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Phase-coherent phenomena
in S-N-S structures

A F Volkov, V V Pavlovskii

1. Introduction

Progress in nanotechnology in the last few years has made it
possible to produce conducting nanostructures in which new
physical phenomena have been observed. Specifically, hybrid
structures consisting of superconductors (S) and normal
conductors (N) have been created. Metal films [1-35] or
semiconductor layers [5—7] have been used as the normal
conductors. The transport properties of these S/N structures
have turned out to be quite unusual. Firstly, conductivity
oscillations have been observed in these mesoscopic struc-
tures in a magnetic field H (i.e., in structures with dimensions
less then the phase-breaking length L,). Oscillations of the
conductivity of the N channels appeared if the structure
contained superconducting or normal loops [1 -4, 6]. More-
over, for an N channel in contact with superconductors a non-
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monotonic dependence of the conductivity on the tempera-
ture T and voltage V" has been observed at T < T, [4]. The
main experimental facts have been explained in recent
theoretical works. It was determined that the proximity
effect plays the main role in the transport properties. For
example, the conductivity of an N channel in the structure
shown in Fig. 1 changes as a result of the contribution of the
condensate induced by the proximity effect. Since the
condensate is induced by both superconductors in a nonlocal
manner, interference appears and a term —JR cos ¢, which
depends on the phase difference ¢ between the superconduc-
tors, appears in the resistance of the N channel [§ —10]. The
phase difference increases with the magnetic field H, and this
results in oscillations of the conductivity of the N channel in a
magnetic fields. The non-monotonic dependence of the
resistance R of an N channel on 7 and V has also been
explained [11, 12] (see also the theoretical works in the
conference proceedings in Ref. [7]). The non-monotonic
dependence of the resistance R(7, V) of a point contact ScN
(c is a constriction) was first obtained theoretically in Ref.
[13].
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Figure 1. Schematic diagram of the system considered.

New effects have also been predicted in the theoretical
works devoted to S/N structures. For example, in Refs[14, 15]
it was shown that the critical Josephson current /. in a
structure of the type displayed in Fig. 1 depends on the
voltage Vs between the S and N conductors, changing sign
(m-contact) if Vg exceeds a certain value. In addition, it has
been shown that the Josephson effect also arises in the case
when current flows only through one S/N boundary. Several
different configurations of S/N structures were studied in Ref.
[16]. Tt was determined that under certain conditions the
current-voltage characteristics of the S/N structures have
descending segments (df/dV < 0).

An important circumstance was noted in Ref. [17] (see
also the works in Ref. [7]). It was shown that the local
conductivity of an N channel changes over distances from
the S/N boundary which can be much greater than the
coherence length &y = +/D/2nT (D is the diffusion coeffi-
cient). Important consequences follow from this fact. For
example, phase coherence effects in the conductivity of an N
channel remain even if the distance 2L; between the super-
conductors is much greater than &y. This means that the
conductivity oscillations in the structure shown in Fig. 1 will
also be observed in the case of a negligibly low critical current
I.. The oscillation conservation effect is due to fact that as T
increases, I, decreases exponentially (I, ~ exp(—2L;/En(T)),
and SR decreases slowly (6R ~ T~ 1) [18].

In this work we shall consider the possibility of observing
long-range, phase-coherent effects in the S/N/S structure

shown in Fig. 1. We shall show in particular that Josephson-
like effects may arise in this structure even when the condition

2Ly > iN(T) = ‘/FDT’ (1)

is fulfilled, i.e., if the Josephson critical current I, is negligibly
small. However, these effects arise only in the case when a
current [ flows along the N channel and dissipation takes
place [23].

2. Basic equations, long-range Josephson effects
As in Refs [8—18], we shall study the diffusion regime of
charge transport (/ <€ £y, /is the mean free path) and we shall
employ the equation for the supermatrix G whose elements
are the matrix Green’s functions — the retarded (advanced)
functions G R4 — and the Keldysh function G [19]. These
equations are supplemented by the matching conditions at the
S/N boundary [20, 21].

