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Spintronics

Spin current is free from Joule heating!
⇒Energy-saving devices; Solution to the heating problem in electronics.

Electric current: 

Flow of  charge

Spin current: 

Flow of  spin

Spin current,  charge current!



Spin-wave (magnon) spin current



Interactions for spin current:

1. Exchange interaction between magnetic moment  
and conduction electrons

( sd exchange interaction (Jsd)),

2.   Spin-orbit interaction in conduction electrons (SOI),

3.    Spin-rotation coupling (SRC).

Energy harvesting by spin current 
Based on Angular momentum conservation



Interactions for spin current:

1. Exchange interaction between magnetic moment  
and conduction electrons

( sd exchange interaction (Jsd)),

2.   Spin-orbit interaction in conduction electrons (SOI),

3.    Spin-rotation coupling (SRC).

Energy harvesting by spin current 
Based on Angular momentum conservation



Spin pumping
(spin current generation by FMR)

NM
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Spin current

FMR

Exchange interaction at the interface (Jsd)!!

Exchange interaction(Jsd)
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Energy Interconversion

Heat

Electromagnetic
field

Electricity

Magnet

Seebeck effect (1821)

Faraday effect (1831)

Magneto-caloric
effect (1881)

Spin-Seebeck effect

Spin-motive force

……

19th Century  21st Century



Content:

1. Introduction to Spintronics,
2. Spin current,

3. Spin motive force,
4. Spin Seebeck effect,
5. Spin mechatronics.

Energy conservation and harvesting  by spin current

Power Spintronics



Faraday’s law of  induction :
(after The Feynman Lectures on Physics (1964))

Modern electrical technology 
began with Faraday’s law!!

(by Feynman)



from Faraday to Dirac, and more…

M. Faraday

Faraday’s law:

P.A.M. Dirac

Electron should have

“spin.”

(1831)

(1928)

Dirac equation:

Q.M. + Special Relativity

Maxwell Equation: 
(1865)

Spin current + Faraday’s law!!

S. E. Barnes and S. Maekawa: PRL98, 246601 (2007)

http://sprott.physics.wisc.edu/images/faraday.jpg


Faraday's Law:

c

e

• induced electromotive force

• force acting on electron

Case i:

（１８３１）



Spin-Motive Force

c

e

• force acting on “spin”

: up spin

: down spin

(Barnes & Maekawa 2007)

Spin-motive force:

for example, magnetic field

(Generalized Faraday’s Law)

Electro-motive force:

(Faraday 1831)

• force acting on electric charge

for example, electric field



spin Berry phase

(1831)

(2007)

(Faraday’s Law)

(Generalized Faraday’s Law)

Case ii:



Force acting on electron charge:

Force acting on electron spin:

Spin electric field:

Spin magnetic field:

Spin force:



Current-driven domain wall motion: 0( ) /12cot
z z w

e − −−=

Magnetic Field (H)

Domain wall motion by current: Spin transfer torque (STT),
Electric voltage by domain wall motion: Spin motive force (SMF).

STT and SMF are the front and back of a coin



Electromotive force due to domain wall motion in a NiFe nanowire.

Yang et al., PRL 102, 067201 (2009)

emf due to domain wall motion
SMF Case (1):

http://physics.aps.org/view_image/2388/medium/1


3 um 1~8 um

DC source

bias T
+52 dB

Oscilloscope

Pulse 

generator

(Real Time observation)
- Permalloy nanowires: e-beam lithography

- Dimension: 100-600 nm wide, 10-20 nm thick

M. Hayashi et al:PRL 108, 147202 (2012)
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Sign of the voltage: Left moving vs. right moving DW

B

scope

direction of wall motion

B

scope

direction of wall motion

- Sign of the voltage reverses when the motion direction is altered

M. Hayashi et al:PRL 108, 147202 (2012)

Real Time observation！
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Energy Interconversion

Heat

Electromagnetic
field

Electricity

Magnet

Seebeck effect (1821)

Spin-Seebeck effect 

21st Century
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Boiling of electrons
(Seebeck effect)

Seebeck effect, spin Seebeck effect

Boiling of spin current
(spin Seebeck effect)

Boiling of water



Interactions for spin current:

1. Exchange interaction between magnetic moment  
and conduction electrons

( sd exchange interaction (Jsd)),

2.   Spin-orbit interaction in conduction electrons (SOI),

3.    Spin-rotation coupling (SRC).

A variety of phenomena in spintronics.
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Spin Hall effect 

Interconversion of electric current and spin current

(via spin-orbit interaction)

Electric current

→Spin current
Spin current

→Electric current



Combination of magnetic insulators and conductive films 

used for measuring SSE
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Model system: 

Pt/Y3Fe5O12 (YIG) junction

K. Uchida, H. Adahci, T. Kikkawa, 

A. Kirihara, M. Ishida, S. Yorozu, 

S. Maekawa, and E. Saitoh,  

“Thermoelectric generation based 

on spin Seebeck effects” 

(IEEE Proc. 106,1946, (2016)). 

