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We have measured the surface impedance of Ndl »Ceo»Cu04 (NCCO) thin films and single crystals,
YBa2Cu307 q (YBCO) single crystals, and Nb single crystals. We find that the electrodynamic proper-
ties of Nb are in good agreement with s-wave BCS theory. YBCO single crystals show behavior which

has been seen only in very high quality materials and which is clearly not consistent with s-wave BCS
theory. Both thin films and single crystals of NCCO have been grown, thoroughly characterized, and
measured at microwave frequencies. We find an unusual degree of consistency in the results between
thin films and crystals of NCCO. We also find a surprisingly good agreement between the temperature
dependence of the surface impedance, and single-gap BCS s-wave calculations over the entire tempera-
ture range. These results are puzzling in the light of the fact that NCCO is a cuprate superconductor,
and the crystals were grown in a manner very similar to those of YBCO. We discuss these results and
consider a variety of ideas currently in the literature which may explain these striking differences.

INTRODUCE. ON

Recently, a variety of experimental and theoretical re-
sults suggesting a d-wave pairing-state symmetry for the
ground state of the high-temperature superconductors
have revitalized the ongoing debate on the pairing mech-
anism of the high-T, cuprates In c.ontrast to earlier ex-
perimental observations and interpretation in terms of an
s-wave BCS behavior in the hole-doped cuprate supercon-
ductors (although there was no clear low-temperature ex-
ponential activation of the surface resistance and penetra-
tion depth), recent results suggest a singlet d-wave pair-
ing state below T, . For example, magnetic penetration
depth measurements of YBa2Cu307 s (YBCO) crystals
shows A,(T) cc T at low temperature, ' suggesting a large
density of low-energy quasiparticle states, which is con-
sistent with nodes in the energy gap. The highly aniso-
tropic energy gap seen in the ab plane of BizSrzCaCuzOs
(Bi2212) in an angle-resolved photoemission experiment
and linear T dependence of the surface resistance of
YBCO crystals at low temperatures ' also support a
non-s-wave symmetry gap. Universal observation of high
values of the residual microwave surface resistance,
R, (0),s 4 also points to the existence of many low-energy
quasiparticle states, which may be consistent with a non-
s-wave pairing state. Moreover, measurements of a quad-
ratic increase of A,(T) ~ T at low temperatures in YBCO
films and Bi2212 crystals' '" have been attributed to
disorder in a d-wave superconductor with nodes. If one
accepts the existence of nodes in the energy gap, then
from photoemission experiments it would appear that the
most likely pairing-state symmetry is d &X

These observations and interpretations pose central
questions not only for the fundamental physics of cu-
prates, but also for their applications. Applications of su-
perconductors at high frequencies rely mainly on their
low surface resistance properties along with the
frequency-independent magnetic penetration depth. Un-

derstanding the physics of these materials is essential for
engineering systems such as superconducting particle ac-
celerators, and superconducting microwave devices. If
the cuprates are s-wave superconductors, then their sur-
face resistance, at least in principle, can be made arbi-
trarily small by perfecting the material and going to low
enough temperatures. Whereas if the cuprates are d-
wave superconductors, there is a finite minimum resis-
tance for pure materials, ' ' and disorder and defects
play a central role in determining the magnitude of the
surface impedance. ' ' In either case, since both the or-
der parameter and the microstructure strongly infiuence
the physical properties of the cuprates, studies identifying
the order-parameter symmetry along with a detailed un-
derstanding of the microstructure and property relations
are increasingly important.

To address these issues, much experimental and
theoretical work has been performed on the hole-doped
superconductors, in particular YBa2Cu307. Despite the
scrutiny, experiments have not yet built up a consistent
phenomenological picture identifying the nature of the
superconducting state in the cuprates. In addition to the
interpretations with a d-wave picture, measurements of
the penetration depth of YBCO have been interpreted in
terms of a finite energy gap over the entire Fermi sur-
face, ' as evidence for "gapless" behavior, ' or as a mani- .

festation of weak links between grains. ' Measurements
of the surface resistance of YBCO are highly sample
dependent, although some results on films are consistent
with a small but finite energy gap. ' The confusion re-
garding the electrodynamic properties of YBCO is due, in
part, to its unique microstructure-property relations. Its
short coherence length can easily give rise to a plethora
of weak-link phenomena, while the presence of twin
boundaries can interrupt the highly conductive Cu-0
chains in the structure.

In the electron-doped Nd, ssCeo, 5Cu04 (NCCO), the
coherence length is considerably longer than in the other
cuprates, and there is a single Cu-0 plane layer per unit
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cell with no Cu-0 chains and no twinning. Hence, if one
can deal with the materials idiosyncrasies in the NCCO
system, (such as the problems of inhomogeneous Ce and
oxygen distribution throughout the sample), the material
is more ideal for studying the intrinsic electrodynamics of
the cuprates. Because of its many advantages, we have
performed a careful and systematic study on the electro-
dynamics of the NCCO system. However, the recent
development of experimental and theoretical work in
favor of a d-wave picture calls for a more detailed and
careful reexamination of our previous experimental work
on the electrodynamics of NCCO system, as well as a
quantitative comparison with other superconducting ma-
terials. In this paper we report experimental results on
the temperature dependence of the penetration depth
A,(T) and the surface resistance R, (T) of high-quality
NCCO samples, measured at 9.6 GHz. We also report a
direct comparison of the data with the results obtained
from Nb and YBCO samples.

