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Superconducting Proximity Effect

B

(after C.W.J. Beenakker)
Normal reflection by an insulator (I) versus Andreev reflection by a
superconductor (S).

BdG Hamiltonian

(o) 20 ) (30 ) <o (26
Ax(r) —Hp Yr(r) Yr(r)

at T = 0:
A(r) = Doe'?0(x)

Andreev reflection acts as a boundary condition for N

i
|
|
|
|




Scattering approach

Mesoscopic conductance: Kubo versus Landauer

I = GyV, current = conductance x voltage

Kubo: Gy (linear response theory) ) Fisher & Lee

N
Landauer: Gy = 22 S° T, PRB, 23, 6851
o h n§1 " (1981)

zero temperature
zero voltage

_ e
S - ( t ?" ) C r’
STS i o A —

T, are the eigenvalues of tft = ¢/ft/

Statistics of § — Fluctuations of Gy




Scattering approach
Mesoscopic superconductivity:

L,

.

B

C. W. J. Beenakk G 4"'2%——9—2T2 2
. « 4 DECNAKKEr: =l

O

3

: \\s o
NN -

Sl = ( L LA )

Ce_ . 0 ei‘?s_iﬁﬁﬁ(s) C;"
C;:- N, i e—ip—ida(e) 0 ch o

A(r) = Ape®8(x), da(e) = arccos (e/Ao)

Joint probability density —

of So(e), So(—¢)* Fluctuations of Gyg

Zero temperature
Zero voltage



Scattering approach

to the local density of states

1D H:—%);+V($)
>
Q0 — X
(E +in — H)G(z) = 6(x) (*)

Expand around z = O:

G(.’L’) = C:;,(!E’,_”":k:c + ‘rLeikm)G(——:L') + CR(eikx + rRe_ikx)B(a:)

Continuity at z = 0O:
c(1 + rr) = cr(l +rg).

Eq. (*) provides another relation between ¢y, and cg

hence the Green's function:

G(0) = gz (1 + r) 1 (L +7R)

and the LDOS:

n=1mno Re(l + TL)].'—T:'LRTL(I —+ TR)




Scattering approach

to LDOS (quasi-1D geometry)

X

A 4

SR MR P Cr e T

i) = Flﬁ ReTer%(l -+ T'R)ﬁ(l F TL)%

Pp,nm = (n|p)(p|m)

Compare to semiclassical formula Gutzwiller
n(e,r) = no+ Im > Ax(e,r)

(83
« is a path starting at and returning to r
A, is the corresponding quantum mechanical amplitude

(1+rr) 1—11~L'rn(1 $ure)
=14 Y (rerr)*+ 3. (raro)"+ D (rerr)"ri+ ) (Trri)™rr
n=1 n=0

nesl = _
oscillate on a scale Ap

|
LDOS averaged over a small volume n(z) = no Re z_thr A

1
1‘—1"LT'R
(relevant for a STM measurement)




NS junction

_

A,F<< X << { X

Ln(m £) = ng ReN Tr—T:IE;g

= () ) e (2)

¢a(e) = arccos(e/A) Andreev phase

n(m ‘E) = 1+N Re Z E § i [ro(g)ro( E) ]" —2inga

n=1

ro(e)ro(—€)* is a unitary matrix, its eigenvalues are e2i¥;
Joint probability density P.({¢;}) comes from DMPK equation
Only one point function p.(¢) is needed to find the mean LDOS

@%Z = 7pe(Pa) e< A




Random Matrix Theory

Consider matrix correlator ro(&)ro(—e)* with eigenvalues e2i®;]

ro(e)ro(—€)* = ro(e)ro(—e)t  —  roliw)ro(iw)t
TRS € = fw

Eigenvalues of 7g(iw)ro(iw)! are reflection probabilities 0 < R; < 1

The convenient parametrization is

i 24 _ _—
RJ _UJ+2(N+1)QJT3' ag;j € (0, OO), Ts — E/ﬂF.

The joint probability density follows from DMPK equation.
For infinite wire it is given by the Laguerre ensemble (LOE)

N
Puw({oj}) = cn [1 e/* [] lok — o3

j=1 i<k




Scales

How p:(¢) looks like L(n) = mpe(da), €< O
localized diffusive ballistic
[ L =
| | i
N? T, g T P2

Pe(‘ib)lN:am = ;?}153 Im \/(ET3)2 + ieTy(1 — e72%)

ET. e o} expi:e‘r,t)
pe(Dn=s = 5 | womto—tomagtict

Titov, Beenakker
PRL 85, 3388 (2000)

Berezinskii, Gor'kov
JETP 50, 1209 (1979)

The dependence on A appears only due to Andreev phase

Two regimes are distinguished

dirty regime
| | | -
1 ' ] | —
—— A L €
N2 Tg Ts
clean regime
1 1 &
T T *
ada A €
T(

|
|
e
e A s




NIS junction

1
n(a,) =no Re fy TrFEILE |

(" nl)=(3 2) (5 2)(15)

_— 0] eiX.COSG —z'_eixsinﬂ ul 0
R=\0 o —ieXsin@ e'Xcos@ 0 uf

-1/2

sing =T [(1-e?#1(1-T))(1—e %% (1-T))]
e2x = (1 — I — e2in) [1 — e2i%e(1 — )]
ug is @ random unitary matrix

¢ is a diagonal matrix of eigenphases distributed with the density p.(¢)
I" is a diagonal matrix of the transmission probabilities 0 < I'; < 1.




Plots

0 02 04 06 08 1 12 14

Ats=0.3

<n(x,e)>

2 / Nee

0 02 04 06 08 1 12 14
e /A

(n(z,€)) = (n/4)(N + 1)er,, € <K (N?7)7!
(n(z, s))|N=m = Re+/—ieTs, e 1l/7,




with a barrier

............

one channel

—— many channels

°0 02 04 06 08 1 12 14
20 s one channel
—— many channels
21 Usadel
=09, At,=5
1.5

0 02 04 06 08 1 12 1.4
e/A
(n(2,€)) = (r/4)(N + Ders(2 = F)/T, € < (N2rg)~*

(nl(a:,s))lN:oo = Rev—iers(2-1)/I, e 1/7s




Outcome

e We developed a scattering approach to the LDOS

® We studied in some detail the effects of localiza-
tion on the shape of the LDOS in NS and NIS

mesoscopic junctions




