
1

ESM @ Cluj Napoca 6~10 Sept. 2021

YoshiChika Otani
ISSP, the University of Tokyo

Center for Emergent Matter Science, RIKEN

1

ESM @ Cluj Napoca 6~10 Sept. 2021

Tokyo

From Instagram Adrian Hogan: “Daily Olympics in Tokyo”
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Self Introduction

Graduate course（1984〜1989)
Supervised by Prof. Chikazumi and Prof. Miyajima
Physics of Ferromagnetism
Magnetic anisotropy in Nd2Fe14B Intermetallic compounds

Post-doc period（1989〜1993）
1. (1989〜1991) Ireland Trinity college Prof. Michael Coey

Magnetic anisotropy in Sm2Fe17N3-δ Intermetallic compounds (Nitromag)
2. (1991〜1993) France Grenoble Laboratoire Louis Néel

Prof. Dominique Givord
Prof. Bernard Pannetier

Magnetization reversal process in micron dots array of ferromagnets 
Interaction between ferromagnetic dots and superconductive Niobium film

Work（1993〜Present）
1. (1993〜95) Assistant Prof. for Prof. Hideki Miyajima in Phys. Dept. at Keio Univ. 
2. (1995〜2002) Associate Prof. in Materials Science Dept. for Prof. Kazuaki Fukamichi
3. (2002〜Present) Team leader of Quantum Nano-Magnetism Research Team 

at RIKEN FRS Director Akira Tonomura ⇒ RIKEN CEMS Director Yoshinori Tokura
4. (2004〜Present) Professor at ISSP University of Tokyo

Nano-magnetism and Spintronics

JMMM 126 622 (1993).
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Outline of my lecture

1. Introduction

2. Basics of electrical transport
i. Free electrons motion in a crystal
ii. Transport in ferromagnets
iii. Two currents model for ferromagnets

3. Spin currents and spin dynamics
i. Spin current
ii. Spin dynamics
iii. Interaction of spin currents and spin dynamics

4. Spin conversion phenomena 
i. Spin Hall effect in metals
ii. Edelstein effect (Rashba Interface & TI surface state)
iii. Magnetic spin Hall effect

5. New directions in spintronics
i. Antiferromagnetic spintronics
ii. Strong coupling

1st Part

2nd Part
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Important attitude

“I understand what an equation means if I have a way of figuring out the
characteristics of its solution without actually solving it.”

Paul Adrien Maurice DIRAC
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Dimension analysis

 Different expression of 

Energy

Temperature 

Mole (Avogadro numbers)
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Electron spins

N

S

Spin angular momentum

Charge -e

Rotating electron is equivalent to the electric current loop.
Thus, an electron spin can be regarded as an atomic magnet!

Population of up and down spins are equal in non-magnets.

Flux lines

Current loop 

=
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Main player in spintronics

Spin polarized currents

Je ( = J↑+ J↓) ≠ 0

JS ( = J↑－J↓) ≠ 0

＝

Flow of both charge and spin

Pure Spin currents

＝
JS ( = J↑－J↓) ≠ 0

Flow of only spin

J↑： Up‐spin current

J↓： Down‐spin current

：charge ：spin
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Important principle in spintronics

Wheel Spin

≡

Angular momentum conservation

10

stool

≡
Magnetization 

coupling
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Spin injection induced magnetization reversal

Grollier, Fert et al. (2001)

Low resistanceLarge resistance

CPP-GMR signal

Magnetization

C
u
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t
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Top View

SEM image of a metallic pillar .
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120nm

DC current induced magnetic switching
in a pillar structure with a size of 120
nm×90 nm, indicated by the jumps of
the differential resistance.

120 nm

90 nm

Cu(6nm)
Co layer (40nm)

Co (2nm)
Au(20nm)

Cu(100nm)

Yang et al. JAP 97(2005)064304.

AP
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Spin injection induced magnetization reversal
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Various spin currents

Electron (hole) (S = 1/2)
Metals, semiconductors, 
topological insulators and etc

Spin-triplet pair (S = 1) Spin Currents

Quasiparticle (S = 1/2) SCs

Spinon (S = 1/2) Quantum spin liquids

Magnon (S = 1) Magnetic insulators

Electron-hole pair or magnon 
(S = 1)

Spin superfluids

Wei Han et al. Nature Mater. 2019

ESM @ Cluj Napoca 6~10 Sept. 2021

Quiz 1

1. Researchers in our institute succeeded in generating a very strong 
magnetic fields of 1200 T 
(https://www.youtube.com/watch?v=ikeqxOoW9pA). 

How many degrees in Kelvin is this 1200T magnetic field?

A: ~7 K B: ~328 K C: ~720 K

13
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2. Basics of electrical transport

15

From Instagram Adrian Hogan: “Daily Olympics in Tokyo”

ESM @ Cluj Napoca 6~10 Sept. 2021

Basics of electrical transport

Wave-particle duality

Particle view Wave view

16
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i. Free electrons motion in a crystal

Velocity  𝑣 ൌ
ℏ𝑘
𝑚

  ⇐  
1
ℏ
𝑑𝜀
𝑑𝑘

     ∵ 𝜀 ൌ ℏ𝑘 ଶ 2𝑚⁄

Group velocity of wave packet 𝐯 ൌ
1
ℏ

grad௞𝜀 𝐤

When an external force F is applied to the electron wave packet, and the energy increases by Δε 
during Δt, Δε is caused by Δk due to the energy conservation law;

Δ𝜀 ൌ 𝐅 ⋅ 𝐯 Δ𝑡 ൌ grad௞𝜀 𝐤 ⋅ Δ𝐤   ൌ ℏ 𝐯 ⋅ Δ𝐤

𝑑𝐤
𝑑𝑡

ൌ
𝐅
ℏ

𝐩 ൌ ℏ𝐤 𝑚
𝑑𝐯
𝑑𝑡

ൌ 𝐅

When Lorentz force acts,
𝑑𝐤
𝑑𝑡

ൌ
𝑒
ℏ
𝐄 ൅ 𝐯 ൈ 𝐁

Basics of electrical transport

Considering

17
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<vx> : mean drift velocity
τ : relaxation time

Stationary state 0xv
dt

d

xxx EE
m

e
v 


mobility

For n electrons, xxxx EEnevneJ   Ohm’s law

Drude Model

xk

yk
Ex

xE
e





Basics of electrical transport
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ii. Transport in ferromagnets

 zy,x,jiJE j
j

iji   ,       

Resistivity tensor

X

Y

Z

M

𝜌௜௝ ൌ
𝜌ୄ 𝐵 െ𝜌ு 𝐵 0
𝜌ு 𝐵 𝜌ୄ 𝐵 0

0 0 𝜌// 𝐵

           JmmJmJE   BBBB H //  MHB N 10

m : magnetization unit vector
J : current density vector

Vector expression 

Hall effect

Basics of electrical transport

General expression 

19
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s electrons : itinerant

d electrons : quasi localized

∆𝜌 𝜌⁄ in Ni at 300 K 

Polarised currents are not required

Iρ

ρ//
I

 
3

2

3

1
//

Basics of electrical transport

Anisotropy magnetoresistance (AMR)
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   2
// cos 

JJ

J
E

J

JE 1
2






Anisotropy magnetoresistance (AMR)
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


 2// cos
















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Basics of electrical transport
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Planar Hall Effect

𝐄 ൌ 𝜌ୄ 𝐵 𝐉 ൅ 𝜌// 𝐵 െ 𝜌ୄ 𝐵 ⋅ 𝐦 ⋅ 𝐉 ⋅ 𝐦 ൅ 𝜌ு 𝐵 𝐦 ൈ 𝐉

𝐄 ൌ 𝜌// 𝐵 െ 𝜌ୄ 𝐵 ⋅ 𝐦 ⋅ 𝐉 ⋅ 𝐦

𝜌௬ ൌ
𝜌// 𝐵 െ 𝜌ୄ 𝐵

2
sin 2𝜃 ∝ sin 2𝜃

𝐸௬ ൌ 𝜌// 𝐵 െ 𝜌ୄ 𝐵 𝐽 cos𝜃 sin𝜃 ൌ
𝜌// 𝐵 െ 𝜌ୄ 𝐵

2
sin 2𝜃 ⋅ 𝐽

Basics of electrical transport

22
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Basics of electrical transport

Spin scattering asymmetry α







 degree of spin dependent scattering

=1  no sin dependent scattering

>1 or < 1 spin dependent scattering
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


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    ,        1111

exJ


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
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: spin-orbit interaction, Jex: exchange interaction

𝜌଴: resistivity at the demagnetized state

𝛾 ൌ 𝜆 𝐽 ୶⁄ ଶ~0.01 for Fe, Co, and Ni

23

Fert and Campbell, J. Phys. F (1976)
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Spin Orbit Interaction

Relativistic effect ⇒ coordinate transformations ⇒ Lorentz transformation

Effect of E on the moving charged particle

𝐁 ൌ
1

1 െ 𝑣
𝑐

ଶ
 െ𝐯 ൈ 𝐄   

E

v

≡

E

B

Zeeman interaction

Zeeman energy െ𝐬 ⋅ 𝐁 is given

 𝐻ୗ୓ ൎ െ𝐬 ⋅ 𝐁 ∝ 𝐬 ⋅ 𝐩 ൈ ∇𝑉 𝐫  

 ∇𝑉 𝐫 ൌ
𝜕𝑉 𝐫
𝜕𝑟

1
𝑟
𝐫

Central force field

 𝐻ୗ୓ ൎ
1
𝑟

 
𝜕𝑉 𝐫
𝜕𝑟

𝐫 ൈ 𝐩 ⋅ 𝐬  

24

+++++++++++

- - - - - - - - - -

-E ≡

െ

-E

െ

B

23
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Anomalous Hall Effect (AHE)

Off diagonal components ±ρH are important

M
HHH   0

Ordinary Hall effect Anomalous Hall effect

𝜌ு ൌ     𝑅଴𝐵   ൅    𝑅௦𝑀    ∵ 𝐵 ൌ 𝜇଴𝐻 ൅ 1 െ 𝑁 𝑀
Lorentz force

Skew-scattering (classical)

