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The temperature dependence of the magnetic penetration depth of BizSr2CaCu20& single crystals and
YBa2Cu30& —z thin films has been measured with a parallel plate resonator technique at microwave fre-
quencies. Both materials show a T temperature dependence between 10 and 25 K, and systematic devi-
ations towards a Aatter temperature dependence below 10 K. We have also calculated the real part of
the complex conductivity of YBa2Cu307 —& thin films from our penetration depth and surface resistance
data and compare them with those of YBa2Cu307 —& single crystals.

PACS numbers: 74.25.Nf, 74.72.Bk, 74.72.Hs, 74.76.Bz

The zero-field magnetic penetration depth k(T) is a
direct measure of the superAuid density of a superconduc-
tor. Its temperature dependence as T 0 reAects the
low-lying single-particle excitations of a superconductor
and therefore yields information regarding the pairing
state in the material. Various pairing states have been
proposed for the high-T, materials [1]. In some cases the
expected low-lying excitations have been explicitly dis-
cussed [2-6]. A major characteristic that differentiates
these theories is whether or not there are nodes in the gap
function. For any pairing state for which there is a finite
excitation energy, the change in X, at low temperatures is

AX(T) ee exp( 6/ktt T), where—5 is the minimum value of
the energy gap over the Fermi surface. For pairing states
with line nodes on the Fermi surface, hX(T) a: T~ [7],
where p =1 for the simplest form of gap with d-wave

symmetry. It has also been pointed out that for a d-wave
superconductor impurity scattering could change the
linear T dependence to T [8,9]. Recently, it has even
been argued that a low density of strong scatterers can
lead to the formation of a gap in the single-particle exci-
tation spectrum of a d-wave superconductor [10]. In any
event it is clear that the limiting temperature dependence
of k(T) as T 0 is an important diagnostic for exotic su-

perconductivity.
There exist a large number of measurements of the

penetration depth of the high-T, cuprate superconduc-
tors, some of which have been used to draw conclusions
about the nature of the pairing of these remarkable ma-
terials [11]. A high sensitivity approach was adopted by
the Stanford-Hewlett-Packard group and is based on
measurements of the resonant frequency of microstrip
and parallel plate resonators formed from high-T, YBa2-
Cu307 —s (YBCO) superconducting thin films [12-15].
More recently high sensitivity has also been achieved by
Hardy et al. [16] for single crystals using a cavity pertur-
bation approach in a microcavity made from conventional
superconductors. Both groups have studied YBCO. The
results are significantly diA'erent.

The initial thin film resonator experiments were inter-
preted by Anlage et al. [15] to show evidence for a finite
minimum energy gap. Bonn and co-workers [17] em-
phasized that the data from these films were also con-
sistent with a T temperature dependence. Subsequently
Hardy et al. [16] reported a linear T dependence down to
12 K for YBCO single crystals, which they interpret as
evidence for d-wave pairing. They argue that the dif-
ference between the data on YBCO thin films and single
crystals results from the more disordered nature of thin
films compared with single crystals. In addition, a group
at the University of Maryland has reported a BCS-like
temperature dependence of the penetration depth for the
n-type cuprate superconductor NdCeCuO over the tem-
perature range from a T, of 22 K down to 4 K [18].
Clearly it is important to clarify the intrinsic temperature
dependence of the penetration depth in the high-T, cu-
prate superconductors and how it is affected by disorder.

In this paper we report measurements of the tempera-
ture dependence of the penetration depth at low tempera-
tures on high-quality single crystals of Bi2Sr2CaCu20s
(BSCCO) using the parallel plate resonator technique.
We also report improved measurements on a variety of
YBCO thin films with a range of T, 's made using both in
situ and postannealed techniques. Systematic differences
between these films exist. However, both the BSCCO
single crystals and the YBCO thin films exhibit a T
temperature dependence that rolls over to a weaker tem-
perature dependence at the lowest temperatures. No evi-
dence for a linear T dependence was observed in either
case.

The details of the parallel plate resonator technique we
employed are described elsewhere [12,13]. With this
technique we obtain high resolution data with little
scatter, especially at low temperatures. The data analysis
is straightforward. Measurements are all carried out in

the weakly coupled limit with low microwave power and
in a partial vacuum with a small amount of helium ex-
change gas. The resonators are made by sandwiching a
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thin dielectric between two YBCO thin films or two
pieces of a freshly cleaved single crystal of BSCCO.

