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Note about the delivery of these lectures:

- Incomplete slides distributed at the beginning of each lecture
- Mix of slideshow and writing down on the blackboard
-  Complete slides posted online at the end of the 5 lectures
- Although the timing is very tight, asking/sending questions is encouraged
- ‘Quiz Test’ on the lectures: December 21
vincent.baltz@cea.fr

https://fr.linkedin.com/in/vincentbaltz

www.spintec.fr/af-spintronics/
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|. Brief overview of the field of
spintronics and its applications
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I. Brief overview of the field of spintronics and its applications
1. Spin in electronics
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I. Brief overview of the field of spintronics and its applications

1. Spin in electronics

Electronics exploits charge transport
Unpolarized currents

Spin electronics exploits spin transport

- on top of moving charges: electronic transport

Polarized currents in magnetic materials
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Pure spin current in magnetic & non-magnetic materials

- via exchange interactions: magnonic transport/spin waves

Pure spin current in magnetic materials

This series of lectures:

- focuses on the electronic transport of spin
- introduces some key underlying physical principles of spintronics

First, brief introduction to:

- some of the flagship applications of spintronics
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I. Brief overview of the field of spintronics and its applications
2. The example of two success stories

Success story #1

1988
Discovery of the GMR effect 1991

Practical implementation in spin-valves

i _ 1997-now
e S353353333555555 Z Commercial product (sensor), in billions of HDD

WA I A IS A0
. vl e
553 _.‘.l{ d i
75 gg 533 e » - HDD read heads

Nobel Prize 2007
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l. Brief overview of the field of spintronics and its applications
2. The example of two success stories

SU ccess StO ry #2 MRAM is not the best in each category but it scores

everywhere

1995
Discovery of the STT effect

‘4

£

3224352524000 .
d ot e »

2005
Practical implementation in TMR junctions

) 2309

2353

Non volatileMRAM

2013-now
Commercial product (MRAM / non-volatile memory)
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I. Brief overview of the field of spintronics and its applications
3. Many more to come

Many more success stories to come

1000
. B Leakage power
Ol Dynamic power
Kitchen Stove Microprocessor Die o
= 10 W/cm? =100 W/cm?| | .
§
S
400
Energy harvesting: 200
- Miniaturization of electronics is hampered j -
. . 0
by energy consumption issues i o < o

- Spin (currents) may circumvent such issues

Numerous fields of applications:

- Information technology - IT (e.g. memory, processors, data security)
- Biomedical (e.g. sensors)

- Telecommunication (e.g. transceiver)

- Artificial intelligence - Al (e.g. neuromorphic computing)
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I. Brief overview of the field of spintronics and its applications
3. Many more to come

Many more success stories to come

‘More transistors and magnets are produced in fabs than
grains of rice are grown in paddy fields’ (tcd Dublin)

Racetrack memory
Non Volatile Logic

RF Devices Lttglylal’ The goal of this series of lectures is:
= High Performance Computmg - . .
to give you the basic knowledge to
& “ ' .‘L‘"F . understand most of the underlying
fio ey '““""""“e“’.n. =CAN physical principles of spintronics

Spin Logic
Spin Caloritronics
Spin Photonics
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Il. First notions to describe electron
and spin transport — AMR, CIP-GMR
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Il. First notions to describe electron and spin transport — AMR, CIP-GMR
1. Degree of ‘quantumness’

Different transport regimes

Quantum Y(r,t) AMR ‘CFJ’, STT ‘Slonczewski’, Berry curvature ...

Semiclassical | f(r, k,t) GMR drift-diffusion ‘Valet&Fert’...

Classical n(r,t) Drift-diffusion ‘Drude’...

Phenomenological All: AMR, GMR, TMR ...

Y(r, t): wavefunction
f(r, k, t): distribution function
n(r,t): density

Notation: bold is used for vectors, e.g. r = 7

Master 2 N2 UGA - lecture Baltz, V 13




Il. First notions to describe electron and spin transport - AMR, CIP-GMR
2. The two current model

Majority moment (T)-spin({) and minority moment (1)-spin(T) electrons are
considered to flow in separate channels. This is known as the two current
model. It was introduced in 1936 by N. F. Mott.
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Il. First notions to describe electron and spin transport - AMR, CIP-GMR
3. Drude model, mean free path

_p Drude model of electronic transport
4
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Il. First notions to describe electron and spin transport - AMR, CIP-GMR

3. Drude model, mean free path
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In the next slides, we will explain why
T, is spin-dependent, makinng ijl

Spin-dependent generalized Ohm’s law
b)) Gyt i)
j M@ 1 _VL
£
(25t

16




Il. First notions to describe electron and spin transport — AMR, CIP-GMR
4. Band structures and spin-dependent Fermi surface

In metals, conduction processes occur at or near the Fermi surface (for e = ;)

Copper Aluminium

http://www.phys.ufl.edu/fermisurface/
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Il. First notions to describe electron and spin transport — AMR, CIP-GMR
4. Band structures and spin-dependent Fermi surface

Ferromagnets have different Fermi surfaces for majority moment (T)-spin() and
minority moment (1)-spin(M) electrons => spin-dependent conduction processes
bcc iron

fcc nickel

majority (T)

minority ({)

18



Il. First notions to describe electron and spin transport - AMR, CIP-GMR

5. Localized vs itinerant ferromagnetism

Partial density of state (DOS) of 3d transition metals

for majority moment (T)-spin(U) and minority moment (!)-spin(f) electrons

DOS = number
of continuum
states in an
infinitesimally
small energy
interval € + de
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Il. First notions to describe electron and spin transport — AMR, CIP-GMR
5. Localized vs itinerant ferromagnetism

In transition metals, spins contributing to transport are split in two types:
- localized spins carried by heavy 3d-electrons
- itinerant spins carried by light 4s-electrons

D -
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€ - ¢ (eV)
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NEEEENE NN
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10

™
DOS, NTM (ev-1.atom.spin)

3
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Il. First notions to describe electron and spin transport - AMR, CIP-GMR
6. The two current and s-d models

Elastic scattering between itinerant s-electrons and localized d-electrons is
considered. This is known as the s-d model.

Because m*(d) >> m’(s), J is mostly carried by s-electrons

Scattering of electrons is determined by N (g;)

€
Fermi’s golden rule: . 4 ol
S
ST 5‘{‘ — dl
\
0/4\ ]\JT &4----\, ==L -x-_» Nl

= ;f Cs | v/

Electronic scattering rate, 7., is therefore spin-dependent: ?1\ > (p@"L
. of J - f l
Example for Co: 2‘;{ a 10 ’Pe ) e )0?: 40 n end /(t’ v A .




Il. First notions to describe electron and spin transport - AMR, CIP-GMR
6. The two current and s-d models

v 6 __-" T, is spin-dependent, making j© # j*

Spin-dependent generalized Ohm’s law

O
@ - POPSR IO e
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Il. First notions to describe electron and spin transport — AMR, CIP-GMR
6. The two current and s-d models

Spin-dependent generalized Ohm’s law
74 T)

JUOISPAIO _“e
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Il. First notions to describe electron and spin transport - AMR, CIP-GMR

7. From impurity scattering to heterostructures

Impurity control over a layer’s resistance — the case of a ternary alloy

Type 1: e.g. the Ni(Co-Rh) alloy |[|:> High resistance

Electrons flow is altered in the two spin-channels

oD
o
p, (LQ-cm)

Gt XX - I

Composition x

o, > 1, o <1

Type 2: e.g. the Ni(Au-Co) alloy |[|:>

. . , Low resistance
Electrons flow is altered in one spin-channel only

a{ > A 1 Ni (Au,, Co))
Cy — v :\7" -
21 G-

p, (MQ-cm)

0,54
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Il. First notions to describe electron and spin transport - AMR, CIP-GMR
7. From impurity scattering to heterostructures

Relative direction of magnetization control over a stack’s resistance — CIP-GMR

The initial idea underlying the giant magnetoresistance effect (GMR) is
to replace the two types of impurities by two ferromagnetic layers (Fs)

Antiparallel (AP) state = type 1:
Electrons flow is altered
in the two spin-channels

Parallel (P) state = type 2:
Electrons flow is altered
in one spin-channel only
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Il. First notions to describe electron and spin transport — AMR, CIP-GMR
7. From impurity scattering to heterostructures

Equivalent circuits

asymmetry parameter
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Il. First notions to describe electron and spin transport - AMR, CIP-GMR
8. Interlayer exchange coupling (IEC)

Notes:

- The relative orientation of the layers’'magnetization can for
example be controlled by field and spin-torques (see lecture 3).

- An important effect sharing similarities with CIP-GMR is known as the
interlayer exchange coupling (IEC) (next set of slides), closely related to

Ruderman—Kittel-Kasuya—Yosida (RKKY) interactions between magnetic
impurities.
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Il. First notions to describe electron and spin transport - AMR, CIP-GMR
8. Interlayer exchange coupling (IEC)

GMR: - the thickess of the non-magnetic (N) spacer-layer, d, is fixed
- the relative alignement of the magnetic layers (M, M,) is varied by the user
(eg with an external magnetic field, a current), leading to a change in resistance

Antiparallel (AP) state Parallel (P) state

High resistance Low resistance

Electrons flow is altered Electrons flow is altered

in the two spin-channels in ~one spin-channel only
(the spin down channel)
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Il. First notions to describe electron and spin transport — AMR, CIP-GMR
8. Interlayer exchange coupling (IEC)

IEC: - the thickess of the non-magnetic (N) spacer-layer, d, is varied,
directly leading to a change in resistance

1'1

_ h*ki  hPn’m?

2m,  2m.d?

>

HIN

‘Classical’ behavior 1D electron quantum well behavior for the minority
moment({)—spin(f) electrons with dy-dependent
quantized energy levels (&,,)
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Il. First notions to describe electron and spin transport - AMR, CIP-GMR

8. Interlayer exchange coupling (IEC)

IEC: - the thickess of the non-magnetic (N) spacer-layer, d is varied,
directly leading to a change in resistance

L SRS

SN
p 2 2
54

‘Classical’ behavior
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1D electron quantum well behavior for the minority
moment({)—spin(f) electrons with dy-dependent
quantized energy levels (&,,)

‘For increasing d,, the levels move downward.
When a level crosses the Fermi energy E,, the
QWS is populated, and the total energy

increases. When the QWS level moves further
below E,, the energy again decreases until the

next level approaches E;’ 30



Il. First notions to describe electron and spin transport — AMR, CIP-GMR
8. Interlayer exchange coupling (IEC)

IEC: - the thickess of the non-magnetic (N) spacer-layer, d is varied,
directly leading to a change in resistance

_ h*ki  hPn’m?

2mi, 2mady

e
d

‘Classical’ behavior 1D eIectro:n guantum well behavior for the minority
moment({)—spin(f) electrons with dy-dependent
quantized energy levels (&,,)

Thus, for the P alignment, the energy oscillates with d,.

In contrast, for the AP alignment
(no QWS) the energy stays still.
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Il. First notions to describe electron and spin transport - AMR, CIP-GMR
8. Interlayer exchange coupling (IEC)

To always take the configuration with the lowest energy, the alignment switches
between P and AP when d, increases, and hence the coupling oscillates between + and -
and the GMR oscillates between high and low R.

T T T T T T T T T A T T LTI

o
&

— I . s . 300K~
2 30F Si/Fe(45A)/[Co(10A)/Cultc )N .
£ 200 i
G0k e 1
oL foo oy e ot en g e Dot | ;
0 10 20 30 40 50 80120160
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Il. First notions to describe electron and spin transport — AMR, CIP-GMR
9. Numbers

Some numbers

15F :

300K
) Fe/Cr/Fe
& 10 120/10/120 A I
o
T
& 05} ¢
AMR of 250 A Fe
00HE) © Q, -
L 1 1

-2 -1 0 1
Magnetic field H (kOe)

CIP-GMR, 1%t experiments (1988-1989)

A. Fert and P. Grinberg
Nobel Prize 2007
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2

B

Magnetization M (a.u.)

free FM
- interlayer

pinned FM
-1 _—Qj AFM

@ e e

[RH-RIR, (%) ©

AR(H)/R,

-200 0 200 400 600
Field H (Oe)

Spin-valve, 15t experiment (1991)
see lecture 2 for CPP-GMR,

typical best values for GMR: few 10t of % at 300K

(see M1 for TMR of few 100t of %)

Several billions of sensors,
e. g. in hard disk drives
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Il. First notions to describe electron and spin transport - AMR, CIP-GMR
9. Numbers

Note:

-  Remember that the important characteristic length in CIP-GMR is the

(spin-dependent) electron mean free path (/11,@)), as opposed to current
perpendicular-to-plane (CPP)-GMR, where spin diffusion length (l;"f) is

the one to consider (see lecture 2), with l;ff > A,.