Side-jump (quantum) 2
xx

xx
2
xxxx

M
H ba  

 k 
22

2

4 cm



Basics of electrical transport

25
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iii. Two current model for ferromagnets

    
m

ne2














1

      
1

   
1

Boltzmann equation (Fert and Campbell 1976)

xk

yk
Ex

xE
e




f

xxEve



xvenJ   
0

3
  

4
k

x x x

e f
v eE v d

 
 

    
 k

  
Xdev

f
x

k 



  kk   
0

Spin dependent

↓

↑



 
 
 









X

X

X






  

 












4

when  0

no spin flip scattering

Basics of electrical transport

26
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Quiz 2

2. Please select typical AHE and AMR curves for ferromagnetic metals 
from 6 choices below; 

ρxy

ρxx

ρxy

ρxx

ρxy

ρxx

a b c

d e f

ESM @ Cluj Napoca 6~10 Sept. 2021

3. Spin currents and spin dynamics 

28

From Instagram Adrian Hogan: “Daily Olympics in Tokyo”

27

28
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Spin currents and spin dynamics

Spin Injection

Spin accumulation
i. Spin current

Heat current

Inverse SHE

Phonon

Coupling

Microwave H(ω)
Spin torque

Magnetic switching
Oscillation

Thermoelectric 
conversion

Spin pumpingSpin torque

Coupling

ii. Spin dynamics
Spin wave (Magnon)

iii. Interaction iii. Interaction

Spin accumulation
i. Spin current

ESM @ Cluj Napoca 6~10 Sept. 2021

i. Spin current
ーFlow of spin angular momentumー

30

29

30
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Spin polarized and spin currents

Spin polarized currents

Je ( = J↑+ J↓) ≠ 0

JS ( = J↑－J↓) ≠ 0

＝

Flow of both charge and spin

Pure Spin currents

＝
JS ( = J↑－J↓) ≠ 0

Flow of only spin

J↑： Up‐spin current

J↓： Down‐spin current

：charge ：spin

31
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Charge and spin currents

32

electric charge

spin

（ + or ‐）
electron

: an important role in spintronics

Charge Current (electric current)

Spin Current

: a flow of spin‐angular momentum

charge

spin

: an important role in electronics

31

32
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Spin is not conserved…

33

charge current vs spin current

Charge

Spin

spin diffusion length < 10 μm

：conserved quantity

spin currents decay within the spin diffusion length in 
solids

：nonconserved quantity

ESM @ Cluj Napoca 6~10 Sept. 2021

Non-equilibrium spin currents

s   j j j

When considering a particular component of spin,

＝

Spin currents velocity spin Spin density matrix

1
  S k s k

kV
 j v σ

C   j j jElectrical currents

Spin currents

34

33

34
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Non equilibrium spin currents

Electrical currents in a ferromagnet

S cp   j j j j

𝑝 ൌ
𝜎↑ െ 𝜎↓
𝜎↑ ൅ 𝜎↓

Spin polarization

  

Electric field

≠０

≠０C   j j j

35
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Electrical currents across the F/N interface

spin diffusion length

Electrical current

Ferromagnet Paramagnet

Density of  

Diffusive spin current

scattering

Spin-orbit 
interaction

36

ℋୗ୓ ൌ
𝜇଴
4𝜋

·
𝑍𝑒ଶ

2𝑚ଶ ·
ℏ
𝑟ଷ

ℏ𝐥 · 𝐬

Atomic Spin-Orbit (SO) 
Hamiltonian shows SOI is 
bigger for heavier elements.

35
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Spin-orbit interaction in various materials

λN [nm] ρN [mΩcm] ρN λN [×10-10 Ωcm2] τ/τsf [×10-3] ηSO

Cu* (4.2 K) 1000 1.43 1.4 0.71 0.04

Cu** (4.2 K) 546 3.44 1.9 0.41 0.03

Cu*** (4.2 K) 1500 1.00 1.5 0.62 0.04

Al* (4.2 K) 1200 1.25 1.5 0.22 0.02

Pt (77K) 10 12.8 0.26 9.10 0.14






2N

sfN

ne

m

D





* Jedema et al.PRB 67 (2003) ** Garzon et al.PRL 94 (2005) *** Kimura et al.PRB 72 (2005)

2
SO

sfSO
2
F

Ksf
22

F
NN 9

4
        

1

4

33
    

2

3 







 








 

k

R

e

h

k

Al)(for  cm 101.75    ,Cu)(for  cm1036.1        k 8.25 -1-1 8
F

2
K

8 kehR 

S. Takahashi & S. Maekawa Physica C 437-438, 309-313 (2006)

37
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𝐽ఙ ൌ 𝐽ఙ
ௗ௥௜௙௧ ൅ 𝐽ఙ

ௗ௜௙௙௨௦௘ ൌ 𝜎ఙ𝐸 ൅ 𝑒𝐷ఙ∇𝛿𝑛ఙ

Diffusive electrical currents

 F

n
j

N Ee
e 




 


 
  








𝑗ఙ ൌ
𝜎ఙ
𝑒
∇𝜇ఙ

2( )FN E e D 

Consider σ(=↑or↓)

Einstein’s relation

Diffusion constconductivity E field Density change

＝μC︓ Chemical potential

=∇μ

Electrical potential

Electrochemical potential︓μ=ϕ＋μC

38

37
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Diffusive electrical and spin currents

1
( )Sj j j

e
           

1
( )cj j j

e
           

j
e


 


 

Electrical 
currents

Spin 
currents

〜 σaveragedEaveraged＋density change

x

μ jc

x

μ j↑μ↑

μ↓ j↓
Slopes of μ↑,↓ determine driving force

Driving force of spin currents

39
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Equations that determine μ

 
   

1 1 1

1 1

1

2

/

sf sf

sf

D

D N D N D N N

 

    
 

 
     

 

  

   

∇ ⋅ 𝑗↑ ൅ 𝑗↓ ൌ 0

∇ ⋅ 𝑗↑ െ 𝑗↓ ൌ െ𝑒
𝛿𝑛↑
𝜏↑↓

൅ 𝑒
𝛿𝑛↓
𝜏↓↑

 ∇ଶ 𝜎 𝜇↑ ↑ ൅ 𝜎 𝜇↓ ↓ ൌ 0

 ∇ଶ 𝜇↑ െ 𝜇↓ ൌ
1

𝜆௦௙
ଶ 𝜇↑ െ 𝜇↓

Charge continuity eq. :

Spin continuity eq.︓

Spin relaxation
（due to spin-orbit interaction etc）

40
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Example of boundary conditions

Ohmic junction（metal/metal）

A B j j

1
j

e
    

A B

A B  

(1) Continuity of electrical currents

(2) Continuity of μ↑,↓ for Ohmic junction

41
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Spin current generation（by Schmidt）

Half metal/metal junction

∇ଶ𝜇↑ ൌ 0

  HM HMx A B x  

A B

↑spin electrons only flow

𝜇↑ 𝑥 ൏ 0 ൌ െ
𝑒𝑗ୡ
𝜎ୌ୑

𝑥

 𝜇↑ ൌ 𝐴ே ൅ 𝐵ே𝑥 ൅
𝐶ே
𝜎↑

exp െ
𝑥
𝜆ே

 𝜇↑ ൌ 𝐴ே ൅ 𝐵ே𝑥 െ
𝐶ே
𝜎↓

exp െ
𝑥
𝜆ே

 continuity of 𝜇↑:  𝐴ே ൅
𝐶ே
𝜎↑

ൌ 0

 continuity of𝑗↑:  𝐵ே െ
𝐶ே
𝜎↑𝜆ே

ൌ 𝑗்

 continuity of 𝑗↑:  𝐵ே ൅
𝐶ே
𝜎↑𝜆ே

ൌ 0

solution

Set μ=0 for x=0

jc

42

xx = 0

G. Schmidt et al., PRB 62, R4790 (2000).

41

42



22

ESM @ Cluj Napoca 6~10 Sept. 2021

Spin current generation

𝑅୧୬୲ ൌ
𝜆ே
𝑆𝜎ே

𝛿𝜇 ൌ 𝑒
𝜆ே
𝑆𝜎ே

𝑗ୡ

1
( )Sj e
       

A B

μ

x

μ↑
μ↑

μ↓

δμ

Interface resistance

λs︓spin diffusion length

Spin accumulation

x

js

43

𝜇↑ ൌ െ𝑒𝑗௖
𝜆ே
𝜎ே

1 ൅
𝑥
𝜆ே

െ
1
2

exp െ
𝑥
𝜆ே

 
 

𝜇↓ ൌ െ𝑒𝑗௖
𝜆ே
𝜎ே

1 ൅
𝑥
𝜆ே

൅
1
2

exp െ
𝑥
𝜆ே
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V

Je

F. J. Jedema et al. Nature 410 (2001), J. Hamrle T. Kimura, YO PRB 71(2005); PRB 72 (2005); PRL 99 (2007)

Injection

Detection

μ

Parall
el

Antiparallel

H

Parallel

Antiparallel

F1

N

F2

RT

-600 -400 -200 0 200 400 600
-1

-0.5

0

Magnetic field (Oe)

D
V

/I 
(m

W
)

I V

44

ΔVS

Spin current detection (Non-local spin valve)

43

44
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Spin current detection (ohmic junction)

𝑅୒ ൌ
𝜆୒
𝜎୒𝐴୒

ൌ
𝜆୒

𝜎୒𝑤୒𝑡୒

𝑅୊ ൌ
𝜆୊

1 െ 𝑝୊ଶ 𝜎୊𝐴୎
ൌ

𝜆୊
1 െ 𝑝୊ଶ 𝜎୊𝑤୒𝑤୊

Δ𝑅ୗ ൌ
∆𝑉ଶ
𝐼

ൌ
4𝑝୊ଶ𝑅୒𝑒ି௅/ఒొ

𝑅୒
𝑅୊

൅ 2
ଶ
െ

𝑅୒
𝑅୊

ଶ
𝑒ିଶ௅/ఒొ

ൌ
4𝑝୊ଶ𝑄୊

ଶ𝑅୒𝑒ି௅/ఒొ

1 ൅ 2𝑄୊ ଶ െ 𝑒ିଶ௅/ఒొ

𝜎୒↑ ൌ 𝜎୒↓ ൌ
1
2
𝜎୒ 𝜎୊↑ ൌ

1 ൅ 𝑝୊
2

𝜎୊

𝜎୊↓ ൌ
1 െ 𝑝୊

2
𝜎୊

Takahashi & Maekawa, PRB 67, 052409 (2003).