SSE is a universal 

phenomenon in 

magnetic materials
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Content:

1. Introduction to Spintronics,
2. Spin current,
3. Spin motive force,
4. Spin Seebeck effect,

5.Spin mechatronics 
due to spin-rotaton coupling.



magnetism → rotation rotation → magnetism

Einstein-de Haas effect Barnett effect

Fundamental phenomena (1915)

External field

rotaion

Barnett field



Derivation of spin-rotation coupling

Dirac equation
: gamma matrix

charge:q
mass:m

velocity of light:c

Spin connection

vierbine:)(

e metric:g
low energy limit

total angular momentum

Non-relativistic limit



Derivation of spin-rotation coupling

total angular momentum

Non-relativistic limit

We need to observe the Barnett field in the rotating frame!!



Foucault Pendulum

Period (day) = 1day/sin φ
cf. wikipedia

Rotation freq. = Ω cos θ

Rotation freq.(Earth) Ω = 1 round/day,

φ =90°- θ,   sin(π/2-θ)=cos θ

(φ: latitude)

Foucault pendulum in the Southern 

Hemisphere

（Reverse in the Northern Hemisphere）

z
θ



: angular velocity of rotation

angular momentum:L

: magnetic moment

Rotation couples to 

angular momentum:

Magnetic field couples to 

magnetic moment:

γ：gyromagnetic ratio



/4135

Electron charge

～「ball of charge」

𝐞−

Spin: angular momentum

N

NS

S

Right rotation Left rotationNegative charge

～「rotor」

⇒ electricity ⇒magnetism, rotational motion

Electron ＝ microscopic rotor

𝐞−

electron 𝛔

charge

spin



pool of liquid

spin current

electron spin is a kind of rotation

→ Spins create a whirl!!



Spin current is induced parallel

to gradient of  local rotation.

spin current generation from fluid motion

Rotation motion can be created by a flow of liquid metals such as Hg 

empirical velocity distribution in a pipe

there are local rotational motions

(vorticity)

Ｈ = S・Ω: spin-rotation coupling,

v(r) : velocity of  liquid metal,

Ω ＝ ▽×v (vorticity) Stern-Gerlach effects:

Fs = ▽・Ｂ
=▽・Ω



quartz pipe

(Φ0.4 mm)

nano-volt meterplatinum wire

dispenser 

(by air pulse)

mercury

Experimental setup

R.Takahashi et a., Nature Phys., 12, 52 (2016).



overview

measurement result

voltage signal appears only while mercury is flowing

R.Takahashi et a., Nature Phys., 12, 52 (2016).
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HI
LO

HI
LO

Signal is reversed by reversing the flow direction

Result 1 -SHD Signal Measurement

Spin current  Mechanical motion!!
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Experimental setup for Spin hydrodynamic generation

Nano-voltmeter

Platinum Electrode Wire

(chemical reactivity : weak,

relative Seebeck coef. : small )

Liquid Mercury 

Turbulent Flow

HI
LO Quartz Pipe

Pulsed 

Pressure

Ground



✓Fluid dynamics

✓Spin dynamics 

✓Spin Hall effect

spin current is mainly generated in the vicinity of the pipe wall.

κ: Karman constant

ν: dynamic viscosity

θSHE: spin Hall angle

σ: conductivity

λsf: spin diffusion length

Rδ: sublayer Reynolds number

ς: modification of ν
v* is the so-called friction-velocity of 

turbulent  flow (velocity near the pipe wall).
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All results can be fitted 

by the same parameter set

No. 1 2 3

r 0.2 mm 0.2 mm 0.5 mm

L 82 mm 400 mm 400 mm
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 fitting

vV  2



Angular momentum in phonons ～surface phonons～

Lattice motionRayleigh wave

◼ Elliptical motion of lattice

◼ Lattice rotation（～GHｚ） near surface (~m)

◼ Long distance（~mm）

◼ Rayleigh wave in metal thin films

Characteristics:

Spin current

Injection of angular momentum

in metals



Whirlpool