The equation for the supermatrix G, averaged over the
thickness of the N film, has the form [10, 18]

DO,(G3,G) +ie[6., G] = epwd(x £ L1)[Gs, G] . (2)

The right-hand side in Eqn (2) describes the influence of
the superconductors S, where all functions és are assumed to
be equilibrium functions, on the N channel. The coefficient &,
is a characteristic energy which is proportional to the
transmission of the S/N boundary: &, = pD/2RpndN, Rpo is
the resistance of a unit area of the S/N boundary; p and dy are
the resistivity and thickness of the N film. We have neglected
the interaction with phonons and depairing, making the
assumption that the system is mesoscopic: 2L < min(y/Dr,,
v/D/y), T is the energy relaxation time, and y is the depairing
rate. For simplicity, we assume that the width w of the S/N
boundary is small compared to &y. The elements of the
supermatrix G are matrices of retarded (advanced) Green’s
functions G R and the matrix G, which is related to the
distribution functions f'and f; [19].

When deriving Eqn (2), the boundary condition

was used. Here the z-axis is normal to the plane of the S/N
interface. The boundary conditions for the quasiclassical
Green’s functions G was derived in the general case by
Zaitsev [20] and reduced to the simple form (3) by Kupriya-
nov and Lukichev [21] in the dirty case. In the case of a good
S/N contact, condition (3) is reduced to the continuity of the
Green’s functions at the S/N interface: G = Gs. In the case of
a poor contact (¢, — 0), condition (3) gives the same result for
the current through the S/N interface which can be obtained
using the tunneling Hamiltonian method [20]. However, for
an S/N contact with an arbitrary barrier transparency
condition (3) is not applicable. The point is that when
deriving Eqn (3) Kupriyanov and Lukichev [21] restricted
themselves to the Legendre polynomials of the zeroth and
first orders in the expansion of the angle-dependent Green’s
function G. Meanwhile, one can easily show that all the
Legendre harmonics are excited near the S/N (or N/N’)
interface. They decay to zero (except the Legendre polyno-
mials of the zeroth and first order) over the mean free path
away from the interface. In order to obtain a correction of the
next order in g, to condition (3), one has to solve an integral
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equation [22]. In the case of the S/N interface with an
arbitrary barrier transparency, the problem of boundary
conditions for the quasiclassical Green’s functions becomes
complicated.

In what follows we shall consider the case of a strong
barrier and restrict ourselves to the lowest term in the
expansion in &,. Then using Eqn (3) as the boundary
condition, we come to Eqn (2).

The current in the system is expressed in terms of the
functions f, which we must determine from Eqn (2) with the
boundary condition

fEL) = £Fn(e), 4)

where Fn(¢) = 1/2[tanh(e + eVN)f — tanh(e — eVN)f] s
the equilibrium function in the N reservoirs and § = (27)".
The solution method is the same as in Refs [15—18]. Let us
multiply the elements (1,2) of Eqn (2) by 6. (equation for G)
and calculate the trace. After one integration we obtain

. J+J1—Js, 0<x<Ly,
1-mlos={FA 7 95l

Here the function m_(x) = (1/8)Sp[F*(x) — F4 (x)]2 deter-
mines the correction to the conductivity of the N channel due
to the proximity effect. It is the main correction in the present
problem. The integration constants J and J; might be called
partial ‘currents’ per unit energy. More precisely, the current 7
on the segment (L, L) is an integral over the energy

I=(2ep) dn J deJ(e) . (6)

The current on the segment (0, L;) is expressed by the same
formula if J is replaced by J+ J;. The quantity Js is the
superconducting ‘current’, which does not depend on x on the
segments (L, L) and (0, L)

Js = G)sp 6.(FRoFR — FAg F4). (7)

The integral of Js (7) over the energy is exponentially small if
condition (1) is satisfied. As follows from Eqn (2), the
constant Jj, is related to the Green’s function and distribu-
tion function in the superconductor. It can be written in the
form [10, 18]