Master 2 N2 UGA - lecture Baltz, V
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Il. First notions to describe electron and spin transport — AMR, CIP-GMR

9. Numbers
The example of MR in read-heads of hard-disk drives for data storage
GMR or TMR Read Element Inducitve Write Elerment
AL B A L |
10000 -seumaiznsmams E:Rd l cmr | LMREI {pMrR |- ,/
= ed Head ea Rec. ‘06
m e = 1000 1Tb'u'” _________________ Ein s
— 100 100 Ghi;i'.r'ln Disk
N £ g PRML
i - 10 oo | — Channel
Continuous media = H s
5 1 11 Ghitlin’ "“’
e o2 P i 5 SRS | ISR R
g s : I e ' :
o B § Bllygera i W First perpendicular
Write pole 1 O 1E-3 1 Mblﬂiﬂ - .'. (PMR) pI‘OdUCtS in ‘05
Shield 2 i : ¥ : . . .
Read.sensor : % 1E 4 .-’F/— H H i i
Shield 1 & Y T e e e e ..- ................... .. .................. ................... .................. ................
M s 5 R i . —@——e—Products
L / 2 kbits/in? . —¢——0—Lab Demos
1E-6 4 . e B e
H S bl B 1950 1950 1970 ‘TQBC’ 1990 2000 2010
W R BN Date (year)
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Il. First notions to describe electron and spin transport — AMR, CIP-GMR
10. Spin mixing and spin-orbit interactions

Reminder

o Pot
) op
2 204+ o
£ 0= Py / Pgr =O'T/O'l
o [~
§ L asymmetry parameter
& 10l
s a=20
(=%

. E

Ti V Cr Mn Fe Co Ni

Impurity
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Il. First notions to describe electron and spin transport — AMR, CIP-GMR
10. Spin mixing and spin-orbit interactions

No mixing between the two spin-channels

Iod
VG
o

/1 ot

Mixing between the two spin-channels, p”,
e.g. due to spin-orbit interactions

_pp+p" (" +p) —m /2 e
P o+ pl + 4pT — ﬂ |
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Il. First notions to describe electron and spin transport - AMR, CIP-GMR
10. Spin mixing and spin-orbit interactions

Spin-orbit interaction couples the spin, S, and the orbital, L, angular momentum of
an electron. In 3d transition metals, this results in:

- a lift of the degeneracy of the energy states of majority- and minority-spins

- a ‘mix/reorientation’ of the d orbitals ({ = 2; m; = —2,—-1,0,+1, +2)

H = ESOL'S

A 4 with L.S = LySy + Ly,Sy + L,S,=L,S, + - (L*S™ + LS¥)

The ladder operators depend on

the quantum numbers as follows:

LYO|,m) = JI(l+ 1) —m(m + (=)1DA|,m; + ()1
v §¥O)|s,mg) = Als,mg + (—)1)

X

3d'®(my) - 3d'D (m; + (-)1)

Numbers: {so~1 meV in Ni
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Il. First notions to describe electron and spin transport - AMR, CIP-GMR
10. Spin mixing and spin-orbit interactions

Partial density of state (DOS) of 3d transition metals
for majority moment (T)-spin(U) and minority moment ({)-spin(f) electrons

$so =10 $so # 0

Simplistic illustration of mixing of d-bands due to spin-orbit interactions.
The majority moment (T)-spin({) d-band acquires a minority moment ({)-
spin(M) character and vice versa.
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Il. First notions to describe electron and spin transport — AMR, C

IP-GMR

10. Spin mixing and spin-orbit interactions

$so # 0

ﬂt\'m J- 541/5 o, {/f/% A/’“ Mfﬁa
Y, z/rWIZI( nth- cAoappnt? A%M% 70{“f W

Vii#,

As a result, we have:

[ s? | — [ — <L
Igﬁl, S :>‘Lft,.ﬂ

Master 2 N2 ecture Baltz Vv
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Il. First notions to describe electron and spin transport - AMR, CIP-GMR
11. The example of anisotropic magnetoresistance (AMR)

Spin-orbit interactions will depend on the direction of the angular momentum of
s-electrons (parallel to the wavevector fik) relative to that of the d-electrons
(parallel to M).

Phenomenological picture:

- I'|l M : the electronic orbits are L to I, offering a large cross section for the s-
electrons to scatter (high resistivity, p)

- when ! 1L M : the electronic orbits are || to I and thus offer a smaller cross
section for scattering (low resistivity, p, ).

P P M
| M |

—) | | —————]

This is known as the anisotropic magnetoresistance (AMR) effect. It was
demonstrated experimentally by W. Thomson (Lord Kelvin) in 1857 and explained
theoretically e. g. by the Campbell, Fert and Jaoul model (CFJ) in 1970. 41




Il. First notions to describe electron and spin transport - AMR, CIP-GMR
11. The example of anisotropic magnetoresistance (AMR)

Some numbers

3] T T T T T | I 1%

1.2 : '
BIA | T T T T T 2l NIXFe[I-X) /O i
P o000y o o—0

(o]

S R A DA

N
[2)]
|

; - o
Ni 9942C0 0058
77°K

plpfom)
o
13
i ]
/*/-P
]
Ap/p (%)
n (4]
| [
I "
AP/P (afo)
N [41]
\'
Q,
T

.24

¥ +
.23+ tf—*—'—“"‘ " . i o — = |
| l | | i /
0 5 10 15 20 25 0‘:_,._.0 = l : E
H(kG L 1 1 I l ] 0
e %2 05 06 07 o8 o0s o 00 ?—'.:ACTI(?I: OF‘;-GNC 08 1.0

. . X i INCo
Note: p”~10 ufd.cm in Ni and Fe FRACTION X OF Ni IN Fe
Angular dependence of AMR, cf. Exercice 1 .

|]:> Billions of sensors
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Il. First notions to describe electron and spin transport - AMR
12. Conclusion

- Models and their degree of ‘Quantumness’

- Phenomenological vs. classical vs Yclassical vs quantum

- Electronic transport

- Drude, Band structures, DOS and Fermi level

- Electronic spin-dependent transport

- The two current / s-d models and spin-dependent relaxation (electron mean free path )
- Spin-orbit interactions and spin mixing, the example of the AMR effect
- Spin-dependent scattering in heterostructures, the example of the CIP-GMR effect

- References:
- A. Fert, Reflets Phys. 15, 5 (2009) and references therein

- P.S.Bechthtold B7, in S. Bliigel et al (eds) Spintronics - from GMR to quantum information (2009)
- P. Grinberg et al, Metallic Multilayers, in Y. Xu Y. et al (eds) Handbook of Spintronics, Springer (2015)

- AMR, CF) model: I. A. Campbell et al, J. Phys. C: Solid State Phys. 3, S95 (1970)

- AMR, areview: T. R. McGuire et al, IEEE Trans. Magn. 11, 1018 (1975)

- CIP-GMR: M. N. Baibich et al, Phys. Rev. Lett. 61, 2472 (1988), G. Binasch et al, Phys. Rev. B 39, 4828 (1989)
- Spin-valve: B. Dieny, J. Magn. Magn. Mater. 136, 335 (1994)

- MRin HDDs: E. Dobisz et al, Proc. |IEEE 96, 1836 (2008)
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Outline

|.  Brief overview of the field of spintronics and its applications

20
1A\ ll.  First notions to describe electron and spin transport — AMR, CIP-GMR
\-\\30 ll. Spin accumulation — CPP-GMR
'X\\%O IV. Transfer of angular momentum — STT

V. Berry curvature, parity and time symmetries — AHE

x‘ﬂ% VI. Brief non-exhaustive introduction to current topics

A\ Exercise 1 - Anisotropic magnetoresistance (AMR)

Exercise 2 — The spin pumping (SP) and inverse spin Hall effects (ISHE)
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lll. Spin accumulation — CPP-GMR
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Ill. Spin accumulation — CPP-GMR
0. Characteristic lengths, Extended Drude model, notion of electrochemical potential

Electron mean free path

Ae = VUrTe

Spin-flip length

/\5{ gy 20‘56'
Spin-diffusion length (geometrical mean)
/ﬁvﬂ - \f?%ﬂf Slhin
' > h@@%k
./\/f é% kAt D= ]
‘ hL/C

5 / 04\ A5
Important note >5# 6/%

Spin-flip events are scarce:
Lgp > A e

e 1/1000 in some non-magnets

CPP-GMR AMR, CIP-GMR
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lll. Spin accumulation — CPP-GMR

0. Characteristic lengths, Extended Drude model, notion of electrochemical potential

f”;,
(\ ‘i__a"‘
\\ 4‘ @
by € \\ )LT
/ ‘-\"'f"f
y ==y (
it o
s AR
g »
lT
sf

Spin-dependent electron mean free path

I J3 DT

Spin-dependent spin-diffusion length

f‘[\/) vrpf/‘)/) 204‘ J)
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lll. Spin accumulation — CPP-GMR
1. Spin accumulation at a single interface

Distinct densities of current at the interface between materials of different types
(e.g. F and NM) creates a spin imbalance.

This effect is called spin accumulation.

5;"};& aiéumwé%‘h

Ferromagnet (F) i Non-magnet (N)

'y
-
é——

Relaxation towards equilibrium conditions causes spins to diffuse near the interface.
The average spin-diffusion length (lzf’F(N)) is the characteritic length for this effect.

3
Master 2 N2 UGA - lecture Baltz, V ‘/3' k Vs @ ,A/
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lll. Spin accumulation — CPP-GMR
1. Spin accumulation at a single interface

Drude model of electronic transport

N(g)e?t
j=0E with o= (Ep)ete _ N(ep)e?D
me
j=o Vit with E = —VV electric potential
e

and U, = —eV electrostatic potential

Drift-diffusion and generalized Ohm’s law
d = (Yi/ vw{&bz/a 2y sp 5 e 3_4_;40 uém'm/;}/%é}f/
o dhaidiin

Qd////z // v — ZD Dn LS % 0/0”7«%/?07[&07[7‘1/

. jnk\ twccesSs paa el ”éﬁ"?
af&y«%ﬁ&«% /l/[f,")
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lll. Spin accumulation — CPP-GMR
1. Spin accumulation at a single interface

Ferromagnet (F) Non-magnet (N)
. Zone of spin |
@ » E accumulation E =5
-
ﬁ é - \ UsfF SEN | - ]
| [ e
M l : -

In the next slides, we will explain how to determine:
- the spin imbalance: pg = —(p' — ph)
- the spin current: J = — (' — j*)
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lll. Spin accumulation — CPP-GMR
1. Spin accumulation at a single interface

(1) Reminder: Ohm’s law

34/1) 1) Wk

ry P

will y ). e )M/; ///

f'/‘/

o

Ferromagnet (F) Non-magnet (N)

| Zone of spin |
@» | accumulation -
48%’1/[7”4 ﬁ @- :‘(‘“l-f-F-*--lgj:';--v - ]
e

/c/izf z/)awﬁ/zéﬁfé/r

(2) Charge (e) and spin (s) current

Te :jf*ji

(EN subscripts omitted here and in the next slide, to facilitate reading)

T 7Y
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lll. Spin accumulation — CPP-GMR
1. Spin accumulation at a single interface

Ferromagnet (F) Non-magnet (N)

Zone of spin

(3) Charge conservation: L
accumulation =

V.J}:ﬁ 7. £ div

_____ e ——— === -

[
[
1 e
|
|

e Bt E

(4) Total angular momentum conservation:
‘Nothing is lost, nothing is created, everything is transformed’ (Antoine Lavoisier)

any loss in spin current must be due to spin-flips

on’ 3
V. o= -
)5 | f %

(5) Using Egs. (1) to (4), it is possible to show that CPP transport at an
heterogeneous interface is governed by a simple diffusion equation describing

spin accumulation or chemical potential imbalance //5 _ //) /D ;Z/
V/U;-— -0 Wéaé/é\fwnéfwwaﬁ%w

Note: the flux of angular momentum current is not conservative,
however total angular momentum is conserved.
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lll. Spin accumulation — CPP-GMR
1. Spin accumulation at a single interface

Ferromagnet (F) Non-magnet (N)
\  Zone of spin |
@ » | accumulation =
A e T
(6) In a 1D problem, the solutions of Eq. (5) M E i -—

take the following form: X

_ X//ilfw 'A///"'
/Lé/ /E/N)[X)'/}F//V)P ¥ //fg;”/(o ,f//V) (./W@

(7) Boundary conditions for infinite layers:

xﬁ"- /_}/55/ F/”/) =0

(8) Continuity of u, and J across the interface:

Ve,e €)= Ps,w (o) o 15,F/”/:I9,w/”/

(9) Using Egs. (6) to (8), it is possible to calculate the spin accumulation and the

charge current in the F/N bilayer. . . :
g / Y Example and detailed calculations, cf. Exercice 2
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lll. Spin accumulation — CPP-GMR
1. Spin accumulation at a single interface

Ferromagnet (F)

Spin .8

accumulation |

Zone of spin

accu

wulation

M= — = = = -

Master 2 N2 UGA - lecture Baltz, V

Non-magnet (N)

- As the result of spin accumulation,

=~ — a spin polarization diffuses in the N layer
| Je
: j—

Lsf P

. Lpnpn) — +OF—
.us,F(N)(x) = 2eépsf,NpN (1 + B *> €
sf,FPF

Je
4 I//L/ oy (M4 (/e/]ﬂ/%i'

!

