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Surface impedance of YBgCu 30 ,/Y (¢Pr ¢ 4Ba,Cu 30 bilayers:
Possible evidence for the proximity effect
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Measurements of the surface impedance of superconductor/normal-metal bilayers provide information
on the proximity coupling between superconductors with different transition temperatures. Surface im-
pedance data om-axis YBaCus;0;_ /Y o¢Pro.sBa,CusO, bilayers is consistent with either proximity
coupling in thec direction between the two materials with a very weak proximity-induced condensate and/or
the behavior of two isolated superconductors in a bilayer geometry. At least one of the characteristics of
proximity coupled superconductors, namely, a strong downturn of the effective penetration depth above the
lower of the two transition temperatures, was not observed irctheis highT, bilayer films studied. How-
ever, the increase of the surface resistance abové tbhéthe Pr-doped layer is a sign that the conductivity of
the Y, ¢ProBa,CusO5 layer is strongly enhanced above Ts, in agreement with THz spectroscopy mea-
surements[S0163-18206)03645-4

[. INTRODUCTION tion of whether or not the doped cuprates are in the clean or
dirty limit is also uncleatt! Our objective in this work is to
Although the superconducting proximity effect has beenintroduce a method of investigating the proximity effect in
amply demonstrated in loW; superconductor/normal-metal cuprate superconductors. As with transport measurements in
bilayer systems, there is little evidence of this effect in high-S-N-S devices, this method is susceptible to the problem of
T, cuprate superconductors. Reasons for this lack of evidopant disorder. However, it does not rely on building sub-
dence may be related to the same materials issues whidRicrometer barriers or trilayer devices to detect the proxim-
originally plagued the lowF, superconductors, namely, in- 'Y effect. Our method is to simply measure the microwave
terdiffusion and alloy formation of the two layers or insulat- SUrface impedance &/N bilayer films. This technique has

ing barriers at the interfaceHowever, the cuprate supercon- proved to be quite successful for quantifying the proximity

ductors have additional intrinsic features which may mak{lf;?gu‘g_'ﬁ}’va' :& ﬂg:iggy d;zulglii a:t;:';i zgghtﬁis; ';lebéﬁl'
) 0 2 . I -

the proximity effect more difficult to observe. These include . . . oU= =2 .

) ) ) nigque also gives insight into the normal state electrodynamic
the highly two-dimensional nature and short coherence roperties of the lowe. film
lengths of these materials. The latter feature makes the clropP ¢ '
prates particularly sensitive to the effects of doping disorder,
as relatively small regions which are overdoped or under-
doped have electrical and superconducting properties which |t is believed that the best prospect for identifying the
are significantly different from the optimally doped regions. proximity effect in the cuprates is to use a doped cuprate
In addition, exotic order parameter symmetries may alter thevith a suppressed, as the normal metal layér® Noble
character of proximity coupling in the cuprafes. metals in contact with the cuprates have a large mismatch in

The bulk of the evidence for proximity coupling in the Fermi velocities and density of states at the Fermi energy,
cuprates has come from study of the critical current ofand should result in poor proximity coupliftgClearly, good
superconductor/normal-metal/superconduct®f\(-S) junc- lattice match and thermal expansion match are required for
tion device$ as a function ofN-layer thickness’ and  optimal electrical contact to the cuprafesience the best
temperaturé:>’ BecauseN-layer thicknesses are only 10— prospects for observing the proximity effect in the cuprates
100 nm in such studies, junction properties can be stronglare with a doped material with reducéd, but with similar
influenced by compositional inhomogeneity. Thus, these crystallographic properties. A convenient dopant for sup-
experiments provide no definitive evidence for the proximitypressing T. is Pr substituted for Y in YBgaCu30,_;
effect in the cuprates. (YBCO). A bilayer of YBCO and Pr-doped YBCO is par-