Hamrle et al., PRB 71, 094402 (2005).

𝑄୊ ൌ
𝑅୊
𝑅୒

NLSV structures (no interface resistance)

𝑝୊ ൌ
𝜎୊↑ െ 𝜎୊↓

𝜎୊↑ ൅ 𝜎୊↓

F/N junction area

N wire cross sectional area 
Polarization

tN thickness

∆𝑉ଶ

F

N

FL

y

x wN

wF

I

45
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Simplified view of interface spin injection

𝑅ி
↑

F N

ி
↓

NR

NR

Interface

𝑹𝐅 ൌ
𝝀𝐒𝐟
𝐅 𝝆𝐅
𝑺𝐅

,  𝑹𝐍 ൌ
𝝀𝐒𝐟
𝐍 𝝆𝐍
𝑺𝐍

:   Spin Resistance

2
1 െ 𝑝ଶ

𝑅ி

NR<<

Conductivity mismatch (Spin resistance mismatch)

E. I. Rashba, Phys. Rev. B 62, R16267(R)

46
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Simplified picture of interface spin injection

FR 
F NI

FR

NR
IR 

NR

IR 

Interface

2
21 FR

 NR

To avoid the conductivity mismatch (Spin resistance mismatch)

47

𝐼ௌሺ𝑥 ൌ 0ାሻ
𝐼

ൌ

𝑝୍
1 െ 𝑝୍

ଶ
𝑅ூ
𝑅ே

൅
𝑝୊

1 െ 𝑝୊
ଶ
𝑅ி
𝑅ே

1 ൅ 2
1 െ 𝑝୍

ଶ
𝑅ூ
𝑅ே

൅ 2
1 െ 𝑝୊

ଶ
𝑅ி
𝑅ே

 

Improved injection efficiencySpin polarized interface

x0 d

Injector Detector

I

𝑹𝐅 ൌ
𝝀𝐒𝐟
𝐅 𝝆𝐅
𝑺𝐅

   𝑹𝐍 ൌ
𝝀𝐒𝐟
𝐍 𝝆𝐍
𝑺𝐍

:   Spin Resistance
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Spin current detection

NLSV structures (more general case)

𝑅୒ ൌ
𝜆୒
𝜎୒𝐴୒

𝑅୊ ൌ
𝜆୊

1 െ 𝑝୊ଶ 𝜎୊𝐴୎

Δ𝑅ୗ ൌ
4 𝑃ଵ𝑄୍ଵ ൅ 𝑝୊𝑄୊ 𝑃 ଶ𝑄୍ଶ ൅ 𝑝୊𝑄୊ 𝑅୒𝑒ି௅/ఒొ

1 ൅ 2𝑄୍ଵ ൅ 2𝑄୊ 1൅ 2𝑄୍ଶ ൅ 2𝑄୊ െ 𝑒ିଶ௅/ఒొ

Takahashi & Maekawa, PRB 67, 052409 (2003).
Takahashi & Maekawa, Sci. Technol. Adv. Matter. 9, 014105 (2008).

𝑄୊ ൌ
𝑅୊
𝑅୒

𝑄୍௜ ൌ
1

1 െ 𝑃 ௜
ଶ

𝑅୍௜
𝑅୒ 𝑃 ௜ ൌ

𝑅୍௜
↑ െ 𝑅୍௜

↓

𝑅୍௜
↑ ൅ 𝑅୍௜

↓

RIi: interface resistance of junction i

PIi: interface current spin polarization

48
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Quiz 3

3. Which approach below is adequate to increase spin injection efficiency? 
Choose correct ones from the following (possibilities of multiple correct 
approaches) ; correct answers are marked in red.

a. Reduce the junction size or make a point contact.

b. Introduce a resistive interface layer with its resistance matching 

the resistance of the paramagnetic layer.

c. Introduce a resistive interface layer with its resistance matching 

the spin resistance of the paramagnetic layer.

d. Introduce a tunnel barrier interface with a very high resistance.

ESM @ Cluj Napoca 6~10 Sept. 2021

Spin currents and spin dynamics 

Spin Injection

Spin accumulation
i. Spin current

Heat current

Inverse SHE

Phonon

Coupling

Microwave H(ω)
Spin torque

Magnetic switching
Oscillation

Thermoelectric 
conversion

Spin pumpingSpin torque

Coupling

iii. Interaction iii. Interaction

Spin accumulation
i. Spin current

ii. Spin dynamics
Spin wave (Magnon)

49
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ii. Spin dynamics

51
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分域 ≡ 磁区 (Magnetic domain)

K. Shigeto APL 80 (2002) 4190

Magnetic Domain Structures

境界領域 ≡ 磁壁 (Domain wall)

磁壁幅(DW width) d磁気モーメント (Magnetic moment)

10 ~ 100 nm電流
(Current)

52

Well defined shape leads to well controlled domain structures!

MFM images
1 m

51
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Multi-domain Single domain

Magnetic domain wall 

Macro Micro

size

Magnetostatic E

Domain wall E

＞
＞

＞
＞

Domain wall E

Magnetostatic E

Size Dependent Magnetic Domain 

53
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Magnetic free energy 

Free energy of the system given by Magnetization

𝐌 ൌ 𝐌 𝑟 ൌ 𝑀௦ ⋅ 𝐦 𝑟

𝐦 𝑟 ൌ 𝑚௫ 𝑟 ,𝑚௬ 𝑟 ,𝑚௭ 𝑟          ∵ 𝐦 𝑟 ൌ 1

𝐸 ൌ න 𝐴 ∇𝐦 ଶ ൅ 𝐾 ⋅ 𝑓 𝐦 െ
1

2𝜇଴
𝑀௦
ଶ𝐦 𝑟 ⋅ 𝐡஽ 𝑟 െ 𝑀௦𝐻௘௫௧𝐦 𝑟 ⋅ 𝐡௘௫௧  𝑑𝑉

ൌ 𝐴න ∇𝐦 ଶ ൅
1
𝜉௄
ଶ ⋅ 𝑓 𝐦 െ

1
𝜉ெ
ଶ 𝐦 𝑟 ⋅ 𝐡஽ 𝑟 െ

1
𝜉ு
ଶ 𝐦 𝑟 ⋅ 𝐡௘௫௧  𝑑𝑉

𝜉௄ ൌ
𝐴
𝐾

Characteristic length [m]
𝜉ெ ൌ

2𝜇଴𝐴

𝑀௦
ଶ 𝜉ு ൌ

𝐴
𝑀௦𝐻௘௫௧

Anisotropy Magnetostatic Magnetic potentialExchange

54

Anisotropy Magnetostatic Magnetic potential

Typical value for Fe
A = 8×10-12 [J/m], 
K = 5×105 [J/m3],
Ms = 2.15 [T] 

⇒ ξK ~ 4 nm ⇒ ξM ~ 3.6 nm ⇒ ξH ~ 2.2 nm

53
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Magnetic potential energy

Interaction between spin moment and magnetic field

E   M H

Energy

Energy

M H

Spin magnetic 
moment

Magnetic 
field

55
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Exchange and magnetic anisotropy fields

effE   HM

𝐇௘௙௙ ൌ െ
𝛿𝐸
𝛿𝐌

Both exchange and anisotropy contributions are regarded as an 
effective field exerting on the spin magnetic moments 

Effective field

Heff

Exchange interaction 
aligns spins parallel

Magnetic anisotropy

56

55
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Spin precessional motion

Equation of motion without damping

eff

d

dt
  

M
M H

𝛾 ൌ
𝑔𝜇஻
ℏ

Gyromagnetic ratioTorque due the field

57

𝛾 ൌ 1.760859644 11 ൈ 10ଵଵ
rad
s · T

𝛾
2𝜋

ൌ 28024.95164 17  
MHz

T

The effective field direction determines the rotational 
direction of precessional motion
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Spin relaxation phenomenology

Magnetization tilts towards Heff (Energy minimum)

eff

d

dt
  

M
M H

eff

d

dt
   

M
M H D

( ( ))edd   D M M H

d

M dt


  

M
D M Gilbert damping (α term)

Phenomenological
relaxation term 

 Landau Lifshitz damping 

Phenomenology in two ways Heff

M

-M×H，dM/dt

D

Spin relaxation

58
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Phenomenology of damping

eff

d d

dt M dt

    
M M

M H M

2(1 ) ( )
d

dt M

       
M

M H M M H

( )
d

dt M

     
M

M H M M H

Microscopic origin of damping︓
Interaction with conduction electrons, magnetoelastic interaction, eddy 
current…

Two expressions

2

( )

( )

eff

d d

dt M M dt
d

M dt

  

 

        

      

M M
M H M M H M

M
M H M M H　　　

Gilbert damping term

Landau Lifshitz damping term

α<<1 approximation

Substitute dM/dt recursively

59
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Most popular equation of motion

LLG (Landau Lifshitz Gilbert) equation

eff

d d

dt M dt

    
M M

M H M

Gilbert damping
（α term）

Heff sum of external, anisotropy, and demagnetizing fields

Micromagnetic basic equation

Heff

M

-M×H，dM/dt

D

60
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Magnetization reversal

𝒇 ൌ
𝜸
𝟐𝝅

𝑯𝒆𝒇𝒇

H

Magnetization finally aligns to the external field direction.

