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Abstract

Ž .The parallel plate resonator method has been used for measuring high quality YBa Cu O YBCO thin films. The2 3 7yx

surface resistance and the real part of the conductivity show a non-monotonic behaviour with a broad peak around 45 K. The
penetration depth and the real part of the conductivity vary linearly at low temperatures. The lowest penetration depth linear

˚fitting has a slope value of 2.2 to 2.5 ArK up to 20 K which is lower than previous measurements on YBCO single crystals.
An interpretation of this smaller slope in terms of the generally accepted d-wave order parameter symmetry presents
difficulties. q 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Determining the symmetry of the superconducting
order parameter is one of the main issues in under-
standing the mechanism that causes superconductiv-
ity in the high-T cuprates.c

One of the long-standing problems is the residual
w xsurface resistance 1 which has presumably an ex-

trinsic origin such as twins, grain boundaries and
other defects. The extrinsic losses can smear out the

Ž .non-monotonic behaviour of R T in YBCO singles
w xcrystals 2 , and they can influence in the same

manner YBCO thin film properties. It was shown
that this non-monotonic behaviour manifests itself as

Ž .a broad peak in R T around 40 K which is mores
Ž . w xconspicuous in s T 3 .1
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2. Experimental

In our experiment, we measured high-quality
w xYBCO thin films on LaAlO substrates 4,5 . The3

best pair of such films used in our parallel plate
Ž .resonator PPR gave a small residual loss of about

50 mV at 10 GHz. These residual losses are interme-
diate between two values reported for YBCO single

Ž w x w x .crystals 200 mV 6 , 10 mV 7 at 10 GHz . In our
measurements with the PPR, we used two 1=1 cm2

YBCO thin films with a Teflon spacer 25 mm thick
in between them.

3. Results and discussion

The surface resistance of these films is shown in
Fig. 1. The lower curve was obtained for a couple of
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Fig. 1. The surface resistance at 10 GHz of two YBCO thin films
pairs grown on LaAlO by PLD technique.3

high quality YBCO thin films with the lowest resid-
ual losses. The non-monotonic behaviour, expected
for high quality YBCO, is not so prominent in the
Ž . Ž .R T measurement, but appears clearly in s T ass 1

shown later. The upper curve was obtained for lower
quality YBCO thin films. It shows a more monotonic
Ž .R T dependence. The residual losses are quite lows

for the lower curve, R F50 mV. For the upperres

curve, R F150 mV. The origin of R in YBCOres res

is not well understood. In one case a small reduction
of R in a YBCO single crystal is reported whenres

w xintroducing Ni or Zn impurities 3 . In another case it
was shown that irradiation of two YBCO thin films

16 w xby 25 meV O ions 8 , suppresses the R non-s

monotonic behaviour. One of the films showed a
decrease in R after the first irradiation, while inres

the second one, R increased. Further irradiationres

leads R to increase in both films. In another work,res

it was shown that the R can increase due to lack ofres
w xoxygen 9 .

The change of the penetration depth with tempera-
ture tends to increase with increasing R . Fig. 2ares

and b show the temperature dependence of the pene-
tration depth at the low temperature range. The two

Ž .sets of data are related to the two R T curvess

presented in Fig. 1. The slopes obtained from a fit to
a linear temperature dependence are respectively

˚ ˚equal to 2.2 ArK for the lower R , and 3.8 ArKres

for the higher R , in the temperature range from 5res

to 20 K. Actually, a better linear fit is obtained for
the lower R sample in the range from 10 to 25 K,res

˚the slope is then 2.5 ArK. For the higher R res

sample, the data shows a positive curvature in the
entire temperature range.

A linear penetration depth temperature depen-
dence is predicted for a d-wave superconductor with

w x Ž . Ž . Ž .lines of nodes 10 , Dl T rl 0 ( ln 2 TD where0

D is the gap value. This is in agreement with the0

slope reported for a single crystal, taking D s220
w xmeV 11 . Impurities can alter this linear dependence

w xto a quadratic temperature dependence one 3 .
Unidentified imperfections can apparently cause the

w xsame quadratic behavior in YBCO thin films 10,12 .
For an overdoped, high-R YBCO thin film mea-res

˚sured in our set-up a slope of ;4.3 ArK was
w xobtained 13 . The small slope reported here for the

better sample is difficult to understand, if the linear

Ž .Fig. 2. a The temperature dependence of the penetration depth
Ž .for the lower R sample. b The temperature dependence of theres

penetration depth for the higher R sample.res
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behavior is interpreted as being due to a d-wave
w xsymmetry. In the unitary limit 14 , as disorder is

increased, the change of l with temperature should
become smaller, while it appears experimentally to
become larger. A different interpretation of the linear
behavior was proposed some time ago by several

w xauthors 15–17 , as arising from phase fluctuations
of the order parameter, but the calculated slope was
smaller that the one measured on single crystals, by
at least one order of magnitude; this interpretation
was therefore discarded. Yet, the predicted slope

Ž .3varies as l 0 , and is therefore quite sensitive to a
weak disorder, surely present in the films, known to

Ž .increase the value of l 0 . An increase by 30%
would be sufficient to obtain a slope of the order of

˚1 to 2 ArK. Other possible explanations for the
smaller slope, in the framework of a d-wave interpre-

w xtation, are a larger gap 18,19 , or the presence of a
twin-related large s-wave component.

