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Measurements of the temperature dependence of the surface resistance R; at 9.85 GHz and the
screening length &; at 1 MHz for the superconducting states of Y;Ba;Cu3O, and La,; g5Srg15CuQO4
show strong correlations, suggesting that the superconducting state is the same in the two materi-
als. While the overall temperature dependence of R, is reasonably well described by the
Bardeen-Cooper-Schrieffer (BCS) theory in the very dirty limit, additional features are seen in R
and also in &; which suggest detailed deviations from the BCS s-wave state.

A fundamental question concerning the recently
discovered oxide superconductors' is what is the nature of
the superconducting state, and further, is it the same in
different families of new materials? Studies of the elec-
tromagnetic response of superconductors can yield impor-
tant information? on the nature of the gap, densities of
states, quasiparticle excitations, and the pairing, and also
establish correlations between different superconducting
materials.

We have studied® the superconducting state in
Y Ba,Cu30, and La; g5sSrg15CuQO4—;, via experiments on
the microwave surface resistance R, at 9.85 GHz and the
rf screening length &; (which is related to the penetration
depth 1), at 1 MHz. The dependence of the normalized
surface resistance R;/R, on reduced temperature t=T/T,
is similar for the two materials, and furthermore new
features are found in R,/R, in the form of local minima
near ¢t = 0.96 and 0.9. Such features do not arise in the
BCS s-wave theory of the electromagnetic response of su-
perconductors. However, the underlying temperature
dependence of R;/R, can be approximated by a simple ex-
tension of the BCS theory, by appropriate choice of one
adjustable parameter. The local minima also appear in
the temperature derivative of 8,(z), at the same values of
t as in the microwave data; however, 8;(z) cannot be fitted
to the BCS prediction for A with any reasonable choice of
parameters. Taken together, our results provide strong
evidence that the superconduction state is the same in
Y1B32CU30y and La1.85Sro,15CuO4_5, and that while it
has important similarities with the BCS s-wave state, it
differs from the latter in detail.

Y Ba,;Cu30, (hereafter referred to as Y-Ba-Cu-O) and
La, 5Srg,15CuO4 (La-Sr-Cu-O) were prepared using now
standard techniques.! The Y-Ba-Cu-O samples showed
onsets of decreasing resistance at 94 K and zero resistance
by 92.5 K. Powder x-ray patterns are in excellent agree-
ment with the published results,* and show no lines corre-
sponding to any other phase. The La-Sr-Cu-O samples
had onset temperatures ranging from 39.5 to 42 K and
had 2-K transition widths.

Microwave measurements were carried out® using a
sapphire-loaded copper cavity resonant in the TEq;; mode.
Figure 1 displays the measured superconducting surface
resistance at 9.85 GHz, plotted as r =R, (T')/(R,) vs t for
Y-Ba-Cu-O and La-Sr-Cu-O, where R, =R,(T.). Atlow

36

temperatures the accuracy of the measurement degrades
as R, improves in comparison with the copper contribu-
tion Rcy, which limits the precision of the measurement.
For ¢ > 0.75 the relative accuracy of r is about 0.02, so
that for the temperature range of Fig. 1, the error bars are
invisible.

The most striking features of the data in Fig. 1 are the
minimum near ¢ =0.9 and possibly another near ¢ =0.96.
It is important to note that these features occur at the
same value of reduced temperature for both oxide super-
conductors. This clearly precludes accidental material
effects such as mixtures of additional phases since the 7.’s
differ in absolute magnitude by a factor greater than 2.

We have carried out a comparison of our experimental
results with numerical computations based upon the BCS
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FIG. 1. Surface resistance ratio R;/R, for YBa,Cu30, and
La 35Sr0,s5CuQy4. The dashed lines are calculations using the
BCS theory in the dirty limit approximation. The inset shows
similar results for Sn, along with a comparison (solid line) to the
BCS theory in the same approximation.
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s-wave theory, using a “‘dirty” limit approximation. For a
bulk superconductor in the pure local limit, it is easy
to show® that Z,/R,=2ilo;(w,T)/c,] "2, where
R,=Qnrw/cc,)"? and o, are the normal-state surface
resistance and conductivity, respectively. Also o;s(w,T)
=0, —i0o; is the local limit Mattis-Bardeen’ complex con-
ductivity. For finite mean free path, one has in general to
consider the detailed wave-vector or mean-free-path
dependence’™® of oy, and this entails lengthy numerical
computation. For a dirty superconductor, considerable
simplification can be achieved by recognizing that the
principal effect of a short mean free path is to greatly
reduce the superelectron screening, so that