Our earlier NCCO samples all had rather large residu-
al losses at low temperatures. This invited the question
of whether or not we were measuring the intrinsic prop-
erties of these materials, or some extrinsic artifact. Other
investigators contend that our results re6ect those of a
very disordered d-wave superconductor. ' Since our ear-
lier work, we have continued to improve the quality of
our NCCO thin films. Consequently we have achieved a
very low residual surface resistance, while at the same
time obtaining essentially identical results for the temper-
ature dependence of R, (T) and A,(T}, and very similar
values for the electrodynamic parameters. The detailed
temperature dependence and the values of parameters are
compared with those obtained from a typical s-wave BCS
superconductor, Nb, and also a typical hole-doped cu-
prate, YBCO.
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create more homogeneous Ce and 0 distribution on the
surface of the crystals. This is in accord with microstruc-
ture studies on thick as-grown NCCO crystals. It was
found that several such treatments were required to ob-
tain single-phase response and low residual losses at mi-
crowave frequencies. After the polishing and annealing
treatments, single crystals were reduced to typical dimen-
sions of about 2X2 mm and 10-20 pm thick. Indepen-
dent dc resistivity measurements show that normal resis-
tivity p„(T, ) of the crystals was —100 p,Q cm (Ref. 24)
just above T, and the temperature dependence of
p„(T) a: T was followed up to 200 K, typical of previous
results. '

We have previously studied thin films of NCCO on
LaA105 substrates. Although LaA105 has acceptable
microwave loss properties, it is not as good as sapphire in
our microwave measurements. Also it is found that there
is a considerable lattice mismatch between NCCO and
LaA103, and that a-axis-oriented grains and an impurity

SAMPLE PREPARATION 1 ~ 0 y o'er (b)

Our studies of the electrodynamics of NCCO were per-
formed with both single crystals and thin films. NCCO
single crystals were grown by the directional
solidification technique. ' The initially fabricated single
crystals (thickness-30 —50 pm) show a sharp transition
( ~ 0.2 K wide) at T, -20—22 K in low-field dc supercon-
ducting quantum interference device (SQUID) measure-
ments. While they show no evidence of the
Nd() 5Ceo 5OI 75 (NCO) impurity phase or superlattice re-
gions, the initially fabricated nominal crystals show
multiple superconducting transitions when studied at
low-field microwave frequencies as shown in Fig. 1(a). A
procedure was developed to remove the surface layers of
the crystals by means of an HCl and ethanol etching, and
reanneal, until we obtained a single transition in the mi-
crowave measurements. In Fig. 1(b},we compare the su-
perconducting transition of the etched NCCO single
crystal with that of an as-fabricated NCCO thin filrn.
Note that both the crystal and the film show a single
sharp transition. It is important to note that the as-
fabricated NCCO thin films did not show multiple super-
conducting transitions. We believe that this etch and an-
neal process is needed for crystals because it serves to
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FIG. 1. Low-field (H~(1 Oe) microwave frequency shift
measurements for single crystals and a thin film of NCCO. (a)
multiple superconducting transitions of a typical as-grown
NCCO crystal. (b) single superconducting transition of the
NCCO single-crystal (diamonds) after etching and annealing.
Also shown in the frequency shift for an as-grown NCCO thin
film (dots). Note that the thin film and the etched single crystal
display essentially identical frequency shift behavior in the tem-

perature range below T, . The dip in the frequency shift of the
thin film is associated with trivial finite thickness effects in the
film. The crystal and the thin film show similar behavior in Q
measurements as well. Low-field dc magnetization measure-
ments showed no evidence of multiple superconducting transi-
tions in all cases.
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phase are present in these films. '

To improve this situation, we fabricated new and
higher quality NCCO films on sapphire substrates with
an yttria-stabilized zirconia (YSZ) buffer layer. Details of
the fabrication and sample characterization of the c-axis-
oriented thin films on LaA103 and sapphire substrates are
discussed elsewhere. In brief, the NCCO films were
prepared on the substrates by pulsed laser deposition in
an N20 atmosphere. For the new films, a YSZ buffer lay-
er approximately 1000 A thick was deposited on sapphire
prior to NCCO deposition. Careful microstructure
analysis with x-ray difFraction, and both plane-view and
cross-sectional transmission electron microscopy, reveal
that the NCCO grains crystallize in the T' structure with
the c axis normal to the substrate. ' ' The only impurity
phase detected was Ndo sCeo 50i 75 (NCO), a cubic insu-

lating material. NCO is present in grain sizes of a few
hundred angstroms at about 1% volume level (or less) in
the new films. The impurity amount is about the same as
we found in the highest quality thin films on LaA103.
Also, contrary to films on LaA103, ' no 110-oriented T'
grains were found in the thin films on sapphire by TEM
investigation. ' ' In addition, the superlattice modula-
tion seen in polycrystalline bulk samples is completely ab-
sent in our thin film samples. Finally, there is evidence
from cross-sectional TEM of a 30-A-thick NCCO/YSZ
alloy phase at the interface between these two materials. '

This alloy serves to reduce the lattice mismatch in the
YSZ [001]-NCCO [001] growth direction, and is not
thought to significantly affect the microwave results
presented in this paper. The films show a sharp transi-
tion ( &0.2 K wide) with T, -21.5 K by low-frequency ac
susceptibility. The typical dimensions of thin film sam-
ples on LaA103 were 2.5 X 5.5 mm with a film thickness
of about 5000 A, while new films on bufFered sapphire
have the dimensions -3X5 mm with a thickness of
2500-2700 A.

X-ray p scans on the NCCO films show no evidencez9

of the 45' misoriented grains which are so abundant and
correlated with high residual losses in YBCO films on
MgO substrates. Also, x-ray rocking curve measure-
ments show in-plane misorientation between grains to be
less than 0.4', quite good compared to YBCO films.
Rutherford backscattering (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 higher channeling yield is in-
dicative of a greater density of point defects in NCCO
films as compared to YBCO films.

Besides the NCCO samples, we prepared Nb and
YBCO samples to obtain a clear comparison of the elec-
trodynamic properties of different superconducting sam-
ples. Nb samples were prepared by cutting small pieces
from a large pure Nb single crystal. The surface of each
sample was mechanically polished, and then etched for a
few seconds with a solution (HF 40% volume and 60%
HNO3 volume), and subsequently polished lightly with
very fine alumina powder. After the surface treatment,
each sample was cleaned with ethanol and then stored in
a high vacuum chamber for a few days. Each Nb sample
was examined with a high-resolution optical microscope,

which revealed that the sample surface has no damage
and retains single-crystal grain structure. Furthermore,
optical microscopy indicates that the surfaces are clean,
smooth, and homogeneous, and do not show any
discoloration.

