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Complex conductivity of proximity-superconducting Nb/Cu bilayers
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The effective complex conductivity®= oiﬁ— i agff of proximity-coupled Nb/Cu bilayer films at 11.7 GHz
is examined. The peak in the real pa#t(T) just belowT, in bare Nb films gives way to a broader, shallower
peak in o‘f“(T) as the Cu layer thickness increases, consistent with the existence of coherence effects in
proximity-superconducting Cu. The imaginary pa@ff(T) changes curvature from concave down to concave
up as the Cu thicknest, increases. We extract proximity-induced penetration depth in Cu in the range 320 A
<An(0,0)=<580 A, with A (0,0) increasing slightly with increasirdy,, and an order-parameter decay length
in Cu of K71(4.6 K)=225 A+60 A. The temperature dependence Kf '(T) is consistent with
K~1(T)~T"2. Our results suggest that the single-frequency approximation of Werthamer and de Gennes does
not adequately describe the behavior of very thin proximity-coupled Cu layers, in which the exact near-
interface profile of the induced order parameter in Cu plays an important 80463-18206)06529-(

Microwave surface impedance measurements providenal metal enable the present work to fill an important gap in
valuable information about the inhomogeneous supercorthe experimental data on proximity systems. _
ducting properties of layered systems. In superconductor— The induced condensate and the excitations above it are

normal-metal(S/N) bilayer structures, proximity effects in Studied individually by considering the effective complex
the normal layer cause altered screening of an applied gonductivity o®'=c¢i"—io5" of S/N bilayer structures.
magnetic field and rf loss behavior uncharacteristic of homolPOn examining this quantity in proximity-coupled Nb/Cu
geneous superconductdrSuch structures have been usedbilayers, we find a broad peak in the real partaff' at
previously to mimic the effects of unknown metallic surface T/T¢~0.3-0.5 and a change in curvature of"(T) as

layers on the electrodynamics of superconducting saniples] —0 for Cu thicknessesly>270 A. We show that these
as well as to examine the implications of proximity-effect- Pehaviours are associated with coherence effects between ex-

based theories of cuprate superconductivity. citations above the induced condensate in proximity-
The Nb/Cu proximity system has been widely studied pre_superconductlng Cu and with the divergence of the order-

; ; ; ; decay lengttK 1(T) in Cu, respectively.
viously. The well-characterized superconducting propertie®arameter
of Nb and metallic properties of Cu, and the immiscibility of oreover, both the order-parameter decay lerigth and

the two at an interface, provide optimum circumstances fthe induced normal layer penetration depR(0,0) in Cu are

Lo L much smaller than values found previously in thicker Cu
studying induced superconductivity in normal metals. Cop- : ) .
per samples as thick as 3om deposited on Nb have been layers, and the divergence & *(T) as T—0 is closely

) : ; approximated byK ~}(T)~T~2, rather than theT ! or
observed to exclude magnetic fildst millkelvin tempera- T-12 temperature dependences reported edtfigthese re-

tures, and strong flux exclusion by proximity- g s g ggest that the single-frequency approximafidh,
superconducting Cuta2 K has been detecting in 1- \ hich has been applied successfully to proximity effect phe-
wm-thick Cu backed by only 550 A of _N%Moreover, atrué  pomena far from the S/N interface, is insufficient for describ-
gap in the Cu excitation spectrum in samples proximity-ing the behavior of thin proximity-coupled Cu layers.
coupled to Pb seems very much in evidence from SNS tun- ~proximity-coupled Nb/Cu bilayer films were prepared on
neling measuremenfsEvidence for case-lIl coherence ef- 3" diameter Si100) wafers by dc magnetron sputtering in 4
fects between excitations above the proximity-inducednTorr flowing argon, after first attaining a chamber base
superconducting ground state has even been reported firessure of 410 8 Torr. Their geometry is shown in the
NMR measurements offCu in Nb/Cu multilayer samplés. inset of Fig. 1. First, Nb was deposited to a thickness
The induced superconducting properties of normal metalsls=3000 A at 450 ° C using 1200 W power on adBameter
in the region near the interface with a superconductor ardigh-purity Nb target, after which the substrate was coated
especially of interest, since very few previous experimentsitu before depositing Cu at 100° C using 1000 W power on
have been sensitive to this region, and since theoretical treag 3' high-purity Cu target. The thicknesseg of the Cu
ments have been sparsé-ortunately, surface impedance layers ranged from 90 to 760 A. Bare Nb films prepared in
measurements are well suited to studying thin proximity-this manner had resistivities in the rangél0 K)~0.5-1.0
coupled normal layers, where near-interface properties play a{) cm, with residual resistivity ratigpp(300 K)/p(10 K)
dominant role. The capability of resonant microwave tech-~6, while 2000 A-thick bare Cu films showgd10 K)~0.2
niques to collect simultaneous information on both the in-xQ cm andp(300 K)/p(10 K)~ 10. Bilayers showed super-
duced superconducting condensate and the set of excitationsnducting transition temperatures in the range 8.7 K
above that condensate in a proximity-superconducting nor<T.<9.0 K in dc resistance measurements.
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FIG. 2. Surface resistandgs(T) for Nb/Cu bilayers at 11.7

