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Outline

EIS vs. FISIE (SIFIS) junctions — microscopic
theony.

Incoherent transport and spin accumulation
Coherent transport in clean FISIE junctions:

= Scattering problem

= Differential conductances (charge and spin)
Coherent transport in clean SIFIS junctions :

= Scattering problem

= dc Josephson current




Why ES vs. ESE (SES) junctions?

* Tunneling spectroscopy of superconductors by spin-
polarized currents.

« Interplay of ferromagnetism and superconductivity.
« Ballistic transpoert — interference effects
« LCs In guantum computers ?
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G. E. Blonder, M. Tinkham, and T. M. Klapwilk,
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lnceherent transport
Z. Zheng et al., Phys. Rev. B 62, 14 326 (2000).




lnceherent transport

S. Tlakahashi, I. Imamura, and S. Maekawa,
Phys. Rev. Lett. 82, 3911 (1999).




The Model (F1SIF)
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Scattering Problem

Hy(r) = 0,1(r) A(r)
A(r)  —Ho(M)+p,h(r)

j“"a(l’) =EW¥,(r)

u, (1)
V()

Y, (r) E( j = eXp(ikn,a 1)y (2)

Exchange energy h(r)/E{" = X[0(-2) +©(z-1)] p,, =1

Stepwise pair potential A(r) = AG(2)O(l — 2)

Interface potential W[é(z) +0(l — 2)] Z =2mW / 72k

FWVM parameter & = kg [k




Scattering Problem

A. Furusaki and M. Tsukada,
Solid State Commun. 78, 299 (1991).




Solutions
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TENEXVISYF v=1-Q/E)/2

Q=E2-?




Wave vector components

Perpendicular component in the

K :\/(Zm/hz)(El(:F) +p h+ Ej—k”%J

Perpendicular component in the superconductor

Gt = \/(Zm/hz)(El(:S) £Q |-k

l.o

Conserved parallel component

‘k”,a‘ ! \/(Zm/hz)(El(:F) o+ Ejsme




Wave vector components

Neglecting E/ EéF) <<]1 and A/ Eés) <

except in the exponents ¢, = (q; a q;)

the approximated wave-vector components, in units of kl(:s) are

~J

K =A_cosé
4, =1-K;,
IZ”,J‘ =A_siné

A, =k 1+ p, X




Boundary conditions
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Scattering probabilities

As(E,0) + By(E,0) + Cs(E,0) + Dy (E,0) = 1,

Aq(E,0)




Two limits

o Metallic limit (Z =0)
Andreev reflection vanishes at geometrical resonances:

A =D_ =0 when |(O|;—q;):2ﬂ77

q- = .J2m/AH)[ED) £ Q] -k’ OERES 2
g =

.o

 Tunnel limit (Z — «)
Transport through the bound states:

0, =n77 g, =N, NN, =2n




Metallic vs. Tunnel junction

k™ =10" [I/ & =10]
=0
k=1, A/EY =107

M. Bozovi¢ and Z. Radovi¢ in
Supercond. and Rel. Ox.: Phys. and
nanoeng. V, Proc. of SPIE, vol. 4811
(Seattle, 2002), p. 216.




double junction (P alignment)

Z =0,
k® =10° [I /& =1]
=0
k=1, A/EP =10°

M. Bozovi¢ and Z. Radovic¢,
Phys. Rev. B 66, 134524 (2002)




double junction (P alignment)

Z=0
k™ =10" [I/ & =10]
=0
k=1, A/ED =10°

M. Bozovi¢ and Z. Radovic¢,
Phys. Rev. B 66, 134524 (2002)




Current

J(\/)_Zj k —ev, (2 0f (k,V)

o=1,l|

charge

1, (V) :% ]o dE[ f,(E-eV/2)- f,(E+eV/2)|G,(E)

spin

(V) :% ]o dE[ f,(E-eV/2) - f,(E+eV/2)|G,(E)




Diffierential conductances
(at T=0)

charge
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double junction
(thin' S film)

Z =0,
kS =10" [I /&, =1]
k=1 A/EP =107

M. Bozovi¢ and Z. Radovic¢,
Phys. Rev. B 66, 134524 (2002)




E/A

double junction
(thick S film)

Z =0,

k® =10" [I /¢, =10]
k=1 A/EP =10

M. Bozovi¢ and Z. Radovic¢,
Phys. Rev. B 66, 134524 (2002)




08| o I_' double junction
| | (thick S film)
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M. Bozovi¢ and Z. Radovic¢,
Phys. Rev. B 66, 134524 (2002)




ransparent double junction
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M. Bozovic, Z. Pgovi¢, and Z. Radovi¢, Physica C, in press (2003).




double junction
(1D, thick S film)

6=0
Z=0

|/ & =10
k=1 AJ/E> =107

M. Bozovic, Z. Pgovi¢, and
Z. Radovi¢, Physica C,
In press (2003).




Conductance minima satisfy: Ef = A2 —+

How to Infer A andi v In the

Superconductor?
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Ballistic
Spectroscopy.