YBCO crystals were grown by the flux motion in zir-
conia crucibles and subsequently annealed in flowing 02
for several weeks, in a manner similar to that of Ref. 32.
Typical crystal sizes for microwave measurements are
-2X0.75 mm with a thickness -20 pm. Selected crys-
tals have smooth surfaces and do not exhibit any flux
residue on the surface. High-resolution (better than
X 1000 in magnification) polarized light microscopy
shows a somewhat inhomogeneous density of microtwin
structures, with the greatest density corresponding to
twin bands approximately 0.3 pm wide. dc SQUID mea-
surements of the crystals prior to microwave measure-
ments show a single sharp transition with transition
width 5T, ( & 0.2 K) at the transition temperature T,
(=92.0 K). Considering the applied field strength in the
dc SQUID measurement (-10 Oe}, the high transition
temperature and the sharp transition width indicates that
our YBCO single crystals are of reasonably high quality.
In microwave measurements, these crystals show a single
sharp transition at T, (-92 K), hence we did not need to
etch or modify the YBCO samples. Dc transport mea-
surements on the crystals show that they have normal-
state resistivities at 100 K on the order of 40 pQ cm and
dp/dT=0. 5 0/K, substantially lower than those re-
ported by the University of British Columbia (UBC)
group for their crystals. Further, we note that the
transport properties (p„and dp/dT} of our YBCO crys-
tals are nearly identical to those of the Illinois group. 3

EXPERIMENT

The complex surface impedance Z, ( =R, +iX, ) of the
samples was measured in a cylindrical Nb superconduct-
ing cavity excited in the TEo» mode with the sample sup-
ported on a sapphire hot finger. 363 All samples were
measured with Hz parallel to the sample surface (i.e. for
cuprates, Hz~~ab axis). The Nb cavity was thermally
treated in a very high vacuum to recrystallize the sur-
faces and render a very high Q ( )2.2X 10 ) with resolu-
tion 5(1/Q) —10 and stable resonant frequency
(5f/f & 1 X 10 ) at the cavity operating temperature
T&4.2 K. The temperature of the hot finger was in-
dependently varied from below 4.2 to over 100 K,
without substantial heating of the Nb cavity. With the
temperature variation, the resonance frequency f and the
quality factor Q of the cavity are measured. The temper-
ature dependence of the surface impedance, Z, (i.e., the
surface resistance R, and the reactance X„or the change
of the penetration depth 5A,) is extracted from the Q
and the change in resonant frequency 5f using the re-
lations R, =l'(1/Q —1/Q „},5X,=2mfpoM. , and 5A,

$5f. Here Q„„ is the—quality factor of cavity
without sample, while I' and g are the geometrical factors
which depend on the resonant mode, the size of the cavi-
ty, and the sample size and shape. ' To determine the
geometrical factors, we performed both theoretical calcu-
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lations and also careful experimental calibrations. In the
calibrations, we used Nb samples of dimensions similar to
the NCCO and YBCO samples and determined the
geometrical factor for each sample experimentally. The
geometrical factors obtained from the calibrations were
close to those calculated from our knowledge of the cavi-
ty and sample geometry. Also the value determined for
I was independently verified by comparing a measured
microwave R, in the normal state with a calculated
R, [=Qp„copo/2] obtained from independent measure-
ments of the dc resistivity and our microwave measure-
ment frequency.

To extract an exact and meaningful temperature
dependence of R, and A, from the raw data, one needs to
account for the temperature dependence of the cavity
background. Although the technique we have employed
keeps the temperature-dependent background of the cavi-
ty and sapphire hot finger negligibly small at low temper-
atures (in our experiments T & 30 K), because of thermal
radiation and the temperature dependent dielectric con-
stant of the sapphire hot finger, there is a considerable
temperature dependent background (i.e., Q„„and the
resonant frequency of the cavity) as we measure samples
at higher temperatures. For NCCO and Nb samples, be-
cause their transition temperatures are so low and mea-
surements are performed only over the temperature range
2 K ~ T ~ 30 K, these temperature-dependent back-
ground corrections were negligible, and do not limit the
resolution for either R, or A, . With a typical size of
NCCO thin film sample (3 X 5 mm ), we achieved a reso-
lution in R, —10 pQ and 5A, ~ 2 A. However, for YBCO,
the temperature-dependent background significantly
affects the determination of R, and A. . For this reason,
we measured the background precisely from 2 to 250 K
before and after each measurement with a YBCO sample.
Throughout the background measurements, we verified
that the background data are highly reproducible. With
typical YBCO single crystals with the dimension 2X0.75
mm and 20 pm thick, we obtained a resolution for
R, -20 pQ and 5A, -3.5 A which are precise enough to
examine the temperature dependence of the electro-
dynamic parameters in the entire temperature range.

alters the measured value of R, and A. near T, . In order
to avoid these problems, we scale our data to remove the
geometrical factors, and examine the data at low temper-
atures where finite film thickness corrections are negligi-
ble.

Figure 2 shows the comparative low-temperature
behavior of various samples: single crystals of Nb,
NCCO, and YBCO, as well as an NCCO thin film. There
are obvious similarities between the data from Nb and
NCCO samples, and a dramatic difFerence between
YBCO and the rest of the samples, in their temperature
dependence. To obtain the best fit to the data, we have
tried several possible functional forms suggested by phe-
nomenology. Recent results on YBCO suggest fits of the
form 5A, —T", aT+bT or the traditional exponential
dependence, aT '~ exp( P/T)—. The values of n, a, and
b, or a and P were adjusted to yield the best fit. For the
frequency shift data on Nb and NCCO, the best fit can be
obtained with the BCS s-wave type exponential, depen-
dence, 5f ~1/~Texp( 6(0—)/k&T) with an activation
barrier 25(0)/ksT, =4.0—4.2 for both Nb and NCCO.
The other functional forms T" and aT+b T, also can
yield equally good fits to the data if n 4 (which is, in
practice, indistinguishable from the exponential) or if
a &0. For the latter case, however, we believe that the
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RESULTS

The experimental results obtained from NCCO and
YBCO samples were first examined with no specific mod-
el for superconductivity in mind. Since it is widely be-
lieved that the symmetry of the pairing state of a super-
conductor is directly manifested in the lorn-temperature
dependence of Z„we examined the raw data (i.e., Q and
the resonance frequency) to learn about the electro-
dynamics of the samples with a minimum of assumptions
and ambiguities. Because of the simple relation
R, ~1/Q(T) 1/Q„„(T) and M—, O-5f(T), one can dis-
cern the temperature dependence of R, and A, directly
from the raw data. In this study, we measured many
different samples with different sizes and shapes. Accord-
ingly the geometrical factors are different for each of the
samples we measured. Also additional complications
may occur with thin films because the finite film thickness
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FIG. 2. (a) Normalized frequency shift and (b) quality factor
data at low temperatures T & T, /2 for an NCCO thin film on a
buC'ered sapphire substrate (squares), an NCCO single crystal
(diamonds), a Nb single crystal (circles), and a YBCO single
crystal (triangles). Solid lines are a BCS s-wave fit to the Nb and
NCCO data.
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fitting form has no physical meaning unless a ~ 0. While
the frequency shift data from Nb and NCCO suggest
clear exponentially activated behavior in their tempera-
ture dependence, the data for YBCO are distinct, and are
best described with a power-law temperature dependence
5f ~ T" or 5f rr. aT+bT with both a and b)0. In-
terestingly, if we choose the 5f ~ T" dependence, we
found that the value of the exponent varies depending on
the temperature range. For example, if we choose the
temperature range to be 0. 12& T/T, &0.89, we obtain
n —1.7, whereas if the temperature range is T/T, &0.2,
the exponent becomes n —1.2.