A separate question regards whether or not proximity couticularly attractive because it has been demonstrated that the
pling exists for current flow in the direction in the cuprates. length scale for interdiffusion of YBCO and Pr-doped
Deutscher has argued that if theaxis conduction process is YBCO is less than one unit céff.
nonmetallic, there should be no induced order parameter in a The samples used in this experiment are thin films of
normal metal in thec direction!® Hence the existence or YBCO, Y o4Pro4Ba,CuzO,_s (YPrBCO), and bilayer
absence of proximity coupling in the direction is directly = YBCO/YPrBCO films, all prepared by pulsed laser ablation
related to the nature af-axis transport in the cuprates. on LaAlO; substrates. The 3000-A-thickaxis YBCO films

The existence and nature of proximity coupling in thehave an ac susceptibility transition temperaturel g 90.0
cuprates are therefore not clear. In fact, the more basic quek- with a 10%-90% transition width of approximately 0.5

II. SAMPLES AND EXPERIMENT
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K.1*2 The 3000-A-thickc-axis YPrBCO films were also 5000
grown by pulsed laser deposition on LaAJ@ubstrates, and ~ .? e
have an ac susceptibility transition temperature of T o : :
Ten=57.5 K, with a 10%-90% transition width of approxi- 4000 2 YPrBCO | 2 ¥
mately 0.5 K2' The 3000-A-thickc-axis YBCO/variable- - &
thicknessc-axis YPrBCO bilayer films were grown sequen- < 3000 [ s ey
tially in situ to prevent degradation of the interface. The g ¢
YBCO/YPrBCO bilayers were made with YPrBCO thick- :
3000 A YBCO ¢ ]

ﬁf 1 200

M“iff

(o™ A

< 3000 A YPrBCO
< 2000 [

nesses of 0, 1000, 2000, and 3000 A, all with a YBCO base
layer 3000 A thick.

The experiments were performed by making parallel plate 1000 ¢
transmission line microwave resonators out of the thin
films.?2 Two rectangular congruent films are separated by a 0 3
Teflon sheetd=25, 50, or 75um thick, forming a resonant 0 20 40 60 80
length of superconducting parallel plate transmission line in Temperature (K)
two dimensions. The lowest-order modé$) and(01) were
used for the present measurements and both resonate in theFIG. 1. Change in effective penetration degdpen symbols
vicinity of 11 GHz. The change in magnetic penetrationand surface resistan¢solid symbol$ as a function of temperature
depth is obtained from the frequency shift of the resonatofor single layer YBCO and YPrBCO thin films. Inset shows the dc
with temperaturef,(T), while the absolute surface resis- resistance versus temperature for the YPrBCO film.
tance is obtained from the quality factdp(T) of the
resonancé?2* The surface resistance is estimated fromempirical fornt’ X(T)=\(0)/[1—(T/T)?]2 over the tem-
Ry(T)<muofod/Q, while the change in the effective pen- perature range 5.5 K<T<45.8 K, with A\¢(0)=4925 A
etration depth is obtained from Ahgg(T)= [giving \(0)=3450 A using standard thin film
(dI2){[fo(To)/fo(T)]2— 1}, whered is the dielectric thick- correction$*?® and T;=52.4 K. However,A\e(T) in-
ness andT, is the minimum temperature achieved in the creases rather gradually at low temperatures compared to the
experiment® Further details of the conversion of the raw YBCO film, so that the quality of this fit is not as good as

frequency shift and quality factor data inta\(T) and that for the YBCO film.
R(T) are contained in other publicatioffs!®2 The change in effective penetration depth and surface re-

First, single-layer YBCO films were measured by thisSistance of the YBCO/YPrBCO bilayer films are shown in
technique. It was found that after the contributions of di-Figs. 2 and 3, respectively. Note that the bilayers show a
electric and radiation loss were subtracted, the surface resifink in AN(T) (Fig. 2) at a temperature in the vicinity of
tance of these films was less thap6) at 11.9 GHz and 4.2 Tcn- The kink becomes more distinct with increasing thick-
K.?* This value of the surface resistance is as low as one cafess of the YPrBCO layer. There is also a clear nonmono-
reliably measure with the parallel plate resonatortonic behavior of the effective surface resistance of the bi-
techniqué® The single-layer YPrBCO films were also mea- layers(Fig. 3. The surface resistarieshows a minimum at
sured as a pair. Data on the YBCO/YPrBCO bilayer filmsa temperaturer ., above T¢y, then rises to a maximum
were obtained using onémuch less lossy single-layer Vvalue several kelvin beloW.y at Ty, and then drops back
YBCO film and one bilayer film; the frequency shift and down (these temperatures are tabulated in Tapl&lbte that
surface resistance for the single-layer YBCO were subtractetie bump width, as defined by the separation in temperature
from the composite data to get the change in penetratiohetween the minimum and maximuRy values, increases
depth and absolute surface resistance of the YBCO/YPrBCO
bilayer film alone. Note that in the bilayer films, the YBCO

2] 1/2

layer is deposited directly on the substrate, while the 10000 ———————— ——
YPrBCO layer is grown on the YBCO and is directly ex- [ YBCO thickness 30004
posed to the microwave electric and magnetic fields. 8000 |- 300?A YPrBCO / YBCO, : -
20004 YPrBCO / YBCO
Il DATA 2 6000114004 YPrBCO / YBCO 7

Surface impedance data on the single-layer YBCO and <° 4000_’ ]
YPrBCO films are shown in Fig. 1. The temperature depen- < 2000 k- & J
dence ofA\4(T) for the single-layer 3000-A-thick YBCO ! ;ﬁj@rsﬁ"‘"’ Bare YBCO"
flm could be fit to the empirical forAf 0 f = s -
AMT)=N(0)/[1—(T/T.)?]*? over the temperature range 4.2 Y Asio "0
K <T<81.5 K, withA(0)=2200 A andT.=83.8 K used as Temperature (K)

fitting parameters. The single-layer YBCO films have a sur-
face resistance of 926} at 77 K, 11 GHz and less than 10 FIG. 2. Change in effective magnetic penetration depth

pd at 4.2 K, 11 GHz(Fig. 1). ANgy(T) for a 3000-A-thick YBCO film, and YBCO/YPIBCO bi-

The single-layer 3000-A-thick YPrBCO films have a sur- jayers each with a 3000-A-thick YBCO base layer and YPrBCO
face resistance of approximately 6p@) at 40 K, 11 GHz. |ayers of 1000 A(offset vertically 1000 A, 2000 A (offset verti-
The temperature dependencefof .+(T) could be fit to the cally 500 A), and 3000 A.
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FIG. 3. Surface resistand®y(T) at 11 GHz for a 3000-A-thick FIG. 4. Calculated .change in gﬁective pepetration depth
YBCO film, and YBCO/YPrBCO bilayers each with a 3000-A- AXer(T) and surface resistan¢proportional to 1) in the prox-

thick YBCO base layer and YPrBCO layers of 1000, 2000, andMity electrodynamics model using estimated-plane transport
3000 A. properties for the YBCO and YPrBCO layers.

transport properties to determine the YPrBCO coherence

tance maximum temperature monotonically decreases wit!?ngth' Theab-plane case has a longer coherence length than

increasing YPrBCO thickness. It should also be noted tha € c_-a_xis_case; hence the length s_cale and str_ength_of the
proximity-induced condensate are dictated by this choice. In

both cases we use the traditional de Gennes—Deutscher
theory of proximity electrodynamics?®

The model calculation for the case @b-plane proximity
coupling is shown in Fig. 4. The parameters used in the
calculation for the base superconductor layergyg=90 K,

A detailed model of the electrodynamics of proximity- zero-temperature penetration depit(0)=2200 A, normal
coupled bilayer systems has been developed and applied state conductivity os=3x10° 1/ m, and thickness
low-T, bilayers?~1%In that model, elementary proximity ef- ds=3000 A, while for the normal metal layeF. =58 K,
fect physics was combined with superconductor electrodyA (0)=3450 A, Fermi velocityvpy=10° m/s, mean free
namics to calculate the frequency shift and quality factor ofpath /\yepn=100 A, and normal state conductivity
low-T, S/N bilayer parallel plate resonators. The model wasoy=2X10° 1/Q m. The effective penetration depthig. 4)
generally successful at quantitatively describing the outcomshows a deep depression beginning approximaé{ above
of the experiment&?~14 T.n. While the surface resistancéproportional to 10)

