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Spintronics: a success story

N |
Fert & Griinberg
Nobel Laureates 2007

Berger &
Slonczewski
Buckley price 2013

Spin transfer torque - 1996



Spintronics: a success story
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Spin-orbitronics
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Electronic transport in metals

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

Drude’s model for charge conduction
ThAddacatyn tsedekaribed srattlassicBll bodewaveicle

scobietiime withirthrechensrostls difecd New;onsequatlon of motion
0000000000000000000 /£=—6E—E e>0
0000000000000000 ,

SScesssstossntesass Electron’s at / T
09000000000000000000 momentum Momentum Paul Drude
0909000000000 909000900 Electric field .

900000000 PoNooohoo relaxation
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00909000000000000000 R
0900000000000000000 Je=——DP
0000000000000000000 m

[f the Fermi wavelength of the electronic wave is 2
much shorter than the mean free path and the . =T en
size of the system, AF LK Ad.. €

m
) . . .
Drude’s classical picture is acceptable Drude conductivity



a. Semi-classical charge transport

Boltzmann transport equation

The electron cloud is represented by a statistical

distribution over the position and velocity f = f(r v. t
The semiclassical electron gas f f ( yilly )

o d d
X.\:/. ? : Cloud’s dynamics d}; = d];

\ d
\J e o =0cf + (viar)f — (eE - {)agf f

*~ collision integral, relaxes f ~Ludwig Boltzmann

coll  towards equilibrium

dt .-~

Electron’s dynamics

df
dt

velocity acceleration=force

_ ff

coll T




a. Semi-classical charge transport

Boltzmann transport equation

f—Jo
0cf + (- 0,)f = (eE - 0)0f = ——
We now assume that f = fo + 6f e—0 Non-equilibrium (linear in v)

Equilibrium (Fermi-Dirac)
In steady state, we obtain Sof = T(eE - 'U)agf —1(v- ar)f
Drift

d3
By definition, the charge current reads J. = —2e J ( 27:),3 vof

Diffusion

Drift-diffusion equation

Conduetivi _ 2.2
onductivity g, 3 Te“vE N (&r) Einstein relation
Jc=0E—D.0n 1 :
Diffusion D=~ 2 Jg =% N(EF)DC
atn +V ']C =) coefficient ~ € L

3



a. Semi-classical charge transport

A few words on the collision integral

df 1

dt

Scattering against impurities \

Vimp ~ Z V05(r - Rl)

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

ur1ty concentration

Constant relaxation time approximation

d3p’
coll (2 )3

val (fvr f‘V)

Scattering against phonons \
Vepn = Z V(r—R; — 6R;(1))

i
[t can be written in second quantization

Vi = Z(ch,j+qckbq + B_gc}_qckbd)

Phoncl)‘f? absorption Phonon emission
1 1
—~T>TK0 —~T, T >0
T “ T

Debye temperature

The scattering time increases with temperature




[. Electronic transport in metals

Conductiv

ity in metals
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b. Conductivity of metals

Matthiessen’s rule (1862) Nordheim’ s rule (1931)
— “ c—
_— mp/pth (T) + pr(ary e pr(x) < x(1 = x)
n and Cr impurities in Au Cu-Au alloy
10000— L S ——
jlzozA ..A—&——&*-O— A Onm cmx10® S ‘
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Q03
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Resistivity
Resistivity
n

80 100’k 0
Temperature

Gerritsen and Linde, Physica 18, 877 (1952)

Au content

Johansson and Linde, Annel der Physics 5, 1 (1936)



b. Conductivity of transition metals

d I
vj;> Vg4
Na(er) > Ny(er)

Transport is dominated by s-electrons

Nevill F. Mott

But...s-d scattering is quite strong!

1 1 1

Typical density of states of a transition metal

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

Deviation from Nordheim’s rule

Weak s-d scattering
1

S0

Strong s-d scattering

Mpa .

! 1 | i 1 | 1
[ 20 &0 &0 20 100

Atomic % Nickei ¢r Paltadium

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




b. Conductivity of transition metals

Conductivity enhancement in magnetic transition metals

T Paramagnet
T Ap 1/M\>
T p 9 (M )
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{47
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46
3rF 3(1 145
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i Temperature (°K.)
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Temperature (°K.)
Figure 3. Resistance of nickel as a function of temperature.

Figure 3a. The neighbourhood of the Curie point.