00)d)nﬂ withﬁ=%anda=z—£

= 0l i M/{ (+7) (polarization of the F layer)
=-#

odlis Je and pr. = pp/(1 = B?)

= pp le/m) = - o /)
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lll. Spin accumulation — CPP-GMR
1. Spin accumulation at a single interface

Ferromagnet (F) Non-magnet (N)
He
Je
h

| |
1 ]
| 1
1 1
i |
1 ]
| 1
| |
| I
y : .
| |
| l* lt I
:(___SE-F;_.)(.___S.fiV__):

Spin-coupled interface resistance:

SM P8 F [0/ M w(l)
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lll. Spin accumulation — CPP-GMR
1. Spin accumulation at a single interface

Ferromagnet (F) Non-magnet (N)

| Zone of spin |
i accumulation
¢ mp -
I )
' -~ =~ ~
@ @ - g l;f,F sfN | - ]e
Spin 8
current | /s /Jel
“\iMetallmetaft
"-\\\\ \
| SN
i T
Metal/semi(::onductor \\.\\_H_‘_

Note: when l;} NON > Lss ppr (F-Metal/N-semiconductor),

e/fon /%w

an5

= Vo spin potat
- K. Q- /DV\ Z/’M
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e

\

JsF(x) = 7@0[1 — (142

As the result of spin accumulation,
a spin polarization diffuses in the N layer

-1 X
sfFPF el;f'F
stpN

-1 x
stpN e l;f,N
SprF

]sN(x) = —fJe (1 +

35/"‘/@(/ — ¢
pf K C55al

o V¥ G 2)
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lll. Spin accumulation — CPP-GMR
2. Spin accumulation in heterostructures — the example of CPP-GMR

b SR e
T e
e N '
- 407)
o/

/./9(#7/1//:’ . .
— M (V s U N I i O
Al <X AN

|

(A) u'p (©)
|
|
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lll. Spin accumulation — CPP-GMR
2. Spin accumulation in heterostructures — the example of CPP-GMR

Equivalent circuits (for dy ) < lir nm)

(P) (AP)

Fﬁ}N F{}Fﬁ}N F{}

I
I I I
p1 te=2 pe(1-P) tp - 2 py i b—Ap7 tp=2 pp(1-f) tp f— pT;pj tg=2pntp ! E—'— FT;N tg=2ppip =
I | I I
I I | I
I [ I |
I | | 1
I I I I
=1 L tr=2 pp(1+) tp pLir=2 pp(14f) tp |~ pT;p*mﬂp;tF : !zp; t : F—r;?“tp=2P;lF L
l I
| I

v

AP _ P * 2
CPP-GMR = 22 &/ g2 (2ppdr)
P (deN+2deF)
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lll. Spin accumulation — CPP-GMR
3. Interfacial spin-dependent scattering

- In the previous slides on CPP-GMR, only bulk spin-dependent scattering was
considered.

- Refined models must consider interfaces, because e. g. decoherent
roughness-induced stray fields and changes in the local DOS creates:

1) interfacial spin-dependent electronic scattering (T;interface + Témterface).

Ferromagnet (F) Non-magnet (N) ) _

| Bulk p-” = 2pp(1 + )
i ith g = &2 _ PE
: Je with f = — and a = i
M@ 5 Interface 7, ) . = 2r;(1 F
_I_QLJ'“__N.___‘;J“AV__,: ntertace rinterface _ rb( )/)

The interface is considered as an infinitesimally thin extra layer, and the
electrochemical potential is no more continuous, giving rise to extra
resistances in series in each spin-channel. An interfacial spin asymmetry

parameter (y) is introduced.
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lll. Spin accumulation — CPP-GMR
3. Interfacial spin-dependent scattering

A
interface

fact that only a fraction of the spin current coming from the F layer effectively
reaches the N layer. This effect is called the spin memory loss (SML). It is
modelled by the following ratio:

2) interfacial spin-dependent spin-flip scattering (t ) to account for the

F N F N
\'\ — \‘\I\ R =]s(x = dinterface)
o Js(x = 0)
H———>x
0 dinterface

The interface is considered as thin extra layer with finite dimensions, t;nterrace
and possessing a finite spin-flip length, l;f,interface. Spin-flipping by the interface

is modelled by the interfacial spin-flip parameter, 6 = dmterface/l;f,mtemce

Master 2 N2 UGA - lecture Baltz, V 61




Spin current

Js /e

' A
‘-\_ﬁ\\lMélallmélﬂ

lll. Spin accumulation — CPP-GMR

"
Métal/semi-conducteur T
| S
Bulk
Material Measured B I:F
resistivity 4K/ Bulk
300K scattering
asymmetry
Cu 0.5-0.7uQ.cm 0 500nm
3-5 0 50-200nm
Au 2puQ.cm 0 35nm
8 0 25nm
Ni, Fe,, 10-15 0.73-0.76 5.5
22-25 0.70 4.5
Ni . Fe .Co,, 9-13 0.82 5.5
20-23 0.75 4.5
Co 4.1-6.45 0.27 -0.38 60
12-16 0.22-0.35 25
Co,Fe,, 6-9 0.6 55
13-18 0.55 20
Co,Fe,, 7-10 0.6 50
15-20 0.62 15
Pt,,Mn,, 160 0 1
180 0 1
Ru 9.5-11 0 14
14-20 0 12

Master 2 N2 UGA - lecture Baltz, V

4. Numbers
( g7 X
sf,FPF r
JorGO) = Blo[1— 1+ L2 elorr ¥
SF Ale LsfNPN + (1, 7)
*
g -1 __x + f(Pinterlss,interr 0)
sf,NPN Ve N
]S,N(x) = .Bje 1+ * * e sh
L sf,FPF
Interface
Material Measured R.A Y Material % )
interfacial Interfacial Pr lsf,inter .
resistance scattering Interfacial In'fer:?cnal
assymetry spin resistance :er:mlzter
ColCu 0.21mQ.um? 0.77
0.21-0.6 0.7
Co_Fe /Cu 0.25-0.7 0.77
L 0.25-0.7 0.7 Co/Cu 2 fQQ.m? 0.25
Co,Fe,/Cu 0.45-1 0.77
0.45-1 0.7 Cu/Pt 1.7 0.9
NiFe/Cu 0.255 0.7
0.25 0.63 Co/Pt 0.83 0.9
NiFe/Co 0.04 0.7
ea4 o Co/Cu/Pt | 0.85 1.2
Co/Ru 0.48 -0.2
0.4 -0.2
Col/Ag 0.16 0.85
0.16 0.80

Us ~ 10— 100 peV
Jo~ 10° — 10% A.cm™2
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Spin current

Pa\

Métal/semi-conducteur

Js /e

N\

lll. Spin accumulation — CPP-GMR
4. Numbers

X

sf,F

( -1
Jor(@) = Bl |1 — (1 +LELE) o
’ lsf,NpN

+ f(1,7)
+ f(pinterlsf,inter' 6)

Jsn () =ﬁ]e<1 ) S Ton
\

0.04
Name p B ¥ Y Isp
0.038 NigyCr,yg 140 pf) cm 0 0.5 m pm? 0.5 20 nm
- NigoFeso 25 0.7 03 0.7 45
€ CosiFass 16 0.7 03 0.7 15
3 Cu 5 0 0.3 0.7 50
=) CosgFesy 16 0.7 05 0.1 15
< 0.034 - PtsgMng, 180 0 058 0 2
e NigyCrag 140 0 05 0 20
IrMn 150 0 0.5 0.1 1
0.03
(b) 0.0012 [
0.0008 a5
o 3 =50nm a3
[ I} FCu NE al
c'-:'L \ é,ko.ooos L
<. 0.0004 - v Fit exP(-tsnacsrnSF) : § 3.5
o o &
= < 0.0004 z .
PN
| Au=10nm"‘-.\m 25l
8 | ! e AR Ls e =1nM
2 L L L 1 ! 1 L
o 1 2 3 4 5 6 7 8
IrMn thickness (nm)
« & NiFe(4) / CoFe(1) / Cu(4) / CoFe (3)
< <
/ IrMn(t, ) / NiCr(5)
051 Au .,
Isrm=10"m"‘-~-.__ (c) -
0 : L e e EE P 0 i B : N
0 10 20 30 40 50 0 5 10 18 20 25 30

spacer layer thickness (nm)

CoFe(1) / Cu (t,) /CoFe(3)
vs CoFe(1) / Au (t,) /CoFe(3)

Free fayer thickness (nm)

NiFe(t.) / CoFe(1) / Cu(4) / CoFe (3)
vs CoFe(t;) / Cu(4) / CoFe (3) (nm)
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Ill. Spin accumulation — CPP-GMR
5. 3-dimensionality, non-uniformity, non-collinearity

- In the uniform 1D GMR formalism, it is convenient to describe spin accumulation with
electrochemical potentials, u, to match theory with electrical measurements.

- A spin accumulation can also be described by a net magnetization m. Using this latter
formalism is for example convenient when considering interactions between spin
accumulation and the layer’s magnetization M, e.g. for spin transfer torque (see lecture 3).

m= —|gn m~0.0001pp per atom
versus
}”BN”\\ Moo~ 11 per atom
eV latom™
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lll. Spin accumulation — CPP-GMR

5. 3-dimensionality, non-uniformity, non-collinearity

between M of several layers).

flowing along 3 directions in space).

The use of m also implicitly recalls that spin accumulation is described by a vector. This is
especially needed to deal with 3D, non-uniformity (e. g. of J.) and non-collinearity (e. g.