In our measurements, rf currents flow parallel to theshows a minimum at about the same temperature. The cal-
S/N interface in the bilayer films. However, the micro- culation for a 1000-A-thick YPrBCO layer on YBCO also
scopic mechanism for the proximity effect involves quasipar-displays a small peak iRg(T) just aboveT .. However, the
ticles which have some normal component to 818l inter-  measured effective penetration degiig. 2) shows no sign
face. Hence itis not clear whether our measurements shoulaf dropping abovel;y, whereas the measured surface resis-
be sensitive to proximity coupling in theb plane or thec  tance does show a minimum aboVgy which is qualita-
direction. Therefore, we have applied the model to thetively similar to that of theab-plane proximity calculation.
present measurements for two situations. In both cases, we The model calculation for the case ofaxis proximity
assume that there is a proximity-induced condensate in theoupling between the YBCO and YPrBCO is shown in Fig.
YPrBCO layer for temperatures aboVey . In one case, we 5. The parameters used in the calculation for the base super-
use theab-plane electrodynamic properties to calculate theconductor layer ar@..=90 K, zero-temperature penetration
electron diffusion coefficient and coherence length in thedepth \(0)=2200 A, normal state conductivity
YPrBCO layer, while in the second case we use ¢haxis  o,=3x10° 1/Q m, and thickness;=3000 A, while for the

with increasing YPrBCO layer thickness, and that the resis

the minima inRy(T) are all above th& .y values obtained
by either fitting toAX(T) of the single-layer YPrBCO or by
zero dc resistance measurements.

IV. DISCUSSION

TABLE |. Key temperatures im\\.(T) and Rg(T) data on YBCO/YPrBCO bilayer films, as well as similar features in the two
superconductor model calculation.

Data Two-superconductor model
dN Tkink in A)\eff(T) Tmin of RS(T) Tmax of RS(T) Tkink Tmin Tmax
A (K) (K) (K) (K) (K) (K)
1000 - 61.1 59.4 55.8 56.9 55.12
2000 58.5 62.0 58.3 55.8 57.64 53.2

3000 56.5 60.48 55.6 55.8 57.64 52.6
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FIG. 5. Calculated change in effective penetration depth 0 MEFEFENEN SEENEN T i)
AN(T) and surface resistandproportional to 1Q) in the prox- 0 20 40 60 80
imity electrodynamics model using estimatedxis transport prop- Temperature (K)

erties for the YBCO and YPrBCO layers.
. FIG. 6. Calculated surface reactansg(T) and surface resis-
normal metal layecy=58 K, Ay(0)=3450 A, Fermi ve- tanceRy(T) in the two-superconductor electrodynamics model us-

locity vey=10" m/s, mean free pathyepy=10 A, and nor- ing estimatedab-plane transport properties for the YBCO and
mal state conductivityry=2x10° 1/ m. The last three ypRCO layers.