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

We remember that o, ~ N (&r)
In a free electron model
Ny (ep) ~ VEF ~ (ng)us

One can define Average density per spin

i X
p=lr T~k p)
\ " + ng
Spin polarization at Fermi level
Assuming P ~ M(T) we get
0
1/3

MA1/3
P = Pss + +(1+M—0) >

2 ((1-10)



Size effect in thin films: Fuchs-Sondheimer theory

Diffusive regime 1 <« d Resistivity of Pt thin film
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Knudsen re glm el ~d Nguyen et al., Physical Reggew Letters 116, 126601 (2016)
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a. The two-channel model

b. Spin diffusion in metals
c. Giant magnetoresistance




The two-channel model

Density of states in a ferromagnet Equivalent circuit

Electron’s magnetic moment ___

------------ Ar L N o A 7 N ii Spinflip
A4

Spin up = magnetic moment down = down electron

Magnetization
direction

Spin down= magnetic moment up= up electron

Spin dependent scattering Spin relaxation

1 1
—>— A >
T

Ty

gf = §va/10TTl

Spin relaxation time

Spin-dependent
mean free path

i | 1

e ey

Spin relaxation length
Spin diffusion length




Spin relaxation

Magnetic impurities
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Isolated magnetic impurities acts like a
random field, spatially distributed

1 8n 5
—m —TlmNOS(S + 1)Usm
Tgf 3

The stronger the scattering,
the faster the spin relaxation

Elliott-Yafet scattering

PO OO OO N L N N X )
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The itinerant spin precesses around the
spin-orbit field

Hyy =500 - L x ;0 - (ka’)

The precession occurs upon scattering
(phonons or impurities)

1 85
Tof 91
The fast the scattering,
the faster the spin relaxation

Dyakonov-Perel’ relaxation

' O

)
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X K J
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) » O
The itinerant spin precesses continuously

around the spin-orbit field of the crystal
Hp = —ao - (zXk)

The precession occurs during propagation

It leads to anisotropic relaxation times

1 2a%k? 1 4ak}
— T = T
R)|| 2 R,z 2
Tsf h ‘[sf h

The fast the scattering,
the slower the spin relaxation




The two-channel model

We start from Boltzmann transport equation

- Y
VX — . U Ty
f (2 )3 \€L * V]Uc] " f f\‘
T S =i . . .
—(eE - v)0.f = — Spin relaxation time
Spin-dependent scattering time
Weak spin relaxation: decoupled spin channels Strong spin relaxation: no spin-dependence
( e?vE ( 217y e*vf N(en)
— o, = £
11 1 |o=tu—S N 1 11 'l +1) 3 d
—,— D — > 2. 2 — > —,— 5 2
Tr Tq T11 e"Ur N( ) 11 T Tr ZTTTl € Vg N( )
gr = T Er Oy = &
\ 3 L (1) 3 ’




Current-in-plane Giant Magnetoresistance

Knudsen regime A~d

Ferromagnet
Parallel O'CT > O'C‘L
SpacerA/. ‘ T !
Antiparallel 0. ~0
Ferromagnet/. ¢ ¢

T T T ] T ]
| 1204 Fe0ACri120AFe . ———

Diffusive regime ¢ >> A L8 coAfe

- /// resulf\‘

0.4L 1 ] 1 ) | 1
01 10 19 28 37 46 55
A [10°4)
; |
where it comes from! Camley, Physical Review Letters 63, 664 (1989)

The electron doesn’t “remember”
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L. Spin transport in metals
a. The two-channel model
b. Spin diffusion in metals (Tutorial! )

' Glant magnetoresmtance



Spin transport in metals
Remember that in a metal, charge transport is governed by
Charge current density ] c = g c ( E —_ V‘Ll)!, Flow of charge per unit area
Charge density atn + V- ]C — ()  Number of charge per unit volume
n
eN (er)

Chemical potential 1=

Total charge density n = n +ny 1 Spindind d
—— pin-independent
(C/m’) h = 2 ('uT T U l) chemical potential
Total spin density § = | — (nT —n l) 1
((eV.s)/m’) 2e Us = = (.uT —Uu l) Spin-dependent
2 chemical potential

Magnetic moment m = — (M—B) (nT == 1 l)
(up/m’) €




Spin diffusion equation

Je=0(E—Vp) O

Charge current

Charge conservation g.n+ V-], =0

JZ =0l (E—Vug,)
atno--l'V']g:O

jl> J¢ = go(uG — ug)

