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The surface resistance and magnetic penetration depth in proximity-coupled superconductor/normal-
metal (Nb/Al) bilayers are examined to study the electrodynamics of layered structures with spatially in-

homogeneous superconducting order parameter.

The effective penetration depth A7) obeys

AA g T)~T" where n <1, at low temperatures, distinctly different from the exponential behavior of Nb.
An accompanying drop in the surface resistance R, occurs in the same temperature range. A model of
the bilayer electrodynamics explicitly including the effects of proximity coupling is developed, and the
behavior of both A and R is consistently described. We find that a treatment of coherence effects in
the proximity-coupled normal-metal layer is necessary to properly describe the behavior of R (T).

A superconducting system with a spatially inhomo-
geneous order parameter W =W(x) may exhibit electro-
dynamic properties dramatically different from those
of a pure superconductor, where W=const. Several
theories! ~* of cuprate superconductivity invoke the con-
cept of a spatially varying order parameter in the direc-
tion perpendicular to the copper-oxygen planes, and re-
cent experiments by Miiller’ on the intrinsic Josephson
effect in cuprates indicates that this is indeed reasonable.
Here, we present microwave surface impedance data on
proximity-coupled superconductor/normal-metal (S/N)
bilayer films as a first step to better understand the elec-
trodynamics of a layered system with a position depen-
dent W(x).

Magnetization measurements, mutual inductance
measurements,” Josephson penetration depth measure-
ments,!® and resonant microwave measurements'! on
various low-T, proximity-coupled S/N systems have
shown that the magnetic screening length A 4 can exhibit
temperature dependences such as AA 4 T)~ T at low tem-
peratures. Data presented here on Nb/Al bilayer films
show that both the surface resistance R,(T) and the
screening length A g T) can exhibit linear or sublinear T
dependences as T— Ty, where T,y is the superconduct-
ing transition temperature of the Al layer. We demon-
strate that the drops in R (T) and A T) at low tempera-
ture can both be explained by a simple model of
proximity-effect electrodynamics.

The geometry of the bilayer system we consider is
shown in the inset of Fig. 1. The Nb films were prepared
on R-plane sapphire substrates and coated with thin Al
layers, with which Nb can form clean proximity-coupled
interfaces.!> The deposition chamber was evacuated to
1X1077 Torr and the Nb target presputtered to remove
surface contaminants and improve oxygen gettering.
Niobium was deposited at 30 A/sec to a thickness of
1 um by dc magnetron sputtering in 5 mTorr flowing Ar,
at a substrate temperature of 110°C. Bare Nb films had
resistivity p, (10 K)=1 uQ cm and residual resistivity
ratio p, (300 K)/p, (10 K)=4.
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The substrate was then rotated in situ_(without break-
ing vacuum) and Al was deposited at 12 A/sec to a thick-
ness dy, where 100 A <dy <600 A. The substrate tem-
perature during Al sputtering was ~100°C. The samples
produced by this method had bilayer transition tempera-
tures T, yg in the range 9.0-9.1 K as determined from ac
susceptibility measurements. Point-contact spectroscopy
(PCS) measurements on the bilayers were performed in
the manner of van Son, van Kempen, and Wyder.13 The
dynamic resistance dV/dI fit the simple Blonder-
Tinkham-Klapwijk!* form with interface boundary
scattering parameter Z <0.2 and attenuation factor in
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FIG. 1. Change in effective penetration length
Ar2)=Ag{t) —Aeg(=0.128) vs reduced temperature

t=T/T,ys for proximity-coupled Nb/Al bilayer films with
1 pm Nb thickness and Al thicknesses 100, 200, 300, and 600 A.
Data for bare Nb sample (not shown) is nearly identical to that
of the 100 A Al sample. Dashed lines are fits to the proximity-
coupled bilayer model presented in the text. Inset: bilayer
geometry, with S /N interface at x =0.
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the normal metal Apcg~O0.5, indicating good proximity
coupling at the S /N interface and dirty Al. Bilayer resis-
tivity measurements showed p,(300 K)/p,(10 K)=4,
suggesting that p,; = 3png.

