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RL 
spin-orbit interaction 
confined to the weak link 



Use of electrical currents (or 
fields) to generate spin current 

and polarization without 
magnetic fields or ferromagnets



* spins of mobile electrons can be manipulated by spin-orbit interactions
—the spin of an electron moving through a spin-orbit active material 
(e.g., semiconductor heterostructures) rotates around an effective 
magnetic field generated by the spin-orbit interaction.

* Rashba spin-orbit interaction is significant at surfaces and interfaces 
due to strong internal uncompensated atomic electric fields (normal to 
surface) that appear since the surface potential breaks the symmetry of 
the atomic orbitals there (strong atomic fields no longer cancel as they 
do in the bulk). Electric fields generated by gates can then modulate the 
strength of the Rashba interaction. 


רבי שלמה בן אברהם

E Rashba



*tunneling amplitude with spin-orbit interaction 

and spin splitting by Rashba interaction


*Rashba splitting of Cooper pairs


*breaking time-reversal symmetry

—by a Zeeman field

—by an AC Rashba interaction created by a slowly-rotating electric field


RL 
spin-orbit interaction 
preserves time-reversal 
symmetry



spin-orbit interaction
* Electron moving in an 
electric field experiences a 
``magnetic’’ field in its rest-
frame

Be↵ ⇠ E⇥ p/mc2
<latexit sha1_base64="W7rtJD2U5ySMWB3Bfj0GzTZxXP0="></latexit>

Hso ⇠ µB� ·E⇥ p/mc2
<latexit sha1_base64="CUcgbhtZWZEoNxyLRF2DoLEmjRg="></latexit>

*In solids the electric field is 
the gradient of the crystal 
potential—>``magnetic field” 
odd in the momentum to 
preserve time-reversal 
symmetry 
*In two-dimensions the 
interaction is integrated over 
the growth direction—>linear 
in the momentum 

* bulk inversion 
asymmetry—>Dresselhaus

zinc-
blende 
GaAs

H
2d
D = �(�px�x + py�y)
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* structural inversion 
asymmetry—>Rashba

H
2d
R = ↵(px�y � py�x)

<latexit sha1_base64="TeHgrwCsRY8oqSC+mF7+gOnPri4="></latexit>

GaAs/AlGaAs

Semiconductors



Nitta, Akazaki, Takayanagi, Enoki,  Gate control of 
spin-orbit interaction in an inverted InGaAs/InAlAs 
heterostructures, PRL 78 (1997)

Manipulating  Rashba spin-orbit coupling



as the electron moves ballistically a distance L,  the angle by which the spin 
is rotated by the linear spin-orbit interaction is independent of the velocity, 
i.e., the rotation angle is determined by the spin-orbit coupling and by L

`so , rotation by ⇡
<latexit sha1_base64="drAtz8+YmtkT2U54psr/Xx9tRhY="></latexit>

experimental parameters

Dresselhaus spin-orbit parameter for GaAs `so = ~2/(�m⇤) ⇠ 1� 10µm
Dresselhaus spin-orbit parameter for dual-gated 
InAs/GaSb quantum well `so ⇠ .5µm

Rashba spin-orbit parameter for dual-gated 
InAs/GaSb quantum well

(28.5 meVÅ)
<latexit sha1_base64="OEekohEGwCKXbttg3qB1ZyUzG4c=">AAAB/3icdVDLSsNAFJ34rPVVFdy4GSxC3YQkbdMuW924rGAf0IQymU7boTNJmJkIJXbhr7hxoYhbf8Odf+P0IajogQuHc+7l3nuCmFGpLOvDWFldW9/YzGxlt3d29/ZzB4ctGSUCkyaOWCQ6AZKE0ZA0FVWMdGJBEA8YaQfjy5nfviVC0ii8UZOY+BwNQzqgGCkt9XLHBadqlj0IU09wyElrCr16/byXy1umbbmlchlaplVxHKeoieu6FbsMbdOaIw+WaPRy714/wgknocIMSdm1rVj5KRKKYkamWS+RJEZ4jIakq2mIOJF+Or9/Cs+00oeDSOgKFZyr3ydSxKWc8EB3cqRG8rc3E//yuokaVP2UhnGiSIgXiwYJgyqCszBgnwqCFZtogrCg+laIR0ggrHRkWR3C16fwf9JyTLtoOtelfO1iGUcGnIBTUAA2qIAauAIN0AQY3IEH8ASejXvj0XgxXhetK8Zy5gj8gPH2CbfslAI=</latexit>

`so = ~2/(↵m⇤) ⇠ .125� .25µm (75 ⇠ 53 meVÅ)
<latexit sha1_base64="pm1+J105Lku3fiLk7sZrqRSv3RY="></latexit>

Rashba spin-orbit parameter for inversion layer of 
the heterostructure In0.75Ga0.25As/In0.75Al0.25As

`so ⇠ .06� .125µm



Beukman, de Vries, van Veen, Skolasinski, Wimmer, 
Qu, de Vries, Nguyen, Yi, Kiselev, Sokolich, Manfra, 
Nichele, Marcus, Kouwenhoven, Spin-orbit 
interaction in dual gated InAs/GaSb quantum well, 
PRB 96 (2017)

Rashba interaction and Dresselhaus 
interaction can add up—(110) direction

Manchon, Koo, Nitta, Frolov, Duine, 
Perspectives for Rashba spin-orbit 
coupling, Nat. Materials, 14 (2015)



Effective magnetic field
H

2d
R = ↵(px�y � py�x)

+

1

2
g⇤µBBe↵ = ↵kF ) Be↵ =

2↵kF
g⇤µB
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Hso =
2⇥ 2.64⇥ 10

�12
[eV ·m]⇥ 2.46⇥ 10

8
[m

�1
]

3⇥ 5.8⇥ 10�5[eV · T�1]
= 8T
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propagation through a ``Rashba-effective” link

Bychkov and Rashba, Oscillatory 
effects and the magnetic susceptibility 
of carriers in invention layers, J. Phys. 
C 17 (1984)

phenomenological Hamiltonian for spin-
orbit coupling in uniaxial-symmetric 
systems lacking inversion symmetry 
(heterostructures, surfaces)

TL, μL
TR, μR

spin - orbit active
weak link

m
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RL 

Tunneling matrix element?

m
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HR = ↵R(E⇥ p) · �
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propagation through a ``Rashba-effective” link

The Schrodinger equation for an 
electron moving on a ring, subjected to 
the Rashba interaction

h
� i

d

d✓
+ kson̂(✓) · �

i2
 (✓) = ✏ (✓) ,

n̂(✓) = [cos(✓), sin(✓), 0]
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Gauge transformation:

 (✓) = P (✓) e (✓) ,

i
d

d✓
P (✓) = kson̂(✓) · �
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n̂ k Be↵
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propagation through a ``Rashba-effective” link

Electron moving through infinitesimal        
acquires phase factor

d✓
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 (✓ + d✓) = exp[ikson̂(✓) · �d✓] (✓) ,
n̂(✓) = x̂ cos(✓) + ŷ sin(✓)

<latexit sha1_base64="ePpQd00C1svllkuk0/WJiOXiSdc="></latexit>

but: eikson̂(✓1)·�eikson̂(✓2)·� 6= eikson̂(✓2)·�eikson̂(✓1)·�
<latexit sha1_base64="6TBesC0rZFYKkwgtOg34E5CWYoc="></latexit>

there appears effective magnetic field along ẑ
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example:

eiksorL·�eiksorR·�

= 1� 2 sin2(ksod) cos
2(✓)

+ i sin(2ksod) cos(✓)�y � i sin2(ksod) sin(2✓)�z
<latexit sha1_base64="126VUKa8wBqicMbt3nJmmjsirfE="></latexit>

e�iksodn̂L·�e�iksodn̂R·�
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B
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resultant magnetic field
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� ) ↵ in the adiabatic limit
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Berry phase—Ubiquitous explanation



propagation through a ``Rashba-effective” 

finite arc NO etxternal magnetic field

 (✓) =


P11(✓) P12(✓)
P21(✓) P22(✓)

�
 (0)
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P11(✓) = P ⇤
22(✓) = e�i ✓

2

⇣
cos[(a� 1

2
)✓]� i cos(�) sin[(a� 1

2
)✓]

⌘

P12(✓) = P ⇤
21(✓) = �ie�i ✓

2 sin(�) sin[(a� 1
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Shabhazyan and Raikh, Low-field anomaly in 2D hopping 
magnetoresistance caused by spin-orbit term in the 
energy spectrum, PRL 73, (1994) 

tunneling amplitude—
the propagator 

propagation of a plane wave 
(wave vector k) along a 
straight segment of length s
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time-reversal symmetry -> no 
spin polarization in two-terminal 
junctions

Bardarson, a proof of Kramers degeneracy 

of transmission eigenvalues from antisymmetry 

of the scattering matrix, J. Phys. A 41 (2008)



Mechanically controlled Rashba spin splitter 

Shekhter, OEW, and Aharony, 
Suspended nanowires as 
mechanically-controlled Rashba 
spin filters, PRL 111 (2013)

The spin-orbit interaction  in the 
bent wire can be modulated 
mechanically by loads and 
electrically, by biasing the STM

The model exploited in the 
calculations: the location of the 
quantum dot vibrates normal to 
the wire in the junction plane
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Shekhter, Gorelik, Glazman, and Jonson, Electronic Aharonov-Bohm effect induced 
by quantum vibrations, PRL 97 (2006)

Electrons tunneling through the weak link (e.g., SWNT) excite flexural vibrations in 
the presence of Aharonov-Bohm type magnetic field 
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Summing over spin indices (to obtain 
the charge current) implies

leading to the Landauer formula 
(particle current)
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I = (µR � µL)
�L�R

⇡✏20
<latexit sha1_base64="I5lIfdsLhDQn/+8E+5Wspqty0YM="></latexit><latexit sha1_base64="I5lIfdsLhDQn/+8E+5Wspqty0YM="></latexit><latexit sha1_base64="I5lIfdsLhDQn/+8E+5Wspqty0YM="></latexit><latexit sha1_base64="I5lIfdsLhDQn/+8E+5Wspqty0YM="></latexit>

(almost) no effect of 
Rashba interaction on the 
tunneling conductance



e�i Le�i R
<latexit sha1_base64="u2seKt3FcYEP7QBUDIX04OcJ/sM=">AAACC3icdVDLSsNAFJ3UV62vqEs3Q4vgxpCkbeqy6MaFiyr2AW1aJtNpO3TyYGYilJC9G3/FjQtF3PoD7vwbpw/Bih64cDjnXu69x4sYFdI0P7XMyura+kZ2M7e1vbO7p+8fNEQYc0zqOGQhb3lIEEYDUpdUMtKKOEG+x0jTG19M/eYd4YKGwa2cRMT10TCgA4qRVFJPz5Nucko7kaDdJO0lV2m6LNykaU8vmIZlOqVyGZqGWbFtu6iI4zgVqwwtw5yhABao9fSPTj/EsU8CiRkSom2ZkXQTxCXFjKS5TixIhPAYDUlb0QD5RLjJ7JcUHiulDwchVxVIOFN/TiTIF2Lie6rTR3IkfntT8S+vHcvBmZvQIIolCfB80SBmUIZwGgzsU06wZBNFEOZU3QrxCHGEpYovp0L4/hT+Txq2YRUN+7pUqJ4v4siCI5AHJ8ACFVAFl6AG6gCDe/AInsGL9qA9aa/a27w1oy1mDsEStPcvzC+cMQ==</latexit>

