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We have  measured the surface impedance o f  YBa2Cu307.5 (YBCO) single crystals, 
Ndl,85Ce0.15CuO4.y (NCCO) thin films and single crystals, and Nb single crystals at 9.6 GHz using a 
superconducting cavity perturbation technique. Our results on Nb are in good agreement with s-wave BCS 
theory. The magnetic penetration depth in the ab-plane in YBCO single crystals exhibits a linear temperature 
dependence at low temperatures, ~, ad is consistent with clean 2D d-wave superconductivity. Both thin films a~! 
single crystals of  the electron-do[edcuprate NCCO show detailed agreement with the predictions of single-gap 
i~tropic s-wave BCS eh. 'trodyn,'unics over the measured temperature range up to T c. 1-3 

1. I N T R O D U C T I O N  
The pairing symmetry of the ground state 

wavefunction is one of the central points of  interest 
in the study of  cuprate superconductors. As a 
consequence of the single-sign energy gap in an s- 
wave BCS superconductor, a wide variety of 
thermodynamic properties show exponentmlly 
activated behavior.  Recently a number of 
experimental and theoretical results suggest a d-wave 
pairing state symmetry it" tlae hole-doped cupmtc 
superconductor YBCO According to the d-wave 
model, for an unconventional singlet superconductor 
with the point group symmetry of YBCO, IlJc only 
nodes allowed are line nodes, distributed on the 

Fermi surface in such a way that the penetra.~on 
depth should exhibit a linear temperature dependence 
at low temperatures. 4 In this paper, we shall report 
our microwave surface impedance measurements of 
electron-doped cuprate NCCO, hole-doped cuprate 
YBCO, and convenuonal  low temperature 

superconductor Nb. 

2 ,  EXPER!M_ENTAL 
The single crystal Nb ,,ample is about 3 mm x 

3 mm x 0.2 mm. A typical size of NCCO film 

deposited on YSZ-bufferc:l sapphire substrates ~s 
about 3 mm x 5 m m x  27C0/~.3 NCCO crystals 
grown by the directional sohdification teclmique 

1,2 have a typical size of 2 mm x 2 m m x  15 p.m 
YBCO single crystals are made by the s~da rd  flux 
method in a zircc~ia crucibl," with T c in the range 
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of  92-94 K by AC, DC transport, and DC SQUID 
measurements. 2 The size of the YBCO sample is 
about 1 nun x 1 mm x 17 I.tm. 

All the measurements were done in a bulk 
superconducting Nb cavity at 9.6 Gtlz. The surface 
resistance and the penetratmn depth data,are obt,'uned 
via the s~multancous measuremcnt of the qu',d~ty 

factor Q and the resonant frequency fo, as R s = 
F(1/Q-l/Qcav), AX s = 2:zl~j ±J~. and A~. = -~ fro" 
fo(4.2K))=-~ AI;o ilcrc Qcav ~s thc quahty Iact~r c~l 
cawty without a s,'unpl," w~th a typical value 2 3 x 
107 at 4.2 K, 9 6 Gllz, and fo s:, the resonant 
frequency. F aad ~ arc the gcolnetnc lactors wluch 
depend on the resonant mode, the size of the cavity, 
and the sa~aple stze and shape. With the high Q and 
stable signals in the frequency domain, we have a 
resolution AR s = 10 la-Q ~ 50 laf~ andAX = 1 ~4/~, 
depending on the size of the sample. 

3. R E S U L T S  A N D  D I S C U S S I O N  
Figs. 1 and 2 show the low tempcrature 

bchawor of various samples" single c~sm!.~ of Nb, 
NCCO and YBCO. as well as NCCO thin films 
The data are plotted m a manner to nonnahze away 
different geometry coeIficlcnls and "1'¢' s While 

there are obvious simdafities between data from Nb 
and NCCO samples, we see a dramatic difference 

between YBCO and the rest of samples 
In Fig 1, as A~. =-~ AL the penetrauon depth 

m the ab plane ?~ab of YBCO crystals .-,how,, a 
linear telnpcrature dependence for T<XSK The slope 

rcsc~'cd 
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Ak/AT is about 5A/K, in good agreement with the 
clean d-wave model. 4"5 For the frequency shift dam 
on NCCO ,'rod Nb, the best fit can be obtained with 
the BCS s-wave type exponential dependence, 
6I(T),~'I'- 1/2 exp[_A(0)/kBT] for TfFt~<0.5 with ,'m 
activation barr ier  2A(0)/kBTc= 4.0 ~ 4.2 for both 
Nb and NCCO. Functional forms such as T n can 
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also yield equally good fits to the dataif n_>4, which 
is indistinguishable from the exponential. 

In Fig. 2, the best fits to Rs(T) for Nb and 
NCCO samples are consistent with the exponential 
behavior Rs(T) o~ T" 1 exp(.A(0)/kBT) with the gap 
ratio 2~(0)/kBT c = 4.0 ~ 4.2, as well as the power- 
law dependence with n_>4. For YBCO, however, the 
temperature dependence of  the surface resistance 
looks quite different. It is sub-linear from 4.2K up 
to 30 K. The peak around 40 K and the dip around 
70 K, which resemble the features of  Univ. of 
British Columbia's results, 6 are distinctly different 
from that of a conventional superconductor. 

Remarkable agreement between the single-gap 
BCS calculations and the experimental results over 
the measured temperature range for these new 
NCCO films wa~ demonstrated in reference 2. The 
value of the electrodynamic parameters for these 
films are very similar to those of our earlier films, 
leading us to conclude that our results are 
independent of disorder. 1,2 

4. S U M M A R Y  

The behavior of the L and R s of NCCO is 
extremely s . n i l a r  to that of  BCS s-wave 
sup:rconductor, but that o1 YBCO shows marked 
differences.The results on NCCO appear m both 
thin films and single crystals, and the result on 
clean VBCO crystals have no~ been seen by two 
g~oups, 2'6 lead:rig us to befieve we may have 
d t t f i n s l C  results. If this is d~ ca~e, then a broad 
theory which incorporates both s-wave and d-wave 
cupmtes may need to be developed. 

A C K N O W L E D G E M E N T  

We would like to acknowledge the NSF NYI 
program (DMR-9258183) for support. 

R E F E R E N C E S  
1. D H. Wu, et c! ,  V'hys. Rev. Lett. 70, 85 
(1993). 
2 S. M. Anlage, et al., Phys. Rev. B ~ July 1 
1994. 
3. S N Mad et a l ,  Appl Phys. Left. ~ 375 
( 1994~ 
4. P J thrschfeid, et al., Phys. Rev. B 48, 4219 
(1993) 
5. S. M ;~mage, er al., SPIE Proceedings, Vol. 
2158 (ed D Pavuna)1994. 
6 1) A Bonn, ct a l ,  Phys. Rev B. 47, 11314 
(19o3), W N. llardy, et al ,  Phys Rev. Lett 70. 
399q (1993) 