Finally, note that because spin accumulation is described by a vector in the general case
(3 components of m), spin current is described by a 3x3 tensor (3 components of J

20 nm
wewee il L |
1227227771 ¥
RS _ ey I-»
(R AR . & FIFEE z° X
10 i o : ARRRRRAA Y
VRN gy Rl W7 rrannd
(RERERERRR) R R
bbb bbbl =27y e \ | \am?
T8 7 naa Ly ) 2P0 M
il (SRRNSREW o\ +0.14
CRRARA o L amarin
| 5t/ 711 LA e d T TN YN a1
o VT LY (b |
N TR AR N tlFL.,” aasial
il vl | "”””Fm
WIRALZEE 00 Despmnton i [ | e
A
L i LTI RS
i adaaes/o T Y
e |
M AR Lo P Y e |
MM < oY e e ||
N e e B L mo
e \
F (3nhm) / Cu (2nm) / F (3nm) TT““‘"‘“"'*‘-'-Z.N,;jjﬁi e
TT‘\\\\W P 0 M'—“
- . , iy | |
The color map indicates the amplitude of the e hi Lt |1 )

charge current, J.(scalar). The arrows indicate
the flow of charges, J. (vector).
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The color map indicates the amplitude of the y-
component of spin accumulation, m,, (scalar). The arrows

indicate the corresponding flow of y-spins, ]i’ (vector).
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lll. Spin accumulation — CPP-GMR
5. 3-dimensionality, non-uniformity, non-collinearity

20 nm .
v | spin
17272711 izw_,,_,, VI P
B -
RARRAAR _
7 M Jo=J. = [](x) > @
R\ mrnttt m, () § S s s S
5 uut s R « XX
| A Ceaaniy e EFX
S ¥ i) S
I SV a1 _
PE ¥ i 1 o= M3
Radsnate? % Spenen I SN MNP s s 2
5 A Rnssee B[} 22227 11 X
i § el | z
rtt tmn_“._jﬁﬁ:j ﬂ MY ARk
MMM < e MY RRkee.
VLddd 4
TN Rssre ( C(Cf’
II::::::‘**"-MM WY ol Zf \ S?
WSy 720708 b S
e gy AN \ A
MARRARN S, MARRES R ||
prne “CCar il JELy \/
\\m«.pu({({‘(JIJ.t .Nm-n Jﬂ\&’ l/ —/
Mqtﬁ-\u—w{{l Ty ﬂ\‘-»-»-»-wﬂ

The color map indicates the amplitude of the y-
component of spin accumulation, m,, (scalar). The
arrows indicate the corresponding flow of y-spins

(vector), J¥ = - Y X A <

9)(4'(),57\7;
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lll. Spin accumulation — CPP-GMR
5. 3-dimensionality, non-uniformity, non-collinearity

- Spin accumulation (m) also exists in magnetic textures like domain walls (DWs),
when the spins of the itinerant s-electrons are unable to follow magnetization (M)
(spin-mistracking). However, spin accumulation in DW most often gives rise to
negligible resistance in the diffusive regime. This DW effect coexists with other
contributions: one is called ‘intrinsic’ domain wall magnetoresistance (DWMR) and
arises from spin-dependent scattering subsequent to spin-mistracking; another
relates to AMR (DWAMR) due to SO-interactions.

outside E in the wall E outside Ap _ Pwithow =Pwithoutbw _ PDW=Po

5 ; P PwithoutDW Po
‘| [}

Here:

Apamr=0

8
. Mpm= 2 B2 200 ~0
I _ 2 5
r'g ': ApDWMR_?,B PFé WDW(1+§ 1—,82)~few%
electron flow "
2 spin mistracking parameter
Bloch wall £ = Lsq .
= L (ability of m to follow M)
S

See also lecture 3 for spin transfer torque in DWs.
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lll. Spin accumulation — CPP-GMR
6. Conclusion

- Electronic transport

- Electron mean free path vs. Spin diffusion length
- Electrochemical potential
- Spin accumulation at a single interface (the Valet/Fert %classical model)
- Drift-diffusion equations to describe spin currents + Boundary conditions
- Impedance matching
- Interface (spin-dependent scattering, spin-flip scattering)
- Spin accumulation in heterostructures
- The example of the CPP-GMR effect

- References:

A. Fert, Reflets Phys. 15, 5 (2009) and references therein

- P.S.Bechthtold B7, in S. Bliigel et al (eds) Spintronics - from GMR to quantum information (2009)
-_..G.Zahnd, PhD thesis.manuscript.(2017), https.//tel.archives-ouvertes.fr/tel-01791039v2/document

- Theory of CPP-GMR: T. Valet and A. Fert, Phys. Rev. B 48, 7099 (1993)
TTStexp: WP Pratt et al, Phys. Rev. Lett. 66, 3060 (1991)
- Numbers: J. Bass and W. P. Pratt, J. Phys. Cond. Mat. 19,183201 (2007);
N. Strelkov et al, J. App. Phys. 94, 3278 (2003)
- __Non-uniformity: N. Strelkov et af, Phys. Rev. B 84, 024416 (2011)
- Impedance mismatch: A. Fert and H. Jaffres, Phys. Rev. B 64, 184420 (2001)

- Spin memory loss: J.-C. Rojas-Sanchez et al, Phys. Rev. Lett. 112, 106602 (2014).
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Outline

|.  Brief overview of the field of spintronics and its applications

20
1A\ ll.  First notions to describe electron and spin transport — AMR, CIP-GMR
x\(\'BO lIl.  Spin accumulation — CPP-GMR
“\?’0 IV. Transfer of angular momentum - STT

V. Berry curvature, parity and time symmetries — AHE

x‘ﬂ% VI. Brief non-exhaustive introduction to current topics

A\ Exercise 1 - Anisotropic magnetoresistance (AMR)

Exercise 2 — The spin pumping (SP) and inverse spin Hall effects (ISHE)
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IV. Transfer of angular momentum — STT

Master 2 N2 UGA - lecture Baltz, V
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IV. Transfer of angular momentum - STT
0. Reminder

Spin transfer torque (STT) and giant magnetoresistance (GMR) are reciprocal effects.

GMR STT
M influences J J influences M
(a) GMR (b) Current-induced magnetization switching

Fig. 1: Phenomenology of (a) GMR and (b) current-induced magnetization switching. (a) The
electric resistance of a trilayer structure consisting of two ferromagnets separated by a non-
magnetic, metallic interlayer depends on the alignment of the layer magnetizations. (b) The
stable alignment of the magnetizations depends on the polarity, i.e. the direction, of the current
flowing perpendicularly through the trilayer.
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IV. Transfer of angular momentum - STT

0. Reminder
In a Fea/N/Fs trilayer, electrons flowing from the pinned layer to
the free layer acquire a spin-polarization in the F; ., layer and
accumulate (m || Mpinneq) at the interfaces with the F; . layer.
Ferromagnet Non-magnet Ferromagnet
7. I. /. i e
¢ /5 e
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Non-magnet Ferromagnet IV. Transfer of angular momentum - STT
ﬁ ﬁ ﬁf 1. Spin accumulation and sd coupling

2pepe)

mpinned

M free

electron flow o

Spin accumulation m and magnetization M. are coupled via the sd exchange interactions:

1
s = - 5o/ mpénne/ - M//U%
In the reference frame of the s-electrons, m experiences an effective field and a subsequent
torque created by M.

H <= }sd Miree
Conversely, in the reference frame of the layer’s magnetization, M f,...also experiences an
effective field and a torque (called the spin tranfer torque, STT) due to m :

H 2 35/ mpiane)  an) T <7 -4 97

)4 /J-

: : . A 4
Conservation of total angular momentum gives (if all other relaxation channels are closed):
dm AMfree
dt dt
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IV. Transfer of angular momentum - STT
1. Spin accumulation and sd coupling

Only projections of m perpendicular to M .., give rise to an actual torque.
Therefore, STT is often written and discussed as follows:

z/\pz, /’FL ”
gm| [ 5

F- < > In-plane Perpendicular
pa }/ Slonczewski Transverse
[/ (anti)Damping-like (DL) Field-like (FL)

Notes: - Tp; and 7y, depend on material (e.g. M), geometry, current (J)

- m depends on the effect that gave rise to spin accumulation.

Directions of FL and DL torques may be inverted depending on the direction of m.

For STT, m || Myinneq- In some other structures for spintronics, effects arising from
spin-orbit coupling, like spin-Hall and Rashba, can give rise to different spin accumulation
and torques. These torques are called spin-orbit torques, SOT (see lecture V).
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IV. Transfer of angular momentum - STT
1. Spin accumulation and sd coupling

—T=2LMx(Mxm)+-"LmxM
Mg Mg

Damping-like (DL) Field-like (FL)

electron flow

In the next slides, we will discuss toy models to:
- determine T
- see how magnetization is influenced by T
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IV. Transfer of angular momentum - STT
2. Quantum mechanical model

Reminder about the guantum mechanical treatment of charge and spin:

Charge Spin
density of charge density of spin
AL ORI IS »M/v/)
density of charge current density of spin current
Je = —eRe((Y|v|Y)) Q=]Js= j'Qe(z(l/JIS<X>VI1/J))
= ZSm(I7Ip)) = — 2 Sm((Ylo @VIY))

Y is the spinor, here spin-half electron wave function
v is the velocity operator
S is the spin operator, linked to the Pauli operator, o

with % = ((1) (1)) gy = ((l) _Ol) and g% = ((1) _01); z= quantification axis
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IV. Transfer of angular momentum = STT
2. Quantum mechanical model

< é
: S’M %:7

. b b N\
/(Vt'>’&5;{ﬁ\7+hﬂz//‘z,/>}‘ ~> >
e =" =G5 2 )4
Jp=stley § < 92717

— 2
A
7%7 g
Initial s-spin state Final s-spin state

Sixzfgl)lgf SF =St +syp= ..

s-spin loss

As* = _ éi?é

@Jﬁ As? = O

—
—

p—
—

~\x ©

st =K s b sf=sft+sf=_-..

Conservation of total angular momentum ‘Nothing is lost, nothing is created, everything is transformed’

X A -
ﬁf,pﬂ%:ﬁ — A%—;d% :Z,gmﬁ

Note: the propagation terms (e** and e ™™ in ;) and ;)
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IV. Transfer of angular momentum - STT
2. Quantum mechanical model

Calculation of the spin components (Homework) M= 0)and M= ((1))
_ : _nh
s = (Y|S|yY) withS = 20' W= 1) and )= ((1))
Initial state 5 2 s
: s U
:<¢ilsx|lpi):€\aj/ Svg — é: O 2 *a?fojé é
pa Ala2lo 1) | 2 2 ,2
= (Y;IS?[;) = on P
== 5 4
Final state <
= (Ye|S*[e) =
= (Ye|S*|Ye) =
= (Y |S* W) =
= (Y |S*|Yy) =
Loss
As* = (sf +s7¥) —si = and As? = (sf +sf) —si' =

79
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IV. Transfer of angular momentum - STT
2. Quantum mechanical model

s '\9 ASY
6 6 = M 9
|Y;) x cos |T) + sinz |U) @’ S . _""tﬂ_zl, @ | ) cos > | )
0 rv=1 4%  Final state
P csinz|l) @ <

AS y =A5ﬁf=zsin9f=sl

It is said that the transverse component of spin angular momentum is absorbed.

This absorption was actually the result of a torque, T, acting on §;.
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IV. Transfer of angular momentum - STT
2. Quantum mechanical model

i 0
' s
|w>o<cos—|ﬂ>+sm vy g ° Y G |zpt)occos I

0 rg =1
W)r) x Sini IU) @

The spin transfer torque, T, can directly be calculated from the flux of spin current
entering and leaving the effective volume impacted:

T=—jjx-QdA=Ax-(Qi+Qr—Qt)

L ARk ARk
_Veff ZmSIH & Veff 2m

—Sux(8x58y)

Here, we see that T is damping-like.
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IV. Transfer of angular momentum - STT
2. Quantum mechanical model

Calculation of the torque (Homework)

spin  space Q%P = flow of a-spins along b

Density of spin current: \ /
h o . h o
Q =——3Im({Y[S-V[¥)) with Q = ——3Im((YPIS* - Vpl9))
_ _ Nkp a
D (1] 5% [y)
— @Sa
m
s* sY % hie
Q=0= _% 0 0 ()] and ’f-Q=7x(sx+sy+sz)5c\
0O 0 O
Torque:
T:/x\'(Qi‘l'Qr_Qt)
T = _ iy (As* + AsY + As?)x For calculations of
hzkm As*, AsY, As?, cf. slide 10.
T =—=sin6x
2m
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IV. Transfer of angular momentum - STT
2. Quantum mechanical model

Other ingredients can be introduced to explain
the physical origin of STT more accurately:

..év

(/q % - C Spon /QP /‘/(/_() a/&/ /z//‘/(/) é p_f;@)
- Spr M/Zt/lw« ¢ in p{?p&g¢ N4 “pom /29@/2*« ¢

_ %lﬁ WW lpon Pinsmnlipn oo ?/%C F el /kf k,)X
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e IV. Transfer of angular momentum — STT

e 8 | =
é& A _=F 2. Quantum mechanical model
2 fj;f
RN

These ingredients are taken into account by considering complex number transmission (t, t;)
and reflection (ry, ;) coefficients. Below is the example with spin dephasing upon reflection:

hk :
X = —WxsinHRe(rﬁ‘ruelqb)
hk .
Y = —WxsinHSm(rﬁ‘rUe“p)

with, by definition, 17Ty = |ryryle?

4

Describes reflection along axes transverse to Sy |l Z. This term relates to the transverse
reflection coefficient or the spin-mixing coefficient (mixing stands for mixing of the eigen
states no spin-flip is involved).