0'2,eﬂ"/0'n = ()‘L/leﬂ') 2(0'2/0'71) s

while the ‘“normal” electron response represented by
(o1/0n) is unchanged. The surface resistance of an im-
pure superconductor may then be computed from

Ry/R,=Ref2i/loy/o, —iOeq/Ar) oo/, )}V2 . (1)

In carrying out the numerical computations, the Mattis-
Bardeen expressions for the conductivities and the BCS
forms for the coherence factors and density of states are
used. The temperature dependence of R;/R, arises solely
from A(z), for which we used the approximation
A(1) =A(0) [cos(xt2/2)1'2. For A(0), the weak-coupling
result A(0) =1.74kgT, was used. One parameter of the
calculations is the measured ratio Aw/kgT,. There is only
one adjustable parameter, (Aeg/Az )2

The validity of both the experimental technique and the
analysis is demonstrated in the inset of Fig. 1, where we
show data for R;(T)/R, at 9.85 GHz for the conventional
BCS superconductor Sn. (The data were taken in the
same experimental configuration as used for the high-T.,
materials.) The solid curve in the inset represents the
analysis above, using the measured ratio hw/T, =0.125
(T.=3.78 K), and choosing (Aeg/A;)%=2.5.

The dashed curves in Fig. 1 represent the calculations
of Eq. (1), using the experimental values hw/kgT,
=5.06x10 73 for Y-Ba-Cu-O and 1.2x10 ~2 for La-Sr-
Cu-O, and the choices (Aeg/A.)*=65 for Y-Ba-Cu-O and
43 for La-Sr-Cu-O. At temperatures ¢ <0.8, Eq. (1)
reduces to R,/Ry < Oueg/Ar)3(01/04)(62/5,) ~*2, and also
6y/6,~(kgT./hw)(xA(0)/kgT,). This provides an un-
derstanding of the effect of the ratio (Aeg/A.). Since T, is
so high, Aw/kgT, is very small, and hence if these com-
pounds behaved like pure elemental superconductors,
where (Aeg/Ar)~1, then R;/R, would be two orders of
magnitude smaller than is observed. The same argument
holds for roles played by the gap ratio. If A(0)/kpT, is
much smaller than the BCS value as has been reported for
La-Sr-Cu-O (Ref. 10) and some two-dimensional super-
conductors,!! then the best fit would be found using a
smaller value of (Ag/A;) than we have reported. It may
be noted that at low temperatures R,;/R,<exp[—A(0)/
kgT,.l, so that lower temperature (¢t <0.5) results are re-
quired to obtain an independent value of the gap ratio
AQ0)/kpT,.

This analysis yields two important conclusions. The
overall temperature dependence is reasonably well de-

scribed by the BCS s-wave theory, using the BCS temper-
ature dependences and the weak coupling value 1.74 for
the gap ratio. However, it is also clear from Fig. 1 that
the data deviate from the BCS s-wave theory as regards
the features near 0.97. and 0.967,.. We note that the
analysis presented above captures the essentials of the
BCS theory. To our knowledge, detailed computations us-
ing the full Mattis-Bardeen mean-free-path dependence’
or the equivalent kernel of Ref. 9 do not yield the features
observed in the data.!?

The values of (Aeg/Ar) deduced from the measurements
may be used to deduce other parameters of the supercon-
ducting state. Using for the electron density n =10%!/c.c.
and hence Ay =52 nm gives Aeg =419 nm for Y-Ba-Cu-O
and 340 nm for La-Sr-Cu-O. For La-Sr-Cu-O this result
agrees with the value (330 nm) deduced from magnetiza-
tion data,'3 while for Y-Ba-Cu-O it is larger (by a factor
4) than reported.

The screening length &; was determined using a minor
variant of the Schawlow and Devlin technique'* in which
the resonant frequency of a coil containing the sample is
measured as a function of 7. The conversion from fre-
quency shift to absolute values of §; was found by cali-
brating with Cu disks. In principle, &, is related to the
penetration depth by &, =Atanh(d/2)), assuming an ex-
ponential penetration law. In practice, factors associated
with sample defects such as voids, filamentary networks,
and granularity may greatly complicate the relationship,
as will anisotropy in polycrystalline samples.

