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OUutline

#» Coherent transport in clean FISIF junctions:
o Difierential conductances (charge and spin)
o Proximity: effect
o Ballistic spectroscopy

#» Coherent transport in clean SIFIS junctions :

- dc Josephson current
. Coexistence of 0 and p states —

modulation; period of ¢p/2 in SQUIDs.
. T'emperature-induced O-m transition

- T'ransmission resonances triggering O- m
transitions




Why ESE and SIES deuble barrier ballistic-
[Unctions?

> Resonant tunneling (resenant amplification of the Andreev process)
> Ballistic spectroscopy: off superconductors by spin-polarized currents
i 7-SQUIDs for gquantum; electronics and spintronics

s Superposition of macrescopically distinct quantum states:
LCs In quantum computers ?
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Andreeyv reflection

A. . Andreey, Sov. Phys. JETRP'19; 1228 (1964 ).

Cooper pair




The BIiiK model

G. E. Blonder, M. Tinkham, and T. M. Klapwilk,
Phys. Rev. B 25, 4515 (1982).
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Normal metal conventional
Superconductor
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e Vieael (FISiE)

) B ferromagnet
f‘f P alignment :
B insulator

+* AP alignment superconductor




BAGE Equatiens

Exchange energy h(r)/El(,F) = X[0(-2) £ O(z — d)]
Stepwise pair potential =

Interface potential W[5(2) + 6(d — 2)] Y = 27fnﬁ//}12]{;§15>

FWVM parameter K = k%F) / k%s)




Seattering Proplem

A Eurtusaki andf Vit Tisukada, W.J. Beenakker and H. van Houten,
Solid State: Commun. 7.8, 299 (1991)). Phys. Rev. Lett. 66, 3056 (1991).




o limits

»  Vetalliclimit (Z'= 0)
Andreev reflection vanishes at geometrical resenances:

A, =D, =0 when d(q¢f —q;)=2nn

it = Jen/)EP £0) -1,  Q=VETTA?

#* Tunnellimit (Z — )
Transport through bound states of an isolated S film:

dqa — N7 dq; — NoT ni — no = 2n




ShHunction: metalliciter tunnel limit
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kY =101 [d/& ~ 10

0 =0
k=1, AJEY) =103

/=0 dotted curves
/=10 solid curves

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




Differential conductances

charge

0
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G (E) = %2 pA; [ dOsinOcos [1- A, (E,0) - B, (E.0))
o 0

by =K1+ p, X 0., =arcsin(l/A,) 0, =m/2




S
short transparent
junctions

Z=0, X=05

dk'Y) =103 [d/& ~ 1]
k=1, A/JEY) =103

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

71, 229901(E) (2005).



S
long transparent
Junction

Z=0, X=05

dk'Y) = 10" [d/& =~ 10]
k=1, AJEY) =103

M. Bozovi¢ and Z. Radovic,
Phys. Rev. B 66, 134524 (2002);
71, 229901(E) (2005).




S
long
finite-transparency
junction

Z=1 X=05
dk'?) = 10" [d/& ~ 10]
k=1, A/EY) =103

M. Bozovi¢ and Z. Radovic,
Phys. Rev. B 66, 134524 (2002);
71, 229901(E) (2005).




NSINFand #SiF junctions:
seliconsistent pair potential

M. Bozovi¢ and Z. Radovic,
Europhys. Lett. 70, 513 (2005).




G(0)/G,

NSN and £S
JUnRctions:
ZEero-bias

conductance

M. Bozovi¢ and Z. Radovic,
Europhys. Lett. 70, 513 (2005).




dig =1

(&)

S
transparent
JUnctions: local

density of states
NS

solid curves: center of S layer
dotted curves: S-N interface

AJE, =1073

M. Bozovic, Z. Pajovic, and Z. Radovic,
Physica C 391, 309 (2003).




S
long transparent
1D junction

Z=0, X=0

=0

k=1, AJEY) =103
M. Bozovic, Z. Pajovic, and

Z. Radovic, Physica C 391,
309 (2003).




IHew teinier A and Ve I the
Supenconductor?