(Advanced) It is the spin-mixing conductance in the magnetoelectronic circuit theory.
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IV. Transfer of angular momentum - STT

_ % ﬁf; 2. Quantum mechanical model
2 1‘ |
WAZN 9
- 0
[¥i )occos—|ﬂ)+sm [4) s > SLILIEN |1/Jt)occos§|ﬂ)
Sm

) o< sin’s [0 @ -

When dephasing is introduced by considering complex transmission (tq, ty) and
reflection (rq, ry) coefficients, both DL and FL terms contribute to the torque:

A h%k

T = ——sin6 [(1 — Re(tyty + rary))® — Im(taty + Tﬂru)y]
Veff 2m
A wk . 1l
T:Veff m [er SMX(SXSM)+g’L SMXS]

withg =1 — (taty + ro1y), the spin mixing coefficient
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IV. Transfer of angular momentum - STT

- |
é& ?‘ 2. Quantum mechanical model
— Bt 1%?
N2 bl
A hzk * * C C ~ * *\ O ~
T=——[(1—-Re(tyty +7973))Sy X (S X 8) + Im(tqty + rory)Sy X 3]
Veff 2m
Notes:
T =0ifty = ty and rq4 = ry (no spin filtering) (Note: [tf | + |riuy| = 1)

T =0if6@ = 0or 8 = m (collinearity)

The above formula considered T created by one type of electron wave F/N/F trilayer
only. T¢prq; Can be obtained by summation over the Fermi surface of e
the N layer corresponding to all possible incident wave vectors. SN
s il
Reflected (dephased) spins affect spin accumulation, e. g. resulting in — .y
a non-trivial 8-dependence of STT). 0.0 1 Top Agot phs 101 225 poos)
0 90 9 180

In metallic structures, some transverse components average out: Re(tqty) =

Sm(tety) = 0and Sm(ryry) K Re(tyty + rory). The FL term is small (less than 5% of
the DL). This contrasts with tunnel junctions, where the k-selection upon tunnelling
reduces the effect of averaging (FL ~ 30% of DL).

R, = Re(ryry) and Ry, = Im(rq1y) describe reflection along axes transverse to Sy.
They are called the transverse reflection coefficients or spin-mixing coefficients.
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IV. Transfer of angular momentum - STT
3. The STT term in diffusion equations

Ferromagnet (F) Non-magnet (N)
\  Zone of spin |
é - | accumulation o
Transfer of angular momentum must be I ., :
. . . . . @ - :(_ ----- *--;----’I -
introduced in the diffusion equations of transport. ﬁ v Lipp SEN !
1 | e
M : : —

Charge conservation:

G Je=10

Total angular momentum conservation:

any loss in spin current must be due to spin-flips (1%t term) or to spin transfer torque i. e.
precession of the spin accumulation around the local magnetization due to s—d exchange
interaction (2"9term).

o' (1-p%) o

V-Js= 2 (M X p)

_|_ [
4el;f2 Hs 4-eMS sd
l;f is the average spin-diffusion length defined in lecture 2

lsqg = +/2Dh/]¢, is the ‘exchange’ spin-reorientation length, i. e. the
distance over which the spin polarization is reoriented along M
(typically, [g4~1 nm in metals)
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IV. Transfer of angular momentum - STT
3. The STT term in diffusion equations

Typical critical current densities for switching magnetization by STT are
Je,crit ~107 A.cm™2, hence the need for nm lateral dimensions (in addition to
nm-thick layers due to l¢¢ and l54)

O Cu —©
— a | e T T T T T T T T T T
ol l S 20f "I ;
19 @_" cu o f: (m 7
2 s —pl § 15L ®ARA o J
Y a8 B et
= 13 +" — el
=9 ~ 1.0} % — - _ i .
1.6 s b o b 0w e T 51
220 -10 0 10 20 0 10 20 30 40 50 60
, I (mA) d (nm)

ol %f/% ﬁwz%//zf 7/‘-%& //W/f
Te >
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IV. Transfer of angular momentum - STT
3. The STT term in diffusion equations

electron flow

Ferromagnet Non-magnet Ferromagnet

’ 1
ﬂ > M free
% 2
Mpinned o | ¥ |TDL

electron flow
<

4
Mpinned

For a positive electron flux (J; ¢,i¢), spins s 200 Wi * R
< oJ- Py, o exp = A= 22 nm
travel only once across the N (Cu) layer. 3 ; - | k
:...E‘
. . + . 2., 3 ! :
For a negative electron flux (J i), spins = T4 =9 b=l
travel twice across the N (Cu) layer. 50
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IV. Transfer of angular momentum - STT
4. The STT term in magnetization dynamics equations

Introducing the STT DL term in the LLG equation:

M.
Wg/ D/DLM/)m/J/ e /Xn/;m;q AT DM/? [m /2)4%

g % Myt

i oy

W Ib//f—Hx/m xM)
(o4 JL) n ?ﬁ (" o
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Heff Damping

IV. Transfer of angular momentum - STT
4. The STT term in magnetization dynamics equations

Precession
Z
}F
x
|
6sma 578 —0.23 GHz/mA

2 7s5F
lgf 72

& ~ 6

™~

)

-

=

3

2

=

=]

Py

6.5 70 75
Frequency (GHz)
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8.5

Stable precession

STT = damping

@ =130 nm
—

c
=

dV/dT (€2)

Switching

STT > damping

Co | e
Co 22— |

91



IV. Transfer of angular momentum - STT

Hefj:. Damping
4. The STT term in magnetization dynamics equations

o

Precession

Switching

Stable precession

STT = damping STT > damping

dM _ a dM Tpl 5 . ]ehﬂ
dt - |V|MX(|JOHeff)+MSMX dt + h/lMSZMX(mXM)* 'D W|th Tpr = 2eMsdp
Estimating the critical B a JehB  _ [ylueMs
current density, stability YIToLerie = Z”a = 2naf = ly| 2eMdy 2T 2
criterion (with H=0, H ~0): Lo epoMZdra
e,crit hﬁ —

For permalloy (Nig,Fe,,): a = 0.008, Mg = 0.8 MA.m™ 1, g=2.1, P=0.3.
Let’s consider: dp = 3 nm, = J, cip~1 X 107 A.cm™

92
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IV. Transfer of angular momentum - STT
6. STT - spin pumping reciprocity

STT has another reciprocal effect called spin pumping

Spin transfer torque
Js puts M into motion

Master 2 N2 UGA - lecture Baltz, V

Spin pumping
The motion of M induces J

T e e A N
e e e O]
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IV. Transfer of angular momentum - STT
6. STT - spin pumping reciprocity

dM e dM
— gypump back _— T o~ T
Js=Ts " —Js*" = 22 Re(gerr )M X — +27TMS~5m(geff i

e

cf. Exercice 2
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IV. Transfer of angular momentum - STT
/. STT in magnetic textures

Spin transfer torque also exists in magnetic textures like domain walls (DWs):

- when the moments of the itinerant s-electrons (m in the sketch below) follow

adiabatically the magnetization (M), then V - J; o< V - M builds ups. This gives rise to
an ‘adiabatic’ contribution to STT.

- when the spins are unable to follow M (spin-mistracking), then spin accumulation
builds up, giving rise to a ‘non-adiabatic’ contribution.

Ie /! ! leﬂ-ﬂ\

hp nps

—T = M X |M X -V)M| + M X V)M
2eMZ (1 + &2) M x U, V)M] 2eMZ(1 + £2) Ue V)
DL FL
Adiabatic Non-adiabatic
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IV. Transfer of angular momentum - STT
/. STT in magnetic textures

- Spin transfer torque can also be efficient to move magnetic textures.

= i Mx[Mx(J, -V)M]+ k] M
2eM: (1 + £2) ¢ 2eM& (1 + &2)

X (Je - V)M

4

FL

Note the distortion effect of
the torque, redistributing

I Je
the initial conditions for the

Example for a Bloch wall calculation of T

¢ < 1in weakly SO-coupled dense-moment F metals, e. g. (Co) => DL > FL
¢ > 1 in strongly SO-coupled dilute-moment F semiconductors, e. g. (Ga,Mn)As => FL >> DL
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IV. Transfer of angular momentum - STT
/. STT in magnetic textures

- Possible application of STT in magnetic textures: the racetrack memory.

DW injectors

o

Sensors

3D racetrack memory
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IV. Transfer of angular momentum - STT
8. Conclusion

- Spin transfer torque - STT
- sd coupling between spin accumulation and magnetization

- Damping-like vs field-like contributions
- Quantum mechanical model

- STTin diffusion equation of transport
- Loss of spin current = spin-flips + STT

- Critical currents for switching:]g_)AP > ]é‘P—’P

- STT in magnetization dynamics equations
- Precession vs switching

- Magnetic textures

- References:

- D.E.Birgler D3, in S. Bllgel et al (eds) Spintronics - from GMR to quantum information (2009)

- Tutorial articles: D. C. Ralph & M. D. Stiles, IMMM 320, 1190 (2008); M. D. Stiles & J. Miltat, Topics in Appl.
Phys. 101, 225 (2006); and references therein

- Models: J. C. Slonczewski, IMMM 159, L1 (1996); L. Berger, Phys. Rev. B 54, 9353 (1996)

- Experiments: J. Katine et al, Phys. Rev. Lett. 84, 3149 (2000); W. H. Rippard et al, ibid 92, 027201 (2004)

- STTin transport: N. Strelkov et al, Phys. Rev. B 84, 024416 (2011)

- Spin pumping: Y. Tserkovnyak et al, Rev. Mod. Phys. 77, 1375 (2005)

- STTin DWs:S. Zhang & Z. Li, Phys. Rev. Lett. 93, 127204 (2004)

- Racetrack memory:S. S. P. Parkin et al, Science 320, 190 (2008)
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Outline

|.  Brief overview of the field of spintronics and its applications

20
1A\ ll.  First notions to describe electron and spin transport — AMR, CIP-GMR
x\(\'BO lIl.  Spin accumulation — CPP-GMR
'X\\%O IV. Transfer of angular momentum — STT

V. Berry curvature, parity and time symmetries — AHE

\ : L : :
\\\?’ VI. Brief non-exhaustive introduction to current topics

A\ Exercise 1 - Anisotropic magnetoresistance (AMR)

Exercise 2 — The spin pumping (SP) and inverse spin Hall effects (ISHE)
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V. Berry curvature, parity and time
symmetries — AHE

Master 2 N2 UGA - lecture Baltz, V 101




V. Berry curvature, parity and time symmetries — AHE
1. The Hall effect trio

(Ordinary) Anomalous Spin
Hall effect - 1879 Hall effect - 1881 Hall effect - 2004

Crude link:  AHE = SHE for a spin polarized material
AHE = SHE x Polarization

B (A
= F s s
Je,(f,f, %7? ZE
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V. Berry curvature, parity and time symmetries — AHE
1. The Hall effect trio

(Ordinary) Hall effect

Change of momentum

‘}'\);: _ef - EJ},X B(ﬂ]

1
Pxy = RoHz = ——Hjz

ne
60 11__3.-1 10
" W(@nm) R,=10.4x10"'m’c"
1 & w(ionm)R =0.5x10"'m’C" ;= g
40. ! In symmetry words:
= . - < .
> e 1® = 1. B breaks the time reversal (T°)-
ean Wt aattt—qs S symmetry of the system
YLy {2 2. the Lorentz force conneets
o0f{azast’ s electrons to T'-breaking
00 05 10 15 20
B_(T)

pxy(r) — _pxy(_r)
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V. Berry curvature, parity and time symmetries — AHE
1. The Hall effect trio

100

- /'« W(4nm) R =10.4x10""m’C" _ ( ): CFB(1.7nm)W(4nm)
] u 600 - CFB(10nm)/W(10nm)

4+ W(10nm)R =0.5x10"'m’C" = g Cumsmmssssssszss {80

(A) A

_ R ot
(4 /'/7 S & ﬁ'«m/m%m;t /5/ ;7
J?[/Wl/w }//%/ &b[}&z o Vinkisic oo
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V. Berry curvature, parity and time symmetries — AHE
1. The Hall effect trio

Anomalous Hall effect In symmetry words:

Intrinsic origin 1. M, breaks the time reversal (T7)-
symmetry of the system

2. the spin-orbit coupling connects
electrons to J'-breaking

pxy(r) = _pxy(_r)

A
/)‘(7 - P/U" /Z/ More generally,

Change of position

Y]
xf% (¥
KDL) 7 oS WV%/

Vebily Jne 1y My
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V. Berry curvature, parity and time symmetries — AHE
2. The Berry curvature

Oen (k)

vn(k) = =0

—kx0,(k)

Transversal velocity
Berry curvature

Electonic transport in a material under an external potential gradient is
calculated from the Schrédinger equation:

Energy band dispersion Berry curvature dispersion
energy eigenvalues from Bloch wavefunction eigenstates

£ (k) [ (k(y) >

k(t) gauge invariant crystal momentum, includes the time varying external

potential in the electron frame
‘A uniform E means that V(r) varies linearly in space and breaks the translational symmetry of the
crystal so that Bloch’s theorem cannot be applied. To avoid this difficulty, one can let the electric field

enter through a uniform vector potential A(t) that changes in time.
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V. Berry curvature, parity and time symmetries — AHE
2. The Berry curvature

The Berry formalism stems from the adiabatic theorem in quantum mechanics:
a physical system remains in its instantaneous eigenstate, up to a phase

throughout the process of a cyclic evolution, if a given perturbation is acting on
it slowly enough.