D=y T = (Fw) B0 -]
Here Ry, =Roo/w[wvs + (1/8)Sp(FR + FA)(FE + F)] ™
is the resistance of the S/N boundary per unit length in
the y direction and vy and vg are the density of states in the
N and S conductors. It can be shown that for Vs which
are small compared with T'/e, the ‘supercurrent’ Js, flowing
through the S/N boundary equals Js. The distribution
function Fs is the equilibrium function, i.e., it is identical
to the function in Eqn (4), if VN is replaced by Vs (we
measure voltages from the point 0, where the voltage is
zero). Using the fact that m_ is small, we can integrate Eqn
(5) and find the relation of J and Jq to Fn and Fs [see the
boundary condition (4)]. We obtain the normal currents

(d_N>J:§RbFN+§R1(FN—Fs)

P ReR+ BBy,

dn N dn . RoFs + 1 (Fs — FN)
(Eiesls) 522 o

Here Ry, is determined in Eqn (8); the quantity & = R; + R,
Ri2 = Ri(1 + (m_)) can be termed the partial resistance.
The spatial average (m_), , on the segments (0, L;) and (L1,
L) gives a decrease in the resistances on account of the
proximity effect ((m_) is negative). All resistances in Eqn (9)
depend on the difference of the phases ¢ and on the energy;
they can be represented in the form Ry = Ry — 3R} cos ¢ and
Ri12 = Rip — 0y 2cos @. The corrections to the resistances
Ry, and 6% » are small in the case of a weak proximity effect.
The quantities Ry, and R », generally speaking, depend on the
energy ¢ (for example, vs depends on ¢). We assume, for
simplicity, that these quantities do not depend on the energy.
This is valid if it is assumed that the superconductors are
gapless (the results remain qualitatively the same in the case of
superconductors with a gap). Then, integrating Eqn (9) over
energies, on the left-hand side we obtain the currents / and
[see Eqn (6)]. Eliminating Vy from the two equations
obtained, we find for Vg

0
Vs = 4'—20:11 [Ry + Ri — (3Ry, + 3Ry) cos ¢

+ I(R; — 3R cos @) . (10)

Here we employed the Josephson relation; Ry, is the resistance
of the S/N boundary, which in the case of zero-gap super-
conductors is approximately equal to its value in the normal
state. The resistance R; is also approximately equal to
pLy/dn (the ¢ — independent correction arising from (m_)
is small and unimportant). Integrating Eqn (10), we obtain a
relation between the average voltage Vs and the fixed currents
I and Il .

Vs = \/[(H L)Ry + LRy = [(T+ 1)8R, + L8Ry
(11)
The function Vs(/;) is displayed in Fig. 2 for different
currents /. One can see that for 7# 0 this dependence is

identical to the current-voltage characteristic of a standard
Josephson contact. In this case the critical current is

SRRy, — SRy R,

I.=1
‘ (Ro + Ry)’

(12)

Therefore I, increases in proportion to the current 7. We shall
show below that the correction dR; decreases slowly with
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Figure 2. Vs versus the current /; for the following values of the current:
1—0;2—250 pnA; 3— 500 pA; 4— 750 pA; 5— 1 pA. Here R, = 0,1Ry;
Rb = 5R1;R1 =1Q.
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increasing temperature (R; ~ T~'), and the correction SRy,
is small if condition (1) is satisfied. Therefore, for R, > R}, we
obtain I, ~ I3R;/Ry,. The maximum current / is limited by
the condition that the Joule heating be small and by the
condition eVn ~ eIR < T. In the opposite case O R, decreases
as Vn increases. If condition (1) is not satisfied and a finite
Josephson coupling exists between the superconductors, then
it is easy to show that the critical current of the structure is
Ik = (IC2 + ]CZJ)'/Z, where I is the critical Josephson current.
An expression for I can be easily obtained with the aid of
Eqn (6). This expression is presented in Ref. [10]. The
equilibrium phase difference ¢, for I, + IR, /(R, + R;) =0
is ¢, = —arcsin(l./I?).

