
Mamor&  Matsuo  ( JAEA-­‐ASRC,  JST-­‐ERATO)  

in  collaboration  with  

J.  Ieda,    S.  Maekawa    [theorD]  

H.  Chudo,  K.  Harii,  M.  Ono,  R.  Takahashi,  E.  Saitoh  [exIeriment]
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　　　　　From  mechatLonics  to  “spin  mechatLonics”

Charge  curLent  &  mechanical  motion Spin  curLent  &  mechanical  motion

e-
SpinCharge

Ang&lar  moment&m  conversion    
betYeen  spin  and  mechanical  rotation



　　　　　Einstein-­‐de  Haas  (1915):  Rotation  by  mag]etization

N�

Wheel = spin

Ayako-san !
＝ Ferromag

Arm = Magnet

Ayako-san!
(our securetary)

Determined 
g~2 for electron 
before Quantum 

Mechanics



　　　　　Mag]etization  by  rotation:  Bar]e`  effect  (1915)

By  Dr.  Chudo

  
HSpin-rotation = S ⋅Ω H = L ⋅Ω

L : angularmomentum,
Ω:rotationfrequency
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Rotation  ~  Mag]etic  field

HZeeman = S ⋅γ B

BΩ = Ω
γ

γ = e
m
:gyromagnetic ratio
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HSpin-rotation = S ⋅Ω



　　　　　Charge  curLent  and  spin  curLent

Charge  curLent

Spin  curLent

flow  of  charges

flow  of  spins

e-

SpinσCharge



　　　　　Spin  curLent  is  fagile

e-
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Charge  curLent:      
conserged

e-

e-
e-

e-
e-

→can  tLavel  infinite  distance

Easy  to  contLol  →  ElectLonics  in  20th  cent&rD
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→can  tLavel  only  shorh  distance  [nm~μm]
Spin  curLent:  
non-­‐conserged

10-­‐9  -­‐  10-­‐6  m    [nm~μm]
Recent  progLess  of  nanotechnologD  in  spintLonics  

  allows  us  to  utilize  spin  curLent!



　　　　　Motivation

Mag]etization

Mechanical  rotation

N

S
Einstein-­‐de  Haas  
Bar]e`  (1915)

Spin  curLent

e- e-

e-

SpintLonics  (21st  c)

Direct  link?
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　　　　　Quant&m  theor-  in  accelerating  systems

e+
e-

e-

e+

General Relativistic Dirac equation

Fundamental theory for electron	


in accelerating systems

Low energy limit

e-

e-

Pauli-Schrödinger equation	

!in accelerating systems

Spin-rotation/vorticity

Special Relativistic Dirac equation

e+

e-

e+

e-

Fundamental theory for electron	


in non-accelerating systems

spin-1/2	


electron/positron

ψ =

ψ e,↑

ψ e,↓

ψ e ,↓

ψ e ,↑
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E

k
e-e-

e+e+

ΔE=2mc2~MeV

Low energy limit

e-

e-

•Coulomb/Lorentz  	


•Zeeman (Spin precession)	


•Spin-Orbit (Spin Hall)

Pauli-Schrödinger equation

spin-1/2	


electron



　　　　　Mag5etization  by  rotation:  Bar5e:  effect  (1915)

  
HSpin-rotation = S ⋅Ω

Rotation  ~  Mag5etic  field

Can  we  obserGe  the  mag5etic  field  due  to  
mechanical  rotation  (Bar5e:  field)  ?

Bar5e:  detected  mag5etization  of  
ferJomag5ets.



　　　　　Bar5e:  field  obserGed  by  spinning  NMR  [1]
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NMRśųŕŤžŵƁşƁ�

NMR  spectJometer:    
detect  nuclear  spin  precession  by  induction

To  obserGe  mag5etic  field  due  to  rotation,  
NMR  spectJometer  should  be  rotated  together  with  a  sample.  
→Need  wireless  system!

Wired:  NG!

Rotation  up  to  10kHz

HZeeman = S ⋅γ B0
⇒ resonancecondition :

ω0 = γ B0
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HZeeman+spin-rotation = S ⋅ γ B0 +Ω( )
⇒ resonancefrequency will be shifted :

ω ' =ω0 +Ω



　　　　　Bar5e:  field  obserGed  by  spinning  NMR  [2]

Chudo et al., Appl. Phys. Express 7, 063004 (2014)SĔŝšŤőšŰ�
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　　　　　Bar5e:  field  obserGed  by  spinning  NMR  [3]�ŪƁŧšŤºKł¨kġSĔÎ��
13/ę6�

115In: γIn = 9.33 MHz/T 
29Si:  γSi = ƈ8.45 MHz/T �

º�ŶƁŵſŤłÇ:ŏV�Ł�R�Easily  deter[ine  sig5s  of    
nuclear  mag5etic  moments  

 PS46!Kazuya Harii "Rotation angle dependence !
            of NMR line structures in various nuclides"



　　　　　Paramag5etic  Bar5e:  effect    [1]
MΩ/#χ�Sample:###gadolinium#

#####→Tc(292±0.5K�near#room#temperature)##
#####→Large#paramagneAc#suscepAbility# ○SuscepAbility#

SQUID fluxmeter(MPMS) 

Magnetic shield 
inside: 20nT 
flactuation: <0.1nT 

○Estimation of magnetization MΩ 
�measure the change of magnetic field around the sample ΔHstray using a 
fluxgate magnetometer and estimate MΩ using a dipole model.   

Apparatus for Barnett Effect 
(in situ observation) 

Capsule (φ8mm)�
Sample(φ6 x 20 mm)�

+Ω#

Spinner (JEOL, 8kHzmax) 

Air flow  

Fluxgate 
 magnetometer 

+ΔH�+MΩ�

z#
+#

PS29! Masao Ono "Barnett effect in a paramagnetic state"



　　　　　Paramag5etic  Bar5e:  effect  [2]

Ono et al., in preparation
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○%Temperature%dependence%of%
%%%%inverse%magne7c%suscep7bility%

→magne7za7on%MΩ%%
%%%is%propor7onal%to%the%rota7on�

Experiment%:%
%297%–%305K%

→The%rota7onal%experiments%were%
%%%%performed%%in%the%paramagne7c%state%�

PS29! Masao Ono "Barnett effect in a paramagnetic state"



　　　　　Spin-­‐vor`icit-  vs.  Zeeman

Mechanical ElectJomag5etic

HZeeman = S ⋅
eB
m

HSpin-vorticity = S ⋅Ω

   
Ω = 1

2
∇× !u  B = ∇× A

   !u : velocityfield   A :vector potential



　　　　　Mechanical  Ster5-­‐Gerlach  effect

S ⋅B⇒ Spin current ~ ∇B
S ⋅Ω⇒ Spin current ~ ∇Ω

Spin  curJent  is  generated    
along  rotation-­‐gJadient!

Lower  “Zeeman”  energ-  
for  up-­‐spin  electJon



　　　　　Spin  curJent  eom  Surface  Acoustic  Wave

 x

 y

 zSpin  curJent  ∝Gradient  of  vor`icit-

10-­‐6m    @  GHz

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


