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　　　　　“Spin-mechatronics”
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Observation of spin-current generation by 
• Liquid metal motion in Hg   (R.Takahashi et al., Nat. Phys. 2016) 
• Surface acoustic wave in Cu (D.Kobayashi et al., PRL 2017      ) 
• Rigid rotation in Pt (A.Hirohata et al., Sci.Rept.2018)Effects of Mechanical Rotation on Spin Currents
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Introduction.—Recently much attention has been paid to
the control and generation of spin currents, i.e., the flow
of electron spins in the field of spintronics [1]. Since the
spin current is a nonconserved quantity, the utilization of
spin currents is much more challenging than that of charge
currents. A central concept of spintronics is the transfer
of spin angular momentum based on angular momentum
conservation. Experimental developments in the last de-
cade have allowed us to exchange the angular momentum
among conduction electron spin, local magnetization, and
photon polarizations. These phenomena give birth to a
variety of functions [2], and have accelerated the develop-
ment of magnetic random access memory (MRAM) [3].

In this context, a remaining form of angular momentum
carried by condensed matter systems is mechanical angular
momentum due to the uniform rotation of a rigid body.
Using this mechanical angular momentum in spintronics
will permit the mechanical manipulation of spin currents.
However, the effects of mechanical rotation on a spin
current have not been demonstrated so far.

In this Letter, we derive the fundamental Hamiltonian
with a coupling of spin currents and mechanical rotations
from the generally covariant Dirac equation. The introduc-
tion of mechanical rotations involves extending our physi-
cal system from an inertial to noninertial frame. The
dynamics of spin currents is closely related to the spin-
orbit interaction (SOI), which results from taking the low
energy limit of the Dirac equation.

Figure 1 illustrates the relation between mechanical
rotation, magnetization, and spin current. The coupling
of the magnetization and a spin current has been inves-
tigated extensively in terms of spin transfer torque [4,5],
spin pumping [6], and spin motive force [7], i.e., the key
technologies of spintronics. On the other hand, the cou-
pling of a mechanical torque and the magnetization was
studied long time ago. In the middle of the 1910s, the
coupling of mechanical rotations and magnetization was

investigated by Barnett [8], Einstein, and de Haas [9]. They
measured the gyromagnetic ratio and the anomalous g
factor of electrons before the establishment of modern
quantum physics. Recently, several groups have detected
the effects of mechanical rotations on nanostructured
magnetic systems. Mechanical detection of ferromagnetic
resonance spectroscopy has been recognized [10]; the
Einstein–de Haas effect, rotation induced by magnetiza-
tion, is observed in the submicron sized thin NiFe films
deposited on a microcantilever [11], and the nanomechan-
ical detection of a mechanical torque due to spin flips at
the normal-ferromagnetic junction of a suspended nano-
wire has been reported [12]. There is theoretical work on
the effects of a mechanical torque acting on a nanostruc-
tured magnetic system [13–16]. The Einstein–de Haas
effect in Bose-Einstein condensates of atomic gases has
been proposed [17].
Comparing to the well-established coupling of mechani-

cal rotations and magnetization, and that of magnetization
and spin currents, the direct coupling of mechanical rota-
tions and spin currents has not been demonstrated. The
main purpose of this Letter is to link the mechanical
rotation with spin currents.
First, we introduce the Dirac equation in a uniformly

rotating frame. In the low energy limit of this equation,

FIG. 1 (color). Angular momentum transfers between interact-
ing systems.
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What is electron?

Charge current = flow of charged spheresCharge
[electricity]

Spin 
[magnetism]

Electronics

Spintronics

Spin current = flow of spinning gears

fragile ⇒ controlled by nanotechnology
to utilize magnetism and rotation

robust ⇒ easy to control



　　　　　How to control spins?
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　　　　　Mechanical generation of spin current 
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Dirac eq. in non-inertial frame [spin connection] 
(Electron in moving materials)
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H = (p + eA)2

2m
+ eϕ − S ⋅ γB − S ⋅ ω/2 − eλ

ℏ S ⋅ p × (E + (ω × r) × B)

H = βmc2 + (cα − v) ⋅ (p + eA) + eA0 − S ⋅ ω/2



　　　　　Observation of spin-rotation coupling in quark-gluon plasma (Nature 2017)

vorticity ~ 1021Hz  (~ 1017 T)!!
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Global Λ hyperon polarization in nuclear collisions
The STAR Collaboration*

*A list of participants and their affiliations appears at the end of the paper. 