Details of the spin-orbit interaction

✓ = ✓0 +
a0 cos(✓0)

d
(b+ b†)

<latexit sha1_base64="1bnxzg5R7TQJIdJZqLE3uzWOjjw="></latexit>

µL(R)� = µ+ �
UL(R)

2

U =
UL + UR

2
<latexit sha1_base64="E8pbnxtfG5iwsrj+jQCOuDb9WxU="></latexit>

Rashba scatterer as a spin source

IL,� + IR,� = U
�L�R

⇡✏20
sin2(2ksod)

⇥
1X

n=0

1X

`=1

P (n)|hn| cos(✓)|n+ `i|2 2�`!

e�`! � 1
<latexit sha1_base64="+DsaHEolalEKl0YRvssWCpawTBc="></latexit>

eiksorL·�eiksorR·�

= 1� 2 sin2(ksod) cos
2(✓)

+ i sin(2ksod) cos(✓)�y � i sin2(ksod) sin(2✓)�z
<latexit sha1_base64="126VUKa8wBqicMbt3nJmmjsirfE="></latexit>

e�iksodn̂L·�e�iksodn̂R·�
<latexit sha1_base64="PdzAF4XjGHG7D9LLKBUALsbiOs0="></latexit>

For a certain spin component:



Rashba spin splitter 

Dynamic of the spin is deterministic (i.e., not 
random as from magnetic impurities)        
interference of spins in nanostructures with 
spatially localized spin-orbit interaction 
induces spin currents in unpolarized 
conductors,  currents which are not 
associated with charge transportation. The 
Rashba spin splitter can be designed by 
mechanically tuning the nanowire.

)
<latexit sha1_base64="GYxm8REyilqbIqvC81ltsNgESs0=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZJUqd0V3bisYh+QhjKZTtqhk0yYuVFK6We4caGIW7/GnX/j9EFR0QMXDufcy733hKngGhzn08qtrK6tb+Q3C1vbO7t7xf2DppaZoqxBpZCqHRLNBE9YAzgI1k4VI3EoWCscXk391j1TmsvkDkYpC2LST3jEKQEj+Z1b3h8AUUo+dIslx65Wyo5Xwa7tzIAdu+xV3XNvqZTQAvVu8aPTkzSLWQJUEK1910khGBMFnAo2KXQyzVJCh6TPfEMTEjMdjGcnT/CJUXo4kspUAnimfp8Yk1jrURyazpjAQP/2puJfnp9BdBGMeZJmwBI6XxRlAoPE0/9xjytGQYwMIVRxcyumA6IIBZNSwYSw/P1/0vRs17Hdm7NS7XIRRx4doWN0ilxUQTV0jeqogSiS6BE9oxcLrCfr1Xqbt+asxcwh+gHr/QvbNZGg</latexit><latexit sha1_base64="GYxm8REyilqbIqvC81ltsNgESs0=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZJUqd0V3bisYh+QhjKZTtqhk0yYuVFK6We4caGIW7/GnX/j9EFR0QMXDufcy733hKngGhzn08qtrK6tb+Q3C1vbO7t7xf2DppaZoqxBpZCqHRLNBE9YAzgI1k4VI3EoWCscXk391j1TmsvkDkYpC2LST3jEKQEj+Z1b3h8AUUo+dIslx65Wyo5Xwa7tzIAdu+xV3XNvqZTQAvVu8aPTkzSLWQJUEK1910khGBMFnAo2KXQyzVJCh6TPfEMTEjMdjGcnT/CJUXo4kspUAnimfp8Yk1jrURyazpjAQP/2puJfnp9BdBGMeZJmwBI6XxRlAoPE0/9xjytGQYwMIVRxcyumA6IIBZNSwYSw/P1/0vRs17Hdm7NS7XIRRx4doWN0ilxUQTV0jeqogSiS6BE9oxcLrCfr1Xqbt+asxcwh+gHr/QvbNZGg</latexit><latexit sha1_base64="GYxm8REyilqbIqvC81ltsNgESs0=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZJUqd0V3bisYh+QhjKZTtqhk0yYuVFK6We4caGIW7/GnX/j9EFR0QMXDufcy733hKngGhzn08qtrK6tb+Q3C1vbO7t7xf2DppaZoqxBpZCqHRLNBE9YAzgI1k4VI3EoWCscXk391j1TmsvkDkYpC2LST3jEKQEj+Z1b3h8AUUo+dIslx65Wyo5Xwa7tzIAdu+xV3XNvqZTQAvVu8aPTkzSLWQJUEK1910khGBMFnAo2KXQyzVJCh6TPfEMTEjMdjGcnT/CJUXo4kspUAnimfp8Yk1jrURyazpjAQP/2puJfnp9BdBGMeZJmwBI6XxRlAoPE0/9xjytGQYwMIVRxcyumA6IIBZNSwYSw/P1/0vRs17Hdm7NS7XIRRx4doWN0ilxUQTV0jeqogSiS6BE9oxcLrCfr1Xqbt+asxcwh+gHr/QvbNZGg</latexit><latexit sha1_base64="GYxm8REyilqbIqvC81ltsNgESs0=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZJUqd0V3bisYh+QhjKZTtqhk0yYuVFK6We4caGIW7/GnX/j9EFR0QMXDufcy733hKngGhzn08qtrK6tb+Q3C1vbO7t7xf2DppaZoqxBpZCqHRLNBE9YAzgI1k4VI3EoWCscXk391j1TmsvkDkYpC2LST3jEKQEj+Z1b3h8AUUo+dIslx65Wyo5Xwa7tzIAdu+xV3XNvqZTQAvVu8aPTkzSLWQJUEK1910khGBMFnAo2KXQyzVJCh6TPfEMTEjMdjGcnT/CJUXo4kspUAnimfp8Yk1jrURyazpjAQP/2puJfnp9BdBGMeZJmwBI6XxRlAoPE0/9xjytGQYwMIVRxcyumA6IIBZNSwYSw/P1/0vRs17Hdm7NS7XIRRx4doWN0ilxUQTV0jeqogSiS6BE9oxcLrCfr1Xqbt+asxcwh+gHr/QvbNZGg</latexit>



Rashba splitting of Cooper pairs

Josephson current 

Splitting of the spin state of paired 
electrons (that carry the Josephson current)

          interference between the channel 
where         and the channel where  


interference pattern in the amplitude of the 
Josephson current (not there in the normal 
conductance)

)
<latexit sha1_base64="GYxm8REyilqbIqvC81ltsNgESs0=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZJUqd0V3bisYh+QhjKZTtqhk0yYuVFK6We4caGIW7/GnX/j9EFR0QMXDufcy733hKngGhzn08qtrK6tb+Q3C1vbO7t7xf2DppaZoqxBpZCqHRLNBE9YAzgI1k4VI3EoWCscXk391j1TmsvkDkYpC2LST3jEKQEj+Z1b3h8AUUo+dIslx65Wyo5Xwa7tzIAdu+xV3XNvqZTQAvVu8aPTkzSLWQJUEK1910khGBMFnAo2KXQyzVJCh6TPfEMTEjMdjGcnT/CJUXo4kspUAnimfp8Yk1jrURyazpjAQP/2puJfnp9BdBGMeZJmwBI6XxRlAoPE0/9xjytGQYwMIVRxcyumA6IIBZNSwYSw/P1/0vRs17Hdm7NS7XIRRx4doWN0ilxUQTV0jeqogSiS6BE9oxcLrCfr1Xqbt+asxcwh+gHr/QvbNZGg</latexit><latexit sha1_base64="GYxm8REyilqbIqvC81ltsNgESs0=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZJUqd0V3bisYh+QhjKZTtqhk0yYuVFK6We4caGIW7/GnX/j9EFR0QMXDufcy733hKngGhzn08qtrK6tb+Q3C1vbO7t7xf2DppaZoqxBpZCqHRLNBE9YAzgI1k4VI3EoWCscXk391j1TmsvkDkYpC2LST3jEKQEj+Z1b3h8AUUo+dIslx65Wyo5Xwa7tzIAdu+xV3XNvqZTQAvVu8aPTkzSLWQJUEK1910khGBMFnAo2KXQyzVJCh6TPfEMTEjMdjGcnT/CJUXo4kspUAnimfp8Yk1jrURyazpjAQP/2puJfnp9BdBGMeZJmwBI6XxRlAoPE0/9xjytGQYwMIVRxcyumA6IIBZNSwYSw/P1/0vRs17Hdm7NS7XIRRx4doWN0ilxUQTV0jeqogSiS6BE9oxcLrCfr1Xqbt+asxcwh+gHr/QvbNZGg</latexit><latexit sha1_base64="GYxm8REyilqbIqvC81ltsNgESs0=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZJUqd0V3bisYh+QhjKZTtqhk0yYuVFK6We4caGIW7/GnX/j9EFR0QMXDufcy733hKngGhzn08qtrK6tb+Q3C1vbO7t7xf2DppaZoqxBpZCqHRLNBE9YAzgI1k4VI3EoWCscXk391j1TmsvkDkYpC2LST3jEKQEj+Z1b3h8AUUo+dIslx65Wyo5Xwa7tzIAdu+xV3XNvqZTQAvVu8aPTkzSLWQJUEK1910khGBMFnAo2KXQyzVJCh6TPfEMTEjMdjGcnT/CJUXo4kspUAnimfp8Yk1jrURyazpjAQP/2puJfnp9BdBGMeZJmwBI6XxRlAoPE0/9xjytGQYwMIVRxcyumA6IIBZNSwYSw/P1/0vRs17Hdm7NS7XIRRx4doWN0ilxUQTV0jeqogSiS6BE9oxcLrCfr1Xqbt+asxcwh+gHr/QvbNZGg</latexit><latexit sha1_base64="GYxm8REyilqbIqvC81ltsNgESs0=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZJUqd0V3bisYh+QhjKZTtqhk0yYuVFK6We4caGIW7/GnX/j9EFR0QMXDufcy733hKngGhzn08qtrK6tb+Q3C1vbO7t7xf2DppaZoqxBpZCqHRLNBE9YAzgI1k4VI3EoWCscXk391j1TmsvkDkYpC2LST3jEKQEj+Z1b3h8AUUo+dIslx65Wyo5Xwa7tzIAdu+xV3XNvqZTQAvVu8aPTkzSLWQJUEK1910khGBMFnAo2KXQyzVJCh6TPfEMTEjMdjGcnT/CJUXo4kspUAnimfp8Yk1jrURyazpjAQP/2puJfnp9BdBGMeZJmwBI6XxRlAoPE0/9xjytGQYwMIVRxcyumA6IIBZNSwYSw/P1/0vRs17Hdm7NS7XIRRx4doWN0ilxUQTV0jeqogSiS6BE9oxcLrCfr1Xqbt+asxcwh+gHr/QvbNZGg</latexit>