For the data 5(1/Q ( T) )= 1/Q —1/Q„„, similar
results were obtained from the fits, 5(1/Q ( T) )
~ (1/T)exp( —5(0)/kii T). The data from Nb and
NCCO samples are consistent with the exponential
behavior with the gap ratio 2b(0) /k&T, =4.0-4.2, as
well as the power-law dependence with n ~4. Hence,
from the comparison with Nb and also from the fit, both
the Q and f of NCCO strongly suggest the s-wave BCS-
type temperature dependence of R, and A, at low temper-
atures. For YBCO, however, the temperature depen-
dence of 5(1/Q) shows a linear temperature dependence
at very low temperatures and nonmonotonic behavior at
higher temperatures, which is qualitatively consistent
with the results obtained by Bonn and co-workers. 34

Hence we were not able to reconcile the low-temperature
data from YBCO with any exponential temperature
dependence.

10

310
rC
'O

10

The similarities and contrasts among these samples are
very intriguing, and we would like to make further de-
tailed analysis and comparisons over the entire tempera-
ture range. For quantitative analysis and comparison, we
convert 5f and Q into M, and R, . Since our data from
Nb show the standard BCS s-wave behavior, and its prop-
erties for pure single crystals have been well under-
stood, we Srst examine the data from Nb to verify the
geometrical factor and demonstrate the legitimacy of sub-
tracting a residual resistance from the data. The temper-
ature dependence of the penetration depth 5A,( T) and the
surface resistance R, (T) of Nb exhibit a typical BCS s-

wave behavior as shown in Fig. 3. The BCS fits yield
A,,N(0)-400 A, I fp

=450 A, and $0=760 A. Using these
three quantities we can deduce the London penetration
depth from A,,ir=AL +1+go/J(R =0,T)l, and we obtain

)tL =320 A, which is close to the value of AL =315 A
found by magnetization. The fit also yields R, (T, )-12
mQ, which is within 20% of the calculated value,

R, ( T, )=Qp„( T, )aijMO/2, and reflects the maximum of
our experimental uncertainty. This verifies that calculat-
ed geometrical factors and our conversion process used in
this work are acceptable within reasonable limits of error.

NCCO PENETRATION DEPTH

For NCCO samples, in particular the new thin films,
we found that the BCS s-wave like features continue up
to near T„ in agreement with our earlier results. As
shown in Fig. 4, a clear quantitative agreement with a
calculation based on the BCS s-wave model can be found
within the temperature range 4 K&T&20.5 K. The
BCS numerical calculation was performed using a com-
puter code described by Halbritter. ' The calculation
requires several input parameters, including a measure-
ment frequency f, transition temperature T„ the London
penetration depth A,L, the coherence length g, the quasi-
particle mean free path I, and gap ratio 26(0)/kaT, .
Among those parameters, f, T„and g were determined
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FICx. 3. (a) Change in magnetic penetration depth M,(T), (b)
and change in surface resistance 5R, ( T) for a Nb single crystal.
Solid line is the s-wave BCS calculation discussed in the text.
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FIG. 4. Change in magnetic penetration depth, 5A.(T), for an
NCCO thin film on a buffered sapphire substrate. The solid line
is the s-wave BCS calculation discussed in the text. The data
have not been corrected for finite thickness, although the theory
has been (Ref. 38).
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by independent experiments. The London penetration
depth A,L and mean free path l were determined with
some experimental guidance, as the experimentally deter-
mined efFective penetration depth A,,ir constrains A, ~
through A,,&=A.I+1+go/J(R =O, T)l. The gap ratio
was used as the only completely free parameter. Also the
interplay between AL and b,(0) /k~T, could change the
value of A,r as b,(0)/ks T, varies. Generally, to obtain a
reasonable fit to our data, one must reduce the value of
A,L as the gap ratio increases.

The effective in-plane penetration depth A, '~(0) is de-
duced from a plot dill/dy vs y =1/(1 t—)'/, as shown
in Fig. 5 Note that the value of dA, ~~/dy for y &2 con-
verges to yield A,

l
(0)-760+50 A. Using the value

go-80 A and 1-650 A, we deduce A,il-720+50 A.
These values, along with a choice of gap ratio
26 /ksT, =4. 06+0. 1, yield the best fit for our experi-
mental A, l(T) data. We also note that in Fig. 5, dl, ~~/dy

diverges for y & 1.3, similar to what has been seen in typi-
cal BCS superconductors as evidence of a finite energy
gap in the low-lying excitation spectrum of the supercon-
ductor. ' It is important to note that the divergence in
d A, ~~/dy observed from our samples is not a spurious efFect

due to existence of other superconducting phases, as was
seen in a defective Nb sample. Other temperature
dependences, like A(T) =A(0)/Ql —(T!T,)", with n =1
or 2, also diverge at low temperatures when plotted in
this way. However, the inset in Fig. S shows that the
BCS s-wave temperature dependence with the gap ratio
2b, (0) /k& T,

= 406 (corresponding to b,(0)=3.67 meV)
shows the best resemblance to our data. This value of the
energy gap is also in good agreement with the tunneling
results (obtained by a point-contact method) on a NCCO
sample by Huang et al. , and is also consistent with a
gap value suggested by the exponential dependence of the
raw f (T) and Q(T) data mentioned previously. Finally
we would like to point out that from the BCS fits, the gap
value is not only valid at low temperatures, but is also

valid over the whole temperature range, which strongly
suggests a single gap s-wave behavior throughout the en-
tire temperature range. It has recently come to our at-
tention that microwave measurements on NCCO films
made at IBM have largely confirmed our main results for
the penetration depth temperature dependence.