2
Jthvff ) 5

Conductance minima satisfy: £, = A° + n

d

s Ballistic

O X=02Z=1«=1

v X=02=0«=0.5

S Xo08 700 net P Speciroscopy
+ X=0.5Z=0 k=1 AP

X X=052Z2=1«x=1P

* X=0.5Z2=1x=1AP O. Nesher and G. Koren,
Phys. Rev. B 60, 9287 (1999).

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




he Viedel (SiiFlS)

B ferromagnet

B insulator
superconductor




Andreeyv reflection

A. . Andreey, Sov. Phys. JETRP'19; 1228 (1964 ).




S-S Junctions (exp)
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I-V characteristics

® experiment at 1.5K

— theory

R

Interface

§F=46A

T. Kontos, M. Aprili, J. Lesueur, F. Genet, B. Stephanidis, and R. Boursier,

Phys. Rev. Lett. 89, 137007 (2002).

L.N.Bulaevskii, V.V.Kuzii, and A.A.Sobyanin,
JETP Lett. 25, 290 (1977).



SIFIS:  Begoliuboy — de Gennes equation

H,(r) - p, h(r) A(r)
Ay —H, 1)+ p,h(r)

)‘Pa (r)=EW,(r)

U, (r)

Y (r)= ( )) = exp(ik, ‘T, (2)

v_(r
Exchange energy  A(r)/E!"’ = XO(2)0(d - 2) p,, ==*I1
Stepwise pair potential A(r) =A[O(-z)xO(z-d)]

Interface potential W[d(z)+0(d -z)] Z = Zme//hzk}S)

PWM ek T=10+2)




Generalization of the Eurusaki-Tsukada formula

(PRB 43, 10164 (1991))) for SNS to the ballistic
doeuble-barrier planar SIFIS

rkgTA2 (™2 | sin ¢
= " /0 d@sm@cos@%jiza: T

Q(Wn . ipah)d
hv
(K2 —1-222) Q2 cos(2qd) + 2Zy(K? — 1 — Z3)'/*Q2 sin(2qd)

2(wn —

[, = A% cos ¢+ (K*Q2 + w?) cosh| | + 2K w, 2, sinh|

__ hk
(s ———mN

]kHI = k%s) sin @

Zy =Z/cosb Z. Radovi¢, N. Lazarides, and N. Flytzanis,
Phys. Rev. B 68, 014501 (2003).




Si=S)doukle Junction:
criticall Josephson curment /(d)

T/Te = 0.1
/Z =1
S X = 0.01 (solid)
<
Eu 0.6 t X = 0 (dotted)
Z
S k=1
A/EY) = 1073
0.55 n . - - . . . . . Z. Radovic¢, N. Lazarides, and

N. Flytzanis, Phys. Rev. B 68,
014501 (2003).
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Strong ferromagnet:
0= transitions

X =09
A/EY) =103

Top panel: Bottom panel:

k=1 T/TC = 0.1
T/Tc =0.1 (solid) x=0.7 (solid)
T/Tc =0.7 (dotted) k=1 (dotted)

Z. Radovic¢, N. Lazarides, and N.
Flytzanis, Phys. Rev. B 68, 014501 (2003)
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eRI/tA(O)

Si=S)doubkle junction:
the current-phase relation

close to the O-m transition

(H

dk _1040

S | Z. Radovic, N. Lazarides, and

0 0.25

0.5 0.75 I N. Flytzanis, Phys. Rev. B 68,
¢/TC 014501 (2003).
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llemperature-induced O-m
transition (theory)

finite strong
transparency ferromagnet

4

k=1
A/EY) =103

Top panel: Bottom panel:
ki) =17 (dotted)  aklf) =17.23
dkl(mF ) — 17.93 (solid)  Five values of T

dk'Y) = 17.4 (dashed)

Z. Radovic, N. Lazarides, and N. Flytzanis,
Phys. Rev. B 68, 014501 (2003).



lemperature-induced 0= transition (exp)

FIG. 3. Critical current /. as a function of temperature 7" for
two junctions with CugggNigs» and dp = 22 nm [17]. Inset: /. V. V. Ryazanov et Cll.,

versus magnetic field H for the temperatures around the cross-
over to the 7 state as indicated on curve b: () T =419 K, Phys Rev. Lett. 86’ 2427
(2)T =345 K. (3) T = 2.6]1 K.



