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Formulation of problem

t <<1 - SN interface transparency

. . . 2
G~ N, t>>1 - SN interface conductance in units of € /T
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E, =—— - minigap in the absence of
Coulomb interaction

2) EX(H) =72
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Effects of magnetic field (an example)

\ Weak Coulomb interaction

Strong Coulomb interaction —




Parameters

Er, >A>>(Ey,Ec,H)>>06

D
Er, = . Thouless energy
Go . . . .
E, = e - minigap 1n the absence of Coulomb interaction
2
€
Ec = c Coulomb energy
5=t level spaci
NV mean level spacing
Possible experimental parameters: Ec,E; ~0.1+1 K
size of the grain d~ 50 nm £, ~107 K

interface transparency  t~ 107
G ~50



Technique

Zero-dimensional replica sigma-model in Matsubara representation:

|7 T K2
S——gTr[((s‘+lH)r3Q+re2 SKEOE Q] JdT4EC

K(r)= j g(t)dt, @ - fluctuating electric potential of the grain

n~~/

Q - matrix in the Nambu, energy, and replica spaces

Q. =e 'BK@Q_HK® - takes into account the shift of the whole
energy band by the electric potential
(Kamenev, Andreev)

In the superconductor:
(e +1H)7; + A7,
J(e+iH)? +A°

Qs =27m0(e—-¢') ~278(¢e - €71, at &, H <<A



Physical quantities

1 N . .
pr(E) = E tI'(Z'3Q - ]8_)_“5 - thermodynamic density of states
1
t n . .
pTun(E) = E tr(z'3Q&9 )(g—>—iE - tunneling density of states
_2edF

I - supercurrent in SNS junction

h do



Solution

K - fast variable

~~

Q - slow variable

The dynamics of K is determined by a simple Hamiltonian:

. o
H=E~|l - —20cos2K

We need Eg(Q) - the ground state

5 1 0ok - self-consistent system of equations
E, - 2E; &9 that determines the minigap E,
< ~
_EgEy 2A
d 08 — 2.2 -2
Ecd " max(Ey,H)+max(E,, H) - E;

.



Limiting cases

-2 cos2K

. /\ /\ v(-7)=w(r)
JARVARN

g>>1: E.<<E; - weak Coulomb interaction, Eo(Q) =—-2Ec (q -Ja )
2
q<<Il: Ec>>E; -strong Coulomb interaction, E,(q)=-E. q?

Ec =— - Coulomb ener
C =50 gy
E; . 2A
E; = ?logE— - Josephson energy between superconductors
g

with gaps A and E; (A » Ey)



Minigap.

: : s O
Strong Coulomb interaction
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Minigap. - b
Weak Coulomb interaction
~ 1
Ey=Ey—— Eco at H <E,
21 log 22
~ 1 Eco L
E,=E;—— at H > E; except narrow vicinity of H=E
2¢/log—H74 |
HefHE
- threshold dependence on H
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Minigap.
Moderate Coulomb interaction

0.4 i ' T T Y Y ¥ ¥ T ¥ ¥ ) ' ! ] FS- FN

0.3 F

0.3
H/E,

: : TECON 4EcS
* two superconducting solutions at —= exp[— £ ]>1
Eg Eg

» first-order phase transition between them as H varies




Phase diagram of the grain P
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* S —strong gapped state (E, does not depend on H)
* S' — weak gapped state (E, suppressed by H)
* N — gapless state

e red line — I order phase transition
* blue line — II order phase transition



Coulomb blockade of tunneling

dl

tunE e
P ()ocdv

B

QM

QM

- tunneling density of states

Normal reservoir:

e Coulomb blockade at G <<1
. liftedat G >>1

Superconducting reservoir:
* Coulomb blockade persists
evenat G>>1



Minigap in the tunneling density of states

Without magnetic field:

4III:—””II'I”'III:II“”II”—- ~
[ I L | : tun __
; By _Eg

Coulomb gap
With magnetic field:
p?m(E):lZPn Re E—Ew _H| —9(E -Ep)+Re E+Ew _H| — 9(-E-E,)
545 JE—Ep—H)? -E? JE+Ep—H)? - E?

P, = ‘<O‘cos K‘n>‘2 +‘<O‘sin K‘n> 2, E..=E,—E,




Tunneling DoS in the presence of magnetic field H

2) Shift by H: 3) Coulomb gap
around E =0:

1) Thermodynamic H<E
-~ g

minigap E, :
pf(E) L

Pow(E)=pr (BE)+ o (E),  p (E)=p1(-E)



Josephson effect.
Weak Coulomb interaction

= ()= Eqo cos(p/2)

Ec8/Ey = 1/4
log(2A/Egp) =5

h O H+yH’-Eg(p) cos%
1
__sing
= H/Ep=0.8 —
=
Ec8/Ey = 1/4
log(2A/Eg) =5
0
0 o n 0.0
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Josephson effect. S H S
Strong Coulomb interaction

E,(p)=2A exp[— 2Eco j - minigap depends on the phase difference

Eéo cos’(¢/2)
Eg(¢)
2 . E‘
(p)-S38Ee _sho o f B0 |y B
o Egy cos (@/2) Egocos™(¢/2) V2 ; ,
E
1(p)=0 at H > f’/%o) \ | =
= <7
|, 1s reached at ¢c Eos
H>0
= _o
g
Ec8/Eg =5 Ecd/Eg =S5
0 ' n |
Y ° H / H, !



Conclusions

Proximity and Josephson effects
In the presence of Coulomb interaction and magnetic field

 Weak Coulomb interaction:
— Weak dependence of the minigap and the critical current on the magnetic field
— Two superconducting states; first-order phase transition between them

* Strong Coulomb interaction:

— Suppression of the induced superconductivity in the grain by weak magnetic
field (H << A); first-order phase transition into the normal state

— Minigap vanishes abruptly
— Steep drop of | (H)

 Moderate Coulomb interaction:
— Two superconducting states; first-order phase transition between them

The form of the E (H) or 1 (H) dependence
demonstrates the strength of the Coulomb interaction