""
<latexit sha1_base64="YA9EpqRd8/v42xOBWBQwQTXophA=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWRapXZXdOOygq2FdiiZNNOGZpIhyVTK0D9x40IRt/6JO//G9GFR0QOXezjnXnJzwoQzbRD6cHIrq2vrG/nNwtb2zu6eu3/Q1DJVhDaI5FK1QqwpZ4I2DDOcthJFcRxyehcOr6b+3YgqzaS4NeOEBjHuCxYxgo2Vuq7bSROslLz/6l23iLxqpYxKFeh7aAaIvHKp6p+XlkoRLFDvuu+dniRpTIUhHGvd9lFiggwrwwink0In1TTBZIj7tG2pwDHVQTa7fAJPrNKDkVS2hIEz9ftGhmOtx3FoJ2NsBvq3NxX/8tqpiS6CjIkkNVSQ+UNRyqGRcBoD7DFFieFjSzBRzN4KyQArTIwNq2BDWP79f9IseT7y/JuzYu1yEUceHIFjcAp8UAE1cA3qoAEIGIEH8ASencx5dF6c1/lozlnsHIIfcN4+Aa82lFY=</latexit><latexit sha1_base64="YA9EpqRd8/v42xOBWBQwQTXophA=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWRapXZXdOOygq2FdiiZNNOGZpIhyVTK0D9x40IRt/6JO//G9GFR0QOXezjnXnJzwoQzbRD6cHIrq2vrG/nNwtb2zu6eu3/Q1DJVhDaI5FK1QqwpZ4I2DDOcthJFcRxyehcOr6b+3YgqzaS4NeOEBjHuCxYxgo2Vuq7bSROslLz/6l23iLxqpYxKFeh7aAaIvHKp6p+XlkoRLFDvuu+dniRpTIUhHGvd9lFiggwrwwink0In1TTBZIj7tG2pwDHVQTa7fAJPrNKDkVS2hIEz9ftGhmOtx3FoJ2NsBvq3NxX/8tqpiS6CjIkkNVSQ+UNRyqGRcBoD7DFFieFjSzBRzN4KyQArTIwNq2BDWP79f9IseT7y/JuzYu1yEUceHIFjcAp8UAE1cA3qoAEIGIEH8ASencx5dF6c1/lozlnsHIIfcN4+Aa82lFY=</latexit><latexit sha1_base64="YA9EpqRd8/v42xOBWBQwQTXophA=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWRapXZXdOOygq2FdiiZNNOGZpIhyVTK0D9x40IRt/6JO//G9GFR0QOXezjnXnJzwoQzbRD6cHIrq2vrG/nNwtb2zu6eu3/Q1DJVhDaI5FK1QqwpZ4I2DDOcthJFcRxyehcOr6b+3YgqzaS4NeOEBjHuCxYxgo2Vuq7bSROslLz/6l23iLxqpYxKFeh7aAaIvHKp6p+XlkoRLFDvuu+dniRpTIUhHGvd9lFiggwrwwink0In1TTBZIj7tG2pwDHVQTa7fAJPrNKDkVS2hIEz9ftGhmOtx3FoJ2NsBvq3NxX/8tqpiS6CjIkkNVSQ+UNRyqGRcBoD7DFFieFjSzBRzN4KyQArTIwNq2BDWP79f9IseT7y/JuzYu1yEUceHIFjcAp8UAE1cA3qoAEIGIEH8ASencx5dF6c1/lozlnsHIIfcN4+Aa82lFY=</latexit><latexit sha1_base64="YA9EpqRd8/v42xOBWBQwQTXophA=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWRapXZXdOOygq2FdiiZNNOGZpIhyVTK0D9x40IRt/6JO//G9GFR0QOXezjnXnJzwoQzbRD6cHIrq2vrG/nNwtb2zu6eu3/Q1DJVhDaI5FK1QqwpZ4I2DDOcthJFcRxyehcOr6b+3YgqzaS4NeOEBjHuCxYxgo2Vuq7bSROslLz/6l23iLxqpYxKFeh7aAaIvHKp6p+XlkoRLFDvuu+dniRpTIUhHGvd9lFiggwrwwink0In1TTBZIj7tG2pwDHVQTa7fAJPrNKDkVS2hIEz9ftGhmOtx3FoJ2NsBvq3NxX/8tqpiS6CjIkkNVSQ+UNRyqGRcBoD7DFFieFjSzBRzN4KyQArTIwNq2BDWP79f9IseT7y/JuzYu1yEUceHIFjcAp8UAE1cA3qoAEIGIEH8ASencx5dF6c1/lozlnsHIIfcN4+Aa82lFY=</latexit>

"#
<latexit sha1_base64="D0310OlXiAcuZh7wMBESXRBbP2Y=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgaphpldpd0Y3LCvYB7VAyaaYNzSRDkrGWob/ixoUibv0Rd/6N6bQUFT0QOJxzD/fmBDGjSrvup5VbW9/Y3MpvF3Z29/YP7MNiS4lEYtLEggnZCZAijHLS1FQz0oklQVHASDsYX8/99j2Rigp+p6cx8SM05DSkGGkj9e1iL4mRlGLSG4gJz1jfLrlOrVpxy1XoOW4G6DqVcs27KK+UElii0bc/TBgnEeEaM6RU13Nj7adIaooZmRV6iSIxwmM0JF1DOYqI8tPs9hk8NcoAhkKaxzXM1O+JFEVKTaPATEZIj9Rvby7+5XUTHV76KeVxognHi0VhwqAWcF4EHFBJsGZTQxCW1NwK8QhJhLWpq2BKWP39f9IqO57reLfnpfrVso48OAYn4Ax4oArq4AY0QBNg8AAewTN4sWbWk/VqvS1Gc9YycwR+wHr/AkcflT0=</latexit><latexit sha1_base64="D0310OlXiAcuZh7wMBESXRBbP2Y=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgaphpldpd0Y3LCvYB7VAyaaYNzSRDkrGWob/ixoUibv0Rd/6N6bQUFT0QOJxzD/fmBDGjSrvup5VbW9/Y3MpvF3Z29/YP7MNiS4lEYtLEggnZCZAijHLS1FQz0oklQVHASDsYX8/99j2Rigp+p6cx8SM05DSkGGkj9e1iL4mRlGLSG4gJz1jfLrlOrVpxy1XoOW4G6DqVcs27KK+UElii0bc/TBgnEeEaM6RU13Nj7adIaooZmRV6iSIxwmM0JF1DOYqI8tPs9hk8NcoAhkKaxzXM1O+JFEVKTaPATEZIj9Rvby7+5XUTHV76KeVxognHi0VhwqAWcF4EHFBJsGZTQxCW1NwK8QhJhLWpq2BKWP39f9IqO57reLfnpfrVso48OAYn4Ax4oArq4AY0QBNg8AAewTN4sWbWk/VqvS1Gc9YycwR+wHr/AkcflT0=</latexit><latexit sha1_base64="D0310OlXiAcuZh7wMBESXRBbP2Y=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgaphpldpd0Y3LCvYB7VAyaaYNzSRDkrGWob/ixoUibv0Rd/6N6bQUFT0QOJxzD/fmBDGjSrvup5VbW9/Y3MpvF3Z29/YP7MNiS4lEYtLEggnZCZAijHLS1FQz0oklQVHASDsYX8/99j2Rigp+p6cx8SM05DSkGGkj9e1iL4mRlGLSG4gJz1jfLrlOrVpxy1XoOW4G6DqVcs27KK+UElii0bc/TBgnEeEaM6RU13Nj7adIaooZmRV6iSIxwmM0JF1DOYqI8tPs9hk8NcoAhkKaxzXM1O+JFEVKTaPATEZIj9Rvby7+5XUTHV76KeVxognHi0VhwqAWcF4EHFBJsGZTQxCW1NwK8QhJhLWpq2BKWP39f9IqO57reLfnpfrVso48OAYn4Ax4oArq4AY0QBNg8AAewTN4sWbWk/VqvS1Gc9YycwR+wHr/AkcflT0=</latexit><latexit sha1_base64="D0310OlXiAcuZh7wMBESXRBbP2Y=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgaphpldpd0Y3LCvYB7VAyaaYNzSRDkrGWob/ixoUibv0Rd/6N6bQUFT0QOJxzD/fmBDGjSrvup5VbW9/Y3MpvF3Z29/YP7MNiS4lEYtLEggnZCZAijHLS1FQz0oklQVHASDsYX8/99j2Rigp+p6cx8SM05DSkGGkj9e1iL4mRlGLSG4gJz1jfLrlOrVpxy1XoOW4G6DqVcs27KK+UElii0bc/TBgnEeEaM6RU13Nj7adIaooZmRV6iSIxwmM0JF1DOYqI8tPs9hk8NcoAhkKaxzXM1O+JFEVKTaPATEZIj9Rvby7+5XUTHV76KeVxognHi0VhwqAWcF4EHFBJsGZTQxCW1NwK8QhJhLWpq2BKWP39f9IqO57reLfnpfrVso48OAYn4Ax4oArq4AY0QBNg8AAewTN4sWbWk/VqvS1Gc9YycwR+wHr/AkcflT0=</latexit>
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Shekhter, OEW, Aharony, Jonson, Rashba splitting of Cooper pairs, PRL 116, (2016)



Josephson  equilibrium current 

*electrons in the source are paired in time-reversed 
states in which their spins are antiparallel

*supercurrent carried by Cooper pairs flows in the non-
superconducting link when there is a (order-parameter) 
phase difference across the weak link

*the electrons tunnel one-by-one but the Cooper pairs 
maintain superconducting coherence (link shorter than the 
coherence length)

*when reaching the drain the electrons are paired again




Josephson  equilibrium current 
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*Supercurrent is proportional to the 
superconducting phase difference

*the critical current for a junction with 
identical superconductors

*     is the normal-state conductance       

Ambegaokar and Baratoff, 
tunneling between 
superconductors, PRL 10, (1963)



Illustration

(semi-classical 
description) 

Evolution of spin states of electrons 
moving between two bulk leads via 
link in which they are subjected to 
Rashba interaction (effective 
magnetic field directed along y)


N-N: if the spin in left is along z, the 
spin at right is in a coherent 
superposition of 

� / spin� orbit

coupling (ksod)
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Cooper pair S-S (Coulomb-blockade-no double occupancy on the link) 
two electrons in time-reversed quantum states, their spins are 
reversed wrt one another, rotation angles have opposite signs.

