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We experimentally investigate the pairing symmetry and electrodynamics of YBa,CusO;-5
(YBCO), Nd, 35Ce15Cu0, (NCCO), and Nb by examining the temperature dependence of
the penetration depth A (T') and surface resistance R(7T) in a comparative manner. Using the
measured A (7) and R(T), we extract the complex conductivity ¢ = ¢, —ic; for each sample,
and the quasiparticle scattering time 7(7") for the ab-plane and c-axis in YBCO. While NCCO
and Nb show a strong resemblance in their electrodynamic properties, the electrodynamic
properties of YBCO are very distinctive from the others. The results suggest that NCCO may
have a BCS s-wave-like pairing state, while YBCO possibly has an unconventional pairing
state. We compare the results on YBCO with the d-wave pairing scenario, as well as with
other possible theoretical models.
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The issue of pairing symmetry is important both
for fundamental physics and for the technological
application of cuprate superconductors. Many
attempts have been made to probe the pairing state by
measuring the electrodynamic properties of cuprates.
Recent experiments demonstrated that at low tem-
peratures, the temperature dependence of the penetra-
tion depth A.(T) in the ab-plane of YBa,CusO;-;
(YBCO) and Bi,Sr,CaCu,Og (BSCCO) does not fol-
low the activated exponential behavior expected of an
s-wave superconductor [1,2]. Instead, it follows either
a quadratic or linear temperature dependence. These
results have been interpreted as evidence of a d-wave
pairing state in the copper-oxygen planes of those
materials. However, other recent theories have pro-
posed an alternative interpretation of the results, and
the theories further proposed different predictions for
the c-axis electrodynamic properties of those mat-
erials [3,4]. Thus, it is suggested that the c-axis surface
impedance measurements can put further constraints
on the pairing symmetry. Qur recent experimental
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results on c-axis penetration depth of YBCO single
crystals indicate that the experimental results are not
consistent with the alternative theoretical proposals;
rather, the results confirm a d-wave interpretation, at
least in YBCO [5]. Despite the consistent description
of the results on YBCO, the experimental results with
Nd, 85Ce,15Cu04 (NCCO) are clearly different from
those of YBCO. To provide a better understanding
of these experimental results, and the theoretical
implications, we examine the temperature dependence
of the penetration depth, surface resistance, and the
complex conductivity for Nb, NCCO, and YBCO in
a comparative manner. Also we discuss other possible
theoretical interpretations of the results for these
cuprates.

