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Experimental S-2DEG-S junction geometry
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Fig. 1. Schematic cross-section of the Josephson juncticomn.
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Josephson current in Nb/InAS/Nb o Two-dimensional electron gas formed at an
Highly Transmissive Ballistic

JunCtiOnSa} wobility g = TG[]'[][]H::{.-"] i

InAs/AlISh heterojunction

cartier concentration noppe = 7.4 - 10Mem ™=

effective mass m,, = 0.0306m,

o Ballistic analvsis of the system ([, > L), and in
the clean limit (Ex (1 = 0.8K) < 1, ):

separation between electrodes L = 190nm

mean free path {,, = 1.1jm

thermal coherence length £x (1) = 0.85um /T
o High Intrinsic interface transmissivity ~ 80%
¢ Superconducting gap in Nb:

Anp = 1.dmeV

4 “ gm
e Characteristic product
Fig. L (n) Skeich of the MEInA2DEGND microstrociure. The Sheclectrnde separation v 0= 1% nm; (b) Seanning .
electron micrograph of the device. The mesa latéral arms vere esed as sdditional probes o electncoal charpdénzation: L-R_T = 1[!5;-‘

and (2] Magnified view of Fig. [{b) showing the semiconducior channz] separating the two Wb conaas
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Current-phase relation in Nb/InAs(2DEG)/Nb

Josephson junction

inversion layer

Fig. 1. Schematic cross-section of the Josephson junction.
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Fig. 3. CPRs for various gate voltages at T = 2.5 K. Dashed
lines show sinusoidal CPR.
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Current-phase relation in a

Nb/INAS(2DEG)/Nb Josephson

junction
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FIG. 3: CPR (red) at temperatures between 1.3 K and 6.0 K,



Theoretical models which were usually used

All kind of ballistic contacts (long, short);
disordered contacts (Chrestin,..., Kulik
Omelyanchuk)

Electron-electron interaction almost never taken
into account (except paper of Aslamazov,

Larkin, Ovchinnikov 1968)

No Rashba interaction, except I. V. Krive(2004),
E. Bezugly1(2002)



‘ Asymmetry of the quantum well and
the Rashba interaction
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The symunetry-allowed linear splitting is represented as
an added "Rashba™ term in the Hamiltonian:

Hp =alp x 6] -n

where & is the vector of the Pauli spin matrices, n
a unit vector perpendicular to the plane of the 2DEG,
and a a parameter describing a strength of the spin-orbit
splitting.

Spin splittings for two quantum well systems:

Mot that thin is .Ia-x!mn-u\.t.:---u.-l viw, Patiorming (o shra rlr im Fige., 00.3) i down o S}’Hh‘ll] electron [Ii"]lf‘ii.t:r'l. Rashba hl}llttlllg Eﬂfﬂ'-
tha saad Bacw - v o ) oo Dtheserophng iechnmues : . .
10"2¢m =2 (meV)
AlGaAs/GaAs | n=0.2-0.7 0.03-0.04

AlSh/InAs/AlSh n= 1.2 3-15




Hamiltonian of the SNS system
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FIG. 11 Two-dimensional model of a superconductor / Rashba
2DEG /superconductor  Josephson  junction  infinite  in
direction perpendicular to the current (along y axis). The
Hashba 2DEG region has thickness L: m/m,, is the effective
mass and v, /v, is the Fermi velocity in the S/2DEG: & is
the angle between the velocity direction of a gquasiparticle
and the r axis in the 2DEG region: nis a unit vector normal
to the plane of the 2DEG,

Hamiltonian of the superconductors:

T Ho(p) A
Hs = ;@L ( A*  —Hp(—p) ) Ve

2
Hu = ?— - EF.w
Zm

Hamiltonian of the Rashba 2DEG:

“ 0
Hipec = Z‘I'i: ( HR[]FP} —Hr(—p) ) e
p

2

_ P
Hr = e

— Ep, +alpxéd]-n

Matching of the wave functions at the S/N boundaries:
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N
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Main results