Heff

M

-M×H，dM/dt

D

61
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Domain wall motion (by Döring 1949)

Domain wall behaves like a particle

2
demagnetizing

1

2
E mv d𝐌

d𝑡
ൌ െ𝛾𝐌 ൈ 𝐇ௗ௘௠௔௚

2N
m

K 



λ: DW width, N: Number of spins in DWDW effective mass 

d𝐌
d𝑡

ൌ െ𝛾𝐌 ൈ 𝐇௘௫௧

Torque due to the 
external field

Torque due to the 
demagnetizing field

x v

𝐇ୣ୶୲

𝐇ୢୣ୫ୟ୥

62

61
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Domain wall motion (Equation of motion)

d𝐌
d𝑡

ൌ െ𝛾𝐌 ൈ 𝐇௘௫ 𝐝𝝓𝟎

𝐝𝒕
ൌ 𝜸𝐇𝐞𝐱

d𝑋
d𝑡

∝
𝑑𝜑
𝑑𝑡

ൌ 𝛾ℎdemag ∝ 𝛾 sin𝜙଴
𝐝𝑿
𝐝𝒕

∝ 𝝓𝟎

①

②
𝜙଴ ∼ 0

Tatara&Kohno (2004)

Equation of motion

𝑑𝑋
𝑑𝑡

ൌ
𝑑𝑋
𝑑𝜑

𝑑𝜑
𝑑𝑡

ൌ ሺ
𝑑𝜑
𝑑𝑋

ሻିଵ
𝑑𝜑
𝑑𝑡

d

dt
  

M
M H

Hex component

hdemag component

X v

𝐇ୣ୶୲

ℎୢୣ୫ୟ୥

𝜙଴

63

𝝋
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Dynamical variables

ϕ0

X

①

②

d

d
d

d

p
F

t
X p

t m





Canonical equation of DW motion

Hamiltonian equation
Relationship between p and F

X ϕ0
Canonical conjugate

p: momentum
F: force

Conjugate momentum of X

0d

d exH
t




0

d

d

X Q

t m





64
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Effective model describing ferromagnets

ex
i

iiH J  s S�

S-d coupling

Conduction 
electron spin

S

s

S-d exchange interaction

Localized 
d electron spin

i = 1         2   ….

65
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Expression of spin dynamics

Expression using macroscopic magnetization 

Expression based on conduction and localized spin

𝑑
𝑑𝑡
𝐌 ൌ െ𝛾𝐌ൈ 𝐇൅

𝛼
𝑀
𝐌ൈ

𝑑𝐌
𝑑𝑡

︓M magnetization

︓Mloc localized spin

︓s conduction spin

s - Mloc Interaction  

𝑑
𝑑𝑡
𝐌௟௢௖ ൌ െ𝛾𝐌௟௢௖ ൈ 𝐇 ൅ 𝐽௘௫𝒔 ൅

𝛼
𝑀
𝐌௟௢௖ ൈ

𝑑𝐌௟௢௖

𝑑𝑡

𝑑
𝑑𝑡
𝒔 ൌ െ𝛾𝒔 ൈ 𝐇 ൅ 𝐽௘௫𝐌௟௢௖ ൅

𝒔 െ𝐌෩

𝑑𝑡

66
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Quiz 4

4. Select correct descriptions in the following? (possibilities of multiple 
correct ones) ; correct answers are marked in red.

a. The rotational direction of magnetic precessional motion is 

determined by the gravity. 

b. The demagnetizing energy of the ferromagnetic DW provides its 

kinetic energy.

c. Precession means rectifying the movement.
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Spin currents and spin dynamics

Spin Injection

Spin accumulation
①Spin current

Heat current

Inverse SHE

Phonon

Coupling

Microwave H(ω)
Spin torque

Magnetic switching
Oscillation

Thermoelectric 
conversion

Coupling

Spin accumulation
Spin current

②Spin dynamics
Spin wave (Magnon)

Spin pumping

④Interaction

Spin torque

Interaction

67
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iii. Interaction between spin currents 
and spin dynamics

69

ESM @ Cluj Napoca 6~10 Sept. 2021

Spin angular momentum

ℏ
2

െ
𝑔𝜇஻S
ℏ

ൌ െ
𝑔𝜇஻

2

Spin angular momentum 

Spin magnetic moment

70
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Conservation law

( )  c

d
dVq d

dt
    jr S

(  ) s
s

d
dV d

dt
     jM r S

div( ) cq
d

dt
   jr

( ) div s
s

d

dt
  jM r

Without considering spin relaxation
NOT REALISTIC

Charge continuity equation

Charge density Current

Spin continuity equation

Spin currentMagnetization 

Charge conservation

Spin angular momentum conservation

Magnetization Spin current Within spin diffusion length
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Expression of spin dynamics including spin currents

Expression using macroscopic magnetization 

Expression based on conduction and localized spin

𝑑
𝑑𝑡
𝐌 ൌ െdiv 𝐣𝐬 െ 𝛾𝐌 ൈ 𝐇 ൅

𝛼
𝑀
𝐌ൈ

𝑑𝐌
𝑑𝑡 ︓M magnetization

︓Mloc localized spin

︓s conduction spin

𝑑
𝑑𝑡
𝐌௟௢௖ ൌ െ𝛾𝐌௟௢௖ ൈ 𝐇 ൅ 𝐽௘௫𝐬 ൅

𝛼
𝑀
𝐌௟௢௖ ൈ

𝑑𝐌௟௢௖

𝑑𝑡

ௗ

ௗ௧
𝐬 ൌ െ𝛾𝐬 ൈ 𝐇 ൅ 𝐽௘௫𝐌௟௢௖ ൅

𝐬ି𝐌෩

ௗ௧
െdiv 𝐣𝐬

s - Mloc Interaction  
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Dynamical spin injection and spin torque

𝑑
𝑑𝑡
𝐌 ൌ െdiv 𝐣𝐬

𝑑
𝑑𝑡
𝐌∥ ൌ െdiv 𝐣𝐬ቚ

∥𝐌

𝑑
𝑑𝑡
𝐌ୄ ൌ െdiv 𝐣𝐬ቚ

ୄ𝐌

Parallel component
Spin accumulation

Perpendicular component
Spin torque

∆𝑀 ൌ g𝜇୆𝑁 𝛿𝑛↑ െ 𝛿𝑛↓
ൌ g𝜇୆𝑁 𝜀୊ 𝝁↑ െ 𝝁↓
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Spin pumping

( )out
S

d d

dt tM d
    

M
MM H M rj

( ) out
S

d

dt

d

M dt

      M r M
M

MHj

M

jS
out

Ferromagnet

Conductor 

When M is precessing

Js with spin polarization parallel to the external 
field can modulate relaxation

Spin current pumped into conductor
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Spin currents and spin torque in ferromagnets

( ) eff S

d

M d

d

d tt
    M r M

M
M jH

( )
( )(

)
) )

(
( eff

d

dt
u

d

dt x
 




   
m r

m rH
m

r
r

m r m

𝑢 ൌ
g𝜇஻𝑝
2𝑒𝑀ௌ

𝑗஼

Spin current velocity

js // m

𝑝:spin polarization

2 ( )
(1 ) ( )

( )
( )( ( ) ( )( )) effeff u u

x

d

dt x
     


 


 


mmm r m r H

m r
m rr

m
r

r
H

Substitute dm/dt recursively

Torque by Heff Damping towards Heff
Torque by 
spin current

Damping torque by 
spin current

Non uniform magnetization distribution such as 
DW causes these two terms 
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Current driven DW motion (Experiments)

Yamaguchi、Ono etal., PRL (2004).Freitas & Berger, JAP (1984).

NiFe

DW was observed by 
Faraday effect microscopy

NiFe

Yamanouchi et al., Nature (2004).
Saitoh et al., Nature (2004).
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Lorentz microscopy : Qualitative visualization of magnetization
Electron holography : Quantitative visualization of magnetic flux lines

Transverse DW Vortex DW

Lorentz image
(underfocused)

Phase 
image
(×2 

amplified)

Tail-to-tail DW

Transmission Electron Microscopy 

Y. Togawa et al. JJAP 45 (2006), MMM/Intermag 2007

Current Driven DW motion (Experiments)

77
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Current Driven DW motion

Transmission Electron Microscopy
Depinning of a Vortex Domain Wall 

1 s pulsed current of 8.72 × 1010 A/m2 every 1 s
Y. Togawa YO et al. JJAP 45 (2006), MMM/Intermag 200778
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Current pulses move domains along “racetrack” shift register
TMR sensor to read bit pattern
Special current pulse‐driven element to re‐write a bit

Parkin, US patents 6834005, 6898132, 6920062 
Courtesy of Dr. S.S.P. Parkin

Field‐driven dynamics

H = ‐200 Oe

Current‐driven dynamics

H = 0,    I  > 0

79
Racetrack memory
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β (non-adiabatic) term contribution

2(1 ) ( )
( )

( ) ( )
( )

(1 )( )) ) (( ( )e fff ef u
x xt

u
d

d
   


   


 


    


m r Hm r m r H m

r m
r

r
r

m
m

di dv( ) iv eff S

d
u

M dt

d

dt

     
M

M M Mr M H jM

Non-adiabatic torque

Magnetic moment tilts out of the easy plane, decelerates 
domain wall motion 

Damping torque

β term suppresses damping torque

2 ( )
(1 ) ( )

( )
( )( ( ) ( )( )) effeff u u

x

d

dt x
     


 


 


mmm r m r H

m r
m rr

m
r

r
H

S. Zhang & Z. Li PRL 93 (2004)
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Quiz 5

5. Select correct descriptions in the following? (possibilities of multiple 
correct ones) ; correct answers are marked in red.

a. The electronic charge is not conserved quantity. Therefore, the 

continuity equation holds.

b. The spin accumulation is conserved quantity. Therefore, the continuity 

equation holds.

c. Magnetization dynamics generates the spin current whose polarization 

component parallel to the effective field causes spin torque and the 

perpendicular component causes spin accumulation.

d. Spin torque can shift DW without changing its size unlike magnetic 

field. 