NCCO SURFACE RESISTANCE
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The surface resistance R, (T), converted from Q(T),
also validated the electrodynamic properties which have
been identified from A,(T). The behavior of R, with tem-
perature for a thin film is shown in Fig. 6, which corn-
pares the data with the BCS s-wave calculation. A quan-
titative agreement between the experimental R;"p and the
theoretical R, (solid line in the main figure) can be ob-
tained if we use slightly modified parameter values from
those for A,(T). We further use a modified relation
A 'R, =R,'" —Ro, where A ' is a correction factor, and
Ro is the temperature-independent residual resistance, as
is commonly done for conventional superconductors.
For example, Turnaeure and co-workers have made a
very detailed comparison between the BCS s-wave theory
and their experimental data on bulk niobium. ' They
obtained a residual resistance of 2 X 10 0 at 11.2 GHz,
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FIG. 5. Plot of dA/dy vs y=—l/[l —(T/T, )~]'~' for
NCCO thin film on a buffered sapphire substrate. Solid line is
the BCS calculation. Dashed line is obtained from A.( T)
=A(0)/[l —(T/T, )~]'~2, and dotted line from 1(T)=it(0)/
[l —(T/T, )]' . The inset shows the low-temperature data in
greater detail.

FIG. 6. Change in surface resistance 5R, (T) of an NCCO
thin film on a buffered sapphire substrate, (a) shows ln5R, ( T) vs

temperature, while (b) shows the same vs T, /T, emphasizing
the low temperature data. The solid line in (a) is the BCS calcu-
lation, while the dashed line in (b) indicates the exponential—b,(0)/k~ T
behavior R, 0(- e at low temperature. The data have not
been corrected for finite film thickness, although the theory has
been (Ref. 38).
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TABLE I. Electrodynamic parameters used to fit the A, ~~(T)

and R,(T) data with the BCS calculation for Nd&, SCep»Cu04.
Parameters above the center line were determined by indepen-
dent means, and those below the line were used as fitting param-
eters.

Property
Thin films Thin films

on LaAl03 on Al&03 Single crystal

T, (K) 21 21.5
(0) (A) 1300+100 760+50

$1(0) (A) 72-80 80
Rp (mQ) at 9.6 QHz 2.5 0.08

21.5
1250+200
80
1

EMFP (A) 115—660' 650 300+200
26,(0)/k~ T 4—4.3 4.06+0. 1 3.9-4.3
A,L~) (A) 1000+90 720+50 1050+200

'For the NCCO films on LaA103 substrate, we used $1(0)-72 A
and l-600 A for R, (T), and $1(0)-80 A and 1-115 A for
~~( T) to obtain the best fit.
For the new NCCO films on sapphire substrates, we used

g&(0)-80 A and l-650 A for both R, (T) and Ai(T).

with a correction factor A ' =0.97+0.02. To our
knowledge, their work is regarded as the most detailed
and thorough comparison of a conventional supercon-
ductor with the BCS s-wave model. We note that the
value of the correction factor is closely related with the
choice of the parameter values used in the fit. Consider-
ing these, our correction factor 3*=1.1-1.35 implies
that the parameter values used in this work are reason-
able.

The residual resistance of our earlier films on LaA103
was large: on the order of 2.5 mQ at 4.2 K and 9.6 GHz.
These high values raised many questions about our previ-
ous results on the electrodynamic properties of NCCO.
The situation has been dramatically improved as we have
successfully fabricated new and better thin films. ' The
new thin films on buffered sapphire show substan-
tially lower residual resistances, R,(0)-80 pQ at 4.2 K
and 9.6 GHz. Comparing these results to those on
NCCO/LaA103, we are forced to conclude that the large
residual resistances of the earlier films are not due to a d-
wave-like pairing state, as may have been argued by some
investigators. Instead we believe that the higher residual
resistances in the earlier films reflect the degree of materi-
al imperfection of those filins.

Another interesting observation was that although the
R,(T) data in general display good agreement with the
calculation over a very broad temperature range, a slight
disagreement can be found near T„where a simple two-
fiuid-like dependence R, -A(T) (T/T, ) better fits the
experimental data. Such a disagreement may occur for
many reasons. In part, this indicates that a considerable
number of unpaired charge carriers or quasiparticles exist
at temperatures near T„and R, is much more sensitive
to the existence of the unpaired charge carriers than A, .
Another possible reason is due to an improper choice of
the parameter values in the numerical calculation. Al-
though we have tried to fit the R, data with the calcula-

tion by choosing the parameter values as well as possible,
we found that the calculated R, is much more sensitive to
the choice of the parameter values than A, .

Interestingly, such disagreement is less pronounced for
the new films. This suggests that the material imperfec-
tion influences not only the residual resistance but also
the quasiparticle dynamics. Nevertheless, what is
significant is the remarkable agreement over orders of
magnitude between the experimental surface resistance
R;"t' and the single-gap BCS calculation in the entire
temperature range. We also emphasize that our results—5(0)/k~ T
clearly show the exponential behavior R, ~ e at
low temperatures as indicated by the dashed line in Fig.
6(b).

We found that the electrodynamic parameter values
used in the numerical calculations for the new thin filins
are very similar to those of the earlier thin films. Table I
displays a summary of the electrodynamic parameter
values used in the BCS numerical calculation for both R,
and A, . With these values, in general, we were able to ob-
tain reasonable and reproducible fits to both R, (T) and
A,( T) obtained from several NCCO samples.

POWER DEPENDENCE OF NCCO

Besides the temperature dependence of A, and R„one
also can explore the pairing state of a superconductor
from its magnetic-field dependence of A, and R, . In this
study, we attempted to probe the pairing state of NCCO
with the variation of the microwave field strength. In our
earlier study, preliminary results on the microwave field
dependence of A, and R, were obtained near T, . The
data could be represented with a quadratic field depen-
dence as 5R, (H&):R, (Hz—) R,(0)=—g(T)H&, where

R,(0) is the surface resistance at nearly zero field, g ( T) is
an experimentally determined coefBcient and H& is the
microwave magnetic-field strength parallel to the sample
surface. This quadratic dependence on field strength was
understood as a typical signature for a BCS s-wave super-
conductor when the sample is in the Meissner state
(H,f &H„).