Figure 2 shows &,(7) for one Y-Ba-Cu-O and one La-
Sr-Cu-O sample, normalized to the asymptotic value, d/2,
and plotted against the reduced temperature ¢ (d is about
1 mm in both cases). The two curves are in overall agree-
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FIG. 2. Screening length &; at 1 MHz vs reduced tempera-
ture ¢ for Y-Ba-Cu-O and La-Sr-Cu-O. §; is normalized to the
asymptotic normal-state value d/2, where d(~1 mm) is the
sample thickness. The dashed line is the BCS prediction for the
penetration depth A, using Ao=0.5 um. The inset shows the
temperature derivative d&;/dt (in cm) and also R;/R, for Y-
Ba-Cu-O.
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ment, despite the factor of 2 difference in transition tem-
peratures. At small values of ¢z, §; is less than about Sum
in both cases (i.e., within the uncertainties of the measure-
ment), which corresponds to 7— 0 flux exclusion of
about 99%. The onset of screening is quite sharp in the
Y-Ba-Cu-O compound but appreciably broadened in the
La-Sr-Cu-O case. Assuming a probability distribution
P(T.)xcos?[n(T. — Tco)/7], we find that 7, the spread of
T. values, is equal to 0.8 K for Y-Ba-Cu-O and 2 K for
the La-Sr-Cu-O. These are in good agreement with the
estimates based upon the resistivities.

The dependence of & on ¢ clearly does not follow the
BCS theory (or the results'® for heavy-fermion supercon-
ductors). The dashed curve in Fig. 2 is the BCS result for
the choice A9 =0.5um, which is well within our margin of
error and consistent with estimates of A, taking into ac-
count the mean-free-path enhancement. Obviously §; is
extremely large compared to the theoretical result once ¢
exceeds about 0.9. In this context it is important to note
the distinction between screening currents arising from
the perfect conductivity of multiply connected regions and
Meissner currents which insure B =0 inside a homogene-
ous superconductor. ' The first exaggerates the volume of
superconductor, and hence if this form of screening dom-
inated Meissner behavior in our samples, then the correct
A would be larger than the measured §;. On the other
hand, a sample which consists of isolated superconducting
grains in a normal or insulating matrix will appear to have
a large penetration depth,'? and the high &, values which
we find might be evidence of just such a microstructure.
However, both the measured!” densities (92% to 95% of
theoretical values) and optical microscope (1200x) ex-
amination argue against this. Surface roughness will cer-
tainly lead to exaggerated A values via an underestimate
of the effective sample area. This would be important
near ¢t =0, but irrelevant above ¢t ~0.9, where §; is many
tens of microns.

A more interesting possibility is that the very high an-
isotropy of these materials induces an effective granularity
even in stoichiometrically perfect samples, if they are
polycrystalline. At large values of ¢z, where §; is much
larger than the grain size dg, one would expect §; to be
much larger than A*, the value for directions of easy
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current flow. When A* becomes comparable to d,,
screening currents will dip from the surface to sample
favorably oriented grains, and the measured screening
length should be an average of A* and d,. A crossover
temperature ¢ * can be defined by A*(¢*) ~d, and substi-
tuting t*~0.95 (cf. Fig. 2) gives the reasonable value
Ay ~0.4d,.

The inset to Fig. 2 displays the temperature derivative
dé,/dt for the Y-Ba-Cu-O sample, showing that the local
minima observed in the 10-GHz R; data are also con-
tained in the 1-MHz result. Similar features were not
seen in d&,/dt for the La-Sr-Cu-O sample, but this is to be
expected since the transition width t=0.05T,, which is
just about the width of the oscillatory structure. In con-
trast to this, 1 <0.017, for the Y-Ba-Cu-O sample, al-
lowing the correlation between the microwave surface
resistance and the rf screening length to emerge clearly.

The important conclusion that can be drawn from the
R, and &, data is that Y-Ba-Cu-O and La-Sr-Cu-O are
similar superconductors, insofar as their electromagnetic
response is concerned. The R; data strongly suggest that
the superconducting state is to first order and describable
in terms of the BCS s-wave state. However, strong im-
purity scattering, leading to greatly enhanced (Aeg/Ar)
and hence reduced effective superfluid density, is required
to fit the data.

Equally important are the oscillatory features in the R;
and d&,/dT data common to both superconductors, which
clearly indicate departures from BCS theory. For a
homogeneous superconductor, R, is determined by the
temperature dependence of the gap, the coherence factors,
the density of states, and the quasiparticle excitations. It
is not possible to decide which of these factors needs to be
modified to account for these discrepancies without a de-
tailed theory.

We thank H. Deng, T. Hussey, and R. J. Ahlquist for
technical assistance, P. Haldar and Y. Z. Lu for facilitat-
ing x-ray measurements, and G. J. Dick and R. Mar-
kiewicz for useful discussions. This work was supported in
part by Northeastern University funds and by a contract
from the Jet Propulsion Laboratory-NASA (No. NAS7-
918/RE-210).

IM. K. Wu, J. R. Ashburn, C. J. Tong, P. H. Hor, R. L. Meng,
L. Gao, Z. J. Huang, Y. Q. Wang, and C. W. Chu, Phys. Rev.
Lett. 58, 908 (1987); R. J Cava, B. Batlogg, R. B. van Dover,
D. W. Murphy, S. Sunshine, T. Siegrist, J. P. Remeika, E. A.
Reitman, S. Zahurak, and G. P. Espinosa, ibid. 58, 1676
(1987); R. J. Cava, B. Batlogg, R. B. van Dover, and E. A.
Reitman, ibid. 58, 408 (1987).

2M. Tinkham, Introduction to Superconductivity (McGraw-
Hill, New York, 1979).

3A preliminary version of the results reported in this paper was
presented at the Special Session on High-Temperature Su-
perconductivity, Meeting of the American Physical Society,
New York, NY (March 1987) (unpublished) by S. Sridhar,
H. Hamdeh, and H. Deng.

4R. J. Cava et al. in Ref. 1.

5S. Sridhar and J. E. Mercereau, Phys. Rev. B 34, 203 (1986).

6J. 1. Gittelman and B. Rosenblum, Proc. IEEE 52, 1138
(1984).

’D. C. Mattis and J. Bardeen, Phys. Rev. 111, 41 (1958).

8J. Halbritter, Z. Phys. 266, 209 (1974).

91. M. Khalatnikov and A. Abrikosov, Adv. Phys. 8, 45 (1958).

10p. E. Sulewski, A. J. Sievers, S. E. Russel, H. D. Hallen, D. K.
Lathrop, and R. A. Buhrman, Phys. Rev. B 35, 5377 (1987);
U. Walter, M. S. Sherwin, A. Stacy, P. L. Richards, and
A. Zettl, ibid. 35, 5377 (1987).

R, J. Kennedy and B. R. Clayman, Can. J. Phys. 62, 776
(1974).

12Structure in R, data has been reported for some A-15 thin
films and attributed to the presence of several phases: L. Al-
len, M. R. Beasley, R. H. Hammond, and J. P. Turneaure,



2304

IEEE Trans. Magn. MAG-19, 1003 (1983).

13D, K. Finnemore, R. N. Shelton, J. R. Clem, R. W. McCal-
lum, H. C. Ku, R. E. McCarley, S. C. Chen, P. Klavins, and
V. Kogan, Phys. Rev. B 35, 5319 (1987).

14A. L. Schawlow and G. E. Devlin, Phys. Rev. 113, 120 (1959).

I5F. Gross, B. S. Chandrasekhar, D. Einzel, K. Andres, P. J.
Hirschfeld, H. R. Ott, J. Beuers, Z. Fisk and J. L. Smith, Z.
Phys. 64, 175 (1986).

16Recent work of Gallagher et al. illustrates the complexities of
screening in the oxide superconductors [W. J. Gallagher,
R. L. Sandstrom, T. R. Dinger, T. M. Shaw, and D. A.
Crane, Solid State Commun. (to be published)]. They found
that a manifestly multiphase sample showed better Meissner

BRIEF REPORTS

36

screening at low tempertures than a single-phase sample.
Our experience with an irregularly shaped Y-Ba-Cu-O sam-
ple (at 1 MHz) is similar. As the sample was reshaped and
polished, &; increased monotonically.

"Densities were measured using a standard immersion tech-
nique. Values obtained using two-propyl alcohol and benzene
agreed to better than 1%, and there were no signs of absorp-
tion of fluid. (The density of copper test disks was found to be
8.97 £ 0.01, using the same apparatus.) Theoretical densities
were based on the formula Y;Ba;Cu30O7 and La, gsSro.15CuQOq4
and unit cell volumes 1.736x10 ~22 and 1.886x10~2 cm?,
respectively.