To determine 3R, and SRy it is necessary to find the
condensate functions FX(4)induced by the proximity effect.
An equation for R follows from Eqn (2) and is linear in the
case that FR() is small [10, 15, 18]. For |x| < L, the solution
of this equation has the form

FRA) (x) = FRA {i&y cos (%)Py cosh(kx)

R(4)
+iysin (%) szinh(kx)} . (13)
Here F g ) is the amplitude of the condensate functions in the
superconductors. In the zero-gap case FSR(A) =+A/(e L iyg),
where 7y is the frequency of spin-flip collisions with impu-
rities. The functions P, , are:

. b sinh 92

" (sinh 0 + bsinh 0; sinh 6,) ’

- bsinh 0,

~ (cosh 0 + bcosh 0; sinh 0,) ’

_pw R(4) _ 2ie
b=V g kR = 32
(Rood) D

0=0,+0,, 91‘259/124—!'0/{,2:]([41’2. (]4)

Once the functions FR4 are known, the interference
correction dR; to the resistance can be calculated:

SRi=—R J: def - cosh™2(ef) <m,(x, 0) —m_ (x, g)> .

1

(15)
With the aid of the expressions for (m_), [see Eqn (5)] and for
FRA) [see Eqn (13)] we find

OR = JOO def - cosh2(ef) M(e), (16)

Ry 0
where

(1 ) »[sinh (2607) = sin(207)
mio) = (5 ){ImF IR | 5

P sinh (20})  sin(20Y)
* 20, 207

4 ReF2 {Pi(smh (20y) . 1)

20,

(=)

The temperature dependence of dR; is displayed in Fig. 3.
One can see that for T > ¢;, = D/(2L;)* the quantity 3R,
decreases as T~!' with increasing temperature. As noted in
Refs [15, 18], the slow decrease of dR;(7) is due to the so-
called anomalous term Fr Fa in (m_),. The special role of this
term, which is non-analytic both in the upper and lower
planes of ¢, was noted in Ref. [24].

, 4R T dr, 4
20%1072 == r ] 12x10
-~ 1.0x10°*
1.5x 1072 |
- 0.8x107*
1.0x 1072 |- - 0.6 x 107*
~04x10°*
0.5x1072 |-
—402x10°*
0 | | | | | 0
0 2 4 76 8 10
e,

Figure 3. Interference correction dR; to the resistance as a function of
temperature in the case L; = 0.5L, R/R, = 0.4, y/e, = 100, 4¢;, = 30.

The Josephson current I is determined by the integral of
Js (7) over all energies, i.e., the integral of products of either
advanced or retarded Green’s functions. It can be calculated
by closing the integration contour in the upper (lower) half
plane of ¢ and switching to summation over the Matsubara
frequencies w, = nT(2n + 1). For such energies the functions
FRA) decay exponentially over distances k= '(w,) < &,(T)
away from the S/N boundary. Therefore the current Ig will
be exponentially small (Is ~ exp(—2L;/Ex(T)). The function
Is(T) for the structure shown in Fig. 1 is presented in Ref. [18].
Similar arguments are also applicable to the calculation of
3Ry, since for T < yg the functions F& and F¢' can be assumed
to be equal and independent of the energy. At the same time,
the function FRF4 appearing in the expression for SR,
decreases over a small (compared with T7T) energy
¢z, = D/(2L;)* and makes a nonzero contribution. For such
energies the characteristic decay length of FR“)(x) is of the
order L;, i.e., of the order of the distance between the
superconductors.

In order to observe long-range Josephson effects, the
critical current I, must exceed the fluctuation current Te/7:
I. > Te/h. On the other hand, the ordinary Josephson effect
is negligible if the condition ¢;, < T is fulfilled. Combining
these inequalities, we obtain the condition

TRy R,
S8Ry R

<8L1 < T7 (17)

which should be satisfied for observation of the effects under
consideration. Here Rg = fi/e* ~ 3 kQ, and we took into
account that a maximal value of I is determined by the
relation e/R < ¢1,. Otherwise 6R; decreases with increasing
I. The first inequality of (17) means that the zeroth Shapiro
step on the [;(Vs) curve is absent at /= 0. If the second
inequality of (17) is not fulfilled, then the critical current is not
zero at I = 0 (the ordinary Josephson effect). In this case the
effective critical current [ should first increase with increa-
sing I and then decrease if / exceeds ¢, /eR.
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3. Conclusion