ESM @ Cluj Napoca 6~10 Sept. 2021

World trend of memory devices

Magnetic random access memory

Spin torque MRAM

Race track memory

Magnetic Hard Disk Drive

82

82
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Summary

Spin Injection
Spin Hall effect

Spin accumulation
①Spin current

Heat current

Inverse SHE

Phonon

②Spin dynamics
Spin wave (Magnon)

Coupling

Microwave H(ω)
Spin torque

Magnetic switching
Oscillation

Thermoelectric 
conversion

Spin pumpingSpin torque

Coupling

③Interaction ③Interaction

Spin accumulation
①Spin current

LLG Equation

Flow of spin 
angular momentum

Flow of spin 
angular momentum

ESM @ Cluj Napoca 6~10 Sept. 2021

Outline of my lecture

1. Introduction

2. Basics of electrical transport
i. Free electrons motion in a crystal
ii. Transport in ferromagnets
iii. Two currents model for ferromagnets

3. Spin currents and spin dynamics
i. Spin current
ii. Spin dynamics
iii. Interaction of spin currents and spin dynamics

4. Spin conversion phenomena 
i. Spin Hall effect in metals
ii. Edelstein effect (Rashba Interface & TI surface state)
iii. Magnetic spin Hall effect

5. New directions in spintronics
i. Antiferromagnetic spintronics
ii. Strong coupling

1st Part

2nd Part

84
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4. Spin conversion phenomena 

From Instagram Adehogan: Go Fun The World “Daily Olympics in Tokyo”

85
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Spin Conversion - Versatile functionality -

Electrons

PhotonsPhonons

Magnons
Exchange Interaction

Spin pumpingSpin Orbit Interaction
Inverse spin Hall effect

Spins

YO et al. Nature Phys. 2017
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Newly found spin conversion phenomena

 Novel spin conversion mechanism  Non linear spin conversion

Takahashi et al., Nature Physics (2015)

Wakamura et al., Nature Materials (2015)

87

Harii et al., Nature Commun (2019)
Kimata et al., Nature (2019)

K-R Jeon et al., Nature Materials (2018)

Kozuka et al., PRL 126 (2021)

ESM @ Cluj Napoca 6~10 Sept. 2021

Spin Conversion - Versatile functionality -

88

Charge to spin currents
conversion

Spin Orbit Torque

Spin wave excitation

Magnetization switching

Domain wall dynamics

Skyrmion dynamics

Nagaosa & Tokura 
Nature Nanotech (2013)

YO et al. Nature Phys. 2017
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Comparison between STT and SOT

STT‐MRAM (Spin Transfer Torque‐MRAM)

P: Spin PolarizationJe

M

Je

SOT‐MRAM (Spin Orbit Torque‐MRAM)

θSH(=is/ic): spin Hall angle

S CSH2


 L

t
I I

e

S C2
I I

e
P



L

t

1P 

SH 1
L

t
 

Switching time ~ 10 ns

Switching time ~ 0.5 ns when sft 
89
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Spin Conversion - Versatile functionality -

90

89
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Quiz 6

4. Select correct descriptions in the following? (possibilities of multiple 
correct ones) ;

a. Spin charge interconversion effects provide much more effective 

means to generate spin currents than electrical spin polarized 

current injection. 

b. Spin conversion effects are useless because of small efficiency; only 

valuable for spintronics researchers.

ESM @ Cluj Napoca 6~10 Sept. 2021

i. Spin Hall effect in metals

92
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Spin Hall effects in metals and alloys

93

Bulk 
(Direct & Inverse Spin Hall effects)

Ic⇔IS

4d, 5d transition metals with strong 
SOC (Pt, Ta, W) and alloy (CuIr, CuBi)

Js/Jc=5~30%*
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Spin Hall effects

Extrinsic:

2
2 2 2

      SH SH
SH N N

N SH N

a b
   

  
   



with   𝑎 ൌ
2𝜋
3
𝜂ௌை N 0 𝑽𝒊𝒎𝒑   

Skew scattering
dependent on Vimp distrib.

Takahashi & Maekawa JPSJ 77 (2008) 

Side Jump scattering
independent of Vimp.

 𝑏 ൌ 𝜂ௌை
2

3𝜋
𝑘ி
𝑅௄and

Smit (1951)

Extrinsic: Berger (1970)

1.  impurity potential

2.  Resonant scattering, VBS

Fert (1981)

Intrinsic:
1. Band crossing, Berry phase

dt

tkd
kB

k

k

dt

trd
n

n )(
)(

)()(
















k‐pace‐curvature

anomalous 
velocity

group 
velocity

AHE
SHE
QHE

2. Orbital Spin Hall effect, s‐d mixing
Murakami, Nagaosa (2003)

Tanaka, Kontani, Inoue (2008)

    constant   SH
SH

N


        SH

SH N
N

b
 

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Intuitive picture of skew scattering

+

-
Electron

E

B

- -

-
Impurity

     
1

 spr 




r

V

r
H SO

orbit spin

95

© A. Hoffmann, U. Illinois
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Experimental determination of SH conductance

𝜌SHE ൌ
𝑤୑
𝑥
𝐼େ
𝐼ሜୗ
Δ𝑅SHE

𝐼ሜୗ
𝐼େ
≡
׬ 𝐼ௌሺ𝑧ሻ𝑑𝑧
௧౉
଴

𝑡୑𝐼େ
ൌ
𝝀𝐌
𝑡୑

1 െ 𝑒ି௧౉/𝝀𝐌
ଶ

1 െ 𝑒ିଶ௧౉/𝝀𝐌

𝐼ୗ 𝑧 ൌ 0
𝐼େ

ൎ
𝝀𝐌
𝑡୑

1 െ 𝑒ି௧౉/𝝀𝐌
ଶ

1 െ 𝑒ିଶ௧౉/𝝀𝐌

2𝑝୊𝑅୊ sinh 𝐿/2𝜆୒
𝑅୒ cosh 𝐿/𝜆୒ െ 1 ൅ 2𝑅୊ 𝑒௅/ఒొ െ 1 ൅ 2𝑅୑ sinh 𝐿/𝜆୒

M. Morota et al., Phys. Rev. B 83 (2011).

96

∆𝑅ୗ
୵୧୲୦

∆𝑅ୗ
୰ୣ୤ ൎ

2𝑹𝐌 sinh 𝐿/𝜆୒
𝑅୒ cosh 𝐿/𝜆୒ െ 1 ൅ 2𝑹𝑴 sinh 𝐿/𝜆୒

Experimentally obtain

𝑹𝐌 ൌ
𝜌୑𝝀𝐌
𝑤୑𝑤୒
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Ta

Pt = 10 cm

Pt
1D = 11 nm

SH
1D = 0.020 

Pt

Ta = 330 cm

Ta
1D = 2.7 nm

SH
1D = 0.0037 

Pt
3D = 9 nm

SH
3D = 0.024

Ta
3D = 3 nm

SH
3D = 0.008 

 The values of SH are different from those measured for F/N bilayer systems

Ta

Py1

Cu
Py2

Pt

Py1

Cu
Py2

IC IC

Spin accumulation (V)
55e-25e-4

Spin accumulation (V)
55e-25e-4

3D Distribution of Spin Accumulation for Ta & Pt
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Unveiling the mechanisms of the spin Hall effect

𝜃ୗୌ ൌ
ିఘ౏ౄ
ఘ౮౮,బ

ൌ 𝝈𝐒𝐇
𝐢𝐧𝐭 ൅  𝝈𝐒𝐇

𝐬𝐣 𝜌୶୶,଴ ൅ 𝜶𝐬𝐬

Spin Hall angle Intrinsic SHC Side jump SHC

Residual resistivity

Skew scattering angle

Sagasta et al., Phys. Rev. B 98, 060410(R) (2018)
Sagasta et al., Phys. Rev. B 94, 060412(R) (2016)
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Morota et al., PRB 2011.

SH Angles of 4d & 5d Transition Metals

Wang, et al., PRL112, 2014
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Inverse SHE induced by spin pumping

100

Spin pumping operated by FMR injects 
spin currents into the Pt layer

Ni81Fe19 (10 nm) / Pt (10 nm) thin film

Electromotive force induced by ISHE

Electromotive force signal 
appears around HFMR

Saitoh et al. APL 88, 182509 (2006)
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Skew scattering associated with VBS

+

－

Impurity

E

B

- - --
VBS

Electron

VBS significantly increases the scattering time, causing stronger spin dependence 

© A. Hoffmann, U. Illinois
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0 5 10 15
0

10

20

30

40

50

Ir concentration (%)

 M
 (

nm
)

T = 10 K

CuIr
3D

CuIr
1D

CuIr

0 10 20 30 40 50
0

1

2

imp (cm)

 S
H

E
 (


cm
)

T = 10 K

Cu
Cu99Ir1
Cu97Ir3
Cu94Ir6
Cu91Ir9
Cu88Ir12

Cu99Ir1
Cu97Ir3
Cu94Ir6
Cu91Ir9
Cu88Ir12

0 5 10 15
0

20

40

60

Ir concentration (%)

 i
m

p 
(


cm
)

H
1D = 0.021

H
3D = 0.023

Induced skew scattering in CuIr

The resistivity due to impurity ρimp linearly increases with the impurity concentration, 
indicating a good solubility of Ir up to 12 %.

The linear relation between the spin Hall resistivity ρSHE and ρimp assures us that the 
skew scattering is dominant contribution. 

Both 1D and 3D analyses yield respectively similar SH angles of 2.1 % and 2.3 % 
because of short enough λM < tM.

Y. Niimi et al., PRL 106 (2011)
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CuBi

0 2 4 6
0

20

40

60

80

100

Bi concentration (%)

 M
 (

nm
)

CuBi
3D

CuBi
1D

T = 10 K

Induced skew scattering in CuBi

M rapidly decays with the Bi concentration, reflecting SO induced spin relaxation. The 
3D model gives a longer spin diffusion length than 1D when M > tM, in contrast with the 
claim of Liu et al.

Clear deviation from the linearity SHE between imp above 1 % of Bi, indicates the 
departure from the dilute impurity regime.

The slope of SHE
3D vs imp gives a giant SH angle of 24 %, and that of 1D 12%.