Ohm’s law o= 9(/"R — 'uL)
. . n n
Chemical potential U=———— 0, = a
eN (ex) Y, 7 oI (s)
Valet and Fert, Physical Review B 48, 7099 (1993)
Charge ANTSPTIIT CUOITCIIC GCTITIItTOTTS TITAarge arIcr SpPIrt comservation
Jc = A]cA=O'CA(E_VII)_BAO-CAVﬂsU)Vﬂs atn+v.]C:0
e . 2e _ . S
715 _lszﬁGC(E_V#)_UCVﬂSC)VﬂS atS+V']s=_T_
Total conductivity O¢ = O'(:-r + O'(:-L 2¢e ‘ljf Spin relaxation
o’CT e o‘é In steady state V. ]S ~ — TS
ha, At

Current polarization ﬂ =

o} + o}

"@f = DcTsf



Spin accumulation

The concept of spin accumulation
(]c =0.(E—Vp) — Bo.Vus

Ch
arge | gy =0 jg=—Bus+Ax+ B
) < Js =BO'C(E—|7[I)—O'CVMS Us = Cex/lsf +D€_x//15f
Spln i v ] _ ;us /1;% - (1 _ 32)/1§f
\ ¢ ’ /1 Spin accumulation

Nonmagnetic metal ~Ferromagnetic metal

Spin accumulation profile

Be* F¥romagnet Le*/2F
() —

usn(x) = ]Cg' >0, /1" = ]co'_+_—0'1v
Intk acmlAMatchmg Condltlolfsp An

Spin den51ty u&ﬁl eﬁmeta Efﬁaal resistance
Spin current Brirlods ﬁ—nea-&pm flip —
L\[J
] c +
AF /1N
Additional interfacial resistance!! van Son et al., Physical Review Letters 58, 2271 (1987)

Johnson and Silsbee, Physical Review B 35, 4959 (1987)



Ohm’s law
]c = .gIAlI + ygIA”s
— A -
Jo=abt =) T — @1+ @u

The spin current in the ferromagnet reads

]s_,F =@ - (.3 _'}’)7'1 +,8T1$ e"x/)“}

Je n+re +1r

Interfacial resistance 77 = (1 — Yz)/ )

s _ AN s _AF

Ty = Ty =
N O'N'F oF

« . ”» .
Spin  resistance

The shorter the spin diffusion length,
the smaller the spin resistance

Spin current

Nonmagnetic metal ~Ferromagnetic metal

= O,GN - SUF

A = Ay

F=An/10
* = Ay/100
r, =100

1'1 — 10

TI=



Spin injection

Appelbaum et al., Nature 447, 295 (2007) Dash et al., Nature 462, 491 (2009)
Hot electron injection Non-local tunneling injection
z 33'0; o GI)Source current
% 28 W"“A‘ Single Si
E O interface
g 326+ probed
3 24
8 ——-—
§ 322 o

—200—150—11)0 —50 i) 52) 100 1:"0 2".)0
In-plane magnetic field (Oe)

2

102

101} S0 K

Spin-RA product (k2 um?)

300 K
100F 100K 200 K

-03 -02 -0.1 0.0 0.1 0.2 0.3
Vsi—Vem (V)




= [I. Spin transport in metals
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a. The two-channel model
b. Spin diffusion in metals

c. « Giant magnetoresistance




Spin accumulation profile in a metallic spin-valve

A

Magnetoresistance
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Magnetoresistance
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Dieny et al., Physical Review B 43, 1297 (1991)
Dieny et al., Journal of Applied Physics 69, 4774 (1991)
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® I Spin-dependent tunneling

Principle (Tutorial!)
Tunneling magnetoresistance

MgQO/Fe: a star in born
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Giant versus tunneling magnetoresistance

The problem with giant magnetoresistance

Lead 4 4 Lead

\

Antiferromagnet ~ Ferromagnets  Spacer (Cu, Al)

TR
Ar = 431,[))12 n
o+ 1R

The addition resistances in  Ar

—~0 1 . 1 |
series quench the GMR ratio 77 %o Solution: use a tunnel barrier!



Spin-dependent tunneling

Superconductor
Ferromagnet = l—
\/ \
(

(d1/dV)  /(d1/aV),

05

1 1 L 1 1 !
-10 -05

Tedrow and Meservey, Physical Review Letters 26, 192 (1971)

Al/ALO,/Co: P=38%
Al/AL,O5/CoFe: P=48%



Spin-dependent tunneling

Basics of spin-dependent tunneling

Parallel configuration

In parallel configuration

The transport is dominated by electrons with down electrons (up spin)