O. Nesher and G. Koren,
Phys. Rev. B 60, 9287 (1999).

M. Bozovi¢ and Z. Radovic¢ in

Supercond. and Rel. Ox.: Phys.
and nanoeng. V, Proc. of SPIE,
vol. 4811 (Seattle, 2002), p. 216.



ransparent double junction:
self-consistent pair potential

In thin films
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M. Bozovi¢, Z. Pajovi¢, and Z. Radovig,
Physica C, in press (2003).



ransparent double junction:
the conductance spectra

K=1
A/EY =107

M. Bozovi¢, Z. Pajovi¢, and Z. Radovig,
Physica C, in press (2003).




double junction
(thick S film)

Influence of Kk and Z

k® =10* [I/ &, =10]
A EY =107

M. Bozovi¢ and Z. Radovi¢ in
Supercond. and Rel. Ox.: Phys. and
nanoeng. V, Proc. of SPIE, vol. 4811

(Sedttle, 2002), p. 216.



The Model (SIEIS)

M. BozZovic
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Scattering Problem

Hy(r) = 0,1(r) A(r)
A(r)  —Ho(M)+p,h(r)

j“"a(l’) =EW¥,(r)

u, (1)
V(1)

L'Ja(lf)E[ j=exp(ik”m)%(2)

Exchange energy  h(r)/E{"” = XO(2)0(l - 2) p,, =1
Stepwise pair potential A(r) =A[O(-2)+O(z—-1)]
Interface potential W[5(Z) + (1 — 2)] 7 =2mW\ / 7k

FWVM parameter K =k{ 7k Z,=72/cos6




Solutions
g4 /2

Ve‘l(q_ /2
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Uej%/Z
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Veiﬂlz

}, z<0

}, z>d

i=/1+Q/E)/2

Q=E2-?

EN YIS




Wave vector components

Perpendicular component in the

k= :\/(Zm/hz)(El(:F) +p ht Ej —klf

Perpendicular component in the superconductors

Gt = \/(Zm/hz)(El(:S) £Q |-k

Conserved parallel component

‘k“‘ :\/(Zm/hz)(E(FS) +stin6’




Wave vector components

Neglecting Q/ Eés) <<]l and A/ Eés) <<1
except in the exponents (> =d (k; + kg)

the reduced wave-vector components,
in units of kl(:S) cosé are

o JAZ=sin?@

cosé

£s

A, =k 1+ p, X




The Josephson current
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I'he normal resistance
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Generalization of the Furusaki-Tsukada

flormula ...
A. Furusaki and M. Tsukada,
Phys. Rev. B 43, 10164 (1991).

... 1o the ballistic double-barrier SNS
junction

Z. Radovic, N. Lazarides, and N. Flytzanis,
Phys. Rev. B, in press (2003)
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double junction:
the maximum current I,
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and N. Flytzanis,
Phys. Rev. B, in press (2003)
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Z. Radovi¢, N. Lazarides, and N. Flytzanis,
Phys. Rev. B, in press (2003)



double junction:
the current-phase relation
close to the transition

K =0.7
A EY =107

Z. Radovi¢, N. Lazarides,
and N. Flytzanis,
Phys. Rev. B, in press (2003)




Coexistence of stable and metastable

0 and Tr states
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Z. Radovi¢ et al .,

Phys. Rev. B 63, 214512 (2001).



Magnetic flux vs. external flux in
SQUIDs

Effectively two
times smaller flux
guantum

Z. Radovi¢ et al .,
Phys. Rev. B 63, 214512 (2001).




lTemperature-induced O-1r transition

FIG. 3. Critical current f. as a function of temperature 7" for V. V. RyazanOV etal.,
two junctions with CugsgNigs» and dp = 22 nm [17]. Inset: I,
versus magnetic flield H for the temperatures around the cross- PhyS Rev. Lett. 861 2427

over to the 7 state as indicated on curve b: (1) T = 4,19 K,
()T =345K. (3) T = 261 K (2001).
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Z. Radovi¢, N. Lazarides, and N. Flytzanis,
Phys. Rev. B, in press (2003)




Conclusion

Features of finite size and coherency in clean FISIF:
(1) Sulbgap transport of electrons
(reduction of the excess current in thin S film)
(2) Osclllations of differentiall conductances

(Vanishing of the AndreevV reflection at geometrical
[esonances)

(3) Resonances In VS. bound states In




Conclusion

« Non-trivial spin polarization of the current
WitheUt excess spin accumulation in S, I.e.
Witheut destruction ofi superconductivity,

even in the AP alignment.

Reliable ballistic spectroscopy.

off quasiparticle excitations in superconductors
— measurements of A and V.




eR I /TA(0)

Conclusion

Eeatures of finite size and coherency in clean SIFIS:

(1) Geometrical oscillations of the maximum

Josephson current
(2) Oscillations relatedi to the crossovers between 0

and 11 states

(8) Temperature-induced O-1r transition when junction
IS close to the crossover at T=0, with finite
transparency and strong ferromagnet

1(T)/1(0)



Conclusion

Region ofi coexisting 0 and T states IS
considerably large.

Possible application:
m SQUID withi improved accuracy which

operates with effectively 2x smaller flux guantum