FIG. _1' Change in effective penetration depjsl_ "e_ff(T) for GHz, corrected for extrinsic losses. Note that the sample with 90 A
Nb/Cu bilayers. The curves have been offset arbitrarily in the ver, has lowerR. at 2.5 K than the bare Nb sample. Inset: Low-
S . . .

tical direction for clarity. The dashed curves are fits to the proximitytemperature linear extrapolations &(T) for Nb/Cu bilayers
electrodynamics model presented in the text, using the temperatugehowing increase adR/d T with dy. s '

dependence of the order-parameter decay lemgt(T)~T 2.

The fit to bare Nb data uses the temperature dependence given by

Mihischlegel (see Ref. 1§ with parametersa(0)=350 A, 90 and 270 A, a nonexponential approach\af; to a con-
T.=9.17 K. Inset: Proximity-superconducting bilayer geometry.  stant value a3 —0 was noticeable. Faiy=390 A, a linear
dependence oA\ s on temperature persisted up to 8 K,
while for dy=760 A a change in curvature and more rapid

performed at 11.7 GHz using a parallel-plate resonatet®  drop  in Akt occurred as T—0, described by
In this technique, two identical bilayer films are placed face®Mefl(T)~ T, with @<1. Fits to the model described below
to face and separated by a dielectric material of thicknébses@r€ /S0 shown in Fig. 1 as dashed lines.

d=12.5 um, forming a transmission line supporting TEM The surface resistance data, inversely ref§texithe mea-

electromagnetic waves. The resonant frequeinayd quality sured quality factof are shown in Fig. 2. Behavior similar
factor Q of such a transmission line are related to magnetic!© that of theA\q data is apparent; aty=0 A the surface
field penetration and rf loss in the superconducting plateg€Sistance approach its low-temperature residual vee
respectively. Changes in resonant frequehaye caused by #{1) exponentially slowly as expected from the BCS
changes in the inductance per unit lengthwe may define  tN€ory; Mattis-Bardeef*® fits using 21(0)/kgTc=3.5
an effective penetration depthhes by L=(uo/W)[d yleiltljedila . normal-state gonduct|V|Fy_ (_)erb=1.37>< 10
+2\eg], WhereW is the film width, and whera ¢ includes Q7 -m™~, in agreement with dc resistivity results at 10 K.

effects associated with nonexponential screening, includingOr dy=90 A, a Mattis-Bardeen-like temperature depen-
the proximity effect and finite thickness effects. Sincedence also was observed &s-0, but with a much smaller

f~L~Y2 changes in\. cause the resonant frequency to residual surface resistance val(ess than 10u()). This
shift according toAN g= A e(T) — A To) = (A/2){[ F(To)/ sm_aller residuakR; is pro_bably due toa passivation effect in
f(T)]2—1}, whereT, is the lowest temperature at which which Cu prevented oxide formation in the underlying Nb.

