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We present results on the temperature dependence of the surface impedance of high-quality 
thin films and single crystals of the electron-doped Nd~ 85Ceo.~sCuO4-~ cuprate superconduc- 
tor. Surprisingly, these measurements are consistent with the behavior of an s-wave BCS 
superconductor. We also briefly review some highlights of surface impedance measurements 
on hole-doped cuprate superconductors, and contrast those with the results on 
Ndi.ssCe0.asCuO4 ~. 
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1. INTRODUCTION 

Our goal is to understand the nature and origin 
of superconductivity in oxide materials. The Meissner 
state electrodynamic response is one of the hallmarks 
of superconductivity. Historically, a great deal has 
been learned about conventional superconductors by 
examining their high-frequency electrodynamic pro- 
perties. It is natural, therefore, to approach the prob- 
lem of high-temperature superconductivity by 
probing these materials with time-varying electro- 
magnetic fields and carefully studying the response of 
the superconductor to these external perturbations. 

The surface impedance of a conductor is a 
measure of its response to an electromagnetic field. 
For a sufficiently thick material at low enough 
frequencies, the response of a conductor to a plane- 
wave electromagnetic signal can be characterized in 
terms of' the ratio of electric and magnetic fields paral- 
lel to the surface, evaluated at the surface, [1]: 

Z~= EII(O)/HI,(O) 

The surface impedance is usually thought of in terms 
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of its real (lossy) and imaginary (inductive reactive) 
components: 

Z~.(T, co)= Rs(T, w) + iXs(T, co) 
where, for a sufficiently thick superconductor, the 
surface reactance, Xs(T, co) = poCO,~L(T), and ~z.(T) is 
the London penetration depth. Physically, in a 
sufficiently pure superconductor, the surface resist- 
ance Rs is sensitive to absorption of radiation by quasi 
particles and by Cooper pairs bound by an energy 
less than gco, and Xs is sensitive to the inductive react- 
ance of the condensed Cooper pairs. 

2. SUMMARY OF PAST WORK ON 
HOLE-DOPED CUPRATES 

The YBa2Cu307_~ (YBCO) and Bi2Sr2CaCu~O8 
(Bi2212) materials have been the most extensively 
studied because of the abundance of high-quality thin 
films and single crystals. Both of these materials are 
hole-doped cuprates with closely spaced pairs of 
Cu-O planes in the crystal structure, and relatively 
short in-plane coherence lengths ~ab~10-15~ for 
YBCO and ~ab~8-10 • for Bi2212. 

2.1. Early Measurements 

The early measurements of the surface imped- 
ance of c-axis YBCO films were characterized by high 
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residual losses and strong polynomial temperature 
dependences of R~. and )~ [2-4]. The surface resistance 
and penetration depth were seen to drop rapidly 
below T,., as expected of a BCS s-wave superconduc- 
tor. However, this behavior changed markedly at 
approximately 80% of To, after which ~R~.(T), 
a , ~ ( T ) ~ T  or T 2 typically. Residual losses at 4.2 K 
and scaled to 10 GHz were in the range of approxi- 
mately 100/1f2 [3,5] in the best c-axis YBCO films. A 
number of groups found that these measurements 
were highly sensitive to the microstructure of the mat- 
erials studied [6,7], with a clear progression of 
improvement from ceramic, to polycrystalline film, to 
oriented film, to single-crystal samples. However, all 
measurements were characterized by high residual 
losses for T< 0.8T~ (compared to the expectations of 
BCS theory). 

Early measurements of the penetration depth in 
YBCO crystals were found to be largely consistent 
with s-wave BCS theory [8]. 

2.2. Later Measurements 

With time, more systematic studies of the micro- 
structure dependence of the surface impedance were 
performed. Laderman et al. correlated residual losses 
with dc transport properties and the density of high- 
angle grain boundaries in c-axis YBCO thin films on 
MgO substrates [9]. The highest-quality thin films, as 
determined from dc properties and high-angle grain 
boundary density, to this day have the lowest residual 
resistances observed in YBCO, R,(4.2 K, 10 GHz) 
15 #f2, but still retain the polynomial temperature 
dependences ~ R s ( T )  ~ T, 82  ( T )  ~ T 2, for T< 0.75T~. 
Residual inductivity was also found to scale with the 
dc properties of the films [10,11]. Quantitative fits 
to the temperature and frequency dependence of the 
residual surface impedance of YNCO c-axis films were 
obtained based upon the weakly coupled grain model 
[9,12,13]. 