In conclusion we note, as one can see from Fig. 3, that the
correction R to the resistance of the normal channel caused
by the proximity effect depends on the temperature 7 in a
non-monotonic way: it is zero at 7 = 0 (the bias voltage is
zero as well), reaches a maximum at 7'~ ¢;, and decays to
zero at higher 7. Such behavior of 8 R (7) is related, as noted
in [15], to different dependencies of two contributions to dR;
on the energy ¢. One contribution which increases the N
channel resistance is connected with a decrease of the density-
of-states in the normal channel. It is described by the last term
in M(¢) [see Eqn (16)]. Another contribution (anomalous)
which diminishes the resistance of the normal channel is
described by the first two terms in M(¢). This contribution
exactly compensates a contribution due to a change in the
density-of-states of the normal channel at ¢ = 0 and dom-
inates at ¢ # 0. At T > T, it leads to the Maki-Thompson
contribution to the paraconductivity. Mathematically, com-
pensation of the two contributions at ¢ = 0 arises because at
e=0 FR=F4 and m_ in Eqn (16) becomes zero. The
monotonic behavior of 3R has been observed in an experi-
ment [4]. It would be interesting to observe the long-range
Josephson effect experimentally.

This work was supported by the Russian Fund for
Fundamental Research (Project 96-02-16663a), by the Rus-
sian Grant on high T, Superconductivity (Project 96053), and
by the CRDF Project (No. RP1-165). This support is
gratefully acknowledged.

References

1. Petrashov V T et al. Phys. Rev. Lett. 70 347 (1993); Phys. Rev. Lett.
74 5268 (1995)

2. Pothier Hetal. Phys. Rev. Lett. 73 2488 (1994)

de Vegvar P G N et al. Phys. Rev. Lett. 73 1416 (1994)

4. Courtois H et al. Phys. Rev. Lett. 76 130 (1996); Charlat P et al.
Phys. Rev. Lett. 77 4950 (1996)

5. Dimoulas A et al. Phys. Rev. Lett. 74 602 (1995); den Hartog S G
et al. Phys. Rev. Lett. 76 4592 (1996)

6. Nguyen C, Kroemer H, Hu E L Phys. Rev. Lett. 69 2847 (1992)

7.  Poirier W, Mailly D, Sanquer M, in Recontre de Moriond. Con-
densed Matter Physics Meeting on Correlated Fermions and Trans-
port in Mesoscopic Systems: Proc., des Arcs, France, 1996 (Eds.
T Martin, G Montambaux, T V Jean) (Gif-sur-Yvette: Ed. Fron-
tiers, 1996)

8. Hekking F W J, Nazarov Yu V Phys. Rev. Lett. 71 1625 (1993);
Phys. Rev. B 49 6847 (1994)

9. Zaitsev AV Phys. Lett. A 194 315 (1994)

10.  Volkov A F, Zaitsev A V Phys. Rev. B 53 9267(1996)

11.  Nazarov Yu V, Stoof T H Phys. Rev. Lett. 76 823 (1996)

12. Volkov A, Allsopp N, Lambert C J J. Phys. Cond.: Matter 8 L45
(1996)

13.  Artemenko SN, Volkov A F, Zaitsev A V Solid State Comm. 30 771
(1979)

14.  Volkov A F Phys. Rev. Lett. 74 4730 (1995); Pis'ma Zh. Eksp. Teor.
Fiz. 61 556 (1995) [JETP Lett. 61 565 (1995)]

15.  Volkov A F, Pavlovskii V V, in Recontre de Moriond. Condensed
Matter Physics Meeting on Correlated Fermions and Transport in
Mesoscopic Systems: Proc., des Arcs, France, 1996 (Eds. T Martin,
G Montambaux, T T V Jean) (Gif-sur-Yvette: Ed. Frontiers, 1996)