A detailed description of sample fabrication and
characterization has been published elsewhere [6]. In
brief, YBCO and NCCO single crystals were fab-
ricated by the standard flux method in zirconia and
alumina crucibles respectively, and NCCO thin films
were fabricated using the pulsed laser ablation tech-
nique [7]. Typical sample sizes used in this work are
Immx1mmx20um for YBCO single crystals,
2mm X2 mm X 10-20 pym for NCCO crystals, and
2.5mmx55mmx 5000 A for NCCO films. The
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samples were characterized using ac- and de-magneti-
zation measurements, dc resistivity measurements,
and polarized optical microscopy. Nb samples were
prepared by cutting a small piece from a bulk Nb
single crystal. The surfaces of each Nb sample were
mechanically polished and then etched for a few
seconds in an etching solution, and subsequently
polished with very fine alumina powder. Resulting
Nb samples with typical dimension 1 mm X
I mm x 30 um show clean, smooth, and homogene-
ous surfaces. Although we have achieved homogene-
ous NCCO single crystals through a trial and error
process of chemical etching and microwave charac-
terization, as-grown NCCO crystals contain a small
amount of second-phase material [8]. Because micro-
wave measurements require completely pure single-
phase samples (at least near the surface), we were not
able to make many reproducible measurements with
NCCO single crystals. Hence interpretation of data
on NCCO single crystals is limited and does not
render information as clear as those from NCCO thin
films. For this reason we will discuss NCCO thin film
results rather than those from NCCO single crystals
to identify the electrodynamics of NCCO.
Microwave measurements are performed in a
superconducting Nb cavity where the sample is
installed on a sapphire hot finger [6,9]. All the samples
discussed here were measured in the same probe in
the same manner. The experimental resolution of our
cavity perturbation technique is typically 6 R, <50 pQ
(at 9.6 GHz) and 1 <3 A for the sample with dimen-
sions ~1 x | mm”x 20 um. The surface resistance R,
and the penetration depth A are related to the quality
factor Q and the resonant frequency f, through
RA{TY~6(1/Q(T)) and AL (T) ~ 6fo(T) [6,9]. Figure
1 displays normalized 6(1/Q) vs. temperature for Nb
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Fig. 1. [A(1/Q(T)) - A(1/Q1=02))]/[Al/Q(t=0.5) - Al/Q(:=
0.2)] [proportional to R(T)] for t=T/T.<0.5 for NCCO film
(squares), Nb single crystal (circles) and YBCO single crystals
(triangles). Solid line is an exponential fit mentioned in the text.
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Fig. 2. [Af(D-Af=0D)/IAf(1=0.5)—Af(1=0.2)] [propor-
tional to AA (1)} for 1= T/T.<0.5 for NCCO film (squares), NCCO
single crystals (diamonds), Nb single crystal (circles), and YBCO
single crystals (triangles). Solid line is an exponential fit mentioned
in the text.

and YBCO crystals and a NCCO thin film. The vert-
ical and horizontal axes of Fig. 1 are normalized in
such a way that one can compare the temperature
dependence of the surface resistance in a sample-
independent manner. Both Nb and NCCO samples
are consistent with an exponential temperature
dependence for 7T/7.<0.5, while the YBCO single
crystal shows approximately linear temperature
dependence for T/7.<0.4 and a peak at 7/7,=0.42.
The behavior of YBCO is anomalous and cannot be
reconciled with the conventional BCS s-wave model.
The same tendency can be found in the normalized
frequency shift Af/0Af (T/T.=0.5) [which is pro-
portional to AA(T)] data in Fig. 2, where one can see
a strong resemblance between NCCO and Nb samples
and an anomalous temperature dependence of JAf/
SAf(T/T.=90.5) of YBCO. The data indicate that the
penetration depth of YBCO follows a linear tempera-
ture dependence for 7/7,.<0.32, and over a larger
temperature range SAf/SAf(T/T.=0.5) follows a
form a(T/T.)+ B(T/T.) up to T/T.=0.65 [5].

To make a better comparison of the models with
our experimental results, we briefly review the basic
features of s-wave and d-wave pairing states, along
with their consequent electrodynamic properties.
Figure 3 shows the schematic Fermi surface in k,,
space for s-wave and d-wave states. For the s-wave
state, a full gap is developed over the Fermi surface
and the number of quasiparticles is proportional to
e 2/%eT for T« T,. Since the electromagnetic absorp-
tion (i.e., microwave loss) is proportional to the num-
ber of quasiparticles (for 7w <Ag), the surface
resistance follows R(T)oce /7T for T« T.. The
penetration depth A(T) is a measure of the density
of superconducting charge carriers, which is related
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Fig. 3. Schematic two-dimensional representations of idealized
three-dimensional Fermi surfaces and associated superconducting
energy gaps. On the top is a cross section of an idealized spherical
Fermi surface with a spherically symmetric energy gap representing
an ideal s-wave superconductor. On the bottom is a cross section
of an idealized cylindrical Fermi surface and a d-wave energy gap.