2.3. Recent Measurements 

Recently, detailed measurements on available 
YBCO films report that a Z ( T ) ~ T  2, while 
a R s ( T )  ~ T, with 2 (T) going into a flatter tempera- 
ture dependence below approximately 10K [14]. 
Similar results are obtained for ~ (T) on Bi2212 cry- 
stals [14]. Measurements on YBCO crystals grown at 
the University of British Columbia show a striking 
a R , ( T )  ~ T and a2 (T) ~ T behavior at low tempera- 
tures [15,16]. It was also found that crystals which 

show linear-in-T dependence of the penetration depth 
also have residual surface resistances of roughly 75 
/~f2 at 10 GHz, somewhat higher than thin films of 
YBCO (mentioned above) at the same temperature 
and frequency. These results on YBCO crystals are 
explained in terms of a rapidly decreasing quasi par- 
ticle scattering rate below T~, and a strong linear- 
in-T dependence of the normal fluid density at low 
temperatures in the crystals. Another group has 
reported unconventional behavior in ,a, (T) in T12122 
crystals [ 17]. 

The differences in ;~(T) temperature depend- 
ences and in residual resistance between YBCO cry- 
stals and films have been attributed to the greater 
quenched disorder in the films. The disorder in films 
limits the decrease in the scattering rate below T~, 
resulting in a decrease in the residual resistance 
[15,18]. Experiments in which Zn was doped into 
YBCO crystals show that the residual resistance 
decreased with increasing Zn content up to at least 
0.3% Zn [18]. It was concluded that some defects are 
required in YBCO to achieve the lowest possible 
surface resistance. 

No single surface impedance measurement has 
conclusively demonstrated, beyond any reasonable 
doubt, the intrinsic pairing state symmetry of the 
cuprate superconductors. A resolution of this 
question will only come after all extrinsic effects are 
understood, and a body of evidence of reproducible 
measurements on a variety of cuprates is obtained. 

3. Nd-Ce-Cu-O 

Ndl.85Ce0.15CuO4-~(NCCO) is a relatively 
simple cuprate from the standpoint of its crystal struc- 
ture and superconducting properties. Our intension is 
to carefully study this simpler material to complement 
the surface impedance data whch has been accumula- 
ted on the high-Tc hole-doped cuprates. Because the 
crystal structure of NCCO at the optimum doping for 
superconductivity is tetragonal, there is no twinning 
present in these samples. Also, since there are no other 
conducting layers besides the copper-oxygen planes, 
there is no significant interruption of the conduction 
paths as is found, for instance, in twinned YBCO 
samples. NCCO has also a single copper oxygen 
plane per unit cell, so there are no complications from 
interplanar transitions, as well as fewer opportunities 
to introduce stacking faults when the material is 
grown from the vapor or liqud phase. Finally, since 
the in-plane coherence length is substantially larger in 
NCCO [ 4o ~ 80 A,] as compared to YBCO and Bi2212 
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[~0 ~ 15 &], one would expect this material to be 
much less susceptible to the effects of weakly coupled 
grains on the electrodynamic properties. However, 
NCCO is thought to be more anisotropic than YBCO, 
and has substantially lower critical current densities 
at the same reduced temperature [19,20]. Hence, the 
effects of weakly coupled grains may still be present 
in the NCCO films. NCCO is simple, yet it retains 
the basic ingredients of cuprate superconductivity: the 
copper-oxygen plane, along with all of the unusual 
magnetic properties found at low doping in the 
cuprates. 

NCCO samples were prepared in both thin-film 
and single-crystal form. Thin films have been grown 
by pulsed laser deposition in an N20 atmosphere. 
Substrates used include LaA103 (LAO) (NCCO film 
thickness ~5000 ~) and Yttria-stabilized Zirconia 
(YSZ)-buffered sapphire substrates (NCCO film 
thickness ~2600 ~). Details of the film growth pro- 
cedure and microstructure analysis are in the litera- 
ture [19,20]. Single crystals were grown by the 
directional solidification technique, also documented 
extensively in the literature [21]. A great deal is known 
about the microstructure of our NCCO samples. 
First, there is no superlattice modulation observed in 
either the thin films or single crystals studied. The 
films grow in the T' phase with the c-axis normal to 
the substrate. No other orientations of grains were 
found in either X-ray diffraction or cross-sectional 
and plan-view TEM [22]. X-ray phi scans show no 
evidence [23] of the 45 ~ misoriented grains which are 
so abundant, and correlated with high residual losses, 
in YBCO [9]. Also, X-ray rocking curve measure- 
ments show the in-plane misorientation between 
grains to be less than 0.4 ~ , also quite good compared 
to YBCO films, [23]. RBS channeling yields on the 
films are as low as 9%, indicative of good quality, but 
not quite as good as the best YBCO films which show 
a 3% channeling yield. The high channeling yield is 
indicative of a greater density of point defects in 
NCCO films as compared to YBCO films. The only 
impurity phase indentified in the films is 
Nd0.sCe0.50,.75(NCO), which is a nominally insulating 
material present at the 2% volume level, or below 
[22]. Note that all measurements on thin films were 
performed on as-prepared samples. 

