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Spintronics: A history of revolutions

Giant magnetoresistance Spin transfer torque
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Spintronics: A history of revolutions
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Magnonics Ultrafast dynamics

Spinorbitronics
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Electronlc transport IN metal

a. Semiclassical charge transp 8
b. Conduct|V|ty In metals
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a. Semclassical charge transport

D r u dneodekfor charge conduction
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a. Semclassical charge transport

Boltzmann transport equation

The electron cloud is represented by a statistical

distribution over theositionandvelocity f = f(r, v, t)
Thesemiclassicalectron gas

Cl oud©bs % Eas ﬂ_ﬁ‘|| .Nco”ision integraL relaxés LUdng Boltzmann
X coll  towards equilibrium
J '\ df
o A i atf + - 0.)f — (eE '{J)asff
Electro n 0s dyRigf ¢S acceleration=force
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a. Semclassical charge transport
Boltzmann transport equation

0. f + (w-0,)f — (eE - v)o.f = _f =1

T

We now assume thgt = fo + 6f e—0, Non-equilibrium (linear inv)
Equilibrium (FermDirac)

In steady state, we obta(ﬁyr — T(BE . v)asf — T(‘U . ar)f
Drift Diffusion

d3p
(2n)? vof

By definition, the charge current reags = —Ze[

Drift-diffusion equation _ _ _
Einstein relation

=o.E — D.0,.n
Je ¢ “r Diffusion py _ 1 2 o, = e’ N(&p)D,
atn +V-J. =0 coefficient “¢ — 3 TV
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Conductivityg,, = grezvﬁN(eF)




a. Semclassical charge transport

A few words on the collision integral

df
dt

_ 1
coll )

Scattering against impurities \

Vimp = z Vo6 (r — R;)

L
In the limit of shorrange impurities, the
momentum relaxation time is independent
of the momentum

1 2
T = 7};‘|V0| N (&)

Impurity concentration

d3p’
(27_[)3 Vvvvr (f‘vl _ f‘D)

Constant relaxation time approximation

Scattering against phonons \
Vorpn = Z V(r—R; — 8R;(1))

L
It can be written in second quantization

Ve—pn = Z(ch,chkbq + B_qc;_qckb;)

k, .
Phondh absorpﬁél' Phonon éﬁ.ssmn
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Debye temperature
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The scattering time increases with tempera|ture
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Resistivity

b. Conductivity of metals

Matthiesserule (1862 Nordheim s rule (1931)
oh p = pen(T) + pr (x)’\#lmpurities pr(x) ¢ x(1 —x)
ono . .y .
n and Cr impurities in Au Cu-Au alloy
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GerritsenandLinde, Physicd8, 877 (1952) Johansson andnde, Annelder Physics 5, 1 (1936)



b. Conductivity of transition metals

AN

Vg > Vg
Ng(ep) » Ny(er)

Transport is dominated byekectrons
Buté « scattering is quite strong!

1 1 1
— =4 —

Nevill F. Mott

Typical density of states of a transition metal

The sd model in transition metalgMott 1935)

Deviation fromNordheim®rule

Weak gl scattering

50

Strong sl scattering

Mpd .
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Atomic % Nickel or Palladium

Coles,Proc PhysSoc B 65 221(1952)



b. Conductivity of transition metals

Conductivity enhancement in magnetic transition metals
We remember thas, ~ N (gf)

| T Paramagnet
T ap 1/ M2 2 In a free electron model
| — = ——(— ~ ~ (n?)1/3
: p 9\M, Ny (ep) ~ \J&p ~ (nF) /
51 .
One can define Average density per spin
L Ferromagnet T _nl
! 9 _Ng—Nfg n_
| P=———>ny =nz(11P)
Nng + Ng
2r Spin polarization at Fermi level
i Temperature (CK.) . M T
' Assumingp ~ () we get
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Temperature (°K.) 1/3 1/3
Figure 3. Resistance of nickel as a function of temperature. p — p + p sd 1 _ ﬂ + 1 + ﬂ
Figure 3a. 'The neighbourhood of the Curie point. S§ 2 M 0 M 0

H. Potter,Proc PhysSoc 49, 671 (1937)
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In transport in metals
a. The twoechannel model

b. Spin diffusion and magnetoresistas




The twochannel model

Density of states infarromagnet Equivalent circuit

El ectronbds magnetic mor___

aAr N e Wl N ﬁsplnﬂlp
\%

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

Magnetization
direction

Spin dependent scattering Spin relaxation
1 1
N N
T, (%) o — |Z
Spindependent Asf 3 Voo Tt
mean free path Spin relaxation time
1 1

Spin relaxation length —
Spin diffusion length Asf J

(Alf)z + (Aéf)z



Spin relaxation

Magnetic impurities
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Isolated magnetic impurities acts lik
random field, spatially distributed

fan)
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~m = —nmN[,S(S + 1)U5m
T 3

