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Observation of spin-current generation by
- Liguid metal motion in Hg (R.Takahashi, MM et al., Nat. Phys. 2016)
- Surface acoustic wave in Cu (D.Kobayashi, MM et al., PRL 2017 58”)




Spin-mechatronics project since 2010

2010.4 From IMR-Tohoku Univ. to ASRC- JAEA

Ultra high-speed rotor = Explore interconversion between spin and

in ASRC: Centrifuge of isotopes mechanical rotation ?

Prof. Maekawa
ASRC, Director General

“Reconsider Einstein-de Haas/Barnett effect
in terms of spin current
after an interval of one century.”
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Prof. Saitoh
AIMR, Tohoku Univ.

“Spin-mechatronics group” in ASRC

“Spin current physics in non-inertial frames!
But, what is the Hamiltonian?”



Electron in non-inertial ﬁames

Special Relativistic Dirac equation
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Fundamental theory for efectror”
in inertial frames
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Gyromagnetic effect

Spin current generation by rigid, elastic, and fluid motion



Magnetism and rotation

Taken ﬁom

Scientific American
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Rotation = "Magnetic field” '

Zeeman
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Magnetization by rotation: Barnett effect (1915)




How to detect? Rotation at 10kHz

Rotation as gravity

0.4 million G !!
(@ 1 mm from rotation axis )

gravity on white dwarf star
0.1 million G

rQ* = lmm x (27 104s—1)2 — 4%10°m/s ~0.4x10°G

leld

Geomagnetism in Tokyo
46 + 0.05 uT

Rotation as magnetic f
Gyromagnetic ratio of electron:
1T~30GHz
10kHz—0.3uT
B=Ql/y, vy = £ =1.76x10"rad-s™" - T
m

Challenge: How to use mechanical rotation to manipulate spins?




Observation of spin-rotation coupl'mg

- Ferromagnets: Barnett’s original exp. (1915)

Spin-rotation = _S . Q

Theoretical predictions:
- MM et al., PRL(2011), --- \ v *;\
Spin-rotation coupling arise universally in rotating materials \ :"" / “
- Paramagnetic states (Gd, Tb, Dy): ” )Y |1 |

Ono & MM et el., PRB(2015), i ! k\« =

Ogata, MM et al., APL(2017); JMMM(2017) AT
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* Nuclear spin: e | i 1

Chudo & MM et al., APEX(2014), JPSJ(2015) p- / [ -
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Spin-current generation by SRC , i

- Liquid metal flow: Takahashi & MM et al, Nat.Phys.(2016) \
« Surface acoustic wave: Kobayashi & MM et al., PRL(2017)




Gyromagnetic effect

Spin current generation by rigid, elastic, and fluid motion



Mechanical
Spin-Orbit

Spin-rotation

Mechanical generation of spin current

4 Surface acoustic wave

Rigid rotation

PRB(R)2013,2017; PRL2017

e Rigid vibration

Hg,GalnSn
Nature Phys. 2016




Pauli-Schrodinger eq. in inertial frames

Low energy limit of Dirac eq. in inertial frames | A
o= 1 (p te A) n e¢ electriclfi/;T;gnetic @ ﬁ
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Spin- Orbit Int.

Spin- Orbit Int.

Low energy limit of Dirac eq. In non-inertial frames?|



Riemann-Cartan geometry (1922)

Minkovski Riemann Cartan (1922)
Flat spacetime Curved spacetime Curved spacetime w/ spin & torsion

ct
Z
X Y (x)
a b
n,. = diag(—+++) ds? = g, (x)de*dx” 8 (¥) =", ()¢, (%) | €, (%) ~ [, (x) |
metric tetrad field
affine connection, spin connectlo_n,
curvature curvature & torsion
Special Relativity(1905) General Relativity(1915) Einstein-Cartan theory (1922)
Gravity w/o spin & torsion Gravity w/ spin & torsion

Cf. Stern-Gerlach (1922)
Pauli (1927)
Dirac (1928)



Tetrad field =
Local rest frames

Spin connection = “Twist of tetrads”
— spin gauge field in non-inertial frames

T R VN

\

Spin mechatronics = Physics of spin connection




Pauli—SchvbdingeV eq. in rotating ﬁfame

A+2 m/e)ﬂ

Low energy limit of Dirac eq. in rotating ﬁame
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electric/ magnetic ﬁeld + rvotation — chavge
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eeman pin-rotation

Bamett
Emste in-de Haas

‘ magnetic field+ rotation = spin ' Zee
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Spin Orbit Int. NEW!
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Mechanical Spin Hall Eﬁec‘c due to rotation

| . Mechanical Spin-OrIoit“nt
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Pt; B =1T, Omega = 10kHz, r=0.1m

— Spin current 108A/m>

MM et al., PRL 106, 076601(201)




Spin- Orbit
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Spin-rotation

Mechanical generaﬁon of sp In current
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Swface acoustic wave

PRB(R)2013,2017; PRL2017

Rigid vibration
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Hg,GalnSn
Nature Phys. 2016



Mechanical analogue of Stern-Gerlach eﬁec‘t

g R
HZeeman — _S . '}/B |i
= b= _VHZeeman =S5V (’}/B) |

Spin current is generated
along gradient of mag. field.