The surface impedance of the bilayers was measured at
11.5 GHz using the parallel-plate resonator tech-
nique.!>!® The effective penetration depth AA.g(T)
and surface resistance R¥(T) were calculated using
the expressions A AT =LA T)—A (2 K)=(d/
D{[fo(2 K)/fo(T)P—1} and RET)=mpdf(T)/
Q(T),"7 where d =25 um was the thickness of the dielec-
tric material (Teflon) separating the two plates.

The resulting AL T) data for the proximity-coupled -

Nb/Al bilayers are shown in Fig. 1. The sample with
dy=100 A behaved much like a homogeneous, single-
layer superconductor, fitting the standard Agcg(7T) tem-
perature dependence given by Miihlschlegel.!® The other
three samples studied (d, =200,300, and 600 A) did not
fit this dependence well, with the fit worsening as dy in-
creased. They displayed a noticeable region!® where
AAeg{T)~T. When the Al layer was removed from the
300 A Al sample by etching in NaOH, and the bare Nb
film underneath measured, the BCS temperature depen-
dence was regained. To explain the behavior of the bi-
layer data, a model of the electrodynamics of the entire
bilayer was developed, explicitly including the effects of
proximity coupling.

The model® first calculates the penetration profiles of
the magnetic field H(x) and the supercurrent density
J,(x) inside a proximity-coupled S /N bilayer film. We
assume a local penetration depth Ay(x,T) in the Al layer,
inversely proportional to the spatially dependent pair po-
tential W (x,T) induced by proximity coupling.’® Our
model, based on Ginzburg-Landau theory, requires that
Wy (x,t) be small, and hence applies at temperatures in
the vicinity of T,y¢. By solving Maxwell’s equations with
the generalized London equations as constitutive rela-
tions, and assuming the form }»N(x, T)=Ap(0,T)e ~K(Dx
for x <0 and Ag(x, T)=Apcs(T)?! for x >0, one can ob-
tain analytical expressions for H (x) and J,(x) inside the
bilayer, given previously in Ref. 19.

Here, A5(0,T) is the local penetration depth of the Al
layer at the interface between the two metals. We postu-
late Ay(0,T)~1/Ag(T), where A (T) is the BCS energy
gap in the Nb layer, as suggested by proximity-effect
theory.?® The parameter K ~!(T) describes the decay
length scale of Wy(x,T) in the Al layer in the single
Matsubara frequency approximation.?? In the dirty limit
it is given by the solution to In(T/T.)=u(})
—y[+ —#DyK?/(47kpT)], where ¢ is the digamma
function, Dy =vgy! g /3, and vy and Imfp are the Fermi
velocity and quasiparticle mean-free path in the Al layer,
respectively. The value T,y=1.14 K was used for Al
The expression for K ~!(T) appropriate for the clean lim-
it was found to produce poor fits to the data, consistent
with the PCS and resistivity results, indicating that the
Al layers were in the dirty limit.

The model then calculates the inductance per unit
length of a parallel-plate transmission line made up of
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two proximity-coupled S /N bilayer films. The total in-
ductance is expressed in terms of an effective penetration
depth A . T), defined in Ref. 19. The AA { T) data were
fit to that expression, yielding the parameter values
shown in Table I. For dy =100 A, the values of A,(0,0)
and Ag(0) are nearly the same, and K ~1 (4.6 K) is much
larger than the Al thickness. This sample thus behaved
as a pure superconductor with A(0)=700 A and T, =9.2
K. For the samples with dy =200 and 300 A, the best
fits occur with Nb parameters A (0)=600 A and

T.ns=9.2 and 9.3 K, respectively. The decay lengths are
also comparable, with K ~! (4.6 K) = 218 and 122 A, re-
spectively. The values of Ay(0,0) were quite different,
however, w1th Apn(0,0)=380 and 1390 A respectively.
The 300 A Al sample also had much lower surface resis-
tance, suggesting that the underlying Nb dominated the
surface impedance. This is confirmed by BCS fit'® pa-
rameters Ag(0)=585 Aand T, =9.0 K for the bare Nb
films after stripping off the 300 A Al layer. The sample
with 600 A Al showed the most rapid decrease of Al
for T<3 K. The Nb parameter values were
A, (0)=560 A and T,yg=9.2 K. The Al layer parame-
ters were consistent with those of the other samples:
An(0,0)=361 A and K ~' (4.6 K) = 130 A.