The extreme energy densities generated by ultra-relativistic 
collisions between heavy atomic nuclei produce a state of matter that 
behaves surprisingly like a fluid, with exceptionally high 
temperature and low viscosity1. Non-central collisions have angular 
momenta of the order of 1,000ћ, and the resulting fluid may have a 
strong vortical structure2–4 that must be understood to describe the 
fluid properly. The vortical structure is also of particular interest 
because the restoration of fundamental symmetries of quantum 
chromodynamics is expected to produce novel physical effects in 
the presence of strong vorticity5. However, no experimental 
indications of fluid vorticity in heavy ion collisions have yet been 
found. Since vorticity represents a local rotational structure of the 
fluid, spin–orbit coupling can lead to preferential orientation of 
particle spins along the direction of rotation. Here we present 
measurements of an alignment between the global angular 
momentum of a non-central collision and the spin of emitted 
particles (in this case the collision occurs between gold nuclei and 
produces Λ baryons), revealing that the fluid produced in heavy 
ion collisions is the most vortical system so far observed. (At high 
energies, this fluid is a quark–gluon plasma.) We find that Λ and Λ  
hyperons show a positive polarization of the order of a few per cent, 
consistent with some hydrodynamic predictions6. (A hyperon is a 
particle composed of three quarks, at least one of which is a strange 
quark; the remainder are up and down quarks, found in protons 
and neutrons.) A previous measurement7 that reported a null result, 
that is, zero polarization, at higher collision energies is seen to be 
consistent with the trend of our observations, though with larger 
statistical uncertainties. These data provide experimental access to 
the vortical structure of the nearly ideal liquid8 created in a heavy 
ion collision and should prove valuable in the development of 
hydrodynamic models that quantitatively connect observations to 
the theory of the strong force.

The primary objective of the Relativistic Heavy Ion Collider 
(RHIC) at Brookhaven National Laboratory is to produce a large 
(relative to the size of a proton) system of matter at temperatures of 
T ≈ 200 MeV/kB ≈ 2.3 × 1012 K by colliding gold nuclei travelling at 
96.3% to 99.995% of the speed of light. Such temperatures, more than 
100,000 times that at the Sun’s core, characterized the Universe only 
a few microseconds after the Big Bang9. Under these extreme condi-
tions, the protons and neutrons that comprise our everyday world melt 
into a state of deconfined quarks and gluons called the quark–gluon 
plasma1,10. Before RHIC was turned on in 1999, the expectation was 
that this plasma would be weakly coupled and highly viscous. However, 
the discovery of strong collective behaviour led to the surprising con-
clusion that the system generated in these collisions was in fact a liquid 
with the lowest ratio of viscosity to entropy density ever observed8 .

Since then, a large programme of experimental investigation 
combined with increasingly sophisticated hydrodynamic theory 
have succeeded in reproducing observed properties of the fluid11. A 
complete understanding of this fluid may provide deep insights into 
the strongest and most poorly understood of the fundamental forces 
in nature. Quantum chromodynamics is the theory of the strong 
interactions between quarks and gluons, but experimental input from 

RHIC is essential to understand quark confinement and the origin 
of hadron mass.

A collaboration of physicists from 13 countries operates the STAR 
detector system12, which has recorded billions of collisions at RHIC. 
A rendering of the STAR experiment is shown in Fig. 1. Opposing 
beams of gold nuclei collide in the centre of the time projection 
chamber (TPC), generating a spray of charged particles. The TPC 
signal from a single event is shown in Fig. 2. Forward- and backward- 
travelling particles and fragments that experience only a small deflec-
tion are measured in the beam–beam counters.

Most collisions at RHIC are not head-on, and so involve substantial 
angular momentum, of the order of 1,000 ћ (where ћ is the reduced 
Planck constant) for a typical collision. A slight sideward deflection of 
the forward- and backward-travelling fragments13 from a given colli-
sion allows experimental determination of the direction of the overall 
angular momentum Ĵsys. as shown schematically in Fig. 3.

Recently, Takahashi et al.14  reported the first observation of a cou-
pling between the vorticity of a fluid and the internal quantum spin 
of the electron, opening the door to a new field of fluid spintronics. 
In their study, the vorticity ω—a measure of the ‘swirl’ of the velo-
city flow field around any point (non-relativistically, ω = ½∇ × v)—is 
generated through shear viscous effects as liquid mercury flows next 
to a rigid wall.

In a heavy ion collision, shear forces generated by the interpenetrat-
ing nuclei may present an analogous situation, introducing vorticity to 
the fluid. Indeed, hydrodynamic calculations15 with initial conditions 
tuned to reproduce measured momentum anisotropies predict tremen-
dous vorticity in the fluid at RHIC. So far, no experimental evidence 
of vorticity at RHIC has been reported, and its role in the evolution 
of the fluid has not been explored extensively at the theoretical level.

TPC

Beam–beam counters

Beamline

Time of flight

Figure 1 | The STAR detector system. Gold nuclei travelling at nearly 
the speed of light travel along the beamline and collide in the centre of 
the detector system. Charged particles emitted at mid-rapidity (that is, 
having a relatively small component of velocity along the beam direction) 
are measured in the TPC (see also Fig. 2) and the time-of-flight detectors. 
Forward- and backward-going beam fragments are detected in the  
beam–beam counters.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Spintronics research1,2 has delivered 
remarkable improvements in 
magnetic information storage and 

promised us spin-enhanced information 
processing. But the focus so far has been 
on solid-state systems; liquids have been 
conspicuously absent from the wealth of 
spin-dependent phenomena uncovered in 
this field. Now, writing in Nature Physics, 
Ryo Takahashi and colleagues3 have 
demonstrated a way to harness spins 
in fluids, establishing the principles of 
fluid spintronics.

One of the central challenges in 
spintronics involves exploiting the fact that 

angular momentum is conserved when it is 
converted between different subsystems, such 
as electrons, photons and even elementary 
excitations. In perhaps its simplest 
mechanical manifestation, the conservation 
of angular momentum causes the rotational 
frequency of ice skaters to increase when 
their arms are pulled closer to their 
spinning bodies. But the role of mechanical 
angular momentum is usually overlooked 
in spintronics experiments4, despite the 
fact that a conversion between magnetic 
and mechanical angular momentum was 
demonstrated over a century ago by Einstein 
and de Haas5, and Barnet6.

Takahashi et al.3 focused on the 
conversion of angular momentum in a 
spin current. Rather than describing a 
flow of charge, spin currents7 have an 
imbalance of electron spins pointing in 
different directions, or different velocities 
for opposite spins, and can be used to 
reverse the direction of magnetization of 
macroscopic objects7 — enabling spin-
based logic8, superior lasers9 and high-
performance interconnects10. In liquids, 
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Figure 1 | Spin hydrodynamics. a, Conversion of spin current into mechanical rotation of a fluid. Injecting 
spin-up particles produces a transfer of angular momentum and generates a vortex in the fluid. 
Conservation of total angular momentum leads to the precession of the outgoing spins. A spin-down 
current will reverse the rotation of the vortex. b, Generation of spin and charge currents in a liquid flow 
with inhomogeneous velocity. The local rotational motion (orange arrows) induced by the inhomogeneous 
velocity (purple dashed lines) deflects different spins (perpendicular to the plane, up, red circles, and down, 
blue circles) in opposite directions (black solid arrows). The result is a spin current, jS, parallel to the gradient 
of local rotations (that is, perpendicular to the direction of the flow). Further scattering events in the 
presence of spin–orbit coupling deflect particles with opposite spins and momenta into the same direction, 
as indicated by the black dashed arrows. The spin current is then effectively converted into a charge current, 
jq, which is perpendicular to jS. This is the so-called inverse spin Hall effect. c, Spin-hydroelectric generator. 
When a liquid flows through a pipe, the vorticity of the flow couples to the carrier spins and induces a spin 
current. The spin current is generated mainly in the vicinity of the pipe wall (where the vorticity is stronger) 
and converted into an electric voltage by means of the inverse spin Hall effect.
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　　　　　Magnetization by rotation: Barnett effect (1915)

By Dr. Chudo

HSpin-rotation = −S ⋅Ω

Rotation = “Magnetic field”

