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Abstract

To probe the influence of structural disorder on low-temperature behavior of magnetic penetration depth, k(T), in electron-doped
high-TC superconductors, a comparative study of high-quality Pr1.85Ce0.15CuO4 (PCCO) and Sm1.85Ce0.15CuO4 (SCCO) thin films is pre-
sented. The k(T) profiles are extracted from conductance-voltage data using a highly-sensitive home-made mutual-inductance technique.
The obtained results confirm a d-wave pairing mechanism in both samples (with nodal gap parameter D0/kBTC = 2.0 and 2.1 for PCCO
and SCCO films, respectively), substantially modified by impurity scattering (which is more noticeable in less homogeneous SCCO films)
at the lowest temperatures. More precisely, Dk(T) = k(T) � k(0) is found to follow the Goldenfeld–Hirschfeld interpolation formulae
Dk(T)/k(0) = AT2/(T + T0) with T 0 ¼ lnð2ÞkBC1=2D1=2

0 being the crossover temperature which demarcates pure and impure scattering pro-
cesses (T0/TC = 0.13 and 0.26 for PCCO and SCCO films, respectively). The value of the extracted impurity scattering rate C correlates
with the quality of our samples and is found to be much higher in less homogeneous films with lower TC.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The accurate experimental determination of the temper-
ature behavior of the magnetic penetration depth, k(T), has
been of great interest to the scientific community since the
very discovery of high-TC superconductors. Since the effec-
tive value of k(T) is extremely sensitive to local inhomoge-
neities, a thorough analysis of its low-temperature profile
gives probably one of the most reliable methods to deter-
mine the quality of a superconducting material (especially
in the form of thin films), which is of utter importance
for applications [1,2].

On the other hand, the magnetic penetration depth is
strongly sensitive to the variations of the macroscopic
superconducting order parameter and therefore its study

can give important information about both the symmetry
of the superconducting state and the pairing mechanisms.

It is well established that most of the conventional low-
TC superconductors have s-wave pairing symmetry. As for
high-TC cuprates, the study of pairing symmetry in these
materials has been (and still remains) one of the most
polemical and active fields of research over the last few
years [2] and the experimental determination of the temper-
ature dependence of k has been one of the most common
methods in these studies. In particular, a power-like depen-
dence Tn of the penetration depth at low temperatures
clearly points at a nodal structure of the superconducting
gap (as expected for strongly correlated materials) where
the exponent n depends on the type of the node in the k-
space. Most phase-sensitive measurements [3,4] have
revealed that hole-doped high-TC cuprates with nearly
optimal doping have predominantly dx2�y2 pairing symme-
try. Regarding the case of the hole-doped cuprate
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YBa2Cu3O7�D, some groups have reported experimental
evidences for a pairing symmetry transition from pure
dx2�y2 (for under-doped compositions) to a mixed-type
d + idxy (for over-doped compositions) [5]. At the same
time, for electron-doped cuprates, which have composition
of the form Ln2�xCexCuO4 (where Ln corresponds to Pr,
Nd, or Sm), the pairing mechanisms are not yet fully
understood [6–10]. For example, using the point contact
spectroscopy technique, Biswas et al. [7] have found strong
evidences in favor of d-wave pairing symmetry in under-
doped (x � 0.13) Pr2�xCexCuO4 (PCCO). Further studies
revealed [8] that the low temperature superfluid density of
Ce-based magnetic superconductors varies quadratically
with temperature in the whole range of doping, in agree-
ment with the theoretical prediction for a d-wave supercon-
ductor with impurity scattering. In addition, remeasured [9]
magnