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Temperature dependence of the penetration depth in Ndi s5Ceo»Cuo4 s superconducting thin films
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Measurements of the in-plane magnetic-field penetration depth for the n-doped high-T, superconduc-
tor Nd& ~5Ceo»Cu04 q are reported. The measurements were performed at 4 GHz by a microstrip reso-
nator technique on thin films obtained by laser ablation. The temperature dependence of the penetration
depth is carefully analyzed and the energy gap-ratio is estimated. The results confirm that
Ndi s5Ceo»Cu04 q behaves as a BCS-like superconductor.

Measurements of the temperature dependence of the
magnetic-field penetration depth A, in high-T, supercon-
ductors (HTS) are of great interest since A, is directly re-
lated to the London penetration depth A,L and, in turn, to
the pair density n, . The fundamental question of the pair
mechanism responsible for high-T, superconductivity
and of the corresponding pairing state is intimately relat-
ed to the temperature dependence of the magnetic
penetration.

This dependence is predicted to be purely exponential
at low temperatures for an s-wave isotropic BCS super-
conductor, exhibiting a nonzero value of the gap over the
entire Fermi surface. If nodal structures are present in
the gap function, the temperature dependence of the
penetration depth will show at low temperatures a power
law, where the exponent is an integer number related to
the fermiology of the superconductor and to the direction
of the applied field. '

Experimentally, it can be extremely hard to distinguish
the exponential behavior from a power dependence at low
temperatures, where the penetration depth changes only
very slowly with the temperature. Therefore, in order to
get reliable data, a high-sensitivity technique is needed.

Many measurements of A, ( T) have been reported so far
for HTS materials. For the YBa2Cu307 s (YBCO)
compound, different behaviors at low temperatures have
been observed. Anlage et al. found an exponential
behavior of A, (with reduced gap), but the overall data
could not be described by a BCS temperature dependence
with a single-value gap. More recently, precision mea-
surements have been performed on high-quality thin films
and single crystals showing both quadratic and linear
dependences. These difhculties in clearing up the electro-
dynamics of YBCO can be ascribed to the complexity of
the microstructure of this compound and to the presence
of impurities and/or disorder.

In a recent paper, convincing evidence for a BCS-like
behavior of high-quality single crystals and films of the
n-doped high-T, superconductor Nd, 85Ceo»Cu04
(NCCO) were reported. Here, where the longer in-plane
coherence length (g'0=80 A) and the absence of Cu-0
chains implies less sensitivity to microstructural defects,

the penetration-depth measurements could be indeed well
fitted over the whole temperature range assuming a
single-value gap b,o, with 2b, 0/k~T, =4. Measurements
of the surface resistance on the same samples were also
consistent with this picture.

The aim of this work is to present new data on the tem-
perature dependence of the in-plane magnetic-field
penetration depth for NCCO thin films. The experimen-
tal apparatus is based on a microwave resonator and al-
lows us to achieve a resolution of a few angstroms from
temperatures near T, down to 1.5 K.

The samples were obtained by laser ablation from a
target of the desired stoichiometry in N20 ambient on
(100) LaA10i substrates. The size of the films is 10X10
mm and the nominal thickness is 3000 A. X-ray-
di8'raction data show c-axis orientation, while the critical
temperature values are in the 16-20 K range.

The measurements were carried out by employing an
inverted microstrip ring resonator technique described
elsewhere. ' " Test measurements on a symmetric Nb
resonator, performed with the technique described below,
showed a temperature dependence of the penetration
depth in close agreement with the theoretical (BCS) pre-
diction, giving a value 2b, lOksT, =3.9+ 01. To avoid
patterning, the NCCO film is used as the ground plane
whereas a high-quality YBCO film, deposited on a (100)
LaA103 substrate by inverted cylindrical magnetron
sputtering, ' is used for the microstrip ring. Due to the
resonator geometry and film orientation, the current
flows along the Cu-02 planes so that the in-plane penetra-
tion depth is indeed measured. The dielectric layer is a
thin (d =130 pm), low-loss, single-crystal sapphire. The
microstrip width m is about 500 pm, while the ring diam-
eter D is 8 mm. The ratio u/D is small enough to ensure
that in the frequency range of investigation (1—20 GHz)
only the TM„&0 modes can propagate. The microwave
measurements are performed at the first harmonic, close
to 4 GHz, using a network analyzer. The typical quality
factor values of the YBCO/NCCO resonators are in the
range 10 —10, implying a frequency resolution of tens of
kHz at low temperatures. Under these conditions, the
sensitivity achieved for penetration-depth changes is
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about 0.5 nm. The signal launchers are capacitively cou-
pled to the device and are adjusted so that the resonator
can be considered in the unloaded regime (insertion loss
greater than 20 dB). The microwave power is usually set
to 100 p%; this, together with the high values of the in-
sertion losses, ensures that the measurements are per-
formed at low excitation levels so that the data are not
dependent on the power incident on the resonator.

