spin density
((eV.s)/m3)
Magnetic moment
(mB/m 3)

Spin-independent 
chemical potential

Spin-dependent 
chemical potential



Spin diffusion equation

Charge current

Charge conservation

Ohmôs law

Chemical potential

Charge and spin current definitions Charge and spin conservation

In steady state

Spin relaxation

Valet and Fert, Physical Review B 48, 7099 (1993)

Total conductivity

Current polarization



Spin accumulation profile

Spin accumulation

The concept of spin accumulation

van Son et al., Physical Review Letters 58, 2271 (1987)
Johnson and Silsbee, Physical Review B 35, 4959 (1987)

Nonmagnetic metal Ferromagnetic metal

Chemical potential drop

Additional interfacial resistance!!

Charge

Spin

Ferromagnet

Nonmagnetic metal
Interfacial Matching Conditions

Spin density continuousČ no interfacial resistance
Spin current continuousČ no spin flip

Spin accumulation!



Spin current

Ohmôs law Nonmagnetic metal Ferromagnetic metal

Interfacial resistance

ñspinò resistance

The shorterthe spin diffusion length, 
the smallerthe spin resistance

The spin current in the ferromagnetreads

Spin diffusion length
of the ferromagnet



Spin injection

Kirchhoff law

The spin current in the normal reads

Nonmagnetic metal Ferromagnetic metal

Å The injection efficiency decreases with the 
spin resistance of the metal

Å Injection into bad metals or semiconductors 
requires high interfacial resistance

Fertand Jaffrès, Physical Review B 64, 184420 (2001)

Appelbaumet al., Nature 447, 295 (2007)
Hot electron injection

Dash et al., Nature 462, 491(2009)
Non-local tunneling injection

Take Home Message: Contradition between high injection and long-rangepropagation



Giant Magnetoresistance
Spin accumulation profile in a metallic spin-valve

Chemical potential profile

Antiparallel

Parallel



Dienyet al., Physical Review B 43, 1297 (1991)
Dienyet al., Journal of Applied Physics 69, 4774 (1991)

Giant Magnetoresistance



III. Spin-dependent tunneling
a. Tunneling magnetoresistance
b. MgO/Fe: a star in born