0 10 20 30 40 50
0

1

2

imp (cm)

|
S

H
E
| (


cm
)

Cu99.7 Bi0.3
Cu99.5 Bi0.5
Cu99Bi1
Cu97Bi3
Cu94Bi6

H
1D = -0.12

H
3D = -0.24

T = 10 K

Cu
Cu99.7 Bi0.3
Cu99.5 Bi0.5
Cu99Bi1
Cu97Bi3
Cu94Bi6

0 2 4 6 8
0

20

40

60

Bi concentration [%]

 im
p

[


cm
]

Y. Niimi et al., PRL 109 (2012)
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3D distribution of spin accumulation for CuBi and Pt

Pt = 9.6 cm

Pt
1D = 11 nm

H
1D = 2.0% 

Cu99.5Bi0.5 Pt

Cu99.5Bi0.5
= 11.4 cm

Cu99.5Bi0.5

1D = 32 nm

H
1D = 12% 

The 1D model underestimates the SH angle due to the spreading of the spin 
accumulation at the sides of contacts!!

Pt
3D = 9 nm

H
3D = 2.4% 

Cu99.5Bi0.5

3D = 45 nm

H
3D = 24% 
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Importance of Spin Hall Effects

ISHE ( )E j m  
SH S 

A. Kirihara, et al.  Naure Materials. (2012).

NEC & Saitoh Group in Tohoku Univ. 

Generation of charge currents 
L. Liu, et.al., “Spin-Torque Swiching with the Giant Spin Hall 
Effect of Ta", Science 336, 555 (2012). 

Yamanouchi, et.al., “Three terminal magnetic tunnel junction 
utilizing the spin Hall effect of iridium-doped copper", Appl. Phys. 
Lett. 102, 212408 (2013). 

Generation of spin currents

Pt
Ta

CuIr
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Spin Hall effects in superconductors

Cooper Pair
S‐wave superconductor 

Spin current

Non‐ and Ferro‐magnet 

Spin singlet

Can coexist?

Question arises in terms of superconductivity 

Answer is YES!
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Cooper pair survives over the coherence length ξ (~10 nm), whereas quasi 
particles can do over the charge imbalance length λQ (~1 m).
SH signal disappears above λQ(~1 m). 
The resistivity ρxx varies as qp = xx /f0() = xx(exp(/kBT)+1).

Cu

NbN

Q

Mechanism of SHE in superconductor

Flow of quasi particles
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Spin Hall Effect in Superconductors

S. Takahashi and S. Maekawa, JJAP 51, 010110 (2012).

In superconductors,

Skew scattering Side‐jump & Intrinsic

4 6 8 10
1

10

100

1000

T [K]

1/
(2

f 0
 (


))
2

and

.

where

and is the resistivity just above TC.
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Relation between Teff and I

Py

Heat 
source

Q

Effectiv
e temp

T

Nb

The electronic system can be thermalized by the injected current I., resulting 
in the effective temperature Teff ∝ 𝑰 .
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Spin Hall Effect in Superconductors
T. Wakamura et al., Nat. Mater. 2015.

2000 fold increase by reducing the current I!!
110
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ii. Edelstein effect

111
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New trends in S/C interconversion

112

Bulk 
(Direct & Inverse Spin Hall effects)

Ic⇔IS

4d, 5d transition metals with strong 
SOC (Pt, Ta, W) and alloy (CuIr, CuBi)

Efficient conversion and new functionality

Js/Jc=5~30%*

TI surface

Rashba interface

111
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Spin Orbit Interaction

Relativistic effect ⇒ coordinate transformations ⇒ Lorentz transformation

Effect of E on B

𝐁 ൌ
1

1 െ 𝑣
𝑐

ଶ
 െ𝐯 ൈ 𝐄   

E

v

≡

E

B

Zeeman interaction

Zeeman energy െ𝐬 ⋅ 𝐁 is given

 𝐻ୗ୓ ൎ െ𝐬 ⋅ 𝐁 ∝ 𝐬 ⋅ 𝐩 ൈ ∇𝑉 𝐫  

 ∇𝑉 𝐫 ൌ
𝜕𝑉 𝐫
𝜕𝑟

1
𝑟
𝐫

Central force field

 𝐻ୗ୓ ൎ
1
𝑟

 
𝜕𝑉 𝐫
𝜕𝑟

𝐫 ൈ 𝐩 ⋅ 𝐬  
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Spin splitting at surfaces and interfaces

kx

ky

Bi2Se3

Bi1.5Sb0.5Te1.7Se1.3

(Bi1‐xSbx)2Te3

Topological insulator (surface state)

kF

Surface band

Rashba interface

Au, Ag, Bi, Ag/Bi, Ag/Sb  

kx

ky

Fermi contour Spin momentum locking
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Charge to Spin conversion

E

kx

E

kx

αR: difference in Fermi contour’s radius.1/vF: Fermi contour’s 
radius. 3D

S Rj 3D
F1Sj v 

ky
ky

0S
Non-equilibrium 

spin accumulation 

Rashba HamiltonianDirac Hamiltonian for TI
 D

k F z ×k σH v  R R k × z σH 

Edelstein Effect

Diffusive
Spin current

3D
Sj

V. M. Edelstein, Solid State Commun. 73, 233 (1990).

3D
1

2D
mS

C

j
q

j
   

F 3D1q v   2
R F 3D F 3D

R F

1

with 

q v v

v

 







  


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Spin to Charge conversion

kx

ky

Rashba Hamiltonian

2D
C Rj 

Dirac Hamiltonian for TI

kx

2D
C Fj v 

ky

Spin current
Injection

Inverse Edelstein Effect

2D
Cj

V. M. Edelstein, Solid State Commun. 73, 233 (1990).

 D
k F z ×k σH v  R R k × z σH 

3D
Sj

 
2D
C
3D
S

m
j

j


F 2Dv  R 2D F 2D

R Fwith 

v

v

 





   

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Edelstein effect at TI surfacesii.1

117
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Recent studies on charge-to-spin conversion in TI

Current

Y. Ando et. al, NanoLett.(2014) .  

Bi1.5Sb0.5Te1.7Se1.3

S-C current 

Y. Shiomi et. al, Phys. Rev. Let. (2014) .  
J.‐C. Rojas‐Sanchez et. al, Phys. 
Rev. Lett.(2016) .  

C-S current 

-Sn

S-C current 

Bi2Se3
Spin valve

C. H. Li et. al, Natnano, (2014) .  
A. R. Mellnik et. al, Nature(2014) .  

ST-FMR

2014~

Y.Fan et. al, Nature materials (2014) .  

(Bi0.5Sb0.5)2Te3 Bi2Se3

Spin momentum locking Magnetization switching Conversion efficiency

SH=100~150%SH=14000~42500 %
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Important figure of merit IEE & qics

Spin pumping IEE
Spin current ⇒ Charge current

Spin Torque FMR EE
Charge current ⇒ Spin current

int
int

SH    t
t

q


e

SH

f

eff

SH

sf

sff

,   





q






 
2D
C
3D
S

m
j

j


3D
1

2D
mS

C

j
q

j
   

Interface 
thickness

Spin Hall angle

Effective values Effective values
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Topological insulator : (Bi1-xSbx)2Te3: BST

Molecular Beam Epitaxy (MBE)

Valance band

Conduction band

Dirac point (DP) 

Sb

(Bi1-xSbx)2Te3EF

Fermi level can be tuned by 
Sb composition!

R. Yoshimi et. al, Nature mater. (2014).

Bulk band
Surface band

D. Kong et al., Nat. Nanotech. 6, 705 (2011).

Crystal structure & ARPES

~1 nm

120
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Spin Torque Ferromagnetic Resonance

VSym

VSym is caused by spin current 

Sign of VSym : Spin polarization direction
Amplitude of VSym : Magnitude of spin current

q
V

Vj

j 

    
3D

s

2D
C an

1 ym /

ti

S /nm



Conversion coefficient

10 nm

8 nm

8 nm

Liu et al., PRL 2011
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Spin Torque Ferromagnetic Resonance

10 nm

8 nm

8 nm

Conversion efficiencySH ~ 0.52 >> typical transition metals

Coefficient q as a function of Sb concentration 

j

j
t q t t     SH int iD

3

i

D

nt
S
2
C

nt with 1 nm

(Bi1−xSbx)2Te3
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Spin Orbit torque in magnetic TIii.2

ESM @ Cluj Napoca 6~10 Sept. 2021

Spin Orbit Torque (SOT)

Generic term of spin torque generated by bulk spin Hall effect or interface Edelstein 
Effect 

Bulk Spin Hall Effect Interface Edelstein Effect 

𝐓𝐅𝐋 ൌ 𝐌 ൈ𝐦

𝐓𝐀𝐃 ൌ 𝐌ൈ 𝐌ൈ𝐦

𝐓𝐅𝐋

𝐓𝐀𝐃

Interface
Ferromagnet

𝐌 𝐌

𝐉𝒔

𝐦 𝐦

𝐓𝐅𝐋 ൌ 𝐌 ൈ𝐦𝐓𝐀𝐃 ൌ 𝐌ൈ 𝐌ൈ𝐦
Anti damping torque Field like torque

Manchon, PRB 2009; Garate, PRB 2009; Matos-Abiague, PRB 2009; Haney PRB 
2013; Hang Li, PRB 2015
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Magnetic Topological Insulator

substrate

Topological Insulator (TI)
(Bi1‐ySby)2Te3  (BST)

Magnetic Topological Insulator (MTI)
Crx(Bi1‐ySby)2‐xTe3  (CBST)

(Bi1‐ySby)2Te3

substrate

MCrx(Bi1‐ySby)2‐xTe3

Localized moment (Cr)Spin‐momentum locked 
surface electron (Bi, Sb, Te)

Cr doping

interaction M

Magnetic TI provides a rich playground to study spintronics phenomena 

Yasuda et al., PRL 119 (2017)

125
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SOT switching in Magnetic TI

Jpulse BM

BSOT ∝ σ×M (effective field by spin orbit torque)

s

(Pt/Co : jth = 1.9×1011 A/m2)
(L. Liu et al., PRL 109, 096602 (2012))

Nonvolatile magnetization 
switching with only
jth = 2.5×1010 A/m2

→ qICS ~ 2 nm
‐1

(ƟSH ~ 4)