In the loose-coupling limit, the temperature variations
of the resonant frequency are related to the temperature
dependence of the penetration depth of the NCCO and
YBCO films, A,z and A, „respectively, by the relation
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where c,~ is a temperature-dependent efFective dielectric
constant, tz is the NCCO thickness, and A, r is the
penetration depth of the YBCO film corrected for finite-
thickness effects. The value of A. 'r ( =170 nm) was deter-
mined by preliminary measurements on symmetric
YBCO resonators. Consistently with current litera-
ture, ' the rate of change of A, '„ in the low-temperature
region (T & 15 K) is less than 0.5 nm/K, corresponding
in our case to a frequency shift less than 10 kHz/K, so
that only about 2% of the observed overall frequency
shift [see Fig. 1(a)) can be ascribed to changes in the value
of A, r. For this reason, we can assume A, r temperature
independent in our measurements. The temperature
changes in the effective dielectric constant of the resona-
tor are essentially due to the variations of the helium va-
por density as the resonator package approaches the
liquid-helium surface. ' To avoid this undesired effect,
which can mask, at low temperatures, the variations of
the resonant frequency related to the NCCO penetration
depth, the measurements are performed at low-pressure
conditions ( ( 10 mbar).

In Fig. 1(a) the experimental dependence of the reso-
nant frequency v versus temperature is reported for one
of our NCCO films. The continuous curve is obtained by
Eq. (1},using A, r =170 nm, and for A,N(T} the complete
theoretical BCS expression in the local limit
A, (T)=AL (T)+1+[/0/J(0, T)l], where l is the mean free
path and J(0, T) is the BCS range function. '

The fit is obtained using appropriate numerical approx-
imations for the BCS integrals and a standard best-fit
program, with go/1 and tz as input parameters and T„
e,s; AN(0), and bo as fitting parameters. Input and fitting
parameters are reported in Table I.

The value of T, obtained by the fitting procedure
agrees well with the resistively measured value for the
same film (T,o=17.8 K). The value of ho indicates a
weak-coupling behavior for our NCCO films, yielding an
energy gap ratio 260/k& '1, =3.1+0.1. The zero-
temperature penetration depth A,z(0} is higher than the
values reported in Ref. 17. This can be ascribed to the
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FIG. 1. (a) Temperature dependence of the resonator fre-
quency v for a Nd& 85Ceo ~5Cu04 q thin film; (b) temperature
dependence of hv(T) =v(0) —v(T) for TjT, ~0.5 for the same
sample. The continuous curve represents the best fit of the data
using the local limit BCS formulation.

TABLE I. Parameters used to 5t the temperature depen-
dence A,N(T) of the Nd& 85Ceo»Cu04 z compound in the frame-
work of the BCS theory (local limit).

tz (nm) g~ll T, (K) A.z (nm) 50 (meV)

300 0.5' 17.2+0. 1 360+20 2.320. 1 6.4+0. 1

'From S.J. Hagen et aI., Phys. Rev. 8 45, 515 (1992).

lower quality of our films. Since the condition t& &A,&
holds at all temperatures, the film efFective surface resis-
tance R& is significantly enhanced due to both finite-
thickness effects and power transmission through the sub-
strate. ' This can justify the value R& =10 mQ mea-
sured at liquid-helium temperature, higher than previous-
ly reported in the literature. '

In Fig. 1(b) the frequency shift bv(T}=v(0)—v(T) at
low temperatures (T~ T, /2) is reported on an expanded
scale for the same sample, together with the complete
BCS theoretical curve. A clear exponential dependence is
displayed by b,v(T}, reflecting the BCS s-wave behavior
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of A,z( T), which predicts, at very low temperatures in the
clean local limit:

~~o
hv(T) ~ b, k,tv(T) =A,tt(0)

2k~ T

1/2
60

exp k, r

However, it should be noted that, within our measure-
ment sensitivity, the use of Eq. (2) in place of the full BCS
integral expression in the fitting procedure for A,N(T)
represents a good approximation only for T (T, /4. A fit

of all our data in Fig. 1(b) ( T(T, /2) with Eq. (2) would
in fact lead to a considerable overestimation (more than
15%) of the parameter 2ho/ks T, . Besides minor
di8erence in the parameters reported in Table I, for all
the measured films both the exponential behavior at low
temperatures and the value 2ho/ks T, in the BCS weak-

coupling range were clearly verified, and any attempt to

fit the low-temperature data with a power law was unsuc-
cessful.

In conclusion, our measurements of the temperature
dependence of the magnetic penetration depth in NCCO
films show that the electrodynamics of this superconduc-
tor can be described by the BCS theory. The low-
temperature behavior is in fact clearly exponential, in
spite of the quality of our samples, indicating a constant,
single-gap (s-wave) behavior. Our data, obtained by a
diS'erent technique, confirm the results of Ref. 7 on
NCCO thin films and single crystals, though a smaller
value of 2ho/ktt T, is found
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