data is taken. For thick single-layer superconducting films, i 0" thicknessesly=270, 390, and 760 AR(T)~T was
can be shown that, equals the superconducting penetra-Observed at low temperatures, with a characteristic curvature

tion depthx, owing to the exponential penetration of mag- change and rapid drop ds-0 occurring in the two thickest
netic field. Though in proximity-coupled S/N bilayekgy ~ S@MPIES, just as in thik e data. The magnitude d¥s and
does not correspond to any single screening length scal§/OPedRs/dT at low temperature increased monotonically
changes in this quantit\ .« can be compared directly with With increasingdy (except for the 90 A case at low), and
changesA\ for bare superconducting films, which have alinéar extrapolations oRy(T) to belav 2 K intercept zero at
well-known temperature dependence. In this way, the depaf€mperatures which generally increase with increasing Cu
ture from homogeneous superconducting behavior irfhickness(see inset of Fig. .
proximity-effect bilayers can be quantified. The conversion of these data to real and imaginary parts
The effective penetration depth chani o is shown vs  Of the effective conductivity ¢" and 03", respectively al-
temperature in Fig. 1 for samples with Cu thicknessedOWs one to examine the properties of the proximity-induced
dy=0, 90, 270, 390, and 760 A, all grown on 3000 A-thick condensatecfgﬁ) and the excitations above this condensate
Nb. A systematic change in the temperature dependence ()fr‘j“) independently. The effective conductivities were ob-
AN was observed with increasing Cu thickness. Fortained according to the local limit expressioZg
dy=0 A, the bare Nb sample obeyed the BCS temperature= Rg+iX=[iwuo/ (05 —iosT) ]2 where X¢=uowh e,
dependenc® very closely, with fitting parameters analogous to expressions for a homogeneous superconductor.
As(0)=350 A andT,=9.17 K. With Cu layers of thickness No residual surface resistance was subtracted fRarwhen

Surface impedance measurements on Nb/Cu bilayers we
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TABLE |I. Effective penetration depths.«(T,), with lower and 10.0
upper bounds, used to calculate real and imaginary parts of the
conductivity for Nb/Cu bilayers. 8.0

4 = 90Au
dyB) AT AR dyt(To) AP Nerl(To) (A) z f
6.0

0 350 350 350 cg
90 380 440 410 - sok
270 490 620 550 5.
390 590 740 660 ©
760 950 1140 1040 2.01
3 ower bound for Ag(To), calculated usinghy(0,0)=300 A, 0.0 — —
K1 (4.6 K) = 225 A, and\,(0)=350 A. 0

4 6
bYpper bound for\e«(T,) (assumes the normal layer does no Temperature (K)

screening

FIG. 4. Imaginary parb$'(T) of the complex conductivity of
calculatinga and szf Since only changes N could be  Nb/Cu bilayers at 11.7 GHz, showing the change in curvature with
measured, values ofe; were chosen at the lowest tempera-incréasing dy. The choice of Aey(To) required to construct
ture T, measured for each sample using the following?? (T) is discussed in the text.
method.\ .(To) was chosen as the average of the value of
\ o Calculated by an electrodynamics mddeéscribed be- that using the lower or the upper limits fagq(To) given in
low and the value of the sumhy+ A yy(To). The model cal- Table I, rather than the average of t_he tlwo does not substan-
culation was taken to be a lower limit farg(To), since the ~tally alter the shape of the curves in Fig. 3.
parameters used in itng(0,0)=300 A, K~ 1(4.6 K) = 225 Figure 4 displays the imaginary par§(T), which char-

A, Aw(0)=350 A) represent underestimat®s for acterizes properties of the superconducting condensate in the
proximity-coupled Cu. The latter quantity is the upper limit bilayer. Here the behavior of Nb/Cu bilayers is also unique;
for Ae#(To), in which the rf magnetic field simply penetrates in Nb, o5"(T) approaches a constant value exponentially
through the Cu layer unperturbed and is screened by the Ngjowly aST—>0 as predicted by BCS theory, while in Nb/Cu
layer. Table | shows the values wf4(T,) used, as well as bilayerso$5 f(T) changes curvature and continues to increase
the lower and upper limits. asT—0. The Cu thickness at which this curvature change

Figure 3 shows the real pamtﬁﬁ(T) for Nb/Cu bilayers. becomes apparent idy=270 A, for which agﬁ(T) ~1
While bare Nb correctly exhibits the well-characterized BCS—T/T.. The crossover from BCS-like to non-BCS-like be-
coherence peak @t~ 7 K, followed by an exponential tail as havior atdy=270 A suggest that 270 A is approximately
T—0, proximity-coupled Nb/Cu samples show lesser peakequal to some characteristic screening length in proximity-
in a‘jﬁ(T) occurring at temperatures which decreasadgs superconducting Cu.
increases. While most of the coherence peak of the underly- The upturn inagﬁ(T) asT—0 in the thicker Cu samples
ing Nb is still visible with very thin Cu cover layers, all signals the onset of induced screening in the Cu layers
traces of this peak gradually become obscured by screeningaused by divergence of the order-parameter decay length
activity in the Cu layer asly increases. It is useful to note K~ %(T). This upturn becomes more abruptdigincreases,
since appreciable proximity-induced screening only occurs
whenK ~1~dy. SinceK (T) diverges asT—0, it passes
through the value ofly more rapidly and at a lower tempera-
ture whendy, is larger. We estimat& ~%(4.6 K) = 225 A
+60 A by comparing with model calculations described be-
low. We also note that these conclusions do not depend on
our choice of\¢4(To); the shapes of the curveg(T) are
not substantially altered by choosing different values for
Neii( To) within the range of possible values given in Table I.

The model of electrodynamics in proximity-
superconducting systems used in this work has been estab-
lished in two earlier publications® In summary, it assumes
an exponentially varying penetration depthy(x,T)
~M(0.T) XM in the normal layer, corresponding to the
decaying order parameter in the proximity-coupled normal
metal (note thex axis defined in the inset of Fig.)1The
decay length scal& ~*(T) grows rapidly/! near the super-
conducting transition temperatuiie,y of the N metal (we

FIG. 3. Real parr$(T) of the complex conductivity of Nb/Cu  take T¢,y=0 K for Cu). Maxwell’s equations are solved us-
bilayers at 11.7 GHz, showing the peak which occurs at lower teming a generalized London equation which contains the spa-
perature with increasindy . tially inhomogeneous penetration depth(x,T), yielding

6, (10°/Qm)

10

Temperature (K)
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TABLE II. Normal-metal layer thicknesses and fitting param- of the samples. The error bars quoted after each value reflect
eters forAN(T) data on Nb/Cu bilayergFig. 1), using the tem-  the size of the variation which produced a 5% reduction in fit
perature dependende * (T)~ T2 for the decay length. quality.

Apart from the 90 A data, it can be discerned that the
dy (A)  AN(0,0) (R) K1 (46K (A) Ag0) (RA) T¢(K) values of\y(0,0) increase withdy. This has been noted
before in magnetization measureméhsnd is even appar-

90 470-40 225-10 400550 9.320.05 ent, though not explicitly discussed, in the work of Simon
270 318-15 22715 30050 9.3+0.05  gng Chaikir® Moreover, the range of values 320 A
390 363-20 160+20 350£50  9.3:0.05 <)\ (0,0)<580 A putiy(0,0) much closer to the London

760 578:40 285:23 340820 9.3t0.05  value of A\ =200 A for Cu than previous experimental re-

sults on thicker normal-metal layers, which always yielded
penetration depths significantly larger thazrg) the London value
expressions for the magnetic figh{x,T) and the supercur- [An(0,0=1500 A vs A =250 A in Ag® and \y(0,0)

: : =900 A vs A\ =500 A in Al \(0,0=1040 A vs\
rent J4(x,T). From these the totalmagnetic and kinet VS AL ’ NAMs L
0 T) aimag xc =200 A in Cu(Ref. 26] even at the lowest temperatures.