For all Al thicknesses the proximity model discussed
above and in Ref. 19 fits the Nb/Al bilayer AA.; data
better than when the Al is neglected and the sample
treated as a bare superconductor. The parameters Ag(0)
and T,y¢ describing the Nb layer also agree closely for all
dy. The parameters describing the Al layer are con-
sistent with variations in materials parameters in thin Al
layers.”® The values of Ay(0,0) are all greater than the
London penetration depth A; =180 A for Al, suggesting
that only a fraction of the available electrons are effective
in screening the applied field, as expected in the dirty lim-
it.

The effective surface resistance data!’ on Nb/Al bi-
layers are shown in Fig. 2. The bare Nb data fit the
Mattis-Bardeen** temperature dependence very closely
with normal-state conductivity o,=8.77X107 Q!
m™!, in agreement with dc conductivity results to within
experimental error. However, each bilayer sample
showed a departure from pure superconducting behavior
at the lowest temperatures, particularly the sample with
600 A Al, with the drop occurring at the same tempera-
ture as the decrease in AA.(T) shown in Fig. 1. This

TABLE 1. Normal-metal layer thicknesses and fitting param-
eters for AL T) data on Nb/Al bilayers. The results of a BCS
fit to single-layer Nb (dy =0) data obtained by removing the Al
from the 300 A Al bilayer sample are also given.

dy (A) Ay (0,0) (A) K~! 4.6 K) (A) A,(0) (A) T.ys (K)
0 585 9.0
100 792 1342 700 9.2
200 380 218 600 9.3
300 1390 122 600 9.2
600 361 130 560 9.2




52 MICROWAVE SURFACE IMPEDANCE OF PROXIMITY-COUPLED . . .

800...........?.

Nb/Al Bilayers
11 GHz

700

TTYTYYTY

600

500

400

R eff(uQ)

“ 300

TYTTTrrrryTT

200

100

FIG. 2. Effective surface resistance measured at 11 GHz vs
reduced temperature for proximity-coupled Nb/Al bilayer films
with 1 um Nb thickness and Al thicknesses 100, 200, 300, and
600 A. Dashed lines are fits to the proximity-coupled bilayer
model presented in the text. Solid line is data for a bare Nb
sample.

striking similarity suggests that both A\ T) andR(T)
may be described by a single electrodynamics model. The
screening model of S/N bilayers given previously' ig-
nored losses; now we must include losses to first order,

J
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using a treatment based on the Mattis-Bardeen theory.?*

The model first calculates the real part of the conduc-
tivity o,. In the Al layer we assume o,=0y(x,7T) due
to the spatially varying pair potential W¥y(x,T), and
0,=0,5(T), independent of x, in the Nb layer. Further,
we postulate a local BCS gap Ay(x,T) in the excitation
spectrum of the Al layer given by Ay(x,?)
=[As(T)/aleXT* and a spatially constant BCS gap
Ag(T) in the Nb layer given by the values tabulated by
Miihischlegel.!® Finally, we calculate the local value of
ox(x,T) /0 y as a function of w, T and A y(x, T) in the Al
layer using the Mattis-Bardeen theory, and the corre-
sponding quantity o,5(T)/0g (independent of position)
in the Nb layer, where oy and oy are the bulk normal-
state conductivities of Al and Nb, respectively. The Nb
layer is treated as a standard BCS superconductor
throughout.

The surface resistance can be expressed as
Rs=(1/H02)RefJ(x)-E(x)"dx, where J (x) is the total
rf current density, E(x) is the electric field, and the in-
tegral is performed over the entire bilayer thickness. We
calculate J(x)=—dH /dx in the manner described in
Ref. 19, first ignoring normal fluid contributions, and
then calculate E (x, T), including the losses to first order,
using J (x,T)=[0,y(x,T)+1/iouy*x,T)]E(x,T) for
the Al layer and a similar expression in the Nb layer. We
obtain the following expression for the surface resistance
of the proximity-coupled bilayer:

ow(x,T) 2y2 2
R (T)= 5 (K(T)p*)*[ AIo(p)—BK,(p)]°dx
(1) Zf“dzvam x, T)+[1/opr} (x, T)]? oYL AlLlp olp)]
T As(T)C? Ag(T)D?  _
+ 1 o5(T) . . s (eZd‘/}"‘—l)—2CDds— s (e 2ds/xs_1)
HP\ALT) ois(T)+[1/0puAi(T)] 2 2

where p=p (x,T)=[K (T)Ay(0,T)] 'eXT* and I, and
K, are modified Bessel functions. The constants 4, B, C,
and D have units of magnetic field and are determined by
satisfying appropriate magnetic boundary conditions.
They are given in Ref. 19. This expression was used to fit
R data on Nb/Al bilayers.

