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Proximity-effect enhancement induced by roughness
of the superconductonormal-metal interface
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Critical-temperature reductioh T, is considered for a thin film of a superconduct8) with a rough surface
covered by a thick layer of a normal metal). The value ofAT induced by the roughness of the SN interface
can be much higher thadT, for a film with a plain surface if the superconductor is extremely anisotropic.
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Proximity effects are determined by the penetration ofsmall and describe the SN interface as zg(x,y)=d
electrons from the normal metal into the superconductor and- f(x,y), with |f(x,y)|<d and a zero average valé) of
by the penetration of Cooper pairs from the superconductof(x,y),
into the normal metal? A dramatic manifestation of prox-
imity effects is the reduction of the critical temperatuy& .
of a thin superconducting film covered by a thick layer of a
normal metal In the case of an isotropic superconductor
with a plain superconductor—normal-met8N) interface the
value of AT, is given by the formuff

1
=2 f dxdyf(x,y)=0, 2

whereA is the area of the film. The typical length scélef
variations of the film thicknes$(x,y) is considered to be
from the intervalg,(0)<I<¢,(T).

To find the reduction of the transition temperature we

AT, v2m? £(0) treat the Ginzburg-Landau free energy
=— — 1)
T. 4 d _Hgfds 2 1\1,4 ,|dw|? 3
F= prp r—wo+ 5 + f,u E ) 3)

where y~0.74 is a numerical facto(0) is the coherence
length at zero temperature, amdis the thickness of the

superconducting filmid>£(0)]. is the critical magnetic field. To minimize the free enetgy
Proximity effects in anisotropic high-temperature COPPeNye have to formulate the boundary conditions o¢x,y,z)

oxide superconductors are currently under thorough experig; poth surfaces of the superconducting film. The boundary
mental and theoretical studyThe reduction of the transition condition at the plane interface with the substrate from an

temperature for an anisotropic superconductor depends Qg jator i3

the orientation of the SN interface relative to the symmetry

axes of the superconductor. The value| AT .| is maximal ow
when the SN interface is perpendicular to the axis corre- oz
sponding to the maximum value of the coherence length. For

an anisotropic superconductor with a rough SN interface thén general, at the SN interface we have
local orientation of the film surface relative to the symmetry

where the order parametdf depends on the three coordi-
natesx, y, andz in the case of a rough SN interface drgd

=0. 4

z=0

axes is varying along the surface. A certain average value of vl - 1 ¥
the squared coherence length appears then in(BqDe- nm b , ®)
pending on the roughness this average value can be deter- SN SN

miqed by the h_ighest of the c_ohere_nce I_engths even if for vhere n is a unit vector normal to the SN interface; the
plain surface with the same orientatia¢ is determined by gjgenvalues of the dimensionless tensoin the coordinate
the smallest of the coherence lengths. Therefore, for @, stem aligned with the principal axes aném ,, andm and
strongly anisotropic superconductor the roughness of the S ., are the effective masses in the normal metal and in the
interface can drastically increasel .. _ _superconductorb is the extrapolation lengthb&d). The

In the present paper we treat the redupuon of the criticalgft sige of Eq.(5) is of order¥/&,,, where the length scale
temperatureA T, for a rough superconducting film of an an- . i5 3 certain combination of the correlation lengths In

isotropic superconductor covered by a thick layer O.f a NOMhe close vicinity ofT, the value of the extrapolation length
mal metal and located on top of a substrate from an |nsulat06 is temperature independent contrary fg,. At the

. - . . Al
with a plane surfacez=0), where thez axis is along th& e conducting-to-normal transition poigy, becomes of
direction and thexy plane is parallel to theb planes. The orderd and the left side of Eq(5) can be disregarded. The

average thickness of the film is considered to be bigger ,,ngary condition at the SN interface then has the form
than the coherence lengths at zero temperagy(@®) (u

=a,b,c), i.e.,d>¢,(0). Weassume that the roughness is \If|zzd+f(xyy)=0. (6)
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To find the value ofF we use a trial function where F,=AdH2/1287. The temperature of the
superconducting-to-normal transition is determined by the
Tz ] 7) change of sign of the coefficient &3 in Eq. (13) for the free
2[d+f(x,y)] energy. Taking the temperature dependence of the coherence

This function satisfies the standard Ginzburg-Landau bound€ngths neaif as
ary conditions at the film surfaces, "
Eu=vEu(0)(1-TIT) ™5 (14

V= (x,y)cos

v
0z

=0, (8) we obtain the reduction of the transition temperatiiiie, in
the following final form:

Wl - g+ txy) =0,

z=0

and to find®(x,y) we have to minimize the free energy.
Substituting Eq(7) into the functional(3) and assuming 27 &2 2 42 §2
that|f|<d we obtain after integration over AT —_2T £(0) + 6+ 7% £(0)(f7) . (15

Te LAV T: 37 d?
H% fd d
.7:—8— X

. 3d
+ TP+ D
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+3 P2
{17 ac| g+ aof

3 4 In the case of a plain SN interface the sloges 0 and

Eqg. (15 coincides with Eq.(1). For a rough SN interface
there is an increase &T..

To estimate the effect of the roughness of the SN interface
on AT, assume, for simplicity, that,= &,= &, and (f2)
=(f2)=(f'?). In this case Eq(15) transforms to a simple
f

, 9

wherei=a,b, f,=0f/dx;, and®;=dd/9x;. Minimization
of the free energy9) results in the following equation for

D(x,y): ormula
&, w?E B+ g £y AT £2(0) £340)
2.+ 2 . _ c_ o ! c_ _ c r2\ Sab v/
_ §®3:0 (10) It follows from Eg. (16) that even if the roughness is mod-
Z )

erate (f?)~1) a considerable increase of the reduction of

: . . : the critical temperature appears for an extremely anisotropic
We are interested in a solution of E4.0) imposed by the superconductor with, > £ .

roughness of the SN interface. This solution has a length : .
o The formula for AT., Eqg. (15), is valid for a three-
scale of the order of the length scdlef variations of the dimensional (3D) anisotropic  superconductor. The

film thicknessf(xy). We take®(x,y) in the form Lawrence-Doniach modéhllows one to calculate the reduc-
P=0y+Dy(X,Y), (12) tion of the critical temperature for a layered superconductor

with weakly coupled 2D superconducting layers. This exten-
where ®q=const, |®,|<®,, and the length scale of sjon of the problem is under consideration.

®4(x,y) is of the order ofi. It follows then from Eq.(10) In conclusion, we have studied a thin rough film of a
that with the accuracy dff(x,y)|/d<1 we have superconductor covered by a thick layer of a normal metal.
¢ We have found that in the case of an extremely anisotropic
—®. superconductor the roughness of the SN interface can signifi-
b=—Dy—. (12 i . -,
2d cantly increase the reduction of the critical temperature com-

. . ) pared with the case of a plain film.
Finally, using Eqs(9), (11), and(12) we obtain for the
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