Ž .The non-monotonic behaviour of s T is shown1
Žin Fig. 3 for the best set of samples calculated for

˚Ž . . Ž .l 0 s1500 A . s T has its maximum value at1

;45 K in agreement with the results for a pure
w xYBCO single crystal at 34.8 GHz 3 . Yet, the

smaller peak amplitude indicates a smaller value of
w xt , as compared to the pure single crystal case 2 .res

Ž .We note Fig. 3 the linear slope of the real part of
Ž .the conductivity at low temperatures below 20 K .

This linear slope was measured also on an YBCO
w xsingle crystal 3 . According to the theoretical predic-

Ž . 2tion for a d-wave gap, s T should vary as T at1

Fig. 3. The real part of the conductivity measured at 10 GHz.

Fig. 4. The scattering rate of the lower R samples at 10 GHz.res

w xthe microwave frequency range 14 . We show also
Ž .in Fig. 3 s T for the higher R sample calculated1 res

˚Ž .for l 0 s2000 A. The scattering rate of the lower
R thin films is shown in Fig. 4. One can see theres

predicted abrupt change below T and its saturationc

below 45 K.

4. Conclusion

We have presented surface impedance measure-
ments on high quality YBCO thin films. These films
have residual losses comparable to those of single

Ž .crystals. The linear Dl T behaviour that we observe
is in qualitative agreement with the d-wave super-
conducting model, but the slope that we observed in

˚Ž .our best samples 2.2 to 2.5 ArK is smaller than
reported for single crystals. A non-monotonic be-

Ž .haviour in s T was observed for the best set of1

samples. It can be a good indication for the quality
Ž .of the thin films. The linear s T in the low temper-1

ature range is inconsistent with the quadratic temper-
ature dependence predicted by the d-wave theory.

Acknowledgements

We would also like to thank Nicole Bontemps for
an illuminating discussion on the possible origins of

Ž .the small linear term in l T . This work was par-
tially supported by the Israel National Science Foun-
dation, by the Heinrich Hertz-Minerva-center for
High Temperature Superconductivity, and by the



( )E. Farber et al.rPhysica C 317–318 1999 550–553 553

Oren Family chair of Experimental Solid State
Physics.

References

w x Ž .1 J. Halbraitter, Z. Physik 238 1970 446.
w x2 D.A. Bonn, R. Liang, T.M. Riseman, D.J. Baar, D.C. Mor-

gan, K. Zhang, P. Dosanjh, T.L. Duty, A. Macfarlane, G.D.
Morris, J.H. Brewer, W.N. Hardy, C. Kallin, A.J. Berlinsky,

Ž .Phys. Rev. B 47 1993 11314.
w x3 D.A. Bonn, S. Kamal, K. Zhang, R. Liang, D.J. Baar, E.

Ž .Klein, W.N. Hardy, Phys. Rev. B 50 1994 4051.
w x4 J.P. Contour, C. Sant, D. Revelosona, B. Fisher, L. Patlagam,

Ž .Jpn. J. Appl. Phys. 32 1993 L1134.
w x5 E. Farber, G. Deutscher, J.P. Contour, E. Jerby, Europhys. J.

Ž .B, July 1998 accepted for publication.
w x6 D.A. Bonn, P. Dosanjh, R. Liang, W.N. Hardy, Phys. Rev.

Ž .Lett. 68 1992 2390.
w x7 D.A. Bonn, S. Kamal, K. Zhang, R. Liang, W.N. Hardy, J.

Ž .Phys. Chem. Solids 56 1995 1941.

w x8 M. Lippert, J.P. Strobel, G. Saemann-Ischenko, S. Orbach, S.
Hensen, G. Muller, H. Piel, J. Schutzmann, K.F. Renk, B.

Ž .Roas, W. Gieres, Physica C 185 1991 1041.
w x9 N. Klein, N. Tellmann, H. Schulz, K. Urban, S.A. Wolf,

Ž .V.Z. Kresin, Phys. Rev. Lett. 71 1993 3355.
w x Ž .10 J. Annett, N. Goldenfeld, S.R. Renn, Phys. Rev. B 43 1991

2778.
w x11 W.N. Hardy, D.A. Bonn, D.C. Morgan, R. Liang, K. Zhang,

Ž .Phys. Rev. Lett. 70 1993 3999.
w x12 Z. Ma, R.C. Taber, L.W. Lombardo, A. Kapitulnik, M.R.

Beasley, P. Merchant, C.B. Eom, S.Y. Hou, J.M. Phillips,
Ž .Phys. Rev. Lett. 71 1993 781.

w x13 E. Farber, G. Deutscher, G. Koren, E. Jerby, IEEE Conven-
Ž .tion, Israel 1996 .

w x14 P.J. Hirschfeld, W.O. Putikka, D.J. Scalapino, Phys. Rev. B
Ž .50 1994 10250.

w x Ž .15 E. Roddick, D. Stround, Phys. Rev. Lett. 74 1995 1430.
w x Ž .16 M.W. Coffey, Phys. Lett. A 200 1995 195.
w x Ž .17 V.J. Emery, S.V. Kivelson, Phys. Rev. Lett. 74 1995 3253.
w x Ž .18 D. Racah, G. Deutscher, Physica C 263 1996 218.
w x19 C. Renner, B. Revaz, J.-Y. Genoud, O. Fischer, J. Low

Ž .Temp. Phys 105 1996 1083.