There is a simple relationship between the penetration
depth and the resonant frequency of the parallel plate
resonator, assuming open circuit boundary conditions,

2
eA'

coth [tlat(0) ]+ r/X(0)
sA [j/X(0)]

This provides a simple and clean way to determine the
temperature dependence of the penetration depth at low

temperatures independent of uncertain cavity parameters.
The quality factor of the resonator yields a value for the
surface resistance. The contributions of dielectric loss
and radiation loss are negligible in the case of our thin
film resonators.

To confirm the correctness of our measurement ap-
proach, we measured a pair of Nb thin films of thickness
2000 A. Both the penetration depth data and surface
resistance data at 10 6Hz (corrected for the residual loss

of about 3 p 0 at T=O) showed an exponential tempera-
ture dependence as T 0. Moreover they yielded 2d,
=4.0-4.5kgT„slightly larger but consistent with previ-
ous work [19]. The lowest surface resistance measured in

f(T) =
L@gjl+ [2X,(T)/d] coth[t/k(T)]] '

where c is the speed of light, L is the length of the sample
for the mode in question, e,p is the effective dielectric
constant of the resonator, A, (T) is the penetration depth
of the sample, d is the thickness of the dielectric, and t is

the thickness of the sample. Because of uncertainties in L
and e,p, we cannot directly invert this relationship and
extract k(T). However, at low temperatures, where
changes of penetration depth are small relative to A, (0),
we can expand this relation to obtain

hA, =X(T) X(TO) =d p[[f(Tp)'/f(T)] I},
where

the Nb films is 4.4 pA. This sets an upper limit for ex-
trinsic contributions such as dielectric loss and radiation
loss of the resonator.

Large area (5 by 3 mm) high-quality BSCCO single
crystals were grown as reported elsewhere [20]. Their
high degree of homogeneity and purity is shown by their
narrow transition width (0.3 K) in magnetization mea-
surements [20], extremely small pinning in the vortex
state [21], and low temperature specific heat measure-
ments [22]. An angular resolved photoemission study has
also been reported recently on these single crystals [23].
To perform rf measurements on BSCCO single crystals,
we sandwiched a piece of thin sapphire dielectric between
two thin sheets of cleaved single crystals to form a paral-
lel plate resonator. The Q's of the resonator are dominat-
ed by extrinsic factors due to the nonideal geometry, but
the analysis of frequency shift data should remain mean-
ingful.

The YBCO films we have studied come from three
different sources. We present here the results on six pairs
of films that we believe are representative. Among them
are four pairs of in situ off-axis sputtered films, two on
sapphire substrates with Ce02 buffer layers from HP
Labs [24] and two on LaA103 substrates from AT&, T
Bell Labs [25]. The other two pairs are BaF2 postan-
nealed films on LaA103 from AT&T [26]. The dielectric
used is 13 pm thick Teflon in all measurements except for
one pair of postannealed films, in which case 36 pm thick
sapphire was used.

The penetration depth data for the BSCCO single crys-
tals are shown in Fig. 1. In the figure we plot AA, (T) vs

T for temperatures below 23 K. The three sets of mea-
surements, done on resonators obtained from three
different crystals and with different dielectric thicknesses,
are virtually identical. The data follow a T law very
closely except for a small deviation (see lowest curve) at
the low temperature end. This result is in marked con-
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FIG. 1. hA. vs T for three pairs of BSCCO single crystals.
Curves are offset for clarity. The straight lines are T fits to the
data.
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FIG. 2. hk vs T for six pairs of YBCO thin films. Data are

offset from each other and ordered by their T, 's. The top two
are for postannealed films. The straight lines are T fits to the
data.
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trast with the linear temperature dependence on YBCO
single crystals reported by Hardy er al. [16].