In antiparallel configuration
Both up and down electrons contribute equally

Cofe/ALOyCo Fe/ALOy/Fe
: 0.008 — -
Co FILM
-025} W _L [ |
_0-50/’ 5 ‘ . I
i : :j o sy
ozt ] P N {
CoFe FILM I ‘ \
—~ 008f ] . | | "
a‘ § i S -
R ) = - 7 - | : : ' §
5'“ 100 e 0.007 + : : { mg
CoFe/At,04/Co o : : ' g
=t JUNCTION i | |
| b ".‘irA"‘\,\’ ..- .o
’?"EL". et ':"(}'v‘ 3{"" e i .’. 3 0
. = ™ 3 . “
. ) 1
PP [ R T S N (R
0T TR Gy TR 100 -50 0 50 100

H (Oe)

Moodera et al., Physical Review Letters 74, 3273 (1995)
Miyazaki, Tezuka, JMMM 139, L231 (1995)



polarization, Py,

Spin-dependent tunneling

Free electron model for spin-dependent tunneling
_ (ky — k(g6 — krky) 60 16q2k ke 299
K) =
(kT + k) (g5 + krky) (a2 + k) (q? + k§)

one— bond model O=sp / '
-k, /k,=0.05
0.5} : \
; o Y
: ;
0.7 Large barrier limit: |
Julliere’s model
-0.5 4
Weak barrier limit:
Polarization reversal 1
-1.0 L 1 L —l 1
0 0.4 0.8 1.2 /2 /2
barrier height, g& /k,2 / 0 /
Slonczewski, Physical Review B 39, 6995 (1989) 0

UMgO ~1-—2 €V, UAle ~ 3el
k}~1.09A ' ki ~ 042 A1
m* = 0.4 m,



Polarization (%)

60

50

40

30

20

10

Spin-dependent tunneling

Julliere formula (see Tutorial!)
Gp — Gyup _ Ryp —Rp 2P Pg

GAP
Data from Meservey, Parkin, Moodera
m Co-Mn
m Ni-Fe
m Ni-Fe
m Co-Fe
Mn Fe Co Ni

Rp

~ 1-P, Py
Data collected by H. Swagten

[ |
Lao‘7Sr0‘3MnO3/MgO

[ | MnSb/ A1203

10 20 30 40 50 60 70 80 90
Polarization (%)

100



4

HI Spin-dependent tunneling
Principle (Tutorial!)

Tunneling magnetoresistance

MgQO/Fe: a star in born




Bias voltage of spin tunneling

Tunneling magnetoresistance has been studied with many barriers: AlOx, TaOx, MgOx, ZrOx etc.

Zero-bias anomalous at low T

120f ) /

110 | antiparallel / v 4.2K|

100 }

a0 g
80 | /\

70

| Co//5\I203/'(3080iée20

parallel (a) | //(l;)\ .

A

21PK |

DC Bias (Volt)

-04 02 00 02 04 -04 -02 00 02 04

Zhang et al., Physical Review Letters 79, 3744 (1997)

1120

10

1100

190

0.5

0.0

Systematic decrease of the TMR

[ ™\

Even sign reversal !

-0.5 0.0 0.5 1.0
Voltage (V)

Sharma et al., Physical Review Letters 82, 616 (1999)



Spin-dependent tunneling

Hot electron tunneling: magnons and phonons

120 Co/ALO,/Co,Fe, |
110 antiparallel / 42K 210K {110
100 S 4re? T, (2090 eV
o Go h eml| P hwy,
Phonon . N,
. . parallel (a) //(b»\
€ImMi1Ss10on 70 70
04 -02 00 02 04 -04 -02 00 02 04
o g DC Bias (Volt)
gk =2 gk_q - h(l)q Zhang et al., Physical Review Letters 79, 3744 (1997)

dVdV [arb. units)

Magnon .|
0.5 =
emission ol
l T ' “oFe
Sk — Ek_q - hwq -1.5x10” A §4—7B |h¢:1ltu(m [:mlz‘dl I~
lllllllll"‘lllil|'|I|'l|l||||I
300 200 100 0 100 200 300
Bias V [mV]

Drewello et al., Physical Review B 79, 174417 (2009)



[II. Spin-dependent tunneling
a. Principle (Tutorial!)

b. Tunneling magnetoresistance




MgO/Fe interfaces

Why shall we expect remarkable tunneling magnetoresistance?

Crystal structure \ Fe band structure \ MgO complex band structure\

K(2m/a) K(2m/a)
Fe and MgO have both bcc structure ; N

” !
with very small lattice mismatch

] =—0) 0

‘ 20 [ 3
Q‘UOQ‘Q‘O 04 i | _/}
© ¢ o 2\ A“_) BN
@ % e ’ ]
0 ‘ 6 0 2_0'7. 7 \E-; . f\~;\_ : } ]
‘0000 3 g ==
x - 2m
Q‘U‘U‘Q‘U = 10t ik —+lK ]
© ® © -15 | Do ____l___,_.__../’\
Butler, Physical Review B 63, 054416 (2001) 20 L
r X
Their Bloch states adopt Dederichs et al., ]MI\‘;ﬁvI 240, 108 (2002)

the same symmetries Fe is a half metal for A, MgO filters A, Bloch states!