Final state is a coherent mixture of spin-singlet and spin-triplet 
state, but only the former can enter into the second S, leading to a 
reduction in the amplitude of the Josephson current.
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sequential 
transfer



Transfer of Cooper pairs through a weak link 
*Cooper pairs are transferred between superconducting leads via 
virtual localized states

*Coulomb blockade-the members of the pair are transferred 
sequentially

*short weak link-dependence of the matrix element for a single-
electron transfer on electron energy in the virtual state can be 
ignored

*conservation of longitudinal momentum

d < ~vF/|�|
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polarization has a component in the XZ plane. Quantum
mechanically, the electron’s spinor in the left metal is an
eigenfunction of the Pauli spin matrix σz, and the spinor of
the outgoing electron is in a coherent superposition of spin-
up and spin-down eigenstates of σz.
How can this picture be generalized to describe the

transfer of the two electrons of a Cooper pair between two
bulk superconductors? The simplest case to consider,
which we focus upon below, is when single-electron
tunneling is Coulomb blockaded throughout the wire.
While the blockade can be lifted for one electron, double
electron occupancy of the wire is suppressed; i.e., a Cooper
pair is mainly transferred sequentially, as shown in
Fig. 1(b). Each electron transfer is now accompanied by
the spin rotation shown in Fig. 1(a). However, since the two
transferred electrons are in time-reversed quantum states,
the time evolution of their spins are reversed with respect to
one another, and their rotation angles have opposite signs
[step 4 in Fig. 1(b)]. This final state [Fig. 1(c)] can be
expressed as a coherent mixture of a spin-singlet and a spin-
triplet state, but only the former can enter into the second
superconductor. As we show below, this projection onto the
singlet causes a reduction of the Josephson current.
We consider a model where a Cooper pair is transferred

between superconducting source and drain leads via virtual

states localized in a weak-link wire [see Fig. 2(a)]. The
corresponding tunneling process, which supports multiple
tunneling channels, was analyzed in detail in Ref. [18]. A
significant simplification occurs in the Coulomb-blockade
regime, defined by the inequality Ee ¼ ECðN þ 1Þ−
ECðNÞ ≫ jΔj, where jΔj is the energy gap parameter in
the superconducting leads [19], and ECðNÞ is the Coulomb
energy of the wire when it contains N electrons. In this
regime, tunneling channels requiring two electrons to be
simultaneously localized in a virtual state in the wire can be
neglected—hence the sequential transmission. Another
simplification follows from our assumption that the length
of the wire d is short compared to the superconducting
coherence length ξ0 ≡ ℏvF=jΔj [19], so that the depend-
ence of the matrix element for a single-electron transfer on
the electron energy in the virtual states can be ignored.
More details are given in the Supplemental Material [20]. A
final simplification, facilitated by the device geometry,
concerns the conservation of the electrons’ longitudinal
momenta as they tunnel between the two leads. In Fig. 2,
the wire ends are placed on top of the metal leads and
separated from them by thin but long tunneling barriers.
Since the direction of tunneling is nearly perpendicular to
the direction of the current along the wire, such a geometry
is conducive to longitudinal momentum conservation [21].
These simplifying but realistic assumptions allow us to

describe the transfer of a Cooper pair between the two
superconductors in terms of single-electron tunneling, as
given by the Hamiltonian H ¼ HL þHR þHT . Here,
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where ξkðpÞ ¼ ϵkðpÞ − μ is the quasiparticle energy in the
left (right) bulk superconducting lead with order parameter
ΔLðRÞ, and μ is the common chemical potential. Single-
electron tunneling between the leads is described by the
tunnel Hamiltonian

HT ¼
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FIG. 1. Schematic illustrations of the lowest-order perturbation
expansion steps for tunneling (in the Coulomb-blockade regime)
through a straight nanowire weak link subjected to the Rashba
spin-orbit (SO) interaction caused by an electric field along the ẑ
direction. In a semiclassical picture, the spin of each electron (the
arrows) is rotated in the XZ plane as it goes through the link.
(a) Single-electron tunneling from one normal metal to another,
via an intermediate (rotating) state (the dashed circle). When the
electron enters the second normal metal, its spin has been rotated.
(b) Sequential tunneling in four steps of a Cooper pair between
two superconductors connected by the same weak link. Because
the two electrons that form the Cooper pair are in time-reversed
states, the SO interaction rotates their spins in opposite directions.
(c) As they enter the second superconductor, the Cooper pairs are
in a coherent mixture (the dash-dotted circle) of a spin-singlet and
a spin-triplet state. Inside this superconductor, this state is then
projected onto the singlet state (the full circle).

FIG. 2. (a) Sketch and (b) simplified model of a device that
would allow the effects predicted in the text to be studied.
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final simplification, facilitated by the device geometry,
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momenta as they tunnel between the two leads. In Fig. 2,
the wire ends are placed on top of the metal leads and
separated from them by thin but long tunneling barriers.
Since the direction of tunneling is nearly perpendicular to
the direction of the current along the wire, such a geometry
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describe the transfer of a Cooper pair between the two
superconductors in terms of single-electron tunneling, as
given by the Hamiltonian H ¼ HL þHR þHT . Here,

HLðRÞ ¼
X

kðpÞ
ξkðpÞc

†
kðpÞσckðpÞσ

þ
!
ΔLðRÞ

X

kðpÞ
c†kðpÞ↑c

†
−kð−pÞ;↓ þ H:c:

"
; ð1Þ

where ξkðpÞ ¼ ϵkðpÞ − μ is the quasiparticle energy in the
left (right) bulk superconducting lead with order parameter
ΔLðRÞ, and μ is the common chemical potential. Single-
electron tunneling between the leads is described by the
tunnel Hamiltonian

HT ¼
X

k;p

X

σ;σ0
ðc†pσ0½Wp;k&σ0;σckσ þ H:c:Þ; ð2Þ

FIG. 1. Schematic illustrations of the lowest-order perturbation
expansion steps for tunneling (in the Coulomb-blockade regime)
through a straight nanowire weak link subjected to the Rashba
spin-orbit (SO) interaction caused by an electric field along the ẑ
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Josephson tunneling 
H = HL +HR +HT
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Single-electron tunneling 

Time-reversal symmetry



Josephson current Wkp = W0W
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For

calculation of the current 
(second-order in the tunneling)
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gives for the equilibrium (no bias) Josephson current

Without the spin-orbit interaction               is diagonal in spin spaceW��
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Rashba splitting of Cooper pairs  
(in the Coulomb blockade regime)
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equilibrium (no bias) Josephson current

= 1� 2 cos2(✓) sin2(ksod)
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Josephson tunneling ⇡ shift
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special cases :

✓ = 0 , ksod = ⇡/4 ,⇡/2
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Normal-state conductance is unchanged



Lifting the Coulomb blockade

(will this destroy the coherent spin precession)

t1<latexit sha1_base64="FtWL3jJNScLiOVASgl6NLxkLPYw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFRL7sO6KblxWMLbQxjKZTtqhk4czN0IJ+Qk3LlTc+j3u/BunbQQVPXDhcM693HuPFwuuwLI+jMLS8srqWnG9tLG5tb1T3t27UVEiKXNoJCLZ9YhigofMAQ6CdWPJSOAJ1vEmFzO/c8+k4lF4DdOYuQEZhdznlICWunCbZoPUzgblimXa1XqtamPLtObQpNFoWvU6tnOlgnK0B+X3/jCiScBCoIIo1bOtGNyUSOBUsKzUTxSLCZ2QEetpGpKAKTed35vhI60MsR9JXSHgufp9IiWBUtPA050BgbH67c3Ev7xeAn7TTXkYJ8BCuljkJwJDhGfP4yGXjIKYakKo5PpWTMdEEgo6opIO4etT/D9xTswz076qVVrneRpFdIAO0TGy0SlqoUvURg6iSKAH9ISejTvj0XgxXhetBSOf2Uc/YLx9AvZAkB8=</latexit><latexit sha1_base64="FtWL3jJNScLiOVASgl6NLxkLPYw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFRL7sO6KblxWMLbQxjKZTtqhk4czN0IJ+Qk3LlTc+j3u/BunbQQVPXDhcM693HuPFwuuwLI+jMLS8srqWnG9tLG5tb1T3t27UVEiKXNoJCLZ9YhigofMAQ6CdWPJSOAJ1vEmFzO/c8+k4lF4DdOYuQEZhdznlICWunCbZoPUzgblimXa1XqtamPLtObQpNFoWvU6tnOlgnK0B+X3/jCiScBCoIIo1bOtGNyUSOBUsKzUTxSLCZ2QEetpGpKAKTed35vhI60MsR9JXSHgufp9IiWBUtPA050BgbH67c3Ev7xeAn7TTXkYJ8BCuljkJwJDhGfP4yGXjIKYakKo5PpWTMdEEgo6opIO4etT/D9xTswz076qVVrneRpFdIAO0TGy0SlqoUvURg6iSKAH9ISejTvj0XgxXhetBSOf2Uc/YLx9AvZAkB8=</latexit><latexit sha1_base64="FtWL3jJNScLiOVASgl6NLxkLPYw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFRL7sO6KblxWMLbQxjKZTtqhk4czN0IJ+Qk3LlTc+j3u/BunbQQVPXDhcM693HuPFwuuwLI+jMLS8srqWnG9tLG5tb1T3t27UVEiKXNoJCLZ9YhigofMAQ6CdWPJSOAJ1vEmFzO/c8+k4lF4DdOYuQEZhdznlICWunCbZoPUzgblimXa1XqtamPLtObQpNFoWvU6tnOlgnK0B+X3/jCiScBCoIIo1bOtGNyUSOBUsKzUTxSLCZ2QEetpGpKAKTed35vhI60MsR9JXSHgufp9IiWBUtPA050BgbH67c3Ev7xeAn7TTXkYJ8BCuljkJwJDhGfP4yGXjIKYakKo5PpWTMdEEgo6opIO4etT/D9xTswz076qVVrneRpFdIAO0TGy0SlqoUvURg6iSKAH9ISejTvj0XgxXhetBSOf2Uc/YLx9AvZAkB8=</latexit><latexit sha1_base64="FtWL3jJNScLiOVASgl6NLxkLPYw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFRL7sO6KblxWMLbQxjKZTtqhk4czN0IJ+Qk3LlTc+j3u/BunbQQVPXDhcM693HuPFwuuwLI+jMLS8srqWnG9tLG5tb1T3t27UVEiKXNoJCLZ9YhigofMAQ6CdWPJSOAJ1vEmFzO/c8+k4lF4DdOYuQEZhdznlICWunCbZoPUzgblimXa1XqtamPLtObQpNFoWvU6tnOlgnK0B+X3/jCiScBCoIIo1bOtGNyUSOBUsKzUTxSLCZ2QEetpGpKAKTed35vhI60MsR9JXSHgufp9IiWBUtPA050BgbH67c3Ev7xeAn7TTXkYJ8BCuljkJwJDhGfP4yGXjIKYakKo5PpWTMdEEgo6opIO4etT/D9xTswz076qVVrneRpFdIAO0TGy0SlqoUvURg6iSKAH9ISejTvj0XgxXhetBSOf2Uc/YLx9AvZAkB8=</latexit>