The stronger the scattering,
the faster the spin relaxation

Elliott-Yafet scattering
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The itinerant spirprecessesound the
spinorbit field

Hgy = 500 - L X &40 - (ka’)

a .
The precession occurs upon scatte
(phonons or impurities)

1 885
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The fast the scattering,
the faster the spin relaxation
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The itinerant spirprecessemntinuously
around the spiwrbit field of thecrystal
Hp, = —ao - (zXk)

The precession occuisring propagatior
It leads to anisotropic relaxation tim
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The fast the scattering,
the slower the spin relaxation
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The twochannel model

We start from Boltzmann transport equation
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Spindependent scattering time

Weak spin relaxation: decoupled spin channels  Strong spin relaxation: no sgiapendence
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Currentinplane GiantMagnetoresistance

Knudsen regim A~d
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where it comes from! Camley Physical Review Letters 63, 664 (1989)
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l. Spin transport in metals =%
The twoechannel model
Spm dlffusmn and magnetoreS|sta X
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Spin transport in metals
Remember that in a metal, charge transport is governed by
Charge current density ]C = C(E — Vﬂ)L Flow of charge per unit area
Charge density atn +V ']c — ()  Number of charge per unit volume

n
eN (er)

Chemical potential U=

Total charge density = n; + n;

1 Spinindependent
(C/m%) h H=5 (e + 1) chemical potential
Total spin density § = (—) (ny —ny) 1
(eV.9/m3) 2e e ==y — Spindependent
Magnetic momentyy = — (ﬂ_B) (ny — n,) 2 chemical potential
(my/m 3) e




Spin diffusion equation

Charge current Je=0.(E—Vyu)

Charge conservatioratn +V-J.=0

J? =0l (E—Vyug)
o.n, +V-J2 =0

j> J¢ = go(uf — uj)

Ohmods | aW]ng(ﬂR—ﬂL)
Chemi ' n n
emical potential y = ——— U, = d
eN (ez) Z O oM (c)

Valet and~ert Physical Review4B, 7099(1993

1T T ub AT QPII 1 uonservation

Charge a LAY OrJIII CUITeoOIIt UceTimntaauvililio

Je= J.=0.(E~VQ~BoVus Vi
2e 2e _ L
?]S F]s — lBUC(E — Vﬂ) - vaﬂsc)vﬂs

Total conductivity 0, = GLT + O'Cl

o; = 0;
Current polarization ﬁ =1 1
o, + o,

dn+V-J, =0
S
0, s+V-J,=——
st Spin relaxation
2e Ug
In steady state—V - J. = — —
ho, A
}]'gf - DCTSf



Spin accumulation

The concept of spin accumulation
(]c = JC(E - VII) —|Bo. Vs

Charge
Pl vge=o fg=—Pus +Ax + B
. < Js = Bo(E—-Vi)— o Vu Us = Cex/lsf + De_x/lsf
Spin i|7] =—£ sf_(l_ﬁ))'-
\0c A% Spin accumulatio

Nonmagnetic metal Ferromagnetic metal

Spin accumulation profile
Be*Farromagnet Be~*/AF

() —

Hs,N(x) ]co"8>0 l“f—/l = —la UF_l_—CrN
InfsfacielMatchin %mq Conditiohs * Ay

Spin densit F@flal resistance
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D _
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F AN
Additional interfacial resistance!! van Son et al., Physical Review Letter858, (1987)

Johnson and Silsbehysical Review B 3859 (1987)



Ohmodés | aw
Je = giAn +ygAug
— a.A _
gibu > Js =¥ 9; A + gy Aug

The spin current in théerromagneteads

JsF _ —p— (B —v)r; + Bry s

h ﬁ+@+m

Interfacial resistance; = (1 —y?%)/g;
Aspino rerﬁbél_’l,apn:c_é

OF

Theshorterthe spin diffusion length,
the smallerthe spin resistance

Spin current

Nonmagnetic metal Ferromagnetic metal
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= 10
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Spin injection
Take Home Message: Contradition betwegg/1injection and/ong+rangepropagation

Appelbaumet al., Nature 447295 @007) Dash et al., Nature 462,91(2009)
Hot electron injection Nondocal tunneling injection
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Giant Magnetoresistance

Spin accumulation profile in a metallic spaive
A A

A

PARRAN
-

Chemical potential profile

v

Ar = Antiparallel

r = Aoco— 4ot f r) cosh(d/Asf)

Je

Parallel

»
»




Giant Magnetoresistance
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Dienyet al., Physical Review B 4297(1991)
Dienyet al., Journal of Applied Physics46&4(1991)




lll. Spindependent tunneling
a. Tunneling magnetoresistance
b. MgO/Fe: a star in born