Density of States

MgO/Fe interfaces

Bloch state filtering in Fe/MgO/Fe tunnel junction

Majority Density of States for Fe|MgO|Fe Minority Density of States for Fe|MgO|Fe
e i Y- P oy —> No A atall!
105 | ) g 105}
As (pd) o
1010 | Fe Fe 5 1010} Fe
et &
1015 | 3 2 1015 |
[
o
1020 | I 1 1020 | 1
10725 10725

2 3 4 5 6 7 8 9 1011 12 13 14 15 2 3 4 5 6 7 8 9 1011 12 13 14 15
Layer Number Layer Number

Butler et al., Physical Review B 63, 054416 (2001)



TVR (%)

200

150

100

MgO/Fe interfaces

Epitaxial deposition of Fe/MgO/Fe junctions

250

200

Thickness dependence of TMR

Hayakawa et al., Japanese Journal of Applied Physics 44, L587 (2005)
Tiusan et al., Materials Science and Engineering B 126, 112 (2006)
Yuasa et al., ]ournal of Physics D: Applied Physms 40 R337 (2007)

Vi

o — 100
= o
/ 2
, o T=20K
4—
Vs Js ©o T=293K
_ - -
P
] . | 1 1 | 0 0 | 1 | |
250 275 300 325 350 10 15 20 25 30
Anneal temperature ( °C) fygo (NM)

Parkin et al, Nature Materials 3, 862 (2004)

Yuasa et al., Nature Materials 3, 868 (2004)



Designing efficient magnetic tunnel junctions

* High TMR (>100%) *  Material growth (texture, roughness)
* Low resistance-area (Q.pum?) * Barrier quality (pinholes, defects)
*  Optimal magnetic properties * Atomic diffusion (Mn, Ru, B etc.)
CoFe/Al,O5/CoFe
g T 400 ] i ;
£ Ta Ru+10 mTorr-MgO
g 350 - . <
2 CoFeB 300 b - g
ZL Zg g 250 Au+10'mTorr-N.IgO I e y. e O R
18 ' ® e © 200 p---e N SR 1 mTorr
o E E © CoFeB oSS 2 % € 150 '__A ___________ O 1mTorr, Ru
8¢ 0 _ _— = P : i | O 3mTorr, Ru
YE e }r——o—dﬂ/“{\i“){ Ru . O[O S — MR- i1 A 10 mTorr, Ru |
7 [ 50 » <& i | A 10 mTorr, Au
oS 312 COFe Ny “-““"“E“ O 20 mTO", Ru B
i 0 '
58 s 10" 10°  10' 102 10° 10* 10°
1.4
" 30 60 90 120 150 180 210 241()d) RA (Q}lmz)
Anneal Temperature €] Hayakawa, Jap. Jour. Appl. Phys. 44, L587 (2005)

Sousa et al., Applied Physics Letters 73, 3288 (1998)



Tunneling versus “giant” magnetoresistance

400 Metallic spin-valves ~1000% at low T
Al;O5-based tunnel junction

e MgO-based tunnel junction

.2 300

T

3

&

% 200

5

9

c

& 100

§ <

0 M

1989 1992 1995 1998 2001 2004 2007

Heiliger and Mertig, Materials Today 9, 46 (2006)
Ikeda et al., IEEE Trans. Elec. Dev. 54, 991 (2007)






A tale of spinning balls
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Table 1. Specifications for different sports. The first three sports are dominated
by aerodynamic effects (£ < UZ/g). For the last two sports, gravity dominates
aerodynamics (£ >> U7 /g). In between, we identify sports for which both gravity
and aerodynamics can be used to control the ball’s trajectory. In this table, L is
the size of the field except for baseball, where it stands for the distance between
the pitcher and the batter.

2R ps/p Us L c Ugle d
Sport (cm) (ms™') S=Rwy/Uy (m) (m) (m) (m)
Table tennis 4.0 67 50 0.36 2.7 9.3 255 1
Golf 42 967 90 0.09 200 141 826 7
Tennis 6.5 330 70 0.19 24 73 499 5
Soccer 21 74 30 0.21 100 54 92 7
Baseball 70 654 40 0.17 18 160 163 7
Volleyball 21 49 20 0.21 18 35 41 5
Basketball 24 72 10 28 60 10

Handball 19 108 20 40 71 40
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