t2<latexit sha1_base64="/g+1EcO4Ii8rZ3uXKWnDSYkqnPo=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaQv667oxmUFYwttLJPppB06eTgzEUrIT7hxoeLW73Hn3zhtI6jogQuHc+7l3nu8mDOpLOvDWFpeWV1bL2wUN7e2d3ZLe/s3MkoEoQ6JeCS6HpaUs5A6iilOu7GgOPA47XiTi5nfuadCsii8VtOYugEehcxnBCstddVtmg3SSjYolS3TrtZrVRtZpjWHJo1G06rXkZ0rZcjRHpTe+8OIJAENFeFYyp5txcpNsVCMcJoV+4mkMSYTPKI9TUMcUOmm83szdKyVIfIjoStUaK5+n0hxIOU08HRngNVY/vZm4l9eL1F+001ZGCeKhmSxyE84UhGaPY+GTFCi+FQTTATTtyIyxgITpSMq6hC+PkX/E6dinpn2Va3cOs/TKMAhHMEJ2HAKLbiENjhAgMMDPMGzcWc8Gi/G66J1ychnDuAHjLdP98SQIA==</latexit><latexit sha1_base64="/g+1EcO4Ii8rZ3uXKWnDSYkqnPo=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaQv667oxmUFYwttLJPppB06eTgzEUrIT7hxoeLW73Hn3zhtI6jogQuHc+7l3nu8mDOpLOvDWFpeWV1bL2wUN7e2d3ZLe/s3MkoEoQ6JeCS6HpaUs5A6iilOu7GgOPA47XiTi5nfuadCsii8VtOYugEehcxnBCstddVtmg3SSjYolS3TrtZrVRtZpjWHJo1G06rXkZ0rZcjRHpTe+8OIJAENFeFYyp5txcpNsVCMcJoV+4mkMSYTPKI9TUMcUOmm83szdKyVIfIjoStUaK5+n0hxIOU08HRngNVY/vZm4l9eL1F+001ZGCeKhmSxyE84UhGaPY+GTFCi+FQTTATTtyIyxgITpSMq6hC+PkX/E6dinpn2Va3cOs/TKMAhHMEJ2HAKLbiENjhAgMMDPMGzcWc8Gi/G66J1ychnDuAHjLdP98SQIA==</latexit><latexit sha1_base64="/g+1EcO4Ii8rZ3uXKWnDSYkqnPo=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaQv667oxmUFYwttLJPppB06eTgzEUrIT7hxoeLW73Hn3zhtI6jogQuHc+7l3nu8mDOpLOvDWFpeWV1bL2wUN7e2d3ZLe/s3MkoEoQ6JeCS6HpaUs5A6iilOu7GgOPA47XiTi5nfuadCsii8VtOYugEehcxnBCstddVtmg3SSjYolS3TrtZrVRtZpjWHJo1G06rXkZ0rZcjRHpTe+8OIJAENFeFYyp5txcpNsVCMcJoV+4mkMSYTPKI9TUMcUOmm83szdKyVIfIjoStUaK5+n0hxIOU08HRngNVY/vZm4l9eL1F+001ZGCeKhmSxyE84UhGaPY+GTFCi+FQTTATTtyIyxgITpSMq6hC+PkX/E6dinpn2Va3cOs/TKMAhHMEJ2HAKLbiENjhAgMMDPMGzcWc8Gi/G66J1ychnDuAHjLdP98SQIA==</latexit><latexit sha1_base64="/g+1EcO4Ii8rZ3uXKWnDSYkqnPo=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaQv667oxmUFYwttLJPppB06eTgzEUrIT7hxoeLW73Hn3zhtI6jogQuHc+7l3nu8mDOpLOvDWFpeWV1bL2wUN7e2d3ZLe/s3MkoEoQ6JeCS6HpaUs5A6iilOu7GgOPA47XiTi5nfuadCsii8VtOYugEehcxnBCstddVtmg3SSjYolS3TrtZrVRtZpjWHJo1G06rXkZ0rZcjRHpTe+8OIJAENFeFYyp5txcpNsVCMcJoV+4mkMSYTPKI9TUMcUOmm83szdKyVIfIjoStUaK5+n0hxIOU08HRngNVY/vZm4l9eL1F+001ZGCeKhmSxyE84UhGaPY+GTFCi+FQTTATTtyIyxgITpSMq6hC+PkX/E6dinpn2Va3cOs/TKMAhHMEJ2HAKLbiENjhAgMMDPMGzcWc8Gi/G66J1ychnDuAHjLdP98SQIA==</latexit>

t3
<latexit sha1_base64="P/msgzRukzCZdICwHae98BiZsu8=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiT2Yd0V3bisYGyhjWUynbRDJw9nJkIJ+Qk3LlTc+j3u/BunbQQVPXDhcM693HuPF3MmlWV9GIWl5ZXVteJ6aWNza3unvLt3I6NEEOqQiEei62FJOQupo5jitBsLigOP0443uZj5nXsqJIvCazWNqRvgUch8RrDSUlfdptkgrWaDcsUy7Wq9VrWRZVpzaNJoNK16Hdm5UoEc7UH5vT+MSBLQUBGOpezZVqzcFAvFCKdZqZ9IGmMywSPa0zTEAZVuOr83Q0daGSI/ErpChebq94kUB1JOA093BliN5W9vJv7l9RLlN92UhXGiaEgWi/yEIxWh2fNoyAQlik81wUQwfSsiYywwUTqikg7h61P0P3FOzDPTvqpVWud5GkU4gEM4BhtOoQWX0AYHCHB4gCd4Nu6MR+PFeF20Fox8Zh9+wHj7BPlIkCE=</latexit><latexit sha1_base64="P/msgzRukzCZdICwHae98BiZsu8=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiT2Yd0V3bisYGyhjWUynbRDJw9nJkIJ+Qk3LlTc+j3u/BunbQQVPXDhcM693HuPF3MmlWV9GIWl5ZXVteJ6aWNza3unvLt3I6NEEOqQiEei62FJOQupo5jitBsLigOP0443uZj5nXsqJIvCazWNqRvgUch8RrDSUlfdptkgrWaDcsUy7Wq9VrWRZVpzaNJoNK16Hdm5UoEc7UH5vT+MSBLQUBGOpezZVqzcFAvFCKdZqZ9IGmMywSPa0zTEAZVuOr83Q0daGSI/ErpChebq94kUB1JOA093BliN5W9vJv7l9RLlN92UhXGiaEgWi/yEIxWh2fNoyAQlik81wUQwfSsiYywwUTqikg7h61P0P3FOzDPTvqpVWud5GkU4gEM4BhtOoQWX0AYHCHB4gCd4Nu6MR+PFeF20Fox8Zh9+wHj7BPlIkCE=</latexit><latexit sha1_base64="P/msgzRukzCZdICwHae98BiZsu8=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiT2Yd0V3bisYGyhjWUynbRDJw9nJkIJ+Qk3LlTc+j3u/BunbQQVPXDhcM693HuPF3MmlWV9GIWl5ZXVteJ6aWNza3unvLt3I6NEEOqQiEei62FJOQupo5jitBsLigOP0443uZj5nXsqJIvCazWNqRvgUch8RrDSUlfdptkgrWaDcsUy7Wq9VrWRZVpzaNJoNK16Hdm5UoEc7UH5vT+MSBLQUBGOpezZVqzcFAvFCKdZqZ9IGmMywSPa0zTEAZVuOr83Q0daGSI/ErpChebq94kUB1JOA093BliN5W9vJv7l9RLlN92UhXGiaEgWi/yEIxWh2fNoyAQlik81wUQwfSsiYywwUTqikg7h61P0P3FOzDPTvqpVWud5GkU4gEM4BhtOoQWX0AYHCHB4gCd4Nu6MR+PFeF20Fox8Zh9+wHj7BPlIkCE=</latexit><latexit sha1_base64="P/msgzRukzCZdICwHae98BiZsu8=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiT2Yd0V3bisYGyhjWUynbRDJw9nJkIJ+Qk3LlTc+j3u/BunbQQVPXDhcM693HuPF3MmlWV9GIWl5ZXVteJ6aWNza3unvLt3I6NEEOqQiEei62FJOQupo5jitBsLigOP0443uZj5nXsqJIvCazWNqRvgUch8RrDSUlfdptkgrWaDcsUy7Wq9VrWRZVpzaNJoNK16Hdm5UoEc7UH5vT+MSBLQUBGOpezZVqzcFAvFCKdZqZ9IGmMywSPa0zTEAZVuOr83Q0daGSI/ErpChebq94kUB1JOA093BliN5W9vJv7l9RLlN92UhXGiaEgWi/yEIxWh2fNoyAQlik81wUQwfSsiYywwUTqikg7h61P0P3FOzDPTvqpVWud5GkU4gEM4BhtOoQWX0AYHCHB4gCd4Nu6MR+PFeF20Fox8Zh9+wHj7BPlIkCE=</latexit>

t4<latexit sha1_base64="f5GiZZRD/zlrubYt2P0WEkfLFL0=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiT2Yd0V3bisYGyhjWUynbRDJw9nJkIJ+Qk3LlTc+j3u/BunbQQVPXDhcM693HuPF3MmlWV9GIWl5ZXVteJ6aWNza3unvLt3I6NEEOqQiEei62FJOQupo5jitBsLigOP0443uZj5nXsqJIvCazWNqRvgUch8RrDSUlfdptkgrWWDcsUy7Wq9VrWRZVpzaNJoNK16Hdm5UoEc7UH5vT+MSBLQUBGOpezZVqzcFAvFCKdZqZ9IGmMywSPa0zTEAZVuOr83Q0daGSI/ErpChebq94kUB1JOA093BliN5W9vJv7l9RLlN92UhXGiaEgWi/yEIxWh2fNoyAQlik81wUQwfSsiYywwUTqikg7h61P0P3FOzDPTvqpVWud5GkU4gEM4BhtOoQWX0AYHCHB4gCd4Nu6MR+PFeF20Fox8Zh9+wHj7BPrMkCI=</latexit><latexit sha1_base64="f5GiZZRD/zlrubYt2P0WEkfLFL0=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiT2Yd0V3bisYGyhjWUynbRDJw9nJkIJ+Qk3LlTc+j3u/BunbQQVPXDhcM693HuPF3MmlWV9GIWl5ZXVteJ6aWNza3unvLt3I6NEEOqQiEei62FJOQupo5jitBsLigOP0443uZj5nXsqJIvCazWNqRvgUch8RrDSUlfdptkgrWWDcsUy7Wq9VrWRZVpzaNJoNK16Hdm5UoEc7UH5vT+MSBLQUBGOpezZVqzcFAvFCKdZqZ9IGmMywSPa0zTEAZVuOr83Q0daGSI/ErpChebq94kUB1JOA093BliN5W9vJv7l9RLlN92UhXGiaEgWi/yEIxWh2fNoyAQlik81wUQwfSsiYywwUTqikg7h61P0P3FOzDPTvqpVWud5GkU4gEM4BhtOoQWX0AYHCHB4gCd4Nu6MR+PFeF20Fox8Zh9+wHj7BPrMkCI=</latexit><latexit sha1_base64="f5GiZZRD/zlrubYt2P0WEkfLFL0=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiT2Yd0V3bisYGyhjWUynbRDJw9nJkIJ+Qk3LlTc+j3u/BunbQQVPXDhcM693HuPF3MmlWV9GIWl5ZXVteJ6aWNza3unvLt3I6NEEOqQiEei62FJOQupo5jitBsLigOP0443uZj5nXsqJIvCazWNqRvgUch8RrDSUlfdptkgrWWDcsUy7Wq9VrWRZVpzaNJoNK16Hdm5UoEc7UH5vT+MSBLQUBGOpezZVqzcFAvFCKdZqZ9IGmMywSPa0zTEAZVuOr83Q0daGSI/ErpChebq94kUB1JOA093BliN5W9vJv7l9RLlN92UhXGiaEgWi/yEIxWh2fNoyAQlik81wUQwfSsiYywwUTqikg7h61P0P3FOzDPTvqpVWud5GkU4gEM4BhtOoQWX0AYHCHB4gCd4Nu6MR+PFeF20Fox8Zh9+wHj7BPrMkCI=</latexit><latexit sha1_base64="f5GiZZRD/zlrubYt2P0WEkfLFL0=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiT2Yd0V3bisYGyhjWUynbRDJw9nJkIJ+Qk3LlTc+j3u/BunbQQVPXDhcM693HuPF3MmlWV9GIWl5ZXVteJ6aWNza3unvLt3I6NEEOqQiEei62FJOQupo5jitBsLigOP0443uZj5nXsqJIvCazWNqRvgUch8RrDSUlfdptkgrWWDcsUy7Wq9VrWRZVpzaNJoNK16Hdm5UoEc7UH5vT+MSBLQUBGOpezZVqzcFAvFCKdZqZ9IGmMywSPa0zTEAZVuOr83Q0daGSI/ErpChebq94kUB1JOA093BliN5W9vJv7l9RLlN92UhXGiaEgWi/yEIxWh2fNoyAQlik81wUQwfSsiYywwUTqikg7h61P0P3FOzDPTvqpVWud5GkU4gEM4BhtOoQWX0AYHCHB4gCd4Nu6MR+PFeF20Fox8Zh9+wHj7BPrMkCI=</latexit>1st electron comes into the link at t1 leaves at t3