16.  Zaitsev AV Pis’'ma Zh. Eksp. Teor. Fiz. 61 755 (1995) [JETP Lett.
61 771 (1995)]

17.  Zhou F, Spivak B, Zyuzin A Phys. Rev. B 52 4467 (1995)

18.  Volkov A F, Takayanagi H Phys. Rev. Lett. 76 4026 (1996);
Antonov V N, Volkov A F, Takayanagi H Phys. Rev. B 55 3836
(1997)

19.  Larkin A I, Ovchinnikov Yu N, in Nonequilibrium Superconductivity
(Modern Problems in Condensed Matter Sciences Vol. 12, Eds
D N Langenberg, A I Larkin) (Amsterdam: North-Holland, 1986)
p- 493

had

20. Zaitsev AV Zh. Eksp. Teor. Fiz. 86 1742 (1984) [Sov. Phys. JETP 59
1015 (1984)]

21.  Kuprianov M Yu, Lukichev V F Zh. Eksp. Teor. Fiz. 94 139 (1988)
[Sov. Phys. JETP 67 1163 (1988)]

22.  Lambert CJ et al. Phys. Rev. B55 6015 (1997)

23.  Volkov A F, Pavlovskii V V Pis’'ma Zh. Eksp. Teor. Fiz. 64 624
(1996) [JETP Lett. 64 670 (1996)]

24. Gor’kov L P, Eliashberg G M Zh. Eksp. Teor. Fiz. 56 1297 (1969)
[Sov. Phys. JETP 29 698 (1969)]

Sign memory of the Ruderman — Kittel
interaction in disordered metals

and magnetic coupling in mesoscopic
metal/ferromagnet layered systems

B Spivak, A Zyuzin

In the case when two paramagnetic spins are embedded in a
pure non-magnetic metal at zero temperature 7 =0 the
Ruderman —Kittel exchange interaction energy between
them has the well known form [1]

cos(2pp|R; — R
IR, Ry) = I (e Ry f,“a,,-. (1)
(pr|R; — Raf)

Here I is a factor which is proportional to the square of the
exchange interaction between the localized spins and spins of
conduction electrons in the metal, pr the Fermi momentum in
the metal, d is the dimensionality of the space, i,j are spin
indexes and R, R, are coordinates of the localized spins. In
the case of disordered metals |[R; — Ry| > /> pg! the ampli-
tude of the average Ruderman — Kittel exchange energy

<[i./(RlyR2)> ~ exp ( — M) ’ o

is exponentially small [2]. Here brackets ( ) correspond to
averaging over realizations of a random scattering potential
(or averaging between samples) and / is the electron elastic
mean free path in the metal. On the other hand, it was shown
in [3-5] that the exponential decay of the average
(I;j(R1,Ry)) is the consequence of randomization of the sign
of I;;(R1, Ry) and that the typical amplitude of the interaction

<(1’7(R"R2))2> ~[R; —Ra| ™ (3)

decreases with distance in the same way as in the pure case.
The interpretation of Eqs (2) and (3) given in [3] was that in a
given sample

cos (ZpF|R1 — R2| + 5(R1,R2))

(pr(|R; — Ra|) ™

where 5(R, R;) has a random sign when |R; — R;| > /, which
means that the sign of J;;(R, R,) cannot be predicted.

In fact what follows from Eqs (2) and (3) is that 7;;(Ry, R»)
has random signs between samples. We would like to point
out here that in a given sample the sign of /;;(R;,R) can be
predicted in a sense that there are long range correlations
between the signs of /;;(R;, R,) and 7 (R, R4) which survive
even over very large distances |R; — R3]~ |[Ry —Ry4| ~
[R> — R3] ~ |[R; — R4| ~ R > [ and for arbitrary locations of
Ry, Ry, R3, Ry. To prove this statement we can calculate the
correlation function (61;; = I;; — (I;;)) at R> [

Ifj(RlvRZ) ~ ) (4)

(31;(R1, R2)81;;(R3, Ry) ) ~ R74D (5)
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