The penetration depth data for the YBCO thin films
are shown in Fig. 2. It is quite evident that the tempera-
ture dependence is T for all the samples, except at the
lowest temperatures, where there is a deviation towards a
flatter temperature dependence. There is considerable
consistency among in situ films, with one exception. On
the other hand, it is clear that curves for the postannealed
films have higher slopes than those of the i'n situ films.
They also show a larger power dependence at high rf
power. Close inspection suggests that the deviation from
T observed at low temperatures may be correlated with
the T, of the sample. As the T, increases, the observed
deviations become smaller. Quantitative analysis shows
that these deviations can be viewed either as a crossover
to a higher order power law or to an activated behavior
with a very small gap. For example, for the lowest T,
sample shown in Fig. 2, a power law fit to the data yields
an exponent of about 5, and an exponential fit yields a
gap 2h, of about 0.56kgT, .

The surface resistances of the YBCO films determined
from Q measurements are shown in Fig. 3. They are
clearly sample dependent. We note that the surface resis-
tance data are not corrected for different filin thicknesses.
Nonetheless, the surface resistance of the postannealed
films is clearly higher and has a plateau from 30 to 60 K,
whereas the surface resistance of in situ films is generally
lower and decreases continuously below T, . The surface
resistances approach their zero temperature values with a
temperature dependence between T and T . No flatten-
ing of R, (T) as T 0 was observed.

In the thick film limit, R, (T) rx:k(T) oi(T). Hence,
the presence of a plateau in R, and its absence in hk im-
plies a strong temperature dependence of o i (T) as first
emphasized by Nuss et al. [27] and Bonn et al. [17]. A
peak in oi(T) has also been independently predicted by
Littlewood and Varma [6] based on a marginal Fermi
liquid model. From our measurements we have both

R, (T) and hX(T). We only need to make a reasonable
assumption for X(0) to obtain o~. We find that there
indeed is an anomalous peak in a~ below T, . This strik-
ing qualitative feature of the data is insensitive to the
specific k(0) value used. The data are shown in Fig. 4 as-
suming A, (0) =1900 A, along with the single crystal data
reported by Bonn et al. [17].

In light of the diA'erent temperature dependences of
k(T) reported for the high-T, cuprate superconductors,
one must scrutinize possible extrinsic eA'ects to deduce
the intrinsic behavior. Laderman et al. [28] have shown
previously that high densities of grain boundaries (i.e.,
planar defects) acting as weak links can dominate the
surface resistance of YBCO thin films. No comparably
detailed study of X, (T) (i.e, the surface inductance) has
been carried out. In this case, it is hard to argue that the
weak link behavior would dominate in the entire range of
samples and materials we have studied. Moreover, it is
extremely unlikely that weak link eAects would produce a
fattening of A, (T) at low temperatures. It has been sug-
gested that YBCO films have suAiciently large scattering
to change the intrinsic linear T dependence into T . In
view of the fact that the same behavior is also observed in

high-quality Bi2Sr2CaCu208 single crystals, we believe
such an argument about the eA'ects of scattering cannot
be regarded as definitive. Possibly one has to consider the
influence of the copper-oxygen chains on the electro-
dynamic response of YBCO.

Surface resistance measurements reported by Klein et
al. [29] indicate that oxygen content and disordering
strongly aA'ect the temperature dependence of R„espe-
cially at low temperatures. Our R, data for YBCO thin
films show a significant sample dependence even within

samples from the same process. Thus it is not possible to
deduce the intrinsic temperature dependence of R, from
those data. Nonetheless, as shown in Fig. 4, there ap-
pears to be a systematic progression in oi(T) from
YBCO thin films to YBCO single crystals. In assessing
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FIG. 3. R, at 10 GHz vs T/T, for six pairs of YBCO thin
films.

FIG. 4. o.
& vs T for a single crystal YBCO at 2.0 GHz taken

from Ref. [17], a pair of postannealed YBCO thin films and a
pair of in situ YBCO thin films at about 10 GHz. All the
curves were determined using an assumed k(0).
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R, (T) data it is important to note that even in conven-
tional superconductors (e.g. , our Nb thin film parallel
plate resonators), the temperature dependence of the
penetration depth is less susceptible to extrinsic factors,
for example, residual loss mechanisms, than is R, .

In conclusion, we find in our work that the temperature
dependence of magnetic penetration depth for both
BSCCO single crystals and YBCO thin films is T at low

temperatures with a rolling over to a flatter temperature
dependence at the lowest temperatures. The correlation
between T, and the microwave properties appears to sug-
gest that disorder is playing an important role in the be-
havior of these films. A more thorough experimental
study with better characterization of the disorder in the
films is necessary to establish quantitative relations.
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