mdrucl:lta}ncle tperr unr|]t Iter;gégnagg ::g?cjas%%zgngg;ej:;nfged Both of these pieces of evidence fit naturally into a picture in
paraliel-piate resonato which the induced order parameter in Cu varies rapidly near

surface resistance, the model assumes a local value of thge 5N interface. While the exact near-interface behavior is
BCS gapAn(x,T)=Ay(0,T)e (D in the normal metal unimportant for thick normal layersd(>K 1), it domi-
possessing the same exponential decay length scale fstes the characteristics of a thin normal layer, and, unlike
An(X,T). This local gap is used to calculate the local BCSthick normal layers, may itself be a function of the normal
real part of the conductivityr;=o1(AnN(X,T),»,T), using layer thicknessly . Clearly characteristic length scales such
the Mattis-Bardeen theory}, from which the surface resis- asAy(0,0) andK (4.6 K) could vary with normal layer
tance is in turn calculated. Throughout, the model treats théhickness as well when the normal layer is thin. The rela-
Nb layer as an unperturbed BCS superconductdhis  tively shortinduced penetration depths in thin normal layers
model, through nonrigorous, was shown to correctly describ@/S0 would reflect the larger induced order parameter near
both AN o(T) andRy(T) in Nb/Al bilayers the S/N mFerface, WhI'Ch would extend over more of the nor-

The temperature dependeri¢e}(T)~T~2 was found to  Mal layer if it were thin.
produce close agreement with thé .4(T) data, rather than In o_rder to gain more insight into the 1f losses of

1 ) ) 1 . proximity-coupled bilayers we used the model to calculate

theK™H(T)~T or K™*(T)~T~* dependences predicted . ; : L
by clean- and dirty-limit single-frequency approximation profiles of the sz,creenlng current, effective resistivity
expressiond® Using 1=3950 A for Cu, derived p°'= 01 (. T) {oF(x, T) +[Lpuowh*(x.T)]*}, and local
from resistivity measurements usfig |=7.9x10 6 0SS p®"J” in the 760 A Cu/3000 A Nb samples, using pa-
Q m?, these expressions reducekgq (T)B2416 A4 Kl rameters \y(0,0=300 A, K %(4.6 K)=150 A Aw(0)

i € P i Qmyl 1) = _ =350 A, on(ND)=1.37x10° Q 'm™%, and o\(Cu
T)Y% and K e T)=4770 A (4 KIT). However, the single-  —2 74x<10° O~ 'm~L. These profiles across the thickness
frequency approximation applies only to regions of the nor-f the bilayer are shown in Fig. 5 foF=1, 2, 4, and 8 K.
mal metal far from the S/N interface, i.g%|>K™*, and  The screening current, shown in Fig(a§ always flows
approximates the rapid spatial variation of the order paramwhere larger order parameter exists, namely, near the S/N
eter near the interface with a discontinuity there. As such iinterface. Because of the diverging decay length'(T),
contains no description of the true behavior of the order pahowever, the local effective resistivity has a maximum in the
rameter in the normal layer near the S/N interface. Sinceniddle of the Cu layer&8 K which gradually moves to the
even the thickest Cu sampld=760 A) presented here is free surface as the temperature is lowered, as shown in Fig.
thinner than the predicted dirty-limit value & 1, the pre- 5(b). The consequence is that the local loss contribution
cise spatial dependence of the order parameter near the Sfjilven by the producp®™J? has a maximum at the S/N inter-
interface may be very different from that predicted by theface @ 8 K which moves into the middle of the Cu layer and
single-frequency approximation. The obserdied® tempera-  eventually to the free surface as the temperature decreases to
ture dependence does not emerge from the single-frequendyK. The surface resistance is given by the area under each
approximation theories under any circumstances, though iturve in Fig. %c).
has been observed before in magnetiz&fioand ac The profiles in Fig. 5 are central to understanding the
susceptibility* experiments on other loWy proximity sys-  ¢%"(T) peaks of Fig. 3, which were originally thought to be
tems. These results suggest that the near-interface profile pélated only to a shift in the location of screening currents
the induced order parameter in Cu, which is neglected in theaused by the onset of proximity-induced superconductivity
single-frequency approximation, must be considered fully inin Cu. It is clear that, with the reasonable parameters used to
order to reproduce observed data on such thin normal layergenerate Fig. 5, the screening currents need not shift spatially