2nd electron comes into the link at t2 leaves at t4

``single-electron tunneling channel” 


electrons tunnel sequentially one by one

t1 < t3 < t2 < t4
<latexit sha1_base64="Vga7RV5jKNq2RUMobJOJZEfikOc=">AAACC3icdZDLSsNAFIYn9VbrrerSzWARXIWkNyu4KLpxWcHYQhvLZDpph04mYWYilJAHcOOruHGh4tYXcOfbOG1TUNEfBj7+cw5nzu9FjEplWZ9Gbml5ZXUtv17Y2Nza3inu7t3IMBaYODhkoeh4SBJGOXEUVYx0IkFQ4DHS9sYX03r7jghJQ36tJhFxAzTk1KcYKW31iyV1m6T9xE7P5lBZQHkB1VR3WaZdqVUrNrRMayYN9XrDqtWgnTklkKnVL370BiGOA8IVZkjKrm1Fyk2QUBQzkhZ6sSQRwmM0JF2NHAVEusnsmBQeaWcA/VDoxxWcud8nEhRIOQk83RkgNZK/a1Pzr1o3Vn7DTSiPYkU4ni/yYwZVCKfJwAEVBCs20YCwoPqvEI+QQFjp/Ao6hMWl8H9wyuapaV9VS83zLI08OACH4BjY4AQ0wSVoAQdgcA8ewTN4MR6MJ+PVeJu35oxsZh/8kPH+BWU1nA4=</latexit><latexit sha1_base64="Vga7RV5jKNq2RUMobJOJZEfikOc=">AAACC3icdZDLSsNAFIYn9VbrrerSzWARXIWkNyu4KLpxWcHYQhvLZDpph04mYWYilJAHcOOruHGh4tYXcOfbOG1TUNEfBj7+cw5nzu9FjEplWZ9Gbml5ZXUtv17Y2Nza3inu7t3IMBaYODhkoeh4SBJGOXEUVYx0IkFQ4DHS9sYX03r7jghJQ36tJhFxAzTk1KcYKW31iyV1m6T9xE7P5lBZQHkB1VR3WaZdqVUrNrRMayYN9XrDqtWgnTklkKnVL370BiGOA8IVZkjKrm1Fyk2QUBQzkhZ6sSQRwmM0JF2NHAVEusnsmBQeaWcA/VDoxxWcud8nEhRIOQk83RkgNZK/a1Pzr1o3Vn7DTSiPYkU4ni/yYwZVCKfJwAEVBCs20YCwoPqvEI+QQFjp/Ao6hMWl8H9wyuapaV9VS83zLI08OACH4BjY4AQ0wSVoAQdgcA8ewTN4MR6MJ+PVeJu35oxsZh/8kPH+BWU1nA4=</latexit><latexit sha1_base64="Vga7RV5jKNq2RUMobJOJZEfikOc=">AAACC3icdZDLSsNAFIYn9VbrrerSzWARXIWkNyu4KLpxWcHYQhvLZDpph04mYWYilJAHcOOruHGh4tYXcOfbOG1TUNEfBj7+cw5nzu9FjEplWZ9Gbml5ZXUtv17Y2Nza3inu7t3IMBaYODhkoeh4SBJGOXEUVYx0IkFQ4DHS9sYX03r7jghJQ36tJhFxAzTk1KcYKW31iyV1m6T9xE7P5lBZQHkB1VR3WaZdqVUrNrRMayYN9XrDqtWgnTklkKnVL370BiGOA8IVZkjKrm1Fyk2QUBQzkhZ6sSQRwmM0JF2NHAVEusnsmBQeaWcA/VDoxxWcud8nEhRIOQk83RkgNZK/a1Pzr1o3Vn7DTSiPYkU4ni/yYwZVCKfJwAEVBCs20YCwoPqvEI+QQFjp/Ao6hMWl8H9wyuapaV9VS83zLI08OACH4BjY4AQ0wSVoAQdgcA8ewTN4MR6MJ+PVeJu35oxsZh/8kPH+BWU1nA4=</latexit><latexit sha1_base64="Vga7RV5jKNq2RUMobJOJZEfikOc=">AAACC3icdZDLSsNAFIYn9VbrrerSzWARXIWkNyu4KLpxWcHYQhvLZDpph04mYWYilJAHcOOruHGh4tYXcOfbOG1TUNEfBj7+cw5nzu9FjEplWZ9Gbml5ZXUtv17Y2Nza3inu7t3IMBaYODhkoeh4SBJGOXEUVYx0IkFQ4DHS9sYX03r7jghJQ36tJhFxAzTk1KcYKW31iyV1m6T9xE7P5lBZQHkB1VR3WaZdqVUrNrRMayYN9XrDqtWgnTklkKnVL370BiGOA8IVZkjKrm1Fyk2QUBQzkhZ6sSQRwmM0JF2NHAVEusnsmBQeaWcA/VDoxxWcud8nEhRIOQk83RkgNZK/a1Pzr1o3Vn7DTSiPYkU4ni/yYwZVCKfJwAEVBCs20YCwoPqvEI+QQFjp/Ao6hMWl8H9wyuapaV9VS83zLI08OACH4BjY4AQ0wSVoAQdgcA8ewTN4MR6MJ+PVeJu35oxsZh/8kPH+BWU1nA4=</latexit>

``double-electron tunneling channel”


Coulomb interaction comes into play
t1 < t2 < t3 < t4

<latexit sha1_base64="7GCLOtkfYElbUHlLEf33SEyLlN4=">AAACDHicdZDLSsNAFIYn9VbrrerSzWARXIUkjdqCi6IblxXsBdpYJtNpO3QyCTMToYQ8gBtfxY0LRdz6AO58G6dpCyr6w8DHf87hzPn9iFGpLOvTyC0tr6yu5dcLG5tb2zvF3b2mDGOBSQOHLBRtH0nCKCcNRRUj7UgQFPiMtPzx5bTeuiNC0pDfqElEvAANOR1QjJS2esWSuk3SXmKn5zNwFlBegJvqLsu07RPLqUINp5VqBm7VsdwytE0rUwnMVe8VP7r9EMcB4QozJGXHtiLlJUgoihlJC91YkgjhMRqSjkaOAiK9JDsmhUfa6cNBKPTjCmbu94kEBVJOAl93BkiN5O/a1Pyr1onVoOIllEexIhzPFg1iBlUIp8nAPhUEKzbRgLCg+q8Qj5BAWOn8CjqExaXwf2g6pl02nWu3VLuYx5EHB+AQHAMbnIEauAJ10AAY3INH8AxejAfjyXg13matOWM+sw9+yHj/Ai7VnFo=</latexit>

conflict with 


Pauli principle



modeling spin precession of Cooper pairs

*the ``meeting point” is modeled by a 
quantum dot with spin-up and spin-down 
states; injection into these states obeys 
the Pauli principle (breaking the coherent 
evolution of spin states before and after the meeting) 

*single-electron tunneling from leads to 
the quantum dot

*Coulomb repulsion on the dot 

*the results are averaged over the 
location of the quantum dot
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Shekhter, OEW, Jonson, Aharony, Spin precession in spin-orbit coupled 
weak links: Coulomb repulsion and Pauli quenching, PRB(R), 96 (2017) 
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System’s Hamiltonian

Tunneling through dot:

1. Going from the 
time-reversed state of 

HLD =
X
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<latexit sha1_base64="rsiXi/7KZGrA9QNAxXG2AguPFPY="></latexit>

�0, i.e., |�0i = (i�y)|�0i to state |� k,�i
requires tk = TtkT
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One particle on the link
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3. In the first scenario the tunneling 
amplitudes can be grouped to yield  an 
effective L<->R amplitude, VLR; 


In the second they cannot. 
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2. Terms in the perturbation theory
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Loss of coherence at the quantum dot due to the Pauli principle

Glazman and Matveev, Resonant Josephson current through Kondo 
impurities in a tunnel barrier, JEPT Lett., 49 (1989) 

4. Spin dependent transmission

5. ``energy denominator” due to quantum dot
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As an explicit example, we consider a weak link of the
form of two straight segments, whose SOI’s parameters
are ↵̃L(R) and v̂L(R). One then finds that the two spin-
precession factors, Eqs. (26), are [see Eqs. (25) and (30)]

A
d =[cos(2↵̃L) + 2v02Lz][cos(2↵̃R) + 2v02Rz] , (32)

and

A
s = A

d + 4 sin(↵̃L) sin(↵̃R)

⇥ {[v̂L ⇥ v̂R]z[cos(↵̃R)v
0
Lz � cos(↵̃L)v

0
Rz]

+ vL? · vR?[cos(↵̃L) cos(↵̃R) + v0Lzv
0
Rz]} , (33)

where

v0L(R)z = vL(R)z sin(↵̃L(R)) . (34)

(The notation ? indicates the part of the vector normal
to ẑ.) For instance, when both v̂L and v̂R are along ẑ,
then A

s = A
d = 1, and the e↵ect of the SOI disappears.

On the other hand, when the spin-orbit coupling is due
to the Rashba interaction with an electric field directed
along ẑ and the junction is lying in the XY plane (see
Fig. 1), then v̂L and v̂R are in the XY plane. In that
case the spin-precession factors are

A
d = cos(2↵̃L) cos(2↵̃R) ,

A
s = A

d + sin(2↵̃L) sin(2↵̃R) cos(✓) , (35)

where ✓ is the angle between v̂L and v̂R. We plot in
Fig. 2 the normalized Josephson current, Eq. (18), for
↵̃R = ↵̃L = ↵̃ and the spin-precession factors as given in
Eqs. (35), as a function of the angle ✓, for various values
of the spin-orbit strength ↵̃. One notes the change of
sign of the normalized Josephson current, as a function
of the angle ✓ between v̂L and v̂R.