We have further explored the field dependence over a
broad temperature range (4.2 K& T &21 K) with both
new and old samples. Near T„the quadratic dependence
on Hz was reproduced in all films. However, at low tem-
peratures the results are better described by a field depen-
dence which shows a monotonic change in power-law
from quadratic to linear and then to sublinear field
dependences as the temperature decreases. Typical field
dependences at different temperatures are shown in Fig.
7. The behavior is not expected from a BCS s-wave ma-
terial, and the origin of the anomalous field dependence is
not yet clearly understood. A linear increase of both R,
and A, with H& has been seen before in NbN and YBCO
thin films, where it was ascribed to weak links in those
films. Magnetic-Aux entry at weak links is also a possibil-
ity with the present films, as well as the response of
trapped magnetic Aux in our samples. Also one may sug-

gest that the anomalous field dependence might occur
due to the existence of other superconducting phases in

our thin films. However, we are forced to rule out such a
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FIG. 7. Change in surface resistance 5R, (H&) vs rf field

strength at various temperatures in an NCCO thin film. Note
that typical field dependence changes from quadratic to linear
and then linear to sublinear as the sample temperature de-

creases. R,o is chosen arbitrarily for each temperature to onset
the data for clarity.

possibility because our results from iL(T) and R, (T) ex-
clude the existence of other superconducting phases in
our NCCO thin films. Detailed comparison with other
materials and theoretical interpretation on the anomalous
field dependence are underway.

NCCO DISCUSSION

Our results on NCCO indicate that the temperature
dependence of R, and A, of NCCO is strikingly similar to
those of the BCS s-wave superconductors. Our observa-
tions of the temperature dependence of R, and A, are
unprecedented for the cuprate superconductors. We
know of no other instance in which (a) cuprate supercon-
ductors show activated behavior of the surface im-
pedance over such large barriers, (b) there is such close
agreement between the temperature dependences of 8,
and A, at low temperatures in the same sample, and (c)
there is such close agreement between thin film and
single-crystal samples of the same material. These unique
observations argue forcefully that we are either examin-

ing the intrinsic electrodynamic response of NCCO, or
alternatively, an extrinsic phenomenon inherent to thin
films and single crystals which affect the condensate and
quasiparticles in the same way.

FIG. 8. Change in magnetic penetration depth 5A,(T) for a
YBCO single crystal, showing near linearity with temperature
below 80 K.

a quadratic temperature dependence. To furnish a more
detailed comparison between our data and others, we plot
dA, /dy vs y in Fig. 9. Our data show that the value of
dA, /dy converges to -1450 A at high temperatures
where y) 2. The value is consistent with the effective
penetration depth at zero temperature reported earlier by
muon-spin rotation measurements. However, the YBCO
data show that d A, /dy diverges rapidly even at moderate
temperatures where y &2, in strong contrast with the
conventional behavior of the BCS s-wave superconduc-
tors. This is obvious from the comparison of Fig. 5 and
Fig. 9. We found our A, ( T) is better described by a simple
combination of power laws, either a +b T+g T2 or
a +b T"with a temperature dependent n

YBCO SURFACE RESISTANCE

After extracting the surface resistance R, (T) from
Q(T), we compared R, (T) in the normal state with

R„=+p„(T)eipo/2 to confirm the validity of our con-
version process. The results are very consistent in the
normal state and hence confirm that our converted R, ( T)
is valid. In Fig. 10, we present R, ( T) for the YBCO crys-

5000

4000

PENETRATION DEPTH OF YBCO

The penetration depth A,(T) of YBCO is presented in
Fig. 8. %e believe that the data are dominated by screen-
ing currents in the ab plane of YBCO. Although very
near T, the data can be described either by the simple
two Quid model or by the BCS s-wave model, a clear devi-
ation from the BCS s-wave or two-Suid model is obvious
at low temperatures. As mentioned earlier, the low-
temperature data are better described by a power law
5A, ( T) ~ T" with 1.2 ~ n ~ 1.7, depending on the choice of
temperature range. At low temperatures, the power-law
dependence is similar to what Hardy et al. have report-
ed, ' while over a broader temperature range it is closer to
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FIG. 9. dA, /dy vs y =—1/[1 —
( T/T, )4]'~ for a YBCO single

crystal. Solid line is dA, /dy from A,(T)=A(0)/[1 —(T/T, ))'
discussed in the text. From the high-temperature limit, one
finds A,,e(0) —1450250 A.
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FIG. 10. Change in surface resistance log&O5R, ( T) vs temper-
ature in a YBCO single crystal. The inset shows a linear plot of
5R, (T) showing the nonmonotonic temperature dependence
and a peak at approximately 35 K.

tal. The figure shows that R,(T) drops rapidly below T,
and has a broad low peak at T-35 K. Moreover, the
surface resistance shows roughly a linear temperature
dependence below 20 K. Hence, the data indicate the
temperature dependence of R, from YBCO is also anom-
alous. The results are similar to what Bonn and co-
workers have observed from their YBCO samples. 3* Al-
though all of these observations are in qualitative agree-
ment with theirs, we find that there are several quantita-
tive inconsistencies. First of all, the residual surface
resistance (-750 )uQ at 9.6 GHz) in our data is more
than three times larger than their residual surface resis-
tance (-200 pQ, when scaled to 10 GHz by aP) mea-
sured on twinned crystals, while the dc resistivity at 100
K of our sam~le (-40 pQ cm) is almost half of theirs
(-72 pQcm). Our crystals also show a hint of non-
linearity in p„(T) between 100 and 300 K. Also we note
that our R,(T) data show a small foot just below T,
which was absent or perhaps negligibly small in the data
of Bonn et al. 3 We believe some of these inconsistencies
are probably due to sample imperfection in our YBCO
crystals, possibly oxygen inhomogeneity or oxygen over-
doping. Further results on these YBCO crystals will be
presented in future publications.

YBCO DISCUSSION

Vfith YBCO single crystals, the data clearly exhibits
that the temperature dependence of R, (T) in nonmono-
tonic with a broad peak at around T-35 K and linear
for T&20 K. Also the tendency for an almost linear
change of A, (T) at low temperatures is obviously not con-
sistent with a BCS s-wave model. Rather, these observa-
tions are more likely consistent with results obtained by
Bonn et al. This demonstrates that our sample prepara-
tion and measurement techniques can produce YBCO
samples showing clear non-s-wave behavior. This makes
our results on NGCO much more puzzling, because the
preparation and measurement techniques for YBCO and
NCCO are nearly identical.