K. Yasuda et al., PRL 119, 137204 (2017).

-2

-1

0

1

2

-2 -1 0 1 2

Jpulse (mA)

-2

-1

0

1

2

R
yx

 (
k

)

-10 -5 0 5 10
jpulse (10

10
A/m

2
)

B = 0.02 T
2 K

B = -0.02 T
2 K

K. Yasuda
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Demonstration of magnetization switching

T=2K

Cr‐BST/BST

RT

FM/Bi2Se3

J. Han et. al, PRL (2017) .   Y. Wang et. al, Nat Comm (2017) .  

K. Yasuda et al, PRL 119 (2017).

Jth=2.5x10
10 A/m2  (cf. FM/Pt: 1011~1012 A/m2)

127

Rashba effect at interfacesii.3
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Spin-Charge conversion at Metal/Metal interface 

ARPES 

Bi/Ag(111) interface

Ag

Bi

0

2

k

ER
R 

G. R. Ast Phys. Rev. Lett. 98, 186807 (2007).

J.C. Rojas Sánchez et al, Nat. Commun. 4, 2944 (2013).Spin‐to‐charge current conversion 

Py/Ag Py/Bi Py/Ag/Bi

interface

interface

129
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Spin-Charge conversion at metal/oxide interface

S. Karube, K. Kondou, YO APEX 9, 0.33001 (2016).

Spin pumping method

//NiFe(5nm)/Cu/Bi2O3(100nm)

Observation of spin‐to‐charge current conversion in Cu/Bi2O3 interface.

Clear material dependence show that charge density distribution across the 
interface is important for strong Rashba splitting.

Py(5)/Cu(15)/Bi2O3(100)

Cu

NiFe
Cu

NiFe

Bi2O3

Detected dc voltage 
due to S/C conversion

Hr

H. Tsai, K. Kondou, YO Sci. Rep. (2018) in press.
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Sing change in R (1st principle calculation) 

Cu/Bi2O3 , ΔΦ > 0 Ag/Bi2O3 , ΔΦ <0

Cu

Ag

Electron 
distribution

Potential 
gradient

Sign of R is determined by position of peak of electron distribution.

2
2

2
     | |  R SS

dV
dz

c dz
  

Antisymmetric
Coulomb term

Electron density 
distribution

H. Tsai, K. Kondou, YO Sci. Rep. 8, 5564 (2018)
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Spin-Charge conversion at oxide/oxide interface

E. Lesne et al. Nat. Mater. 15, 1261‐1266, (2016).

Large Gate dependence of the signal amplitude and λIEE

132
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Comparison with metal/metal interfaces

1. J. C. Rojas Sánchez et al, Nat. Commun. 4, 2944 (2013).
2. A. Nomura et al., App. Phys. Lett. 106, 212403 (2015).
3. W. Zhang et al., J. App. Phys. 117, 17C727 (2015).
4. M. Isasa et al., Phy. Rev. B 93, 014420 (2016).
5. S. Karube et al., APEX 9, 0.33001 (2016).
6. E. Lesne et al. Nat. Mater. 15, 1261‐1266, (2016).

Table 1| Comparison of IEE between Metal/Metal and Metal/Oxide interface

Interfaces Methods IEE (nm)

Ag/Bi [1,2] Metal/Metal Spin pumping 0.10-0.40

Ag/Sb [3] Metal/Metal Spin pumping 0.01-0.03

Cu/Bi [4] Metal/Metal NonLocal-SpinValve 0.01-0.015

Cu/Bi2O3 [5] Metal/Oxide Spin pumping 0.15-0.45

LAO/STO[6] Oxide/Oxide Spin pumping 2.0～-7.0

Conversion coefficient at interface

EE =Jc2D/JS 3D [m]

133
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Next sptep for various S-C interconversion

Rashba type Dresselhaus type Weyl type 

Various spin splitting in different symmetry

Polar D2d Chiral

⇒ depending on interface and also bulk crystal 
structures 
⇒ Topological spintronics

134
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iii. Magnetic spin Hall effect

135
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New trends in S/C interconversion

Bulk 
(Direct & Inverse Spin Hall effects)

Ic⇔IS

4d, 5d transition metals with strong 
SOC (Pt, Ta, W) and alloy (CuIr, CuBi)

Efficient conversion and new functionality

Js/Jc=5~30%*

TI surface

Rashba interface

Novel type SHE in the 
system with Broken TRS 

136

135

136



69

ESM @ Cluj Napoca 6~10 Sept. 2021

MSHE observed in a ferromagnetic single layer

Charge 
Current

Spin
accumulation

Magnetization

Conventional SHE Magnetic SHE in Ferromagnet

Charge 
Current

Spin accumulation due to SHE precesses about Magnetization

torque

“Anomalous Spin‐Orbit Torques in Magnetic Single‐Layer Films”,  
W. Wang et al. Nature Nanotechnology (2019)

Broken Time Reversal symmetry

T

137
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Weyl points distribution given by Octupoles orientation

Nature Materials (2017). 

138

Cluster Magnetic Octupole breaks time‐reversal symmetry
Switching of Cluster Magnetic Octupole moment decides fictitious field direction

Control of Fictitious Field of a few 100 T by External Magnetic Field of 10 mT

B 〜 10 mT

Suzuki, et al. PRB 95, 094406 (2017)

Cluster Magnetic Octupole

138
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Non-collinear AFM Mn3Sn

Easy Axis

ρH = R0B + RS0M

~ 0.01 μΩcm 

Non‐collinear AFM Mn3Sn TN = 430 K

Small M 
3 mμB/Mn

-4
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0
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4

316
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320
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323

324

-1 -0.5 0 0.5 1

Mn
3
Sn

T = 300 K

 H
 (


c
m

)  (
cm

)


H



B (T)

B // [21ത1ത0]

I // [011ത0]

Nakatsuji et al. Nature 527 212 (2015).+ ρH
AF ~ 3 μΩcm

Hexagonal Ni3Sn‐type structure with space group P63/mmc

Large AHE due to fictitious field ~ 200 T (Berry Phase)
Distinctive nature of Weyl antiferromagnet!?
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Time reversal odd SHE: Spin accumulation in Mn3Sn

The sign reversal of spin accumulation when the MMn3Sn switches 

M. Kimata et al., Nature (2019).

M. Kimata
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Magnetic SHE different from Conventional SHE

Intraband contribution

II

Interband contribution

Conventional SHE Magnetic SHE

I

A. MacDonaldH. Chen

Unlike the spin‐current language, SHE occurs as a linear response of spin density 𝐬 to 
an electric field 𝐄;   𝛘 ൌ 𝛛𝐬 𝛛𝐄⁄

141
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5. New directions in spintronics

From Instagram Adehogan: Go Fun The World “Daily Olympics in Tokyo”
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i. Antiferromagnetic spintronics

143
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New trends in spin manipulation

Bulk 
(Direct & Inverse Spin Hall effects)

Ic⇔IS

4d, 5d transition metals with strong 
SOC (Pt, Ta, W) and alloy (CuIr, CuBi)

Efficient conversion and new functionality

Js/Jc=5~30%*

TI surface

Rashba interface

Antiferromagnet

144
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Antiferromagnetic spintronics

Comparison between F and AF

Ferromagnet Antiferromagnet

Stray field ～ 1 T
Nearly zero

Resonance frequency ～ GHｚ ～THｚ

RT semiconductor Challenge
Available

Coupling 
with magnetic fields

Direct 
Indirect

→ Difficult to control

→ good for miniaturizaƟon 

→ high speed operation

→ variety of material choice

145
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Magnetic phases

High-T

Low-T

ji
ji

SSJH  
,

Paramagnetic
state

J
T ~ |θCW|J > 0 J < 0

Ferromagnetic 
state

Antiferromagnetic
state

M = 0

M ≠ 0

M = 0

Time Reversal Symmetry (TRS) 
not broken

TRS
macroscopically

broken

TRS
broken

TT
but
not

macroscopically 
broken

Strans.

Courtesy of Dr. T. Higo@ T-Tokyo
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Functional antiferromagnets

Ferromagnets (FMs)

Field

Antiferromagnets (AFMs)

M > 0
Response > 0

Functional AFMs

~THz~GHz ~THz

M ~ 0
Response ~ 0

M ~ 0
Response > 0

③ MO device, imaging② Thermoelectric device① Nonvolatile memory

Heat current

Courtesy of Dr. T. Higo @ U-tokyo

Field
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Representative demonstrations in AF spintronics

1. Spin‐polarized current

2. Edelstein spin‐orbit torque (SOT)

3. Spin Hall effect (SHE) SOT

P. Wadley et al., Science 351, 587 (2016).
T. Jungwirth et al., Nature Phys. 14, 200 (2018)

T. Moriyama et al., Scientific Reports 8, 14167 (2018).
X. Z. Chen et al., PRL 120, 207204 (2018).

C‐AFM A.S. Núñez et al., PRB 73, 214426 (2006).
NC‐AFM Jakub Železný et al., PRL 119, 187204 (2017)

: CuMnAs & Mn2Au

: Spin current injection into NiO via SHE

: AFM spin valve interface 

Collinear AFM Non‐collinear AFM

j
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Breakthrough in AF spintronics

e.g.) Mn2Au S. Bodnar et al., Nat. Commun. 9, 348 (2018), NiO/Pt T. Moriyama et al., Sci. Rep. 8, 14167 (2018)…etc

“write”︓Field cooling,  “read”：AMR

Anisotropic magnetoresistance (AMR)

Room-T & Spontaneous

No stray field

Electrical switching of AF ordering

T. Jungwirth et al., 
Nat. Phys. 14,
200 (2018).

“write”︓Current & THz wave, “read”：AMR

H

H
High-T RT

TN ~ 400 K

FC

FC

P. Wadley et al., Science 351, 587 (2016). 

Multi-stable

FeRh

CuMnAs

“0”

“1”

Jwrite

Jwrite

X. Marti et al., Nat. Mater. 13, 367 (2014). 

Courtesy of Dr. T. Higo @ U-Tokyo
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New trends in spin manipulation

Bulk 
(Direct & Inverse Spin Hall effects)

Ic⇔IS

4d, 5d transition metals with strong 
SOC (Pt, Ta, W) and alloy (CuIr, CuBi)

Efficient conversion and new functionality

Js/Jc=1~30%*

Novel non‐collinear 
antiferromagnet

Weyl semimetals

TI surface

Rashba interface

Antiferromagnet
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Functional antiferromagnets

Ferromagnets (FMs)

Field

Antiferromagnets (AFMs)

M > 0
Response > 0

~THz~GHz ~THz

M ~ 0
Response ~ 0

M ~ 0
Response > 0

③ MO device, imaging② Thermoelectric device① Nonvolatile memory

Heat current

Courtesy of Dr. T. Higo @ U-tokyo

Chiral AF Mn3Sn
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Non-collinear antiferromagnet Mn3Sn

[Crystal structure]

Mn3Sn

Crystal Structure P63/mmc

Lattice const. a = 5.67 Å, c = 4.53 Å

Mag. ion Mn (~ 3 μB)

Transition TN ~ 430 K

● spontaneous weak FM moments

● small in-plane anisotropy energy

in-plane M ~ 0.005 μB/f.u.