For single-crystal samples of NCCO it was found 
that the as-grown samples showed multiple supercon- 
ducting transitions. A procedure was developed to 
etch the crystals in HC1, and anneal them to homo- 
genize the oxygen and cerium distributions. Upon sev- 
eral iterations of this procedure, the crystals showed 

very sharp single-phase superconducting transitions 
with T~'s slightly higher than those of the thin film 
samples [24]. 

The microwave measurements were performed in 
a cylindrical superconducting Nb cavity with the 
sample perturbing the TE0~I resonant mode. The 
sample was positioned in the center of the cavity on a 
sapphire hot-finger [25] which could be temperature- 
controlled independently of the Nb cavity. The back- 
ground temperature dependence of the sapphire and 
substrate dielectric constant and loss tangent do not 
significantly influence the data presented here [24]. 
The RF magnetic fields are parallel to the Cu--O 
planes of the sample, producing shielding currents 
mainly in the Cu O planes. Shielding from currents 
in the c-direction make a negligible contribution to 
the frequency shift and Q of the resonator. 

It should be noted that the frequency shift, 
8f(T),  and change in quality factor, Q(T), of the 
resonator are simply related to the changes in surface 
impedance of the sample [25]: 

8f (r )~6)~(T) ,  8(1/Q(T))~6R~.(T) 

Also, the asymptotic low-temperature dependence of 
the surface impedance predicted by s-wave BCS 
theory is [ l] 

82~ (T) ~ (1/T ~/2) e A(o~/k,r, 

8R,(T) ~ ( l /T)  e -a(O)/~:nT, for T< Tel2 

4. RESULTS ON Nd-Ce--Cu-O 

The residual surface resistance of NCCO crystals 
and NCCO films on LAO were found to be in the 
range of several milli-Ohms at 9.6 GHz and 2.2 K. 
This is typical of early samples of YBCO crystals and 
films. However, the temperature dependence of the 
magnetic penetration depth of these films and crystals 
shows very detailed agreement with the predictions of 
strong-coupled s-wave BCS theory. This is evident 
from the raw data alone (Fig. 1), where the change 
in penetration depth (proportional to the frequency 
shift of the resonant mode) with temperature is con- 
sistent with an activated behavior, the activation 
barrier being 2A(0)k,Tc~4.1. Note that activated 
behavior over the same energy gap is consistent with 
both the penetration depth change (frequency shift) 
and increase in surface resistance (shift in 1/Q). We 
also note that the activated behavior is essentially the 
same in both thin film and single-crystal data. To 
our knowledge, there is no other example of such 
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Fig. 1. Temperature dependence of  8 f a n d  1/Q for T/T~<0.5 for 
a N C C O  thin film. The solid lines are the best fit to data  which 
show 8f(T)~(1/T ~/2) exp{-A(O)/k~T} and cS(1/Q(T))~(I/T) 
exp{-A(0) /kBT},  both with 2A(O)/kBT,, = 4.1. Insets show ~ f  and 
1/Q for the entire temperature range. 

consistency in the temperature dependence of the 
electrodynamic properties for both films and crystals. 
Note that this same value for the energy gap was 
identified by tunneling measurements in the same class 
of NCCO crystal samples [26]. 

It should also be noted that the low-temperature 
frequency and 1/Q shift can also be satisfactorily fit- 
ted to a dependence fif(T), fi(1/Q(T))~aT+flT 2, 
which is the most general linear combination of 
dependences observed in YBCO and Bi2212 films and 
crystals (although we find that the parameter a must 
be less than zero). In fact, one could argue quite 
generally in the context of d-wave pairing that linear- 
in-T dependences are intrinsic, while quadratic 
dependences represent the effects of disorder on the 
nodes of the energy gap. Some may even argue that 
activated behavior should be observed in sufficiently 
disordered d-wave superconductors [27]. From this 
perspective, our fits of the low-temperature depen- 
dence of the surface impedance in NCCO to an acti- 
vated behavior may not be conclusive evidence of an 
s-wave pairing state symmetry. 