------------------------------------

Spin—rotation

=—VH =5-VQ

Spin—rotation

U
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Spin current is generated
along rotation-gradient.

------------------------------------

How to create rotation-gradient?
— 1. Surface acoustic wave,
2. Fluid motion of liquid metal !!
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Sp In current on vorticity gradien’c

Elastic motion Fluid motion
> stic wave)

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

MM et al., PRB(R)2013

Science, Editor’s choice

Kobayashi, MM et al., Nature Physics, N&V
PRL2017 (Editors’ Suggestion) Nature Materials, N&V



Sp In current generaﬁon on swface acoustic wave

4 )
Vorticity:
local rotation of lattice
V Xv
V(m
\_ J

Spin current is generated
along vorticity gradient!




Spin-vorticity vs. Zeeman

Mechanical Elec‘cromagneﬂc

el

=52 S el

pin-vorticity 9) Zeeman m
W=V XV B=Vx A4

v : velocity field

A :vector potential

For theoretical details: MM et al., “Spin-mechatronics”, JPSJ 86, 011011 (2017).




Spin current ﬁfom Svuface Acoustic Wave

Spin current & Gradient of rotation

Spin Hall Effect

Sp in-rotation

Strong Sp in-Orbit ~ w/o Sp in-Orbit

106m @ GHz Short Spin Lifeﬁme Long Spin Lifeﬂme

Pt Cu

MM et al., Phys. Rev. B87,180402(R) (2013)

Cu can be utilized for spin-current source! = Rare metal ﬁree spintronics



How to detect AC spin current on SAW?

Inverse SHE:

Pt Hall voltage caused by

Cu Non-uniform spin current
is compensated...

SAW

Prof. Nozaki’s beautiful idea!

NiFe

jswhm ‘Spin torque FMR

» /\/\/\
Attenuation of SAW
Due to magnetic damping!

SAW



Interdigital transducer
(80 pairs)

FM/Cu

128" rotated Y-cut _—
LNO substrate

NiFe(20 nm) / Cu(180 nm)

—»:d--— Asaw
siildlg - d=0.6 pm
| : e W * —
i ' --i-----i--'- W — 300 mm
metallization substrate

Kobayashi, Nozaki, MM et al., PRL2017



Mechanical generaﬁon of sp In current

- R'Lgid rotatio - Rigid vibration
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Spin-rotation

Hg,GalnSn

Nature Phys. 2016




Rotation (vortici‘cy) -gradien’c n a pipe ﬂow of liquid metal

-

Vorticity:
local rotation of fluid

V Xv

Spin current generation
along vorticity-gradient

\V




Expevimen‘cal setup fov spin hydmdynamic generation

Nano-voltmeter
LO

Pulsed

Quartz Pipe
Pressure

$0.4mm

Liquid Mercury

Platinum Electrode Wire
(chemical reactivity : weak,
relative Seebeck coef. : small )

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



Mechanism of Sp N- hydvodynamic VO l‘cage generation

~ “Spin-hydrodynamic generation” ~
1. Spin current generation N 2. Spin current is converted
along vorticity gradient into charge current by ISHE

\_ J

1. Spin current generation
along vorticity gradient

flow of liquid metal: Hg

e

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




Result - Sp In- hydrodynamic signal measurement

o T
t /At

At 5.9 sec, 2.7 m/s
Internal Diameter ¢ 0.4 mm

Length L 80 mm

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



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

LETTER

doi:10.1038/nature23004

Global A hyperon polarization in nuclear collisions

The STAR Collaboration*

Au+Au, non-central collision in Relativistic Heavy lon Collider (RHIC)

Quark-gluon
T plasma

/A hyperon

Nuclear fragment

017 T)”

Collision plane




Recently, Takahashi et al.'* 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 w—a measure of the ‘swirl’ of the velo-
city flow field around any point (non-relativistically, w =%V X v)—is
generated through shear viscous effects as liquid mercury flows next
to a rigid wall.

- R.Takahashi MM et al., Nature Physics 12, 52 (2016)