-

to the number of quasiparticles, so [A(T)—A(0)]/
2(0)oce™ ™" for T« T,. For the d,>_ > state, a gap
is developed over the Fermi surface with line nodes
running parallel to the axis of the (approximately)
cylindrical Fermi surface of the cuprates. The gap has
a directional variation in the &, plane: A, = Aq cos 29,
where ¢ is defined in Fig. 3. Because it is relatively
easy to excite quasiparticles at the nodes, the number
of quasiparticles is proportional to the temperature
T. Consequently, R(T)ocT? and [A(T)—A(0)]/
A(0)oc T for T« T, in a clean d-wave superconductor.

With the picture mentioned above, the linear
temperature dependence of 54 has been interpreted
as strong evidence of nodes in the quasiparticle excita-
tion spectrum, and also for a d-wave pairing state for
the hole-doped cuprates. However, there are many
alternative theoretical interpretations of this observa-
tion. For instance, Kresin and Wolf have proposed
an intrinsic .../S/N/S/... multilayer model in which
each CuO, superconducting layer is an s-wave super-
conductor which is proximity coupled to the nomin-
ally normal-metal Cu-O chains [10]. This model
predicts a linear 7-dependence of 64 due to magnetic
scattering associated with unpaired spins in the Cu-
O chains of oxygen-deficient YBCO [11]. Similarly
Klemm and Liu also proposed a model based on an
intrinsic proximity effect between s-wave layers which
can explain the observed temperature dependence of
2a(T) quantitatively [3]. This model further predicts

745

an activated behavior of A.(7) in YBCO. Since the
proposal bears the BCS s-wave nature of supercon-
ducting layers, and suggests that the linear 7-depend-
ence of A, is only a consequence of intrinsic proximity
effects between the superconducting layers and nor-
mal layers, the test of the behavior of 1.(7T) may be
used to verify if the pairing state is d- or s-wave state.
As will be discussed below, our latest experi-
mental results on A7) show a linear temperature
dependence at low temperatures, and A.(7) rapidly
increases for 7/7,.>0.5 [5]. The results are not con-
sistent with the prediction made by Klemm et al.,
hence we are forced to rule out at least one model
based on the intrinsic proximity effect. Other possible
scenarios to explain the linear temperature depend-
ence are models based on an extrinsic proximity effect.
In this model, normal metal “dead” layers on the
surface of YBCO are proximity coupled to the
underlying healthy superconducting material [4].
However, it was found that the properties of the dead
layer must resemble those of a very good metal (like
Cu or Au) before a §A~T behavior is seen [4].
Finally, some theorists have proposed that spin-wave
excitations can exist in the quasi-two-dimensional
CuO; planes suppressing the condensate density and
causing A~ T at low temperatures [12,13]. However,
these spin wave modes are gapped in a superconduc-
tor, and thermal energies are orders of magnitude too
small to excite such modes. Although these models
can give a qualitative description for the temperature
dependence of A(T), the models fail when tested
quantitatively. Considering all of the available mod-
els, our YBCO results are most consistent with the
d>_,» model: linear 7-dependence of A.,(T) and
A(T) at low temperatures, rapid increase of A.(T) at
T/T.>0.5 [5], and, moreover, a quantitative agree-
ment on the slope of Al,(T)/AT~5A/K [14].
While our results from YBCO support
AA(T)ocT for T« T,, we find a linear temperature
dependence as well for R(T) for T<20 K from sev-
era] different YBCO samples. This is consistent with
the clean d-wave model prediction, which says that
R(T)~T?* at low temperatures. It is important to
note that the linear temperature dependence of R(T)
at low temperatures has been seen even in more imper-
fect YBCO samples. Hence we cannot preclude the
possibility of d-wave pairing simply because of our
observation of linear 7-dependent R{T). To obtain
a clearer phenomenological picture about losses in
YBCO, we examine the complex conductivity o=
01— io; [15]). Figure 4 shows the real part of the com-
plex conductivity of YBCO, NCCO, and Nb. The
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Fig. 4. Real part of the complex conductivity o;(7), normalized
to its maximum value Op,y, vs. T/T, for the ab-plane of single
crystals of YBCO (squares, 0 1max=2.7 X 107 (@ m)~, 7,=90.1 K),
Nb (diamonds, Ojmax=3.5X 102 (Qm)™!, T.=9.2K), and an
NCCO thin film (circles, Gimax=3.5% 107 «Q m)_’, T.=21.5K).
The solid line represents a calculated o,(7) for Nb using the BCS
s-wave model with gap ratio 2A/kgT,~4. The absence of a coher-
ence peak in the NCCO thin film data may be due to the finite
thickness effect.