Examining our measurements at all tempera- 
tures, 2.2 K <  T< Tc, we find that the data are also 
essentially consistent with the predictions of strong- 
coupled s-wave BCS theory [28]. Figures 2 and 3 show 
fits of the data for an NCCO thin film on LAO to the 
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Fig. 2. Change in penetration depth fi%(T) at 9.6 GHz for a 
N C C O  thin film. The solid line represents the BCS calculation with 
2A(0)/kBT~.=4.1. Parameters used in the fit are given in Table I. 
Inset: fiA vs. Tc/T. Note the exponential behavior (dashed line) 
~?~ ( r ) = ~ ( 0 )  (zA(O)/2k~T//2 exp{-A(O)/k~T} for TjT> 2. 

s-wave BCS temperature dependence of the surface 
impedance, while Table I shows values for the para- 
meters used in the fits. The procedure for choosing 
these values is guided by other experiments on these 
films and crystals, and is discussed in detail in [24] 
and [29]. 
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Fig. 3. (a) f i rs  vs. T fo r  a N C C O  thin film at 9.6 GHz with a BCS 
calculation (solid line in both a and b). Parameters for the BCS fit 
are shown in Table I. (b) 6R~(T) vs. T~/T with the exponential 
behavior (dashed line) of  6R,(T)~[(hco)2/kBT]ln(4ksT/lico) 
exp{-A(0) /kBT} at low temperatures (To~T>2) with 2A(0)/  
kBT~=4.1. 
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Table I. Electrodynamic Parameters Used to Fit the 
,~ (T) and R~.(T) Data with the BCS Calculations for 

Ndl.8sCeo.15CuO4_a a 

Thin films 
Property on LaAIO3 Single crystal 

T,.(K) 21 21.5 
~,(0) (~) 1300• 100 1250• 
{,(0) (~) 72-80 80 
R0 (m~) 2.5 1 

IMFp(~,) 115 600 300 :t: 200 
2A(O)/kBT,. 4-4.3 3.9 4.3 
)~Ll~(0) (~) 1000 • 90 1050 :t: 200 

~Parameters above the center tine were determined 
by independent means, and those below the line 
were used as fitting parameters [24]. 

Recently we have examined NCCO films grown 
on YSZ-buffered sapphire substrates [29,30]. The 
results for the temperature dependence of the surface 
impedance are fully consistent with the results 
presented above. However, we found that the residual 
surface resistance at 9.6 GHz  was reduced from the 
milli-Ohm range to below 100#f2, making them 
comparable in loss to typical YBCO films and crystals 
at 4.2 K. 

5. DISCUSSION 

We now compare and contrast these results on 
NCCO with the body of  surface impedance data 
which exists on the hole-doped cuprates. The most 
striking difference is the degree of  consistency in 
results on going from film to film and between films 
and crystals of  NCCO. Such consistency is found 
mainly in the highest-quality films and crystals of 
YBCO, but is rarely found between the film and crys- 
tal samples of YBCO. Next, the temperature depen- 
dence of the surface impedance up to Tc is much more 
"conventional" than either YBCO or Bi2212. NCCO 
does not show the substantial deviations from the 
BCS temperature dependence which are seen in the 
hole-doped cuprates [12,15] (other than the existence 
of a residual loss). The fact that the residual losses 
have been substantially reduced with only modest 
effort also suggests that N C C O  may become a useful 
low-loss, low-Tc superconductor in the future, 
possibly competing with B a - K - B i - O  and N b N  in 
microwave applications [31]. 

Many questions remain to be answered about the 
surface impedance of the cuprates. Why do electro- 
dynamics measurements on the other cuprates display 
non-s-wave BCS behavior? Is it because they are 

d-wave superconductors, or are there a number of 
extrinsic effects which are very sensitive to micro- 
structure? Why should NCCO look so much like 
traditional s-wave superconductors when it too is a 
bona-fide cuprate superconductor? Are defects and 
disorder playing a major role in the electrodynamics 
of  the cuprate superconductors? We shall further 
address these questions, and discuss the contrast 
between NCCO and YBCO, in upcoming publica- 
tions [29,30]. 

6. CONCLUSIONS 

In summary, we have shown that the experi- 
mental surface impedance of NCCO films and crystals 
displays clear quantitative consistency with s-wave 
BCS theory. NCCO, in contrast with the hole-doped 
cuprates, behaves as if it had a single-valued and finite 
gap ratio throughout the entire temperature range 
below T~. From this and other studies, it appears that 
NCCO has a superconducting state which is remark- 
ably similar to that of conventional superconductors. 
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