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Proximity-effect enhancement induced by roughness
of the superconductor–normal-metal interface
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Critical-temperature reductionDTc is considered for a thin film of a superconductor~S! with a rough surface
covered by a thick layer of a normal metal~N!. The value ofDTc induced by the roughness of the SN interface
can be much higher thanDTc for a film with a plain surface if the superconductor is extremely anisotropic.
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Proximity effects are determined by the penetration
electrons from the normal metal into the superconductor
by the penetration of Cooper pairs from the supercondu
into the normal metal.1,2 A dramatic manifestation of prox
imity effects is the reduction of the critical temperatureDTc
of a thin superconducting film covered by a thick layer o
normal metal.1 In the case of an isotropic superconduc
with a plain superconductor–normal-metal~SN! interface the
value ofDTc is given by the formula3

DTc

Tc
52

g2p2

4

j2~0!

d2 , ~1!

whereg'0.74 is a numerical factor,j~0! is the coherence
length at zero temperature, andd is the thickness of the
superconducting film@d@j(0)#.

Proximity effects in anisotropic high-temperature copp
oxide superconductors are currently under thorough exp
mental and theoretical study.5 The reduction of the transition
temperature for an anisotropic superconductor depends
the orientation of the SN interface relative to the symme
axes of the superconductor. The value ofuDTcu is maximal
when the SN interface is perpendicular to the axis co
sponding to the maximum value of the coherence length.
an anisotropic superconductor with a rough SN interface
local orientation of the film surface relative to the symme
axes is varying along the surface. A certain average valu
the squared coherence length appears then in Eq.~1!. De-
pending on the roughness this average value can be d
mined by the highest of the coherence lengths even if fo
plain surface with the same orientationDTc is determined by
the smallest of the coherence lengths. Therefore, fo
strongly anisotropic superconductor the roughness of the
interface can drastically increaseDTc .

In the present paper we treat the reduction of the crit
temperatureDTc for a rough superconducting film of an an
isotropic superconductor covered by a thick layer of a n
mal metal and located on top of a substrate from an insul
with a plane surface (z50), where thez axis is along thec
direction and thexy plane is parallel to theab planes. The
average thickness of the filmd is considered to be bigge
than the coherence lengths at zero temperaturejm(0) (m
5a,b,c), i.e., d@jm(0). We assume that the roughness
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small and describe the SN interface asz5zS(x,y)5d
1 f (x,y), with u f (x,y)u!d and a zero average value^ f & of
f (x,y),

^ f &5
1

A E dxdy f~x,y!50, ~2!

whereA is the area of the film. The typical length scalel of
variations of the film thicknessf (x,y) is considered to be
from the intervaljm(0)! l !jm(T).

To find the reduction of the transition temperature w
treat the Ginzburg-Landau free energy

F5
Hc

2

4p E d3r F2C21
1

2
C41jm

2UdC

dxm
U2G , ~3!

where the order parameterC depends on the three coord
natesx, y, andz in the case of a rough SN interface andHc
is the critical magnetic field. To minimize the free energy~3!
we have to formulate the boundary conditions forC(x,y,z)
at both surfaces of the superconducting film. The bound
condition at the plane interface with the substrate from
insulator is2,3

]C

]z U
z50

50. ~4!

In general, at the SN interface we have2–4

nm̂¹CU
SN

5
1

b
CU

SN

, ~5!

where n is a unit vector normal to the SN interface; th
eigenvalues of the dimensionless tensorm̂ in the coordinate
system aligned with the principal axes arem/mm , andm and
mm are the effective masses in the normal metal and in
superconductor;b is the extrapolation length (b!d). The
left side of Eq.~5! is of orderC/jav, where the length scale
jav is a certain combination of the correlation lengthsjm . In
the close vicinity ofTc the value of the extrapolation lengt
b is temperature independent contrary tojav. At the
superconducting-to-normal transition pointjav becomes of
orderd and the left side of Eq.~5! can be disregarded. Th
boundary condition at the SN interface then has the form6

Cuz5d1 f ~x,y!50. ~6!
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To find the value ofF we use a trial function

C5F~x,y!cos
pz

2@d1 f ~x,y!#
. ~7!

This function satisfies the standard Ginzburg-Landau bou
ary conditions at the film surfaces,

Cuz5d1 f ~x,y!50,
]C

]z U
z50

50, ~8!

and to findF(x,y) we have to minimize the free energy.
Substituting Eq.~7! into the functional~3! and assuming

that u f u!d we obtain after integration overz

F5
Hc

2

8p E dxdyH Fp2jc
21

p213

3
j i

2f i
224d2G F2

4d
1dj i

2F i
2

1j i
2f iFF i1

3d

8
F4J , ~9!

where i 5a,b, f i5] f /]xi , andF i5]F/]xi . Minimization
of the free energy~9! results in the following equation fo
F(x,y):

j i
2F i i 1

j i
2f i

2d
F i1FF12

p2jc
2

4d2 2
~31p2!j i

2f i
2

12d2 1
j i

2f i i

2d G
2

3

4
F350. ~10!

We are interested in a solution of Eq.~10! imposed by the
roughness of the SN interface. This solution has a len
scale of the order of the length scalel of variations of the
film thicknessf (x,y). We takeF(x,y) in the form

F5F01F1~x,y!, ~11!

where F05const, uF1u!F0 , and the length scale o
F1(x,y) is of the order ofl . It follows then from Eq.~10!
that with the accuracy ofu f (x,y)u/d!1 we have

F152F0

f

2d
. ~12!

Finally, using Eqs.~9!, ~11!, and ~12! we obtain for the
Ginzburg-Landau free energy

F5F0H F61p2

12

j i
2^ f i

2&
d2 1

p2

4

jc
2

d2 21GF0
21

3

8
F0

4J ,

~13!
d-

th

where F05AdHc
2/128p. The temperature of the

superconducting-to-normal transition is determined by
change of sign of the coefficient atF0

2 in Eq. ~13! for the free
energy. Taking the temperature dependence of the coher
lengths nearTc as

jm5gjm~0!~12T/Tc!
21/2, ~14!

we obtain the reduction of the transition temperatureDTc in
the following final form:

DTc

Tc
52g2

p2

4 Fjc
2~0!

d2 1
61p2

3p2

j i
2~0!^ f i

2&
d2 G . ~15!

In the case of a plain SN interface the slopesf i50 and
Eq. ~15! coincides with Eq.~1!. For a rough SN interface
there is an increase ofDTc .

To estimate the effect of the roughness of the SN interf
on DTc assume, for simplicity, thatja5jb5jab and ^ f a

2&
5^ f b

2&5^ f 82&. In this case Eq.~15! transforms to a simple
formula

DTc

Tc
521.35Fjc

2~0!

d2 11.07̂ f 82&
jab

2 ~0!

d2 G . ~16!

It follows from Eq. ~16! that even if the roughness is mod
erate (̂ f i

2&;1) a considerable increase of the reduction
the critical temperature appears for an extremely anisotro
superconductor withja,b@jc .

The formula for DTc , Eq. ~15!, is valid for a three-
dimensional ~3D! anisotropic superconductor. Th
Lawrence-Doniach model7 allows one to calculate the reduc
tion of the critical temperature for a layered superconduc
with weakly coupled 2D superconducting layers. This exte
sion of the problem is under consideration.

In conclusion, we have studied a thin rough film of
superconductor covered by a thick layer of a normal me
We have found that in the case of an extremely anisotro
superconductor the roughness of the SN interface can sig
cantly increase the reduction of the critical temperature co
pared with the case of a plain film.
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