Andreev energy 1s determined via the e /A

Transmission probabilities, and for a short o
junction the relation 1s derived explicitly N 5\/
Spin-splitting of the Transmission

probabilities, leading to spin-split Andreev 1 2 3 a4 5 &

levels “0.5]
Independence of the semiclassical average of 1~ B

the total Josephson current on the spin-orbit
coupling, dertved for the general case of an
arbitrary length of the contact and arbitrary
Fermi-velocity mismatch, but without taking
into account the electron-electron
Interaction



Equation which relates the excitation spectrum of the
Josephson junction (the Andreev levels E) to the
scattering matrix in the normal state S was derived by
Carlo W. J. Beenakker in 1991

Equation for Andreev levels E :

E{d[ 1- v, SCB) vy, S.(E)]=0
Beenakker, 199]
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Derivation of the Beenakker formula — the
condition of quantization of the discrete
spectrum
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Generalization of the Beenakker’s formula for Andreev
levels in presence of Rashba spin-orbit interaction

In the presensc n'f SPi.n—nrl:i'f teraction the 5¢a-|;'tgr-ihj matrix <

becomes EPLh-—::JeFEho'lentJ but shlLL abeys +Fime-reversal invariances
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The role of boundary conditions on
transmission eigenvalues
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Spin-orbital effect on Andreev levels:
spin—splitting, four non-degenerate A.L

FIG. 3: The four spin-splitted Andreev levels +e,, s = *£1,
as a function of the superconducting phase difference .

plotted for a value of the angle of propagation ¢ = m/5,
and for a realistic S-2DEG-S junctions with parameters v, =
7-10"ecm/s, v,, = 5-10"cm/s, a = 0.2 - 10'ecm/s, m = me.,

m,, = 0.035m., L = 190nm.




Scattering matrix S of S-Rashba 2DEG-S

junction in the normal state
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Spin-orbital etfect on Transmission
probabilities: spin-splitting
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FIG. 2: The spin-splitted transmission eigenvalues T, s =
+1. as functions of the angle ¢ of propagation of the
quasiparticles inside the 2ZDEG, plotted for a realistic S-
2DEG-S junction with parameters v, = 7. 10°cm/s, v, =
5-107cm/s, m = m,, m, = 0.035m,., mya/h =5 10%cm™",
L = 190mm. For these parameters and for value of the
superconducting gap A = Ld4meV: (1) the length of the
contact L is shorter than the coherence length, £o = fiv, /A =
330nm: (2) the Rashba velocity is much smaller than the
Fermi velocity in the 2DEG, a /v, = 0.03; (3) the system is
within the semiclassical limit, prL/fh = mav.L/h = 30; (4)
the spin-orbital splitting 2apr = 3.3meV is larger than the
superconducting gap A: (5) the 5/N boundaries are almost
transparent (v, /v, = 1.4), which means a large experimental
value of the critical current.
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Spin-splitted Andreev levels at an arbitrary
length of the contact

(obtained via direct matching of the wavefunctions obeying BAdG
equations in the 2DEG and in both superconductive regions)
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‘ Total Josephson current for the junction ot an
arbitrary length: independence on Rashba

We wuse the relation between the total TJosephson current r&afﬂrT‘)
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‘ Derivation of the relation between

the total Josephson current (%) and
the spectrum function g(g, )
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Conditions for experimental observation
of the Andreev levels

m Resonant absorbtion of microwaves

m Measurement of the tunneling density of states

Fiite length of the 5-2DEG-5 m y direction L,

ULy » Lo = h/mya = discrete set of transmission channels, Nop = 2L, /Ay

YLy &Ly, = strong size qu i, vy /Ly > app, = suppression of the spin-orbital effects,




Open problems

Calculation of the average spin polarization Sy in
the 2DEG region, existing at a nonzero
supercurrent in the SNS junction

Taking into account of the electron-electron
interaction: a supercurrent-induced average spin
polarization will induce, in the presence of e-e
interaction, an effective Zeeman field which may
strongly modity the Andreev levels as well as the
Josephson current



