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SPIN-MECHATRONICS?
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Spin pumping
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Spin transfer torque

pin current
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Fundamental theory of the direct coupling
between mechanical rotation & spin current?




EINSTEIN'S DISCOVERIES IN 1915

& R £ R
Einstein-de Haas effect General Relativity
ALY
N
7]
~ -
'\ —
\/ S
bl b
-
Angular momentum conservation Theory of gravitation & inertial forces
of magnetization & rotation




MAGNETIZATION & ROTATION

A || S S

Einstein-de Haas effect
Barnett effect

Rotation

ﬁ Finstein-de Haas > ?
Magnetization < Barnett D

Deflection angle
— Gyromagnetic ratio of electron

R | Einstein - der Kreisel und das Eléktron
Wie die Metrologie l& f ahien

“Einstein’s Only Experiment”



GENERAL RELATIVITY: RECIPE FOR INERTIAL EFFECTS

General Relativity (1915) Special Relativity (1905)

Theory of gravitation & Theory in inertial frame
inertial effects in accelerating frames

Einstein’s equivalence principle
"Equivalence of gravity and inertial force”

Recipe for inertial forces in accelerating frames




INERTIAL FORCES

L inear acceleration Rotational acceleration

—mVXQ——eVX (e/m)” Q

Coriolis

G A Spin Inertial effects on spins?
m 6 Consult general relativity
Chal”ge about inertial effects on spins!




DIRAC EQUATIONS

E-M and gravitational fields can be included by introducing “covariant derivatives.”

Dirac eq. in vacuum Dirac eq. with E-M & gravitational fields
mc
[y“a# + —:|l// =0
h .q 7GR N
[},u (x)(au — Fu [g(x)]— ngu]+7}// =0
{7ty p=2e"

Dirac eq. with E-M fields {7’# (x).7" (x)} =2g" (x)

Flat space-time (inertial frame) Curved space-time (noninertial frame)




QM IN INERTIAL /INONINERTIAL FRAME

Special Relativistic Dirac eq.
]

Spin-1/2 particle in inertial frame

General Relativisitc Dirac eq.
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*Spin-Orbit

AF=2mc2i~Me\/ TS

Pauli-Schroédinger equation
in noninertial frame




PAULI-SCHRODINGER EQ. IN INERTIAL FRAME

Low energy limit of Dirac eq. in inertial frame

B

H=——(p+cA) +ep ¢ I
2m Coulomb ﬁ
& Lorentz Coulomb & Lorentz
—HpO - B
Zeeman

+20 [(p+eA)x(~e)E]

: _ “Special relativistic effect”
Spin-Orbit Int. originating from Dirac eq.




ENHANCEMENT OF SOI IN COND. MAT TER

Spin-Orbit Interaction o : [(p +eA) X (—e)E]

2 o)
In Vacuum ﬂ,(mv) =(£) ~10™

h2

2 Discoveries of large SOI systems
F § it
BT |- : s, inAs,..
A(mv)’
i) R ( > ) Z[ﬂ.k; ~ 0.58] Vila, Kimura, and Otani,
h Phys. Rev. Lett. 88, 226604 (2007)




SPIN HALL EFFECT IN ROTATING FRAME
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H:—(p+eA)2+e¢—/,Lo'.B+[AO' [(p+eA)x(—e)E] H
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: \ Spin-Orbit Interaction
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Spin current generated /
perpendicular to E-field
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PAULI-SCHRODINGER EQ. IN ROTATING FRAME

Low energy limit of Dirac eq. In rotating frame

/A+(e/m)_1£2

1 - -
H=—(p+eA)2+e¢ —L-Q @«4‘ »
2m Coulomb o LE
& Lorentz Coriolis Coulomb & Lorentz Coriolis
: s
—,uBO'-(B+(e/m) _(2) SY‘E_"':BJF(e/m)-lQ
Barnett \/ Barnett
Zeeman Einstein-de Haas eeman Einstein-de Haas
A “General relativistic effect
"’%0' : [(P r eA) X (—e)(E 2l (.Q X l‘) X B)] in condensed matter”

NEW!

Gravitational-Spin-Orbit G-5pin-Orbit




ANOMALOUS VELOCITY IN ROTATING FRAME

+%O-.|:(p+eA)><(—e)(E+(.Q><l')><B)]

NEW!

L [—@X E+‘([2><r ><B

dt
+AZrrutmal || aE% Radlal

Spin current generatevd
In azimuthal direction




SPIN- CURRENT FROM MECHANICAL ROTATION

+%0‘-[(p+eA)><q(E+(.Q><r)><B)]

NEW!
Gravitational-Spin-Orbit Int.

New spin Hall effect - “general relativistic effect in matter”
R ORER T T
.

LR YA R
r
Pt (Ballistic case) i f’
r=0.Im —|,=108A/m? 2

5= T Chew=lkaa E, =(Q B)r

Ref. M. Matsuo, J. leda, E. Saitoh, and S. Maekawa, Phys. Rev. Lett. 106, 076601 (201 1)




WHY OVERLOOKED /¢

A. Output has been missing = Spin Current!

. . . General Relativistic Dirac eq.
“Spin-Rotation Coupling” X A

de Oliveira-Tiomno, Nuovo Cimento 1962
Mashhoon, Phys. Rev. Lett. 1988
Hehl-Ni, Phys. Rev. D 1990

\/ Efﬁ! Spin current form rotation
COUp“ﬂg of rotation with Spm Current “gen, rel. effect” in cond. matter
\ -~ 4




ULTRA HIGH SPEED ROTOR IN JAEA

a)

turbine  Detheels

M. Ono et al,
Rev. Sci. Instrum. 80, 082908 (2009)

g8 Fe
Q

) od B
Y A\ : 3
: = - . .
R% ) On going experiment
‘ : I for generation/detection
e\ 4 ¢ @ of spin current due to
0 mechanical rotation!
1 | melting sample ejector




IMPURITY SCAT TERING

Or

afa' . fa_fO

f =fo+ev-TE£’+TwCXE:’0fO
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J =J¢ +J%
S g 7 s 0

po o),

radial (longitudinal) spin current:

1+(coC*L')2 :
. . (07)
azimuthal (transverse) spin current: J? = . J
: 1+(co’r)2 : , 182 eB
: J =2nelk; R
g, m*

Ref. M. Matsuo, |. leda, E. Saitoh, and S. Maekawa, to appear in Appl. Phys. Lett.




DETECTION METHOD

Spin current is generated in radial direction e %
due to iImpurity scatterings Aol
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Inverse spin Hall voltage: V.. =6wp, <J:>




SUMMARY

Spin current generated from General Relativity
mechanical rotation

o 4
Recipe of inertial effects in noninertial frame

l\}

General Relativisitc Dirac eq.

“General relativistic effect in matter” /Quamtum Mechanics )

-}r

Renormlizaion of SOI
!' N
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New GravitationaI—Spin—(\)};bﬁit Interaction

Spin-1/2 particle in noninertial frame )

Pauli-Schrodinger equation in rotating frame
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SPIN ACCUMULATION

Spin diffusion equation in the radial direction:

10 ( 0p\ op epd 2neKTw?3r
X2 Or . 14+ (Twe)?

Ref. M. Matsuo, |. leda, E. Saitoh, and S. Maekawa, to appear in Appl. Phys. Lett.




METRIC OF UNIFORMLY ROTATING FRAME

d d
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d
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Space-time dependent metric
= curved space-time




GENERAL COORDINATE
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GENERAL COORDINATE
TRANSFORMATION
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