guantities are rough estimates of th@xis transport proper-
ties of YPrBCO. The calculated effective penetration depttures of the YPrBCO/YBCO bilayer data. The calculated sur-
(Fig. 5 now shows only a very slight downturn within 1 K face reactancéproportional toAN4(T)] shows a kink ap-
of T.n, but the calculated surface resistance now shows nproximatey 1 K below Ty, and of course no sign of a drop
evidence whatsoever of a minimum abdlg,. This calcu- in AN(T) just aboveT.y. The calculations also show that
lation shows little resemblance to the data in Figs. 2 and 3the kink becomes more distinct with increasithg, just like
Hence we must conclude that neither type of proximitythe data(Fig. 2). The calculated surface resistance shows a
model can completely explain the observed effectivenonmonotonic temperature dependence which is similar to
penetration depth and surface resistance data in thiése data in Fig. 3 and a monotonic decreaseT gf, with
YBCO/YPrBCO bilayers. However, an upper bound can bencreasingdy, in good agreement with the data. In addition,
put on the coherence length in YPrBCO in the context of outthe increase i in,— Tmax With increasingdy, the increase
proximity screening model. The finite measurement resoluin the magnitude of th&(T) bump, and the fact that,;, is
tion for AN, as well as the finite transition width of the not a strong function ofly are also in good qualitative agree-
YPrBCO, put a limit on how small a downturn i\ (T) one  ment with the datdsee Table ). However, the model pre-
can observe abovE.y. In addition, there is a fundamental dicts that bilayers with thickedy have a slightly larger
problem arising from the great difference in length scalesAN(T) aboveT.y, in contradiction with the data, which
between the screening length and the coherence length in tisdiows that the 3000-A YPrBCO/YBCO bilayer has the
normal metal. The proximity-induced superconductivity in smallestA\.4(T) aboveT.y.
the normal metal is expected to occur on a much shorter Also note that the model predicts the minimumRg(T)
length scale than the magnetic screening; hence the pertuways occurs at .y, whereas the data show minima 3-5 K
bation of the parallel plate resonator properties due to th@aboveT.y. From the inset in Fig. 1, we see that the dc
proximity effect is correspondingly small. Subject to theseresistance of YPrBCO is a monotonic function of tempera-
constraints, we estimate thal(T.y+2 K) must be no ture aboveT.y; hence the increase & (T) aboveT,y is
greater than about one unit cell, i.&y(Tc,yt2 K)<1 nm.  not simply related to the dc properties. The fact that, is
This conclusion is consistent with the absence of metallimearly independent ady suggests that this feature is intrin-
transport in thec direction in YPrBCO' sic to YPrBCO of this doping level. The minimum of
An alternative model is simply to suppose that theRy(T) aboveT.y suggests that thab-plane conductivity of
two layers have no proximity coupling whatsoever, andthe YPrBCO layer increases dramatically at that point. This
they act as two independent superconductors with differen consistent with a reduction of the quasiparticle scattering
To's in a bilayer geometry. In this two-superconductor rate in YPrBCO abovél .y, in agreement with THz spec-
model, the upper film has a lowdr,, but both films are troscopy measurements on YPrBEDA softening of the
assumed to have Mattis-Bardeen electrodynamics belowansverse optical phonon modes in the same temperature
their respective transition temperatuf@sThe parameters range abovd .y of YPrBCO has also been observed by Ra-
used in the model ar€.s= 90 K, zero-temperature penetra- man spectroscopif, suggesting that all of these observations
tion depth A¢(0)=1500 A, normal state conductivity have a common origin, possibly in the opening of a spin gap.
0s=1.0x10° 1/Q m, and thicknessls=3000 A, while for These results are also consistent with the observation of
the normal metal layeT =57 K, oy=4.44<10° 1/Q m,  Polturak et al. of an increase irl. of their S-N-S device
and A (0)=5500 A. The results of this model, which are above T.y.®?' Finally, it is found from the two-
shown in Fig. 6, reproduce several important qualitative feasuperconductor model that if the YPrBCO layer does not
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have a conductivity which increases beldwy, then one with the absence of metallic transport in thedirection in

does not reproduce a large peakRg(T) nearTy. YPrBCO. However, the increase &;(T) aboveT.y is a
sign thato(T) of the YPrBCO layer is strongly enhanced
V. CONCLUSIONS nearT.y, consistent with the rapid reduction of the quasi-

particle scattering rate abovig, and the opening of a spin

We find that measurements of the surface impedancgay in that material. Our experiment, although originally
of superconductor/normal-metal bilayers give insight 'modesigned to investigate the proximity effect, is also a tech-

the proximity effect and the electrodynamics of coupled suyique to study the normal state electrodynamics properties of

perconductors. The surface impedance data @axis  hin films which are backed by a high&g-superconducting
YBCO/YPrBCO bilayers are consistent with proximity cou- jm.

pling in the c direction between the two materials with a
coherence lengthy(Tcny+2 K)=<1 nm. Itis also consistent
with the behavior of two isolated superconductors in a bi-
layer geometry. At least one of the characteristics of prox-
imity coupled superconductors, namely, a strong downturn This work was supported by the NSF through Grant Nos.
of the effective penetration depth aboW¥g, was not ob- DMR-9123198 and DMR-9624021, and NSF Academic Re-
served in the highF; bilayer films. This result is consistent search Infrastructure Grant No. DMR-9214579.
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