Figure 3 displays the normalized Josephson current as
a function of both ✓ and the spin-orbit coupling constant
↵̃. Here one notes the conspicuous oscillations as a func-
tion of ↵̃, which arise from the trigonometric functions
in Eqs. (35). Figures 2 and 3 exemplify the possibility
to vary the supercurrent in our device mechanically, by
bending the bridge (and thus changing ✓) connecting the
superconductors.

As mentioned, the coupling constant of the SOI can
be manipulated experimentally by varying gate voltages.
Additional functionality is obtained when the orienta-
tions of these electric fields (induced by the gates) in the
two arms of the bridge are made to be di↵erent. The
simplest example is when the two arms of the bridge
lie along the x̂�axis, with the electric field on the left
nanowire directed along ẑ, while that on the right one is
in the Y Z�plane, making an angle � with the electric
field on the left wire. In this configuration, v̂L = �ŷ and
v̂R = �ŷ cos(�) + ẑ sin(�). Using these expressions in
Eqs. (32), (33), and (34) gives

A
d = cos(2↵̃)[cos(2↵̃) + 2 sin2(↵̃) sin2(�)] ,

A
s = A

d + sin2(2↵̃) cos(�) , (36)

FIG. 2: (Color online) The normalized Josephson current, Eq.
(18), as a function of the angle ✓ between v̂L and v̂R [see Eqs.
(35)] for various values of ↵̃R = ↵̃L = ↵̃. Straight (black)
line – ↵̃ = 0, tiny-dashed (blue) line – ↵̃ = 0.2, medium-
dashed (magenta) curve – ↵̃ = 0.4, large-dashed (red) curve –
↵̃ = 0.6, dotted (brown) curve – ↵̃ = 0.8, dot-dashed (black)
curve – ↵̃ = 1., dot-dashed (orange) curve – ↵̃ = 1.2. The
parameters that determine Eqs. (15) and (16) are ✏/� = 0
and U/� = 5.
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FIG. 3: (Color online) A density plot of the normalized
Josephson current, Eq. (18), as a function of the angle ✓
between v̂L and v̂R and the spin-orbit coupling constant, ↵̃
[see Eqs. (35)]. The parameters that determine Eqs. (15)
and (16) are ✏/� = 0 and U/� = 5.

where for simplicity we have assumed that ↵̃L =
kRashba
so dL and ↵̃R = kRashba

so dR coincide, i.e., ↵̃L = ↵̃R ⌘

↵̃. The normalized Josephson current pertaining to this
configuration, as a function of the angle � between the
electric fields, is shown in Fig. 4 for various values of ↵̃.
Its oscillation with respect to both � and ↵̃ is displayed
in Fig. 5. Importantly, all our illustrations are based on
gate-controlled SOI strengths that are amenable in ex-
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then A
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↵̃R = ↵̃L = ↵̃ and the spin-precession factors as given in
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a function of both ✓ and the spin-orbit coupling constant
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tion of ↵̃, which arise from the trigonometric functions
in Eqs. (35). Figures 2 and 3 exemplify the possibility
to vary the supercurrent in our device mechanically, by
bending the bridge (and thus changing ✓) connecting the
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As mentioned, the coupling constant of the SOI can
be manipulated experimentally by varying gate voltages.
Additional functionality is obtained when the orienta-
tions of these electric fields (induced by the gates) in the
two arms of the bridge are made to be di↵erent. The
simplest example is when the two arms of the bridge
lie along the x̂�axis, with the electric field on the left
nanowire directed along ẑ, while that on the right one is
in the Y Z�plane, making an angle � with the electric
field on the left wire. In this configuration, v̂L = �ŷ and
v̂R = �ŷ cos(�) + ẑ sin(�). Using these expressions in
Eqs. (32), (33), and (34) gives

A
d = cos(2↵̃)[cos(2↵̃) + 2 sin2(↵̃) sin2(�)] ,
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s = A
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FIG. 2: (Color online) The normalized Josephson current, Eq.
(18), as a function of the angle ✓ between v̂L and v̂R [see Eqs.
(35)] for various values of ↵̃R = ↵̃L = ↵̃. Straight (black)
line – ↵̃ = 0, tiny-dashed (blue) line – ↵̃ = 0.2, medium-
dashed (magenta) curve – ↵̃ = 0.4, large-dashed (red) curve –
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curve – ↵̃ = 1., dot-dashed (orange) curve – ↵̃ = 1.2. The
parameters that determine Eqs. (15) and (16) are ✏/� = 0
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FIG. 3: (Color online) A density plot of the normalized
Josephson current, Eq. (18), as a function of the angle ✓
between v̂L and v̂R and the spin-orbit coupling constant, ↵̃
[see Eqs. (35)]. The parameters that determine Eqs. (15)
and (16) are ✏/� = 0 and U/� = 5.

where for simplicity we have assumed that ↵̃L =
kRashba
so dL and ↵̃R = kRashba

so dR coincide, i.e., ↵̃L = ↵̃R ⌘

↵̃. The normalized Josephson current pertaining to this
configuration, as a function of the angle � between the
electric fields, is shown in Fig. 4 for various values of ↵̃.
Its oscillation with respect to both � and ↵̃ is displayed
in Fig. 5. Importantly, all our illustrations are based on
gate-controlled SOI strengths that are amenable in ex-



Breaking time-reversal symmetry by time-dependent electric fields

Jonson, Shekhter, OEW, Aharony, Park, Radic, DC spin generation by 
junctions with Ac driven spin-orbit interaction,  arXiv:1903.03321 

Spin-orbit interaction created by slowly-
rotating electric field perpendicularly to 
the (one-dimensional) weak link
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Even though the leads are non magnetic, 
and there is no bias, the rotating electric 
field creates  DC spin current and 
transverse spin components which rotate 
around the link, flowing into the leads



Time-dependent Rashba Hamiltonian (adiabatic approximation)
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Circularly-rotating electric field n̂(t) = cos(⌦t)ẑ� sin(⌦t)ŷ
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elliptically-rotating electric field n̂(t) = [cos(⌦t)ẑ� � sin(⌦t)ŷ]/
q

cos2(⌦t) + �2 sin2(⌦t)
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Validity of the adiabatic limit:
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m⇤µe

⇠ 108cm/s for InAs nanowire
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WLR(t) = J exp[i'AC(t) = J exp[ksod[x̂⇥ n̂(t)] · �]
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Details
H = Hleads +Htun(t) ,
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System’s Hamiltonian:

``rate”: [RL(t)]��0 =
d

dt

X
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hc†k�(t)ck�0(t)i
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Particle current (left lead): IL(t) =
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Rate of change of the total 
spin (left lead):
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Results:

junction 
conductance/e

Particle current:

Particle current is 
conserved:


spin currents are 
not: ṀL(t) = ṀR(t)
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The sum of the two transversed spin 
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[0, sin(⌦t),� cos(⌦t)]
<latexit sha1_base64="iOPVTq7j2jwNC0iiI4dow7b/BYU="></latexit>
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An un-biased weak link between two terminals, which is 
subjected to a Rashba spin-orbit interaction caused by 
an AC electric field that rotates periodically in the plane 
perpendicular to the link, injects spin polarized 
electrons into the terminals. The DC component of the 
polarization vanishes for a linearly-polarized electric 
field.




Breaking time-reversal symmetry 

with a Zeeman field
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magnetic gating of Rashba-active weak links, 
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Aharonov-Bohm e↵ect, where the electron wave func-
tion acquires di↵erent extra phases from the motion of
an electric charge along di↵erent paths in an external
magnetic field. Here the extra phases - which we may call
Aharonov-Casher [21] phases for electrons - are due to the
motion of a magnetic moment in an electric field. Our
device can therefore be viewed as an Aharonov-Casher in-
terferometer. Unlike the Aharonov-Bohm one, here the
phase di↵erence between two “channels” can appear even
though the electrons move along the same spatial trajec-
tory between two singly-connected leads.

FIG. 1: (Color online.) A spin-orbit active weak-link wire
connecting two reservoirs. The momentum of the electron is
k, the external magnetic field is H and the e↵ective field due
to the SOI is Hso. The net e↵ective field (around which the
spins rotate) is He↵ . The arrows in the reservoirs show the
magnetization rates there, ṀL and Ṁ

R = �Ṁ
L, generated

due to the joint e↵ect of Hso and H.

Adopting units in which ~ = 1 and using the linear
Rashba SOI, the Hamiltonian of the system is

H = Hlink +Hleads +Htun . (1)

Here, the Hamiltonian in the weak link is

Hlink = �
1

2m⇤r
2
� i

ekso
m⇤ n̂ · (� ⇥r)�H · � , (2)

where � is the vector of Pauli matrices, m⇤ is the e↵ective
mass, and n̂ is a unit vector along the electric field which
causes the SOI. The net strength of this interaction (in

momentum units [22]) is denoted ekso; the notation kso is
used below for the “full” coupling. The “magnetic field”
H contains the factor (g/2)µB, i.e., the g�factor and the
Bohr magneton, and therefore has units of energy. The
Hamiltonian of the leads is Hleads =

P
↵=L,R H

↵
lead, with

H
↵=L(R)
lead =

X

k(p),�

✏k(p)c
†
k(p)�ck(p)� , (3)

where c
†
k� (ck�) creates (annihilates) an electron with

momentum k and spin � (at an arbitrary quantization
axis at this stage) in the left lead, with similar definitions
in the right lead. The tunneling between the leads and
the weak link is described by

Htun =
X

k,p,�,�0

([Vkp]��0c
†
k�cp�0 + [V ⇤

kp]��0c
†
p�0ck�) , (4)

where [Vkp]��0 is the tunneling amplitude from the state
with momentum p and spin �

0 in the right lead to the
state with momentum k and spin � in the left one. This
amplitude, the key ingredient of our approach, is propor-
tional to the spin-dependent propagator connecting the
two states [23].
Our calculation contains three steps. First, Hlink is

used to derive the propagator, i.e., the Green’s function
connecting a pair of electronic spin states along the (one-
dimensional) wire. Second, the time derivatives of the
particle number and the total spin in the reservoirs is
found to second-order in Htun. For unpolarized leads the
Fermi distribution, e.g., in the left lead, is

fL(✏k) = 1/[e�(✏k�µL) + 1] , (5)

where � = (kBT )
�1 is the inverse temperature and µL

is the chemical potential. The Fermi distribution in the
right reservoir, fR(✏p), is defined similarly. Finally, the
transmission matrix and the particle and spin currents
are analyzed. We consider the case where the Fermi
energy in the conducting wire, EF (EF is the common
chemical potential of the reservoirs) exceeds significantly
all other energies. The opposite limit of an insulating
wire (EF < 0 in our notation) is addressed in Ref. 24; an
intriguing interplay between |EF| and both the Zeeman
and SOI energies is found to dominate the transport.