● inverse triangular spin (ITS) structure

← Canting
+ Orbital M

Tomiyoshi et al., JPSJ 51, 2478 (1982).
Krén et al., Physica B+C 80, 226 (1975).
Nagamiya et al., Solid State Commun. 42, 385 (1982).

[2110]

[0110]
[0001]

[Magnetic structure] A layers+ B

AF domains breaking the global TRS
can be controlled by the in-plane B

ferroic ordering of “cluster magnetic octupoles”
Small M

In-plane
B

AF ordering with macroscopic TRS-breaking

Fig. from Higo et al., Adv. Funct. Mater. 31, 2008971 (2021).

Figs from Higo et al., Nature Photon. 12, 73 (2018). Courtesy of Dr. T. Higo @ U-tokyo
152

151

152



77

ESM @ Cluj Napoca 6~10 Sept. 2021

Transport properties of Mn3Sn

Large spontaneous AHE ρH at room temperature (RT)

What’s the origin of Ω(k)? Octupole ordering or small uncompensated M ??
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■ Hysteresis with large spontaneous signal of ρH ~ 3 μ cm ≒ FM metals
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 H
 (


c
m

)
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B (T)

B || ሾ011ത0ሿ, I || ሾ0001ሿ

B || ሾ21ത1ത0ሿ 
I || ሾ011ത0ሿ

B || ሾ0001ሿ
I || ሾ011ത0ሿ

■ ρH shows anisotropic behavior (○：B // [21ത1ത0] & [011ത0], ×： B // ሾ0001ሿ))

Nakatsuji, Kiyohara, and Higo, Nature 527, 212 (2015).    [Mn3Ge] Kiyohara et al., PRApplied 5, 064009 (2016).
Nayak et al., Sci. Adv. 2, e1501870 (2016).

B
I
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Large spontaneous anomalous Hall effect in Mn3Sn

ρH(B = 0) = R0B + RS0M + ρH
AF ~ -3 mΩcm

~ 0.1 cm

Large AHE induced by large Ω(k) from the unique mag. & elect. structures

0.005 μB

■ Large anomalous Hall effect (≅ FMs) despite the vanishingly small M
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Nakatsuji, Kiyohara, and Higo, Nature 527, 212 (2015).  
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Anomalous Nernst effect

Hot

Cold

I

M or Ω(k) M or Ω(k)

VV

ΔT

Anomalous Nernst effect (ANE) Anomalous Hall effect (AHE)

𝜶𝒙𝒚 ൌ െ
𝒆
𝑻ℏ

න
𝒅𝒌
𝟐𝝅 𝟑 𝛀𝒏 𝒌  ሼ 𝜺𝒏𝒌 െ 𝝁 𝒇𝒏𝒌 ൅ ⋯ሽ 𝝈𝒙𝒚 ൌ െ

𝒆𝟐

ℏ
න

𝒅𝒌
𝟐𝝅 𝟑 𝛀𝒏 𝒌 𝒇𝒏𝒌

Hall conductivity

Nernst coefficient

Nernst conductivity

Hall resistivity

ρH = R0B + RS0M + ρH
AF

Sxy = Q0B + QS0M + Sxy
AF

𝝆𝒙𝒚 ൌ െ𝝈𝒙𝒚 ൈ 𝝆𝒙𝒙𝝆𝒚𝒚𝑺𝒙𝒚 ൌ 𝝆𝒙𝒙ሺ𝜶𝒙𝒚 െ 𝑺𝒚𝒚𝝈𝒙𝒚ሻ
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ℋ෡ |𝜓⟩ ൌ 𝑖ℏ
𝑑
𝑑𝑡

|𝜓⟩ ℋ෡ ൌ ℋ෡ 𝐤 𝑡 : Energy operator 

ቚ𝜓⟩ ൌ 𝑒ି௜థ ௧ |𝑛⟩ for an eigenstate

𝜙 𝑡 ൌ  ଵ
ℏ
׬ 𝐸௡𝐤 𝑡′ 𝑑𝑡′
௧
଴ െ 𝑖 ׬ 𝑛𝐤 𝑡′ ௗ

ௗ௧
𝑛𝐤 𝑡′ 𝑑𝑡′

௧
଴

Conventional 
Dynamical phase

Berry phase: which depends on the 
time derivative of the wave function. 
It is important in the case of time 
dependent adiabatic transport. 

Berry phase

Time dependent Schrödinger equation that governs the wave function

The wave function for an eigenstate

Phase
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𝑖 ׬ 𝑛𝐤 𝑡′ ௗ

ௗ௧
𝑛𝐤 𝑡′ 𝑑𝑡′

௧
଴ ൌ ׬ 𝑑௖ 𝐤 · 𝐀     

ሺ𝐀 ൌ 𝒊 𝒏 𝜵𝒌 𝒏 : 𝐯𝐞𝐜𝐭𝐨𝐫 𝐟𝐢𝐞𝐥𝐝)

“Berry Phase” Closed Paths

Berry phase

න 𝑑
௖

𝐤 · 𝐀 ൌ 𝑖න𝑑𝐒 · 𝛀

Stokes theorem reads

∵ 𝛀 ൌ 𝛁 ൈ 𝐀

Berry curvature can be used to 
define the Berry phase in terms 
of an integral of its flux. 

𝐀

Berry curvature modulates the 
electrons motion exactly like magnetic 
fields.  

𝛀: flux
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Similarity between Berry curvature and Magnetic field 

𝐫ሶ → 𝐫ሶ𝟎 ൅ 𝐤ሶ ൈ 𝛀

𝛀

𝒌𝐱

𝒌𝐲

Berry curvature

Magnetic field

𝐤ሶ → 𝐤ሶ 𝟎 ൅
𝑒
ℏ
𝐫ሶ ൈ 𝐁

𝐁

𝒓𝐱

𝒓𝐲
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Summary

Ferromagnets (FMs)

Field

Antiferromagnets (AFMs)

M > 0
Response > 0

Functional AFMs

~THz~GHz ~THz

M ~ 0
Response ~ 0

M ~ 0
Response > 0

③ MO device, imaging② Thermoelectric device① Nonvolatile memory

① Macroscopic TRS breaking

② Large Berry curvature

e.g. Cluster Magnetic octupole

e.g. topological band structure
Large Ω(k) in the momentum space

Key concepts for AF spintronics

Weyl antiferromagnet Mn3Sn

25

Anomalous Hall effect MO Kerr effectAnomalous Nernst effect

M = 0

B = 0 © T. Tomita

Novel spin Hall effect
Kimata et al.,

Nature 565, 627 (2019).

Ω(k)

Courtesy of Dr. T. Higo @ U-tokyo
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ii. Strong coupling
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159

160



81

ESM @ Cluj Napoca 6~10 Sept. 2021

Spin Conversion - Versatile functionality -

Electrons

PhotonsPhonons

Magnons
Exchange Interaction

Spin pumpingSpin Orbit Interaction
Inverse spin Hall effect

Spins

YO et al. Nature Phys. 2017

161
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Magnon-phonon coupling

e- h+

orbitals lattice

spins charges

Jahn-Teller
distortion

exchange 
interaction

spin-orbit 
interaction

electron-phonon 
coupling

𝜸𝒑
phonon losses

𝜿𝒎
magnon losses
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Magnon-phonon coupling

J. R. Eshbach, Journal of Applied Physics 34, 1298 (1963); 

Quantized spin waves, excitation 
state of spin structure.

Magnon

Phonon

Quantized elastic waves, 
excitation state of lattice.

Magnon-polaron

Magnon Dispersion

Phonon Dispersionω

𝒌

Magnon-polaron

Two dispersion curves of magnon and phonon make level crossing, resulting in a hybridized 
state magnetic polaron

163
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Novel type of coupling

Y. Tabuchi et al., Science 349, 405 (2015)
D. Lachance-Quirion et al., Sci. Adv. 3, e1603150 (2017)
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Spin cavitronics

Magnon Phonon

Coupling 𝐠
𝜿𝒎 Magnon losses 𝜸𝒑Phonon losses

Acoustic cavity with freq. 𝛚

𝐠 ൌ
𝟏
𝟐
𝛈𝛄 ℏ𝛚𝛍𝟎 𝐕𝐜⁄   

Coherence coefficient
Volume of cavity

𝐠
𝜿𝒎,𝜸𝒑

≫ 𝟏
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Summary

1. Introduction

2. Basics of electrical transport
i. Free electrons motion in a crystal
ii. Transport in ferromagnets
iii. Two currents model for ferromagnets

3. Spin currents and spin dynamics
i. Spin current
ii. Spin dynamics
iii. Interaction of spin currents and spin dynamics

4. Spin conversion phenomena 
i. Spin Hall effect in metals
ii. Edelstein effect (Rashba Interface & TI surface state)
iii. Magnetic spin Hall effect

5. New directions in spintronics
i. Antiferromagnetic spintronics
ii. Strong coupling

1st Part

2nd Part
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