GENERAL DISCUSSION

In this work, we have examined the electrodynamic
properties of Nb, NCCO, and YBCO. These represent a
conventional three-dimensional BCS s-wave supercon-
ductor, an electron-doped cuprate, and a hole-doped cu-
prate superconductor. Among cuprates, in principle,
NCCO should be one of the simplest and most easily un-
derstood examples of cuprate superconductivity. While
the material shares the general cuprate properties, it has
single Cu-0 plane layers, tetragonal crystal structure at
the optimum superconducting doping, and relatively long
in-plane coherence length. In contrast to NCCO, YBCO
has a second kind of conducting Cu-0 layer in the crystal
structure and suffers from heavy twinning because of its
orthorhombic structure. Moreover, YBCO has a short
in-plane coherence length, making many electrodynamic
properties subject to modification by weak-link efFects.

It is important to note that NCCO shares a number of
important physical properties with the hole-doped cu-
prates. They are all antiferromagnetic insulators in the
limit of low doping, although the antiferromagnetic state
persists to higher doping in NCCO than in the hole-
doped cuprates. There is ample evidence that strong
inelastic scattering takes place in the normal state of both
electron- and hole-doped cuprates, particularly from far-
infrared reflectivity measurements. These results suggest
that the excitations which cause scattering in the normal
state are the same for both hole- and electron-doped ma-
terials.

Despite the similarities of many important physical
properties, during this work we found that there are no-
ticeable differences between the electrodynamic proper-
ties of NCCO and YBCO in the superconducting state.
This brings up a very important and fundamental ques-
tion: To what extent do our observation on NCCO and
YBCO refiect their intrinsic nature? If our observations
refiect mostly the intrinsic properties of each sample,
what causes the diS'erences in the same cuprate family?
If there are some extrinsic effects, why are they so con-
sistent between films and crystals of NCCO, and so in-
consistent between films and crystals of YBCO?

Some key physical properties of the NCCO and YBCO
materials are contrasted in Table II. Among many
differences between the two materials, the most notice-
able difference is the fact that YBCO is an ordered,
stoichiometric compound at optimal doping, whereas
NCCO is thought to be a random alloy due to the disor-
dered Ce doping on Nd sites. In addition, for both cu-
prates, there is disorder on the oxygen sites, as suggested
by a great deal of work on the YBCO Cu-0 chains, and
by electron microscopy on NCCO. It may be that due
to its more disordered nature, NCCO shows a nonlinear
normal-state resistivity [p„(T)-T ] with signs of a con-
stant residual resistivity setting in above T, . Magne-
toresistance measurements by Kussmaul and Hagen
et al. also show that the underdoped NCCO material
shows evidence of weak localization of the charge car-
riers. From transport measurements, Jiang et al. have
shown that excess oxygen in as-prepared NCCO crystals
may cause localization of the electrons introduced by Ce
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TABLE II. Contrasting physical properties of YBa2Cu307 and Nd& 85Ceo ]gCu04.

Property

Crystal structure
at maximum T,

Conducting layers
in unit cell

Apical oxygens
"Order"
T.
Coherence length
In-plane
c direction
Mass anisotropy

m, /m, b

Sign of carriers:
Nominal doping
Hall effect (at max T, )

Thermopower
Photoemission FS
Normal state:
Resistance
Scattering rate
Hall angle: cotHH

YBa2Cu 307

Orthorhombic

Double Cu02,
Cu-0 chain layer

Distorted but occupied
"Stoichiometric compound"
-92 K

(,6
—10-15 A

g, —2-5 A
6

Holes
Holes
Holes (except for YBCO7 o)

Holes

Ndl 8gCeo l5Cu04

Tetragonal

Single Cu02,
no chains

Nominally unoccupied
"Random alloy"
-22 K

4-70-80 A

$, -15 A (Ref. 66)
21 (Ref. 66)
25 (Ref. 58)

Electrons
Electrons (Ref. 66)
Holes (Ref. 67)
Holes (Ref. 63)

T2

-a) (Ref. 68)
T4

doping. We speculate that poor oxygen stoichiometry,
or the random doping of Ce, may be responsible for the
observation of weak localization. Finally, the higher
RBS channeling yields in NCCO films also suggest a
greater density of point defects. To summarize, several
types of data all suggest that NCCO is a more disordered
material than its hole-doped brethren.

To our knowledge the differences in electronic struc-
ture of cuprates between electron and hole doping have
not been explored in detail. Starting from an antiferro-
magnetic insulator and doping with holes is thought to
increase the magnetic frustration in the copper-oxygen
planes and quickly extinguish long-range antiferromag-
netic order. Electron doping, on the other hand, is
thought to simply dilute the spin system in the copper-
oxygen planes, allowing for persistance of antiferromag-
netic correlations to much higher doping levels. Whether
these correlations still exert some inNuence in the super-
conducting state is not known, but the asymmetry is
clearly important. Whether or not this asymmetry has an
effect on the symmetry of the ground-state superconduct-
ing wave function is not known either. However, Rokh-
sar proposes that electron doping a Mott insulator will
lead to s-wave pairing in the superconducting state, while
hole doping eventually leads to d-wave pairing.

Recently some theoretical proposals have been made to
explain our experimental results on NCCO. Lee has sug-
gested that the electrodynamic properties of d-wave su-
perconductors will be very sensitive to the presence of
disorder due to strong (unitary limit} scatterers, and that
a disordered d-wave superconductor will develop a "mo-
bility gap" near the nodes of the d-wave energy gap. '

Below this mobility gap, the low-lying quasiparticle states
will become localized on relatively short length scales and
effective1y no longer participate in transport processes.
An energy scale Aw is the typical energy level spacing be-

tween states within a localization length of each other.—2eF /50
Lee estimates that bw-yp(bpleF)e, where yp

kp/(kpr)' —hp, hp is the maximum gap on the Fermi
surface, and sF is the Fermi energy. ' The surface resis-
tance, and possibly the penetration depth as well, will be
affected by this localization, and show a disorder-induced
artificial energy gap in their low-temperature transport
properties (k~T&hw}. According to this picture, the
measured energy gap in NCCO will be very sensitive to
the type and extent of disorder in the thin films and single
crystals. From Lee's estimate above, using
2hp/k~ T, -4, and b,p~- 1, we find that 2hw /k& T,
-0.5.' However, this gap is substantially smaller than
those deduced from our microwave surface impedance
data at low temperatures.