We first consider the propagator. Assuming a plane-
wave solution with a wave vector k directed along the
one-dimensional wire, exp[ik · r] = exp[iks] (s > 0 is the
coordinate along the wire), the e↵ective magnetic field
associated with the SOI is

Hso(k) = (kkso/m
⇤)ĥso ; ĥso = (n̂⇥ k̂)/|n̂⇥ k̂| , (6)

where kso = k̃so|n̂ ⇥ k̂| and ĥso is a unit vector along
the direction of Hso [22]. Then Hlink(k) = k

2
/(2m⇤) �

He↵(k) · �, with the net e↵ective magnetic field

He↵(k) = Hso(k) +H =
kkso

m⇤ ĥso +H . (7)

The (spin-dependent) propagator between two points
along the link is a 2⇥2 matrix in spin space [23, 25]

G(s;E) =

Z
dke

iksE + i0+ �
k2

2m⇤ �He↵(k) · �

(E + i0+ �
k2

2m⇤ )2 �H
2
e↵(k)

. (8)

It is evaluated by the Cauchy theorem [26], with E =
k
2
F/(2m

⇤), as the electrons in the link are at the
Fermi energy. The free-particle propagator, G0(s;E) =
�i⇡m

⇤ exp[ikFs]/kF, is recovered when H = Hso = 0.
In the presence of the e↵ective magnetic field Eq. (7),

the external magnetic field H is decomposed into compo-
nents parallel (Hk) and perpendicular (H?) to ĥso. The
poles of the integrand in Eq. (8) are the solutions of

(k2 � k
2
F)

2 = (2m⇤
H?)

2 + (2ksok + 2m⇤
Hk)

2 (9)

B
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Due to the Zeeman field, both charge 
and spin current exhibit oscillations with 
the link’s length in conjunction with the 
spin-orbit coupling. This can be used to 
measure the strength of the spin-orbit 
interaction 




Shabhazyan and Raikh, Low-field anomaly in 2D hopping 
magnetoresistance caused by spin-orbit term in the 
energy spectrum, PRL 73, (1994) 

tunneling amplitude—
the propagator 

propagation of a plane wave 
(wave vector k) along a 
straight segment of length s

P (E) =

Z
dkeiks[EF �H(k)]�1
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⇣
� i

d

ds
�

e

c
A
⌘2
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⇣
� i
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ds
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A
⌘
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omit Aharonov-Bohm phase due to A, ignore 
Zeeman interaction due to B, assume n||E 
normal to plane where  k is

H(k) =
k2

2m⇤ +
kkso
m⇤ (n̂⇥ ŝ) · �
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propagator 

without time-reversal symmetry
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The non-unitarity of the propagator is due to the Zeeman field. Then a 
bias voltage between the leads generates charge and spin currents.
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Aharonov-Bohm e↵ect, where the electron wave func-
tion acquires di↵erent extra phases from the motion of
an electric charge along di↵erent paths in an external
magnetic field. Here the extra phases - which we may call
Aharonov-Casher [21] phases for electrons - are due to the
motion of a magnetic moment in an electric field. Our
device can therefore be viewed as an Aharonov-Casher in-
terferometer. Unlike the Aharonov-Bohm one, here the
phase di↵erence between two “channels” can appear even
though the electrons move along the same spatial trajec-
tory between two singly-connected leads.

FIG. 1: (Color online.) A spin-orbit active weak-link wire
connecting two reservoirs. The momentum of the electron is
k, the external magnetic field is H and the e↵ective field due
to the SOI is Hso. The net e↵ective field (around which the
spins rotate) is He↵ . The arrows in the reservoirs show the
magnetization rates there, ṀL and Ṁ

R = �Ṁ
L, generated

due to the joint e↵ect of Hso and H.

Adopting units in which ~ = 1 and using the linear
Rashba SOI, the Hamiltonian of the system is

H = Hlink +Hleads +Htun . (1)

Here, the Hamiltonian in the weak link is

Hlink = �
1

2m⇤r
2
� i

ekso
m⇤ n̂ · (� ⇥r)�H · � , (2)

where � is the vector of Pauli matrices, m⇤ is the e↵ective
mass, and n̂ is a unit vector along the electric field which
causes the SOI. The net strength of this interaction (in

momentum units [22]) is denoted ekso; the notation kso is
used below for the “full” coupling. The “magnetic field”
H contains the factor (g/2)µB, i.e., the g�factor and the
Bohr magneton, and therefore has units of energy. The
Hamiltonian of the leads is Hleads =

P
↵=L,R H

↵
lead, with

H
↵=L(R)
lead =

X

k(p),�

✏k(p)c
†
k(p)�ck(p)� , (3)

where c
†
k� (ck�) creates (annihilates) an electron with

momentum k and spin � (at an arbitrary quantization
axis at this stage) in the left lead, with similar definitions
in the right lead. The tunneling between the leads and
the weak link is described by

Htun =
X

k,p,�,�0

([Vkp]��0c
†
k�cp�0 + [V ⇤

kp]��0c
†
p�0ck�) , (4)

where [Vkp]��0 is the tunneling amplitude from the state
with momentum p and spin �

0 in the right lead to the
state with momentum k and spin � in the left one. This
amplitude, the key ingredient of our approach, is propor-
tional to the spin-dependent propagator connecting the
two states [23].
Our calculation contains three steps. First, Hlink is

used to derive the propagator, i.e., the Green’s function
connecting a pair of electronic spin states along the (one-
dimensional) wire. Second, the time derivatives of the
particle number and the total spin in the reservoirs is
found to second-order in Htun. For unpolarized leads the
Fermi distribution, e.g., in the left lead, is

fL(✏k) = 1/[e�(✏k�µL) + 1] , (5)

where � = (kBT )
�1 is the inverse temperature and µL

is the chemical potential. The Fermi distribution in the
right reservoir, fR(✏p), is defined similarly. Finally, the
transmission matrix and the particle and spin currents
are analyzed. We consider the case where the Fermi
energy in the conducting wire, EF (EF is the common
chemical potential of the reservoirs) exceeds significantly
all other energies. The opposite limit of an insulating
wire (EF < 0 in our notation) is addressed in Ref. 24; an
intriguing interplay between |EF| and both the Zeeman
and SOI energies is found to dominate the transport.

We first consider the propagator. Assuming a plane-
wave solution with a wave vector k directed along the
one-dimensional wire, exp[ik · r] = exp[iks] (s > 0 is the
coordinate along the wire), the e↵ective magnetic field
associated with the SOI is

Hso(k) = (kkso/m
⇤)ĥso ; ĥso = (n̂⇥ k̂)/|n̂⇥ k̂| , (6)

where kso = k̃so|n̂ ⇥ k̂| and ĥso is a unit vector along
the direction of Hso [22]. Then Hlink(k) = k

2
/(2m⇤) �

He↵(k) · �, with the net e↵ective magnetic field

He↵(k) = Hso(k) +H =
kkso

m⇤ ĥso +H . (7)

The (spin-dependent) propagator between two points
along the link is a 2⇥2 matrix in spin space [23, 25]

G(s;E) =

Z
dke

iksE + i0+ �
k2

2m⇤ �He↵(k) · �

(E + i0+ �
k2

2m⇤ )2 �H
2
e↵(k)

. (8)

It is evaluated by the Cauchy theorem [26], with E =
k
2
F/(2m

⇤), as the electrons in the link are at the
Fermi energy. The free-particle propagator, G0(s;E) =
�i⇡m

⇤ exp[ikFs]/kF, is recovered when H = Hso = 0.
In the presence of the e↵ective magnetic field Eq. (7),

the external magnetic field H is decomposed into compo-
nents parallel (Hk) and perpendicular (H?) to ĥso. The
poles of the integrand in Eq. (8) are the solutions of

(k2 � k
2
F)

2 = (2m⇤
H?)

2 + (2ksok + 2m⇤
Hk)

2 (9)

B
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The magnetoconductance oscillates with the length of the
weak link. The oscillations are more pronounced when
the di↵erence Uii�Ui is plotted for the same magnitudes
of the field; this is displayed in Fig. 2.

FIG. 2: (Color online.) The magnetoconductance di↵erence,
Uii�Ui, calculated for kFd = 20, as function of the spin-orbit
coupling (kso) measured in units of the Fermi wave vector,
and the Zeeman energy, measured in units of k
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oscillations shown are due to the term / cos(↵) of Uii; ↵ =
(k+ � k�)d.

The spin-current vector W in this configuration is
conveniently separated into components Wperp along

q̂+ ⇥ q̂� k ĥso ⇥ H?, and Wplane in the {q̂+, q̂�} (or
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The magnitude of Wplane and Wperp are displayed in
Figs. 3 and 4, respectively. The (almost) double peri-
odicity in Fig. 4 as compared with Fig. 3 appears since
|Wperp| is proportional to sin(↵).

In summary, we have shown that a net amount of
charge and magnetic moment per unit time is trans-
ferred through a biased spin-orbit active weak-link from a

FIG. 3: (Color online.) The magnitude of the spin current
along Wplane with the same parameters as in Fig. 2.

FIG. 4: (Color online.) The magnitude of the spin current
Wperp with the same parameters as in Fig. 2.

source to a drain electrode. Electrons enter and leave the
weak-link wire at injection points, whose small volumes
are characterized by the cross-section radius r0 of the
wire. Assuming the volumes of the electrodes are much
larger than these injection volumes, and if the system is
part of a closed electrical circuit, the density of the in-
jected electrons, �n(r), and the density of the associated
magnetic moment, M(r), will decrease with the distance
r from the ends of the wire due to a geometrical spread-
ing e↵ect, �n(r)/�n(r0) , M(r)/M(r0) / (r0/r)

x, where
x = 2 (x = 1) in the ballistic (di↵usive) transport regime
[30, 31]. The injected magnetization can be measured,
e.g., by a properly-positioned SQUID, or by a magnetic-
resonance force microscope. In an open electrical circuit,
the injection of magnetic moments will lead to a finite
magnetization, proportional to the bias voltage, in the
entire volume of each electrode.
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Suh. OEW and AA are partially supported by the Israel
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of Israel Ministry of Science and Technology under con-
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q̂+ ⇥ q̂� k ĥso ⇥ H?, and Wplane in the {q̂+, q̂�} (or
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are characterized by the cross-section radius r0 of the
wire. Assuming the volumes of the electrodes are much
larger than these injection volumes, and if the system is
part of a closed electrical circuit, the density of the in-
jected electrons, �n(r), and the density of the associated
magnetic moment, M(r), will decrease with the distance
r from the ends of the wire due to a geometrical spread-
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x, where
x = 2 (x = 1) in the ballistic (di↵usive) transport regime
[30, 31]. The injected magnetization can be measured,
e.g., by a properly-positioned SQUID, or by a magnetic-
resonance force microscope. In an open electrical circuit,
the injection of magnetic moments will lead to a finite
magnetization, proportional to the bias voltage, in the
entire volume of each electrode.
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*net amount of charge and magnetic moment per unit 
time is transferred through a biased, spin-orbit active, 
week link;

*oscillations as function of (k+-k-)d;


*the injected magnetization can be measured by a 
properly-positioned superconducting quantum 
interference device,  or by a magnetic-resonance force 
microscope.
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