=

N/ MXTT

Lo

—_—— Water

JWn(K)> SNV ] am

N/ VAT A

Vodka

- 14 -; NV a®

Picture from www.uzh.ch
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V. Berry curvature, parity and time symmetries — AHE
2. The Berry curvature

H|pn(k)) = g, (k) |[YPr (k)

ei¢|¢n(k)> ; €n (k)

=09 (k) + ™™ (&)
Dynamic phase:

P (g,) Usual phase that appears even for a time independent Hamiltonian.
It addresses the following question: how long did the journey last ?

Geometric (Berry) phase:
Phase related to variations of k and only dependent on the

7
(/ /{) (k) trajectory of this parameter. It addresses the following question:
X iy } 752@?;}9//»7 4] He S;WW%%V )
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V. Berry curvature, parity and time symmetries — AHE
2. The Berry curvature

Geometric (Berry) phase:

only dependent on the trajectory of this parameter.
It addresses the following question:

which way did the system go during the journey ?

@9 (k) = yn(k)

Simple example of parallel transport on a closed contour C

?gf Z/V
4otation of a, b by: % = f
A

~
Solid angle subtended by the contour: /4’/’ = Z"

g

Adapted from Jean Dalibard’s lecture
www.college-de-france.fr
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V. Berry curvature, parity and time symmetries — AHE
2. The Berry curvature

Geometric (Berry) phase:

only dependent on the trajectory of this parameter.
It addresses the following question:

which way did the system go during the journey ?

@9 (k) = yn(k)

General formalism for parallel transport on a closed contour C

Rotation of a, b by: ¢ 9°“ |
ﬂ/: Qi % éﬂy: é&cgm %)&f
¥ =a. S P dyir P77
‘ +
nr.9n W= @ +ib 5
Ong 08 fdaaA (/Dl -:,@f,fL%: £

@9¢°(C) is the solid angle subtended by C

A

Adapted from Jean Dalibard’s lecture
www.college-de-france.fr
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V. Berry curvature, parity and time symmetries — AHE
2. The Berry curvature

‘It is now well recognized that information on the Berry curvature is essential in
a proper description of the dynamics of Bloch electrons, which has various
effects on transport and thermodynamic properties of crystals.

:H‘ll/}n(k)) = gn(k)lwn(k»

ey, (k))
Berry phase Yu(k) = ¢ A, (k) dk = [[ Q,(k) d*k Global

Berry connection Ay (k) = (Y, (K)|iVi |, (k))

Berry curvature Q, (k) =V, X (W, (k)|iVi |, (k)) Local
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V. Berry curvature, parity and time symmetries — AHE

2. The Berry curvature

Analogies

Berry curvature
0y, (k)

Berry connection
Ay (k)

Berry phase

Yn (k)
= $ A, (k) dk = [[ Q,, (k) d%k

Chern number
1 )
v = ggﬂiﬂn(k) d?k = integer

Master 2 N2 UGA - lecture Baltz, V

o Ah -Boh AB Oscillation
Magnetic field 1’2;;";5,1‘; " . t Phase of Electrons
B(r) 5

)= | TATATATAY
Electron\v/ é
. as a Wave -
Vector potential Magnetic Field
A(r) 2
mr-B
AR =———
NWt2e

Bohm-Ahronov phase

@(r)
= $A() dr = [[ B(r) d?r

Dirac monopole

Gm = $ B(r)d*r = integer%
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V. Berry curvature, parity and time symmetries — AHE
2. The Berry curvature

/f/ffm AmenSion

den(k)
v (k) =228 e x 0, (k)

}H”'@Z/ V& // [k)) %Zﬁ/ 9(en) = f(&n) + 8g(en)
fo=——F

% A

‘p o/[ Gy O 77?

Semiclassical transport theory

Oxy (S, cm_l) bee Fe fee Ni hep Co

Fermi loop 750 -2275 478
Fermi loop (first term) 7 0 ~4
Berry curvature 753 -2203 477
Previous theory 751° -2073° 492°

2 — J, Expt. 1032 -646" 480
|5 /sm £y =
67’ TRC/A/ 2
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V. Berry curvature, parity and time symmetries — AHE
2. The Berry curvature

Ab initio calculations

Hioo1) T(101)
0.80 "
] 7
— 076+
> ] E,
g 0.74
W o724
070
4000
£
[
=
L 2000
§
= |
£ o
G
r H P N r H N r P N ["(000) Huoo)
(0,0.0) (1,00)  12(1,,1)12(1,1,0) (0,0,0) ©01) 12(1,0,1) (0,00) 1/2(1,1,1)42(1,0,1)

Figure 15. Left: band structure of bulk Fe near Fermi energy (upper panel) and Berry curvature 2°(k) (lower panel) along symmetry lines.
Right: Fermi surface in (010) plane (solid lines) and Berry curvature —£2°(k) in atomic units (color map). Reproduced with permission

from [41]. Copyright 2004 American Physical Society.
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V. Berry curvature, parity and time symmetries — AHE
2. The Berry curvature

Ab initio calculations

N

!TIII'TIIII

Energy (eV)

]llIIIIIIIIIEIIlllllI]llllI]lrIIHIIIIllllIIIIIIIIIIIIIIIIII[IIIIIIII]_

TIIIlIIIIIIIIIlI!II|HII|IllllII!IlIIlIlIIHIIIIIlIII! Illllllllllllllil

TTT
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V. Berry curvature, parity and time symmetries — AHE
2. The Berry curvature

The intrinsic spin Hall conductivity —
Of 4d and 5d metals Metals Structure Electron number (Ry)
Nb bee 5 (4d*5s") 0.006
Mo bee 6 (4d°5s") 0.007
Tc hep 7 (4d°5s") 0.009
Ru hep 8 (4d’5s") 0.01
—~ 0.05 Rh fee 9 (4d5s") 0.011
IE Pd fec 10 (4d"55°) 0.013
RS Ag fee 11 (4d'5s") 0.019
a 00 Ta bec 5 (54°6s2) 0.023
MO 3 W bee 6 (5d°6s?) 0.027
(= g Re hep 7 (5d%6s?) 0.025
O =004 4d ! Os hep 8 (5d%s?) 0.025
% 1‘\Sd Ir fce 9 (54°65") 0.025
o ‘-‘ i Pt fee 10 (5d%6s") 0.03
-0.1 L ! I I I ! Au fee 11 (5d"%s") 0.03
- 6 7 n 8 9 10 11
4d Nb Mo Tc Ru Rh Pd Ag _
Sd Ta .= ' _IIIIIIlllllllllllllllIIIIIIIIlllllllllllllllllllIllllllllllllllllllllll_
W Re Os Ir Pt Au g N - - ! -
Q ofF-cceet | IO v NN SR =
“> - 7
- N — Ta, W .
N ;‘ © TlllIlllllllllIlllllllllllllllllllllllllllllllllllllll lllllllllllllllllr
© LibobUdhbbdLO=MwA

Energy (eV)
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V. Berry curvature, parity and time symmetries — AHE
3. The quantum Hall effects

e? d%k
ny=FZan 2, (k)f (e,(k))dk

This is the ‘unquantized’ version of the Hall effect for a system in d dimension.

The quantum Hall effect: 20— T — T —T1— 1 T 1 1 =] 10
0.38 mm
i 1 200 _‘_ - Vi -4 8
Under a strong magnetic field, 2D 1 i= ]
i T V, (pxy)

electron gas is quantized into a
discrete Landau IeveI

9/7 /———Z Wé)ﬁ/k T e (Px)

"Ik
/ 0 1 1 1
1 2 3 4 5

Lﬂ/ % Magnetic field (T)
&/{(%/A /’LWJyL[ Von Klitzing constant : Ry = h/e?
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V. Berry curvature, parity and time symmetries — AHE
3. The quantum Hall effects

A whole family of Hall effects, beyond the Hall trio:

(a) Hall effect (b) Quantum Hall effect

(e) Spin Hall effect (f) Quantum Spin Hall effect
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V. Berry curvature, parity and time symmetries — AHE
3. The quantum Hall effects

Nobel Prizes related to QHE:

1980 K. Von Klitzing QHE
1998 H. Stérmer, D. Tsui, R. Laughlin Fractional QHE
2010 A. Geim, K. Novoselov Graphene

2016 D. J. Thouless, F. D. M. Haldane, J. M. Kosterlitz ~ Topological insulator

Von Klitzing constant : R, = h/e2? depends only on physical constants

More stable and reproducible than any other resistance (25812.807 Ohm)
SiCsubstrate/Graphene = QHE new standard
QHE key to the new definition of units in 2018 o Q ' o

ﬁ L =
=
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V. Berry curvature, parity and time symmetries — AHE
4. Parity and time symmetries

Intrinsic origin relates to the Bloch states — Berry curvature

2 ddk
00 =220 a0 | o= D G| 2 00f Gulkatk

Transversal velocity

Non-zero (2,, requires breaking of time-reversal (7') or spatial inversion (P) symmetry

P
S =59 )=y W)=-U= 5

WW%; S
P kos-K K ,k Thko-&; k— £

) (K= -l 4LK)=4 ), ), _ %l
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V. Berry curvature, parity and time symmetries — AHE

4. Parity and time symmetries

Intrinsic origin relates to the Bloch states — Berry curvature

Oen (k)
hok

v, (k) = —kx2,(k)

Transversal velocity

e’ d?k
Oy =T it | 20 (5, (1) d

Non-zero f2,, requires breaking of time-reversal (") or spatial inversion (P) symmetry

PT
— Nk)=-02(k)=0

spin Hall effect in general, pxy

Such type of Hall effect therefore exists even if M, = 0

see also anomalous Hall in antiferromagnets, Pxy = RoHz + RgMyz + p
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V. Berry curvature, parity and time symmetries — AHE
4. Parity and time symmetries

Spontaneous Hall effect in antiferromagnets even if M, = 0?

— Yes! The key is breaking of T-symmetry

Breaking 7'-symmetry =+ Non-zero Berry curvature == Intrinsic Hall effect

> 1O ,P
3 3
- A “Antiferromagnetic Rashba’ New -« ntiferromagpetic Zeemar)”
6 4 -2 0 2 4 & :
k. (1/a) M r M r M r M2 r
Chirality + spin-orbit coupling Anisotropic AF densities Multisublattice AF densities
Non-collinear and non-coplanar y-IrMn; | | + weak spin-orbit coupling No need for spin-orbit coupling
P Collinear and coplanar RuO, Collinear and coplanar MnSis
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V. Berry curvature, parity and time symmetries — AHE
4. Parity and time symmetries

Typical examples of dispersion spectra [.,

s
s, |

- 4 fay o

\,_

£
M A" , [./\

T baby
S >l< A >f<
| Foshdy, 4 T
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V. Berry curvature, parity and time symmetries — AHE
4. Parity and time symmetries

s T

Energy

e? - d?k
Hall conductivity 7[ ZQ‘U‘” (k) (2m)?

o
b=
g Spin polarized 2D electron gas
= with Rashba SO coupling
o | Qik) = A2 Jc2
o |- ag?A = + ag(k X @) - e, — Aa,
m 2(aR2k2 +A2) /2 zme
Kk
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V. Berry curvature, parity and time symmetries — AHE
4. Parity and time symmetries

Note: beware the color code, when blue/red is commonly used to distinguish majority
and minority-spin bands (see slide 123), it is also commonly used to distinguish the
upper/lower band, no matter spin (see slide 124).