Coexistence of stanlerand metastanle 0rand

7t states
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Z. Radovic, L. Dobrosavljevic-Grujic¢, and B. Vujicic,

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



Magnetic flux vs. externallflux inf SQUIDs

2T
= —L1
o, ¢

Effectively two times smaller
flux quantumi in 0+p SQUIDs

Z. Radovic, L. Dobrosavljevic-
Grujic, and B. Vujicic,
Phys. Rev. B 63, 214512 (2001).
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0] Experimental evidence of
D,— O,/2

O/ D,
O

V. V. Ryazanov et al.,
Microel. Eng., 69, 341 (2003).
0.5

C. W. Schneider et al.,
Europhys. Lett. 68, 86 (2004).
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H. Sellier ef al.,

Phys. Rev. Lett. 92, 257005 (2004).



i the tunnel limit, for short one-channel junctions,
the nature ofi the 0-m transition may: be fully

revealed.

|. Petkovic, Z. Radovic, and N. Chtchelkatchey,
to be published (2005).




Short ene—channel junction

(T) 895 P ((25)

frno(T) - Fermi distribution
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Beundlstates of an iselated ferremagnet
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black lines: spin up With increasing transparency, bs —>» quasi bs,
red lines: spin down broader and shifted towards lower energy.




Resenant tunrRelinglamplifies the current

e

21.8 dkF(N) 22.0

1.0 -
< T/Te = 0.01
B = g

A ﬂ A/EY) =103




[Resenant tbnneling triggers 0-m transitions

/\ﬁ T X =01
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0.000

'® oo¢ % ®
22.980 dk_~' 22.985 23765 dk, T/Tc = 0.01

s EI(TF) = E}S )

0.000 ; : ‘ : . " : : - : - : - (S) i —3
22.50 22.75 23.00 23.25 23.50 23.75 24.00 dkF(F) A/EF = 10

T
jfooL ﬁsfzs 23.50 ﬂ]foo 24.25
dk

50 22.75




hunnellimit
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AndreeyV: states and Josephson
cUlient components In|the 0=

transition




[Resenant tbnneling triggers 0-m transitions
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SpIn Unpelarized guasivoundl states —

e dip; ne 0= transition: !

X =0.095
107 Z =10
- T/Tc =0.01
084 o . , i
E(Fb) _ E(F.S)
: , S =
- 0.6 A/E; ) — 103
9
_o
<

(F)
dk_



Plhase diagiam — one channel




llemperature-inaduced O=m transitions

0-0 T T T T T
5066 5968 5970 5972 59.74
dk )
F

k'Y = 32.766 k'Y = 59.708




llemperature-inauced O=m transitions
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Conclusion

»  [Features ofifinite size and coherency in clean FISIF:

£

Subgap transport of electrons
(reduction of the excess current in thin S film)
Oscillations of differential conductances

(vanishing of the Andreev reflection at geometrical
[ESONANCES)

Conductance channels:
1. Quasiparticle transport through resonances in metallic junctions
2. Supercurrent throughi bound: states in tunnel junctions




Conclusion

#*  Spin polarization ofi the current without excess
spin accumulation ini S, I.e. without destruction
Of superconductivity,

non-trivial even in the AP’ alignment.

Reliable ballistic spectroscopy.

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




eR I /TA(0)

Conclusion

#* Features ol finite size and coherency in clean SIFIS:

Ly

Geometrical oscillations of the maximum
Josephson current

Oscillations related to the crossovers between 0
and s states

flemperature-induced 0= m transitions - region of
coexisting| 0rand m states Is considerably large.
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In the tunnellimit,

Conclusion

O-m transitions are triggered

Py spin-split guasi boeund: states crossing the

Fermi surface

O

0.020
0.015
0.010
0.005

0.000

22.50 23.50

23.00 23.25

(F)
dk_

22.75

Possible application: w SQUID which operates

as a 0 SQUID with effectively 2x (or 4x) smaller
flux quantum - Improved accuracy