HZeeman = −S ⋅γ B

BΩ = Ω
γ

γ = e
m
:gyromagnetic ratio

⎡

⎣⎢
⎤

⎦⎥

HSpin-rotation = −S ⋅Ω

HCor = −L ⋅Ω



　　　　　Observation of spin-vorticity coupling

HSV = −S ⋅ω / 2
・Ferromagnets:  Barnett’s original exp. (1915)

Spin-vorticity coupling arise universally in rotating materials 
・Paramagnetic states (Gd, Tb, Dy):  
　Ono et el., PRB(2015),  
   Ogata et al., APL(2017); JMMM(2017) 
・Ferrimagnetic states  
   Imai et al., APL(2018, 2019) 
・Nuclear spin:  
   Chudo et al., APEX(2014), JPSJ(2015)  

Spin-current generation by rotation 
・Liquid metal flow: Takahashi et al, Nat.Phys.(2016) 
・Surface acoustic wave: Kobayashi et al., PRL(2017) 
・Rigid rotation under magnetic field: Hirohata et al., Sci.Rept (2018)

・Theoretical predictions:  MM et al., PRL(2011)



　　　　　Theoretical framework

ℒFree
electron[ψ] ℒFree

Elastic/Fluid[eμ
a]

Spin-diffusion equation 
w/ spin-vorticity coupling

Elastic/Fluid equation 
w/ rotational viscosity

MM et al., PRB(R) 2017
Eringen (1964)

Takahashi, MM et al., NatPhys2016

Non-relativistic limit
Quantum Kinetic equation

anti-symmetric  
stress tensor

Angular momentum  
conversion

ℒint
spin conn

Coupling between spinor field and lattice field  

 identified by local Lorentz gauge invariance



　　　　　Tetrad (vierbein) formalism and local Lorentz invariance

Spin connection assures local angular momentum conservation law.

Hehl et al.,(1976)

(Σab = i
2 [γa, γb])ψ → ψ′� = exp[iθab(x)Σab]ψ

Cartan (1922)

Gravity  w/ spin & torsion

ℒtot = − ψ̄[ieμ
aγa(pμ − i

2 ωμ
abΣab) + m]ψ

+ ℒgravity[eμ
a]

{γ̃μ(x), γ̃ν(x)} = {γa, γb}ea
μeb

ν
= 2ηabea

μ(x)eb
ν(x) = 2gμν(x)

γ̃μ(x) := γaea
μ(x) {γ̃μ(x), γ̃ν(x)} = 2gμν(x)

Dirac algebra in curved spacetime

Local Lorentz inv. Lagrangian

Spin connection

Spin connection absorbs ∂μθab(x)Σab

e0
μ

e1
μ

e2
μ

e3
μ

e0
μ

e1
μ

e2
μ

e3
μgμν

gμν(x) = ηabea
μ(x)eb

ν(x)



　　　　　Spin connection

ℒelectron = − ψ̄[ieμ
aγa(pμ − i

2 ωμ
abΣab) + m]ψ

ℒElastic/Fluid = ℒ[eμ
a]

MM et al., “Spin-mechatronics”  
Chap. 25 in Spin current 2nd ed.(Oxford)

ωab
μ dxμ := ea ⋅ deb

Spin connection = “Twist of tetrads”  
→ spin-vorticity coupling



　　　　　Hydrodynamics w/ angular momentum

2GPE#�AGA+A,2 ρv r,t( )
I !θ r,t( )

5-+A,2P+

.,CPG M�+-+A,2P+

.*#'!�'��	,( 

ρ Dv
Dt

= ∇⋅T S +∇×T A5-+A,2P+�
"-,NAMQ 2E-,�

.,CPG M�+-+A,2P+�
"-,NAMQ 2E-,

I D
!θ

Dt
= T A

Tij = Tij
S +Tij

A

.,CPG M�+-+A,2P+�-%�VPE#��
EN�"-,QAM2A#�E,2-��

NKE,� ,CPG M�+-+A,2P+�-%�AGA"2M-,N��
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　　　　　Anti-symmetric stress tensor