o(T) of Nb displays a well-defined BCS s-wave
coherence peak and overall good agreement with the
BCS s-wave model. Although the conductivity data
from NCCO in general follow the conventional tem-
perature dependence, the coherence peak is not clearly
seen in the data, possibly due to the finite thickness
effect of the NCCO film [8,16]. The finite thickness
() of the films comes into play when A~ ¢, modifying
the effective surface resistance and reactance of the
film. It is precisely in this temperature range that the
delicate balance of the bulk R(T") and X(T') give rise
to the coherence peak in ¢1(7’). Since the corrections
to R, and X brought about by the finite thickness can
approach 100%, we do not trust a deconvolution of
the effective impedance data to determine o,(T). In
contrast to Nb and NCCO samples, the conductivity
of YBCO cannot be reconciled with the BCS s-wave
model. The real part of the conductivity in the ab-
plane, o, shows a broad peak near T~35 K, and
another sharp peak at the transition temperature. For
T<30K, the o;_4,4(T) data follow a linear 7-
dependence.

Qur data (A4, Ry, and o1_,) from YBCO show
striking resemblance to what Bonn et al. have
reported [17]. Interestingly, we found that the con-
ductivity &1-4(7T) of YBCO reported by Gao et al.
[18] is conmsistent, at least qualitatively, with ours
although their o, ,(T) was obtained from thin film
samples and their A,(7T) and R(T) do not resemble
ours. Neither peak in our o;_,(T) is attributed to
the coherence effect, rather the peak at 7~35K has
been ascribed to the competition between the unusual
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rapid increase of the quasiparticle scattering time 7
and the decreasing density of quasiparticles as the
temperature decreases [17]. The second sharp peak in
01 -a OCcurs just below T, precisely at the point where
o,=01, and it is not seen in o, data from Nb [5,16].
The origin of the second peak has not been clearly
understood. Our preliminary analysis indicates that
the peak may occur both due to the existence of
sample inhomogeneity and to fluctuation-enhanced
conductivity. OQur experiments with various degree of
inhomogeneous samples reveal that the second peak
becomes sharper as the sample quality improves.

Similar to - 4(7T), the o, - (T) data also show
a broad peak at T~20 K [5]. Although both o;—4
and o;-. exhibit a broad peak at low temperatures,
their detailed temperature dependences do not appear
to be similar to each other. The peak positions are
not the same, and, moreover, the overall temperature
dependences are not the same. For ;__, the conduc-
tivity above the peak increases very slowly until the
temperature reaches ~50 K where the conductivity
starts to increase rapidly. Also o;-.(7T) below the
peak appears to show a sublinear temperature
dependence. The temperature dependence (both
above the peak and below the peak) are not similar
to those of 01—, suggesting that the detailed quasi-
particle dynamics in the ab- and c-directions are
different.