The R, fits in Fig. 2 all used the same values of Ag(0)
and T,yg that were used to fit AA.4(T) data in Fig. 1, and
are described by the fitting parameters given in Table II.
The model is valid for T =2 K, but as T— Ty, the decay
length K ~Y(T) diverges and the model no longer applies,
since it requires small W(x,T). The fitting curves shown
in Fig. 2 therefore are correct for the range of tempera-
tures measured, but would be altered near T=T,y. The
values of A (0,0) and K ~! (4.6 K) producing the best fits
to the RS data correspond closely to those describing the
AXT) data Notable exceptions are Ay(0,0) for 300 A
Al and K ~! (4.6 K) for 100 A Al In both cases, howev-
er, the length scale in question is much larger than the Al

thickness, leading to greater uncertainty in its value.

The various R(T) behaviors shown in Fig. 2 are due
to differing values of oy and og. Even local minima in
RET(T) are possible, as seen with the 200 A Al sample.

TABLE II. Normal-metal layer thicknesses and fitting pa-
rameters for R T) data on Nb/Al bilayers. Bare Nb data
(dy=0), obtained by removing the Al from the 300 A Al sam-
ple, was fit using the Mattis-Bardeen theory. These fits used the
same values of Ag(0) and T, ys given in Table I. The parameter
a was taken to be unity.

dy  An(0,0) K~' (4.6 K)

(A) (A) (A) oy (@ m™! o5 (@ m!
0 8.77% 10’

100 700 435 1.09 X 10° 4.05%10°

200 300 154 2.66 % 10° 8.14X 107

300 600 125 3.98 X 10° 2.13X 108

600 360 240 1.00% 10° 2.62X 107
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The values of oy for the 200, 300, and 600 A Al
thicknesses appear larger than accepted bulk Al values,
however. Also, the best fits to the temperature depen-
dence of RFH(T) were produced with @=1.0, smaller
than the expected value a=~NypVny/NaiVar=2.2,%
where N is the density of states at the Fermi level and V'
is the BCS coupling constant.”> These values of oy and
a are associated with the assumption of a local gap
Ap(x,T), which, though nonrigorous,?? enables one to
formulate an equivalent picture of the local excitations
involved in the absorption of radiation. The magnitude
and temperature dependence of the decay length K ~(T)
can still be discerned, though the values of the fitting pa-
rameters oy and a producing the best fits may not be
physically reasonable when K ~Y(T) <<dy. The value
a=1.0 simply results in a larger gap Ay(x,T), decreasing
the quasiparticle population and requiring artificially
large values of oy to compensate.

The Mattis-Bardeen-based model also provides a way
to include coherence effects?® between excitations in the
Al layer, a phenomenon which is detectable by elec-
tromagnetic absorption and nuclear magnetic resonance,
but few other methods. To our knowledge, the only oth-
er evidence of case-II coherence effects in a proximity-
coupled normal metal was seen by Zheng et al.?’ in the
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nuclear-spin-lattice relaxation rate 1/7; of $3Cu nuclei in
proximity-coupled Nb/Cu multilayers. The successful
inclusion of coherence effects in our model further
strengthens the notion that the proximity-induced state
in a normal metal resembles a true superconducting state,
even in the properties of its excitation spectrum. Such
effects are not present in a simple two-fluid model, which
we found to be inadequate in describing the temperature
dependence of REH(T).

We have introduced a compelling description of the
electrodynamics of proximity-coupled bilayers which
reproduces the temperature dependence of RE¥(T) and
AL T) at low T in Nb/Al bilayers. The model present-
ed here represents an important step in understanding the
electrodynamic response of layered systems where prox-
imity coupling between the layers may be active. Further
work is required to explore the relevance of these effects
to the electrodynamic behavior of cuprate superconduc-
tors.
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