Slide 124:

(), : the Berry curvature is non-zero around the gap and non-zero curvatures required
combining Rashba (A) and Zeeman (4) contributions. It has the same form as the Berry
curvature in one valley of graphene.

dyy : for eg < —A the Hall conductivity first increases when increasing the Fermi energy,
as one integrates the contribution to the Berry curvature of the lower band. In the gap
(for =4 < eg < 4), the Hall conductivity saturates as the lower band fully contributed.
Above the gap (for eg > 4), the Hall conductivity reduces as one integrates the

contribution to the Berry curvature of the upper band which opposes that of the lower
band.
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V. Berry curvature, parity and time symmetries — AHE
5. Supplemental information

Thermal (Nernst) counterparts to electrical Hall effects

®H
Thermometer™
Heat bath [ ]
IIII ll.lC\N
N Heater
ThermometcLi .
thermopower resistivity

;;%>:;6'£:‘ T 'EF? = 6. §;7P/’

Link via the Mott relation

m2kgT ' (W)
3e c(W

Master 2 N2 UGA - lecture Baltz, V 126

with ¢(u) = 1/p = N(g)e*D

) Smetal = —




V. Berry curvature, parity and time symmetries — AHE
5. Supplemental information

Extrinsic contributions to the Hall effects

Anomalous Spin
Hall effect Hall effect
Oxx  Oxy 0
]e =| —0xy Oyy 0 |E
0 0 o,

Extrinsic 1

Side jump

The electron velocity is deflected in opposite directions by the opposite
electric fields experienced upon approaching and leaving an impurity.
The time-integrated velocity deflection is the side jump.

Skew scattering

Asymmetric scattering due to
the effective spin-orbit coupling
of the electron or the impurity.
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V. Berry curvature, parity and time symmetries — AHE
6. Conclusion

- Berry curvature

- cyclic adiabatic evolution
- describes the dynamics of Bloch electrons (in a periodic crystal structure)
- has various effects on transport and thermodynamic properties of crystals

- Anomalous Hall effect

- Intrinsic contribution:  requires breaking of the PJ combination — example of spin polarized
2D electron gas with Rashba SO coupling

- Extrinsic contribution: due to spin-dependent scattering (skew and side jump)

- P and T symmetries

- Bulk contribution: relates to group theory

- Structure contribution: example of the Rashba interface effect

- References:
- |Berry curvature: D. Xiao et al, Rev. Mod. Phys. 82, 1959 (2010)
Jean Dalibard’s lecture, www.college-de-france.fr
- Hall effects family: N. Nagaosa et al, Rev. Mod. Phys. 82, 1539 (2010)

H. Weng et al, A-APPS Bulletin 23, 3 (2013)
K. von Klitzing et al, Nat. Rev. Phys. 2, 397 (2020)
- Rashba effect: A. Manchon et al, Nat. Mater. 14, 871 (2015)
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VI. Brief non-exhaustive
introduction to current topics
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VI. Brief non-exhaustive introduction to current topics

1. Applied targets and basic research topics

Intended applications:

- Information technology-IT (e.g. memory, processors, data security)

- Biomedical (e.g. sensors)

- Telecommunication-T (e.g. transceiver)

- Artificial intelligence-Al (e.g. neuromorphic computing)

Spin Hall Effect
e

Spin Transistor

Spin-Orbit Qubits
Jm}.
: l) IO

Spin-Orbit Torque

Quantum Spin Hall Effect

Topological =
Insulators

Spin-Orbit Interaction

JU Majorana Fermions
reaking £
=Y o -

Chiral Magnonics ?"‘,d
; 5:5:",'% % _ Cold Atom Systems Dirac Materials

D N

Master 2 N2 UGA - lecture Baltz, V

Spi
n 7;6/7&
S¢
Op

* Quantum spintronics
« Spin interference
» 3D structures

3rd Generation
“3D and quantum”

* Spin operation
* Spin resonance
» Spin damping

2nd Generation
“Spin dynamics”

« Spin transfer
* Spin accumulation
« Spin injection / detection

1st Generation
“Spin transport”

Spintronics

Among current research topics:

Symmetry, topology [1,2]

Transfer of angular momentum: electron, phonon, photon [2-6]
Ultimate time scales [3,4,6]

‘New’ materials / structures / instrumentation [6-9]

Quantum spintronics

Mature fields: MRAM/Design (IT), Sensors (IT, Bio), Oscillators (T, Al) [7]
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VI. Brief non-exhaustive introduction to current topics
2. For further reading

For further reading: .

- Symmetry/Topology (DMI, Skyrmions, Tl etc)
[1] A. Soumyanarayanan et al, Nature 539, 509 (2016)

Spin orbit torques
[2] A. Manchon et al, Rev. Mod. Phys. 91, 035004 (2019)

Magnonics/THz
[3] A. V. Chumak et al, Nat. Phys. 11, 453 (2015); JPDAP 50, 300201 (2017)
J. Walowski et al, J. Appl. Phys. 120, 140901 (2016)

Single-spin

- OptO-magnetism relaxation
[4] A. Kirilyuk et al, Rev. Mod. Phys. 82, 2731 (2010)
. 10-'5s 1025 10%
= S p| n curre ntS Applications: security, bio scanner, pharmaceutics and food control,

mobile phone, inter-chip wireless, data bit addressing and transfer

[5] S. Maekawa et al (Eds), Spin currents, Oxford Uni. Press (2012) o
i"" /;’ {/
- Antiferromagnetic spintronics il ﬁ\

[6] V. Baltz et al, Rev. Mod. Phys. 90, 015005 (2018);
T. Jungwirth et al, Nature Nano. 11, 231 (2016)

- Future perspectives for spintronic devices

b i d 4
[7] A. Hirohata et al, J. Phys. D: Appl. Phys. 47, 193001 (2014); ‘ ‘ ®

$ i » 4

V@4

B. Dieny et al (Eds), Intro to MRAM, IEEE Press, Wiley (2017)

- 3D nanomagnetism
[8] A. Ferndandez-Pacheco, Nat. Commun. 8, 15756 (2017)

- Thoughts about data handling and material criticality
[9] O. Fruchart, http://fruchart.eu/olivier/slides/magn/magn-fruchart-cnano2018.pdf
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Complete slides posted online on the UGA Moodle platform
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Current Natural Sciences

More on electron transport in spintronics:

CONDENSED
MATTER . . .
magnetoelectronic circuit theory

spin-orbit torques

skyrmion Hall angle

MRS spin Hall magnetoresistance
intrinsic and extrinsic damping

The Basics of Electron Transport : :
anomalous Hall harmonic analysis

in Spintronics
Textbook with Lectures,
Exercises and Solutions

https://bit.1lyv/30S5cD5p

Science Press

— e¢ sciences
— V'
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Lectures on spintronics
Master 2 Univ. Grenoble Alpes

Vincent Baltz
CNRS Researcher at SPINTEC

Lecture 1
Lecture 2
Lecture 3
Lecture 4
Exercises 1 & 2

spintec

N IN ELECTRONICS

- 04 Dec.
- 07 Dec.
— 11 Dec.
— 14 Dec.
— 21 Dec.

vincent.baltz@cea.fr
https://fr.linkedin.com/in/vincentbaltz
www.spintec.fr/af-spintronics/
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Outline

|.  Brief overview of the field of spintronics and its applications

>
1A\ ll.  First notions to describe electron and spin transport — AMR, CIP-GMR
x\(\'BO lIl.  Spin accumulation — CPP-GMR
'X\\%O IV. Transfer of angular momentum — STT

V. Berry curvature, parity and time symmetries — AHE

x‘ﬂ% VI. Brief non-exhaustive introduction to current topics

Q Exercise 1 - Anisotropic magnetoresistance (AMR)

Exercise 2 — The spin pumping (SP) and inverse spin Hall effects (ISHE)
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Exercises 1 & 2

Master 2 N2 UGA - lecture Baltz, V 136




1. Anisotropic magnetoresistance (AMR)
H Introduction / Reminder

The anisotropic magnetoresistance (AMR) effect refers to the dependence of the electrical
resistivity p on the relative angle 6 between the applied electrical current I and the
magnetization M of a magnetic material [W. Thomson, Proc. Roy. Soc. 8, 546 (1857); T.
McGuire and R. Potter, IEEE Trans.Magn. 11, 1018 (1975)]. It is a bulk property caused by
anisotropic mixing of majority moment(T)—spin(U) electrons and minority moment({)—spin(M)
electrons conduction bands, induced by the spin-orbit interaction.

In the reference frame set by M (FIG. 1), the electric field E and the current density J, are
linked by the resistivity tensor p

E=p].
o ()= 50

with p; and p,, the resistivities for J, | M and J, L M, respectively.

B Questions

a) Find the expressions of E and E,, vs. ]y, Jy, py, p. and 6, in the experimental reference
frame defined by (X, ), (FIG. 1).

B
L4

X
FIG. 1. lllustration showing the two reference frames considered.

b) In practice, how would you proceed experimentally to measure p; and p, ? What is the
order of magnitude of the values of field, current, voltage etc that you think you would
use or measure ?

c) Experimental measurements of Ni films at room temperature returned p; = 8.2 uf2cm
and p, = 8 uQ.cm. Calculate the AMR ratio %p = 2I7PL £5¢ Ni. Can you think of any

PL

practical use of the AMR effect ?



d)

e)

We now consider a ‘Union Jack’ device shown in FIG. 2, a magnetization pointing along X,
a film of thickness d, and a time-dependent square wave current density /;;(t). Plot the
time(t)-variation of: Vis, and V37 for Ji5 ; Vg4, and Vi for Jss ; V73, and Vis for J73; V2, and
V4 for Jeo.

2 a
M =
1 e y2 s
8 6

FIG. 2. lllustration of the ‘Union Jack’ device considered.

An antiferromagnet is used instead of a ferromagnet. This antiferromagnet has two
collinear sublattices with magnetizations pointing towards opposite directions (M:=-M).
The total magnetization is M=Mi+M,=0. Do you think that using AMR is appropriate to
characterize this type of magnetic material ?




2. Spin pumping (SP) and inverse spin Hall effect (ISHE)

B Introduction / Reminder

The spin pumping effect [Y. Tserkovnyak et al, Rev. Mod. Phys. 77, 1375 (2005)] refers to the
ability of a magnetic material to generate a spins current J2 when brought out-of-equilibrium.
The technique usually involves inducing resonance in a ferromagnetic (F) spin injector —e.g. a
NiFe layer — which is adjacent to a non-magnetic material (N) known as the spin sink —e.g. a
Pt layer (FIG. 3). Spin pumping and spin transfer torque are reciprocal effect. An intuitive
picture consists in comparing spin transfer torque to a water flow (spin current) moving the
blades of a watermill (magnetization) and spin pumping to moving blades (magnetization)

creating a water flow (spin current).
(b) (c) .
NiFe @

-1 R
1 o L]
]s(y) >
Wy Ly
pt VY Ry

FIG. 3. (a) Illustration of the spin pumping effect due to sustained out-of-equilibrium magnetization dynamics. (b)
lllustration of spin current diffusion across the non-magnetic layer (here, Pt). (c) Equivalent circuit considering
spin-charge conversion due to the inverse spin Hall effect in the non-magnetic layer. Adapted from K. Ando et al,
J. Appl. Phys. 109, 103913 (2011).

B Questions

a) Because the system is out-of-equilibrium, spins accumulate at the F/N interface and
diffuse across the N layer [FIG. 3(b)]. The time-varying spin density (nonequilibrium
chemical-potential imbalance) can be written as follows: fi; = uge'®?. In this part, you will
calculate the y-dependence of the spin current in the N layer: /;(y).

al) Write the relation between J and .
This will be Eq. (al).

a2) Write the transport equation that regulates pg and show that

dzﬂs _ _
57 ys 0, (a2)




b)

*

!
with lff = \/% and [y = ’DT;‘f, where D is the diffusive constant, and 7. is
la)Tsf

the average spin flip scattering rate in the N layer. Here, [;f = [;; v and lff = lff’,\,.
a3) Is it realistic to consider that lff~l;‘f ?
a4) Write the boundary conditionsat y = 0 and y = dy.

a5) Use the result of question a4) and the fact that the solution of Eq. (a2) takes the
following form: ug(y) = Ae*/'sr + Be™/'r, to explicit us (v) vs v, dy, lsr, e and py.

a6) Use the result of question a5) and Eq. (al) to explicit J;(y) vs y, dy, ¢, and J2.
This will be Eq. (a6).