A two-fluid interpretation of the c-axis conduc-
tivity leads to qualitatively similar conclusions as
those obtained for the ab-plane results by the UBC
group [17]. We find that both 1/7,(7T) and 1/7(T)
fall dramatically below 7., although neither clearly
follow the (T/T.)’ form predicted by the d-wave
model [19], with 1/7,(42K)~10"Hz and 1/
7.(4.2)~3x 10" Hz [20]. As Fig. 5 shows, the ab-
plane scattering rate is better described as 1/7.4(T)
~ xh a» Where p~2.1-2.4 (for ab-plane normal fluid
fraction x,.>0.25), and p<1/2 (for x,.<0.25),
perhaps indicative of quasiparticle-quasiparticle
scattering at high temperatures and residual scattering
at low temperatures. Note that the slope of the line
in Fig. 5 at high temperatures (corresponding to
higher x,) is relatively insensitive to the choice of resi-
dual normal fluid fraction, x,,. The c-axis scattering
rate reaches its residual value below about 10 K, and
its value is somewhat smaller than a recent far-
infrared determination of 85cm™' (~2.6x 10" Hz)
[21]. This low value of the residual scattering rate
is consistent with our observation of a “clean-node”
AL(T)~T at low temperatures. It may also mean
that nonlocal electrodynamic corrections could
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Fig. 5. Quasiparticle scattering rate deduced from a two-fluid ana-
lysis of the ab-plane conductivity data in a YBCO single crystal,
plotted vs. the normal fluid fraction in the ab-plane. The circles are
for a residual normal fraction of 5%, while the squares are for a
residual normal fraction of 2% (see [20]). Straight lines are guides
to the eye demonstrating the linearity of the data on this log-log
plot.

become important in YBCO at low temperatures, as
the mean free path approaches the screening length
in the c-direction.

Our results for ¢, (7) and A(T) in YBCO are
rather different from other recent measurements of c-
axis properties in related cuprate materials. s-Wave-
like temperature dependences have been seen in the
c-axis plasma frequency of YBa,Cu,Oz by Basov ez
al., [22] and in A(T) of superconducting
La;-,Sr,CuO, by Shibauchi er al. [23]. The samples
measured by Basov et al., had no coherent Drude-
like component in the low-frequency conductivity and
are thought to be naturally underdoped [22], whereas
our samples, like those of Schiitzmann ez al. [21], have
a metallic c-axis conductivity above T, [5]. Shibauchi
et al. interpreted their data in terms of a SIS Joseph-
son coupling model for c-axis shielding currents,
implying that the c-axis screening length is really a
Josephson penetration depth for an SIS junction. Our
c-axis screening length temperature dependence more
nearly resembles that of a Josephson penetration
length for a SNS junction [5]. The low normal-state
resistivities of our YBCO crystals [6], along with the
low T, of Schiitzmann’s samples, suggest that both
are overdoped. This suggests that the c-axis electrody-
namic properties may be very sensitive to doping, as
well as to the particular layered structure of each cup-
rate material. It may be that optimally doped and

underdoped YBCO will show non-Drude behavior in
the c-axis low frequency conductivity, and an s-wave-
like (or SIS-like) temperature dependence to the c-
axis screening length.

In summary, we have measured the surface
impedance of YBCO, NCCO, and Nb samples. While
NCCO and Nb are consistent with the BCS s-wave
behavior, the experimental results from YBCO do not
appear to be consistent with the BCS s-wave model
or related proximity effect models. Rather, we find
that the linear temperature dependence of the mag-
netic penetration depth in the c-axis and ab-plane con-
firm a consistent d-wave picture with line nodes in the
c-direction on a cylindrical Fermi surface. Although
the detailed quasiparticle dynamics along the c-axis
are different, the quasiparticle scattering rate
decreases dramatically below T, both in the c-axis
direction and ab-plane. The overall anisotropic sur-
face impedance temperature dependence is not con-
sistent with either intrinsic or extrinsic proximity-
effect models, but is consistent with a d,2_ 2 pairing
state, except for the linear temperature dependence of
61(T) and Ry(T) at low temperatures. Our observa-
tion with the cuprates yields some conflicting results.
Although they are in the same cuprate family, NCCO
shows a consistent behavior with the BCS s-wave and
YBCO is consistent with the d-wave behavior. These
inconsistencies of experimental observations may sug-
gest that an s+d or s+id wave pairing state, with
variable weighting of the two symmetries, may be
appropriate for the cuprates.
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