Furthermore, several experimental observations would
seem to be at odds with the mobility gap idea. First is
our observation of very nearly the same activated temper-
ature dependence of A, and R, in both thin films and sin-

gle crystals. It is commonly believed that the nature of
disorder is entirely different in thin films and single crys-
tals. The thermodynamic and kinetic conditions present
during growth of a thin film and crystal are very
different, and arguments hinging on this difference have
been made before to explain the high residual losses in
twinned YBCO crystals as compared to YBCO films. '

Hence we find it difficult to believe that the same
disorder-induced mobility gaps would develop in our
films and crystals of NCCO.

A second experimental observation at odds with the
mobility gap idea is the work of Klein and co-workers on
the oxygen dependence of the surface resistance in YBCO
thin films. ' ' They found that the residual surface resis-
tance decreased with longer annealing times in activated
oxygen. At the same time, the activation energy for
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R,(T) at low temperatures increased with prolonged an-

nealing. Klein and co-workers suggest that the annealing

resulted in an increase in the oxygen content of the film

and a decrease in the disorder of the oxygen chain sublat-

tice. These results suggest that decreasing disorder

among the oxygen in YBCO actually serve to increase the
activation barrier, quite the opposite from what is expect-
ed of a mobility gap.

The electrodynamic properties of d-wave superconduc-
tors have been calculated in detail by Hirschfeld and co-
workers. ' '5 They find that very clean d-wave supercon-
ductors have a pure limit response in which the magnetic
penetration depth increases linearly with temperature:
A,(T)=A,t+ciT, where A,z is the London penetration

depth, and c, -ln2A, L /(60/kii ), and 60 is the maximum

of the gap function of the Fermi surface. Below a charac-
teristic temperature T' (which depends on the degree of
disorder) a disorder-dominated limit is reached in which

the penetration depth increases quadratically with tem-

perature: A(T)=AD+c&T . The coefficient cz n; -'~,
where n; is the density of resonant (unitary limit) scatter-

ing sites. In addition, T*-n, so the disorder dominat-

ed temperature range expands to ever higher tempera-
tures with increasing disorder. From fits to our penetra-
tion depth data of the form A, ( T)=la+ a T /( T'+ T), for
T(T, /2, we find that YBCO crystals have a T' —10 K.
Our NCCO films and crystals show no sign of a linear

temperature dependence in A,(T), presumably because the

density of resonant scatterers has pushed T' above T, /2.
Note that increased disorder tends to decrease cz, making

the penetration depth temperature dependence look
fiatter at low temperatures. Hence in this d-wave picture,
the only explanation for our NCCO results is a large de-

gree of resonant scattering which has pushed T*~20 K
without significantly decreasing T, . However, the lj.(T)
data for NCCO are still poorly fit by A, ( T)-aT, suggest-

ing that the simple approach of Hirschfeld et al. does not

apply to an extremely disordered material like NCCO, or
that NCCO is not a d-wave superconductor. From all of
the these observations we conclude that it is not possible

to reconcile the NCCO data with the disordered d-wave

electrodynamics calculations of Lee and Hirschfeld.
Other theoretical proposals of superconductivity in

NCCO are based on phonon-mediated mechanisms of su-

perconductivity. Point-contact tunneling spectroscopy
measurements on NCCO by Huang et al. showed a low
zero-bias conductance, much lower than is ordinarily
found for the hole-doped cuprates. They were able to
extract the a F(co) Eliashberg function from the
d I/dV data by conventional techniques. The a F(co)
data bear some resemblance to the phonon density of
states as obtained from inelastic neutron scattering.
They could calculate T, in the context of Eliashberg

theory, and found close agreement with the experimental

T,. Chen and Callaway have also calculated the T, of
NCCO based on strong-coupling theory and the Eliash-
berg equations, and also found fairly satisfactory agree-
ment with the experimental T,.

Electron-phonon coupling in quasi-two-dimensional
electronic systems with a van Hove singularity in the

electronic density of states (DOS) have also been pro-
posed to explain cuprate superconductivity. The T, of
such a system is very sensitive to the doping level because
of the strongly peaked electronic DOS near the saddle
point of the energy versus momentum relation. Relative-

ly Hat bands have been identified in the vicinity of the
Fermi surface of our NCCO crystals by angle-resolved
photoemission. In this picture, the reason NCCO has
such a low T, is because its Fermi energy for the optimal-

ly doped material is well off the peak of the electronic
DOS. In this situation, it has been observed that the
normal-state scattering rate will increase as T lnT, rather
than as T, for the optimally doped material. In addi-

tion, others have calculated the temperature dependence
of the superconducting energy gap for a van Hove super-
conductor, and find, at most, a 5% deviation from the
weakly coupled BCS temperature dependence, con-
sistent with our measurements of A,(T) in NCCO. From
these observations and calculations, it seems plausible
that NCCO could be an electron-phonon-coupled s-wave

superconductor. However, the role of antiferromagne-
tism in the copper-oxygen planes, and the details of the
coupling mechanism, are far from being understood.

%ith our current experimental data alone, we cannot
prove or disprove a particular theoretical model for the
mechanism of superconductivity in NCCO. However, as
our data suggest, we propose that a theoretical model for
cuprate superconductivity should be able to explain why

the electrodynamic properties of NCCO should and

YBCO appear to be so different, and how these properties
depend on disorder.

CONCLUSIONS

Our microwave surface impedance experiments reveal

that the temperature dependence of R, and A, from

NCCO are strongly dissimilar to those of YBCO. Rath-

er, they are in close quantitative agreement with the con-
ventional BCS s-wave behavior. The reproducible ac-
tivated behavior seen in the different sets of films, and in

single crystals, strongly suggests that they are manifesta-

tions of intrinsic, or alternatively, highly reproducible ex-

trinsic, phenomena. Interestingly, while some electro-
dynamic and tunneling data are all consistent with a trad-

itional phonon-mediated s-wave pairing state in this ma-

terial, our experimental results from the field dependence
of R, and A, do not yield a consistent BCS s-wave picture
and hence suggest some possible nontraditional pairing
state of the material. Also we found that it is diiFicult to
reconcile the NCCO data with current calculations
within the disordered d-wave picture.
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