The fits to theAN4(T) data are shown in Fig. 1. They very much with temperature. Rather, the spatial distribution
describe the data remarkably well, reproducing both the linof quasiparticle excitations may be strongly temperature de-
ear portions ofAN4(T) at low temperature for the thinner pendent, leading to a shift in the position inside the normal
Cu samplesdy =90 A, 270 A and the change of curvature layer where most of the loss occurs.
for the thicker Cu samplesi=390 A, 760 A. The param- The remaining point concerns correlations between such
eter values foi y(0,0) andK ~1(4.6 K) yielding the best fits normal excitations, which in a homogeneous superconductor
to AN ¢(T) are given in Table II; these agree well across allare described by case-Il coherence factbrBo explore this
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g FIG. 6. Model calculations ofa$"(T), using dy=270 A,
a An(0,00=300 A, K™1(4.6 K)=225 A, \\,(0)=350 A, oy (Nb)
1.010°L =1.37x10° Q' m™!, oy (CW=2.74x10% Q! m™ 1, including
e 1K coherence effects in Gaashed lingand without coherence effects
g 0.9 in Cu (solid line). Data for the 270 A Cu/3000 A Nb and 390 A
a 2.0 10° ™ © Cu/3000 A Nb samples are included for comparison.
o
g 8K
& 1510f
E Cu. Although neither curve fits the data precisely, it was
ST found after much effort that it was not possible to reproduce
> any feature remotely resembling the low-temperature peak in
t"}o_ 2K 4K a‘jﬁ(T) using the model without coherence effects. We con-
g 50 1°F I clude that the low-temperature peaks dfi"(T) shown in
- Fig. 3 represent evidence that coherence effects play a role in
§ .0 Lt the electrodynamics of proximity-superconducting Cu. The
A -1000  -500 x OA 500 1000 peaks are shallower and broader because the Cu becomes

superconducting more gradually via the proximity effect than
a homogeneous superconductor does at its transition tem-
FIG. 5. (@) Model calculations of the current density profile perature. Such a peak implies a peak in the density of states

across the thickness of a proximity-coupled 760 A Cu/3000 A Nbf)f the normal metal’ a “ggplike” feature. InterEStingly' this
bilayer film at 1, 2, 4, and 8 K, using the same parameters as in FigS consistent with calculations of the density of steli{s)

6. (b) Local effective rf resistivity profile at 11.7 GHz at 1, 2, 4, and In the normal layers of S/N/S multilayers by Golub@v.
8 K, using the normal-state conductivities used in Fig. 6, with co- In summary, we have examined the behavior of the in-
herence effects in Cu include@t) Local loss profilep®™(x)J2(x) in duced condensate and the normal excitations above it in
Q/m (assuming a surface field of 1 Ajrat 1, 2, 4, and 8 K. The  proximity-superconducting Nb/Cu bilayer films. The BCS
surface resistandey at_each temperature is represented by the aregoherence peak ior; in Nb bare films gives way to a broad,
under the corresponding curve (o). smaller peak insS" occurring at lower temperatures as the
Cu thickness is increased; our work presents compelling
concept further, a second loss model was created in whicbvidence that this is associated with superconducting coher-
the local Mattis-Bardeen conductivity in thé layer was ence effects in Cu. We infer parameter values 320 A
replaced with a two-fluid conductivity expression, given sim-<\(0,0)<580 A andK (4.6 K)=225 A+60 A for Cu
ply by the fraction of normal excitations at temperatdre from fitting the near-interface order-parameter decay length
thermally excited over the local gapy(x,T) multiplied by  to the temperature dependene *(T)~T 2. From these
the normal-state conductivity of the layer. This model thus  values and this temperature dependence we conclude that the
contains no mention of case-Il coherence effects, though ¥jngle-frequency approximation is not adequate for describ-
preserves the concept of a diverging order-parameter decgyq the rapid variation of the order parameter near the S/N
length and an activation barrier for quasiparticle excitation. jnterface in thin proximity-coupled normal metals.
A comparison of the two models in Nb/Cu bilayers is
shown with thea‘iﬁ(T) data for the 270 and 390 A samples  The authors acknowledge support from NSF Grant No.
in Fig. 6. The upper of the two calculated curves was generbMR-9123198 and NSF NYI: DMR-9258183. The deposi-
ated using the full Mattis-Bardeen-based model including cotion equipment used in this work was acquired under NSF
herence effects in Cu, while the lower curve was generateGrant No. DMR-9214579. We also wish to thank Tony De-
with the second model containing no coherence effects itMarco for assistance.
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