Due to the inverse spin Hall effect (ISHE) (§V), the spin current is converted in a transverse
charge current J, along x. The N layer then becomes a ‘source’ of charge current. The
spin-charge conversion is expressed as J.(y) = OsyrJs(v) , where Oy is called the spin
Hall angle.

b1) Use Eqg. (a6) and the indications above to explicit the average charge current density
1 .d
]e = Ue(Y)) = afo N]e()’)dy & )’; dNI leI and].g'

b2) Plot the charge current I vs dy. Comment the trend for dy < [¢ and for dy > [,

b3) The equivalent circuit of the F/N bilayer is illustrated in FIG. 3(c). Explicit the
electromotive force (voltage V;syr) due to the inverse spin Hall effect in the N layer
induced by spin pumping in a F/N bilayer.

b4) Calculate the value of the ‘spin-charge conversion efficiency’: HSHEl;f, considering
that dyoy > dpog, and for Vigyp=4 uV, dy=10 nm, l3;=3 nm, oy=4 x 10° S.m™, w=0.5
mm, and J9=4.8 x 10° A.m™.

b5) A contribution to the spin Hall angle is due to extrinsic sd scattering on defects. Given
this specific contribution — intrinsic contributions are not considered here - how
would you proceed to increase the value of the spin Hall angle in a material ? Will the
options you propose improve the ‘spin-charge conversion efficiency’ ?

It is possible to show that the angular dependence of the inverse spin Hall voltage is

WGSHEl;ftanh(dN/(Z l;f)) eg,[lyz (HO h_rf)z

dyon+dpop 8ma’w

sin(6,,) T, (c)

Visne =



HoMslylsin?(6am)+y/ (noMsysin?(6p))? +4w?
(HoMsysinZ(Oy))* +4w?
spin-Hall angle, h,f the rf excitation field used to reach F resonance, and w the resonance
angular frequency. 8y, is defined in FIG. 4. T is a parameter accounting for the trajectory
of the magnetization precession in the (xy) plane. It can be viewed as the elliptic- to
circular-trajectory ratio. gll is the real part of the spin mixing conductance per unit area
per quantum conductance per spin channel, accounting for the ability of the F/N interface

and N layer to absorb the spin component along M X (m X M).

with T = 2w

, w the width of the layers, 85y the

c1) Show that I is a dimensionless parameter.

c2) What is the trajectory of the magnetization precession for 8,,=0 ? Why is it so ? And
should it always be the case ?

c3) The angular(fy)-dependence of the magnetization’s tilt 6, deduced from
experimental data for the case of a 8 nm-thick NiFe film is given in FIG. 4. 8y is the
angle between the applied magnetic field H and the normal to the sample’s surface
y. Comment this behaviour: what governs it ? Use Eq. (c) and FIG. 4, to hand-sketch
the 8y-dependence of V;syr. Comment the symmetry of Vs with H.

270

%0 0 90 180 270

0. ()

FIG. 4. Typical angular(@y)-dependence of the magnetization’s tilt 8,,. From O. Gladii et al, Phys. Rev. B 100,
174409 (2019).



B Solutions to exercise 1

a) A change of basis can be done by using the appropriate rotation matrix
E") _(cos@ sin@ (Ex) (]u) _(cos@ sin@ Gx) (2)
(El N (— sin @ cosH) E, and J.) (— sin@ cos 9) y
Combining Egs. (1) (see text of exercise 1) and (2) gives
( cos@ sin 9) (Ex) _ (Pn 0 ) ( cos@  sin 9) Gx)
—sin@ cos6/ \Ey 0 p,/\—sin@ cos6/\Jy/)
(Ex> ( cos 0 sint9)_1 (Pu 0 ) ( cos®  sin 9) Gx)
E, —sinf cosf 0 p,/\—sinf cosB/\Jy)
(Ex> _ 1 (cos 6 —sin 9) (Pn 0 ) ( cos@ sin 0) Gx)
Ey)  cos26+sin26 \sin@ cos® /\0 p,/\—sinf cos@/\Jy/)
(Ex) _ (COS Opy —sinb PL) ( cosf sin 9) Gx)
E, sinf@p, cosfp, /\—sinf cos@/\Jy/)

(Ex> _[cos?Opy+sin®6p, cosBsinb (py—p,) Gx>
Ey) ~ \ cos@sinf (pj—p,) sin?Op, +cos?8p, ) \Uy/)

(Ex> _ (Pu —(py—pL)sin*6  cos@sinb (p—p.) ) Gx)
cos0sinf (py—p) pL—(pL—py)sin*6) Uy
3)

For J,, = 0, we obtain

E. = [py — (py — p) sin? 0]/,

E, = (py—pr)cos@sinf J,.

Note that, in this case, a transversal voltage drop « E, is obtained when 6 # 0 and 6 #
/2. By analogy, this effect is called the planar Hall effect. It is noteworthy that the
terminology planar Hall effect is misleading because the phenomenon at play is unrelated
to Hall effects. The terminology transverse AMR is sometimes preferred.



b)

c)

d)

Use 4-point resistance measurements and a known geometry [l. Miccoli et al, J. Phys.
Cond. Mat. 27, 223201 (2015)].

Setl, # 0and I, = 0.
Monitor V,, to get R,.
Use a magnet to apply an external magnetic field at & = 0 and get p; ; and at 8 = 90°

and getp,.

Use 4-point resistance measurements and a known geometry.
Use a magnet to apply an external magnetic field and set 8 = 0.
Set I, # 0 and I, = 0 and monitor V,, to get R, and then p.

Set I, = 0 and I, # 0 and monitor V, to get R,, and then p, .

Orders of magnitude: mm device, mA, tenth of Ohms, mV

. A
For Ni, 7’0~2.5% at room temperature.

The AMR effect was used in the first generation of sensors, like read heads in hard disk
drives. Nowadays, most sensors are based on tunnel magnetoresistance with orbital
filtering. Typical values of magnetoresistance are now greater than 100%. The
temperature-dependence of AMR sensors can still be a plus for some applications.

From Eq. (3) we can deduce the following:

For J15, we have 6=0

Vis = py)is/d
V37 = 0

For Jgs, we have 6=-45°

Vea = (py + p1)]sa/(2d)
Voe = —(py—p1)]sa/(2d)



P

For J73, we have 6=-90°

Vs = pifs3/d
Vis =0

For Js2, we have 6=-135°

Voo = (o + pL)]sa/(2d)
Vaa = (0y—pL)]62/(2d)

e) The AMR effect is even in magnetization, i.e. it is invariant on magnetization reversal. It
A .
can be shown that 7’) « (M.],)?. The AMR responses from the two sublatices add up.

Using the AMR effect is hence appropriate for characterizing/detecting a collinear
antiferromagnet [P. Wadley et al, Science 351, 587 (2016)].

3
2 4
M,
1 ba —>»X 5
M,
8 6



B Solutions to exercise 2

al) The relation between J and pg is

a2)

a3

ad

ab

)

~

~

1 dys

2epy dy (al)

Js =
Note: take o' = o' = gy /2

The time-variation of the spin density 1 results in spin diffusion, which is balanced by
spin scattering. The transport equation becomes

AT _ P T

dt ~  dy? T;f'

. _ Hs  HUs

lwﬂs D dyz T;f,

d?ug 1 _

dy? Eus =0 °

l*

with lff = % and lgf = /D‘L';f, where D is the diffusive constant and 7 is the

T+iwTsy

average spin-flip scattering rate.

*

Ly

,1+iw‘r;f
frequency for a ferromagnet is f~10 GHz (with poH~0.1 T), and the typical value of spin-
flip scattering rate is 7;,~1ps, s0 wT;~10" x 107%* &« 1 => If;~I3. Note that this
condition is no longer true in the THz regime, for example for antiferromagnetic
resonance. In the following, we consider that lff = lgr

We have lsf = with T = 2mf1gr. The typical value of the resonance

At the boundaries, we have:

1 dus

fory =0,Js = 5=2(0) = J3,
1 dus

fory =dy, Js = 7o~ = (dy) = 0.

The solution of Eq. (a2) takes the form
us(y) = Ae”/1 + Be™/",

1 dys .
fory =0, Zenm d’; =J9=>A—B = 2epyJ? sf
fory = dy, 2et> Cll_l;s = 0=>B = Ae?W/ls

1s(y) = 2epyJy Tﬂf(ey/l;f + e_y/l;erdN/l;f)



/lsf
.Us(Y) = ZepN]S _dN/l

l* * * *
Sf__ (ey/lsf + e—y/lsfezmv/lsf)
Sf 1-p2N/lsf

- cosh((y—dn)/L;
ws(y) = —ZGPN].? sf slrgh(dNI/Vl f)f)

a6) Using the result of question a5) and Eq. (al), we obtain

o sinh(r-an)/t3y)

]s(y) = _]s sinh(dN/l;f) (ab)
d d sinh( (y—dpn)/1
b1) Jo = (o) = 5-Jy " Osuls )y = = o= [ Oour)? —SIEh(dNI/Vsz)f)
0 N
Je = —6sugls amf sinh((y — dy)/lif)dy
—_p sfl cosh(dN/lsf) 1* 1—251nh2(dN/(Zl;f))+1
Je = SHE]S dn smh(dN/lsf) SHEJS dy ZSInh(dN/(Zlsf))COSh<dN/(2lsf))

Je = Osue sft h<21 )]s
sf

Je = Osup sft h(ﬂ )]s
sf

b2) I = Jldy = Ospipll ftanh( ) Jo
1

Osupllse]d

1 > dy
2l

Fordy < lgp, I~ HSHEl ]S Spins are still coherent and get converted efficiently in the
N layer. The thicker the Iayer, the more spins are converted.

Fordy > lgp, I = Osypllss J2. The signal levels out. The part of the N layer in contact with
the F layer (dy < 2 — 3lgf) converts spins. Above dy~2 — 3l spin-charge conversion
becomes inefficient because the spins are depolarized.



PEWPNW
RFRN __ ldp ldy

b2) Visne = ——— 1 = ppwpywleldy
F+N ldp T d
F N
wdpy
% =—
ISHE dN6N+dFUF]e

wl dn
V = Ogyyp ——L—tanh (L) JO
ISHE SHE dyon+dror Zl;f ]S

b3) The Hall angle is 6Osyr~6% and the ‘spin-charge conversion efficiency’ is
HSHEl;f~O.18 nm [J. C. Rojas-Sanchez et al, Phys. Rev. Lett. 112, 106602 (2014)].

b4) Increasing the number of scattering centers will increase the extrinsic contribution to

OsyE, because for this extrinsic contribution Osyp & o and increasing the number of
sf
scatterers will reduce l;‘f. This solution is however not appropriate to increase the ‘spin-

charge conversion efficiency’ because Osyg L, will remain unchanged.

Increasing the scattering efficiency by using heavier materials, with a large atomic number
Z, is another solution to increase gy, ¢. Because spin-orbit interactions roughly vary as Z*,
this solution will results in a large increase of ‘spin-charge conversion efficiency’. Note
however that other effects contribute to Osyr and the picture presented above is
certainly more complicated. In particular, intrinsic contributions do matter.

HoMslylsin?(8p)++/ (HoMsysinZ(0p))2 +4w?
(noMsysinZ (8 )% +4w?

cl) T'= 2w

y is in unit of Hz.T%; uyMg is in T; and w is in Hz, so we can conclude that T is a
dimensionless parameter.

c2) For 8,,=0, T = 1. By definition, the magnetization trajectory in the (x,y) plane is circular.
In this case, the magnetization rotates about the out-of-plane direction. If there is no in-
plane anisotropy, it is expected that the trajectory is circular. It would not be the case in
the presence of an in-plane anisotropy.

c3) The magnetization is mostly in-plane, whatever the angle of the applied field. This is
because of the demagnetizing field.
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From O. Gladii et al, Phys. Rev. B 100, 174409 (2019).

VisuE is an odd function of H. Angular-dependent symmetries are useful to disentangle the

inverse spin Hall effect and several others that may occur concurrently [M. Harder et al,
Phys. Rep. 661, 1 (2016)]. When two effects share the same angular-dependent
symmetries, frequency-, temperature-, stacking order- etc. dependences are used to
unravel the contributions.