ρ Dv
Dt

= ∇⋅T S +∇×T A5-+A,2P+�
"-,NAMQ 2E-,�

.,CPG M�+-+A,2P+�
"-,NAMQ 2E-,

I D
!θ

Dt
= T A

Tij = Tij
S +Tij

A

Tij
S = − pδ ij + µ ∂i v j + ∂ j vi( ) �EN"-NE2T��

-�+-+A,2P+�MAG S 2E-,

�-2 2E-, G�QEN"-"E2T�
-� ,CPG M�+-+A,2P+�

MAG S 2E-,�
Relative angular velocity between 

fluid element and vorticity 

.*#'!�'��/'I��0��.'!'!��5�#��
��
�)��	,( 

Tij
A = µrot ∂i v j − ∂ j vi( )− 2ε ijk !θk

⎡⎣ ⎤⎦
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　　　　　Non equilibrium Green function
Lessor function ( noneq. number density )

G12
< := −i( )Trρψ r2t2

† ψ r1t1

Number 
Density

Spectral  
Function

2 point 
Dist. Fn

k
ω
⎛
⎝⎜

⎞
⎠⎟
⇐

r1 − r2
t1 −t2

⎛

⎝
⎜

⎞

⎠
⎟ ,

r
t
⎛
⎝⎜

⎞
⎠⎟
=

r1 + r2( )/2
t1 +t2( )/2

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟Wigner tr.

G12
R := −i( )θ12 ψ r1t1,

ψ r2t2
†⎡⎣ ⎤⎦

G12
A := +i( )θ21 ψ r1t1,

ψ r2t2
†⎡⎣ ⎤⎦

Quantum kinetic equation (Kadanoff-Baym equation)   
w/ spin-vorticity coupling

Density matrix

Spin current

Jσ
i,s = ℏ

2 Tr[∫ω,k
{σ, vk,i}G<

kω,σ]

11��I��B����4-�4 
�	� Hsvc = − 1
2 S ⋅ ω

Gkωrt
< = 2i ImGkω

R × fkωrt
2( )



　　　　　Mechanical analogue of Stern-Gerlach effect

How to create rotation gradient?  
→ 1. Surface acoustic wave,  
    2. Fluid motion of liquid metal !!

Spin current is generated  
along gradient of mag. field.

HZeeman = −S ⋅γ B

⇒ F = −∇HZeeman = S ⋅∇ γ B( )

Spin current is generated  
along rotation gradient.

Hsv = − S ⋅ ω
2

F = − ∇Hsv = 1
2 S ⋅ ∇ω



　　　　　Spin current by vorticity gradient

 x

 y

 z

MM et al., PRB(R)2013
Kobayashi, Nozaki, MM et al.,  
PRL2017 (Editors’ Suggestion)

R. Takahashi, MM. et al.,  
Nature Physics 2016 
MM et al., PRB(R)2017

Elastic motion  
(surface acoustic wave)

Fluid motion

Science, Editor’s choice 
Nature Physics, N&V 
Nature Materials, N&V



　　　　　Rotation (vorticity) -gradient in a pipe flow of liquid metal	

Vorticity:  
local rotation of fluid

∇× v

Spin current generation  
along vorticity-gradient

vo
rtic

ity
-gr
ad
ien
t

v r +δ r( )

v r( )



　　　　　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�

Hg
φ0.4mm

R. Takahashi, MM et al., Nat. Phys. 12, 52-56 (2016)



　　　　　Result - Spin-hydrodynamic signal measurement

R. Takahashi, MM et al., Nat. Phys. 12, 52-56 (2016)



　　　　　Charge to spin/spin to charge conversion

Spin Hall Effect

Spin-Orbit Coupling

 
HSOI =

λ
!
σ ⋅ p + eA( )× −e( )E⎡⎣ ⎤⎦

 
vσ = 1

i!
r,HSOI[ ] = −e( )λ

!
σ ×E

 Spin-orbit scattering

spin current
  →charge current

InverseSpin Hall Effect

charge current
→spin current



　　　　　Mechanism of Spin-hydrodynamic voltage generation
“Spin-hydrodynamic generation”

2. Spin current is converted 
into charge current by ISHE 

1. Spin current generation  
along vorticity gradient +

1. Spin current generation  
along vorticity gradient

2. Spin current is converted 
into charge current due to  
Inverse Spin Hall Effect 

flow of liquid metal: Hg

R. Takahashi, MM et al., Nat. Phys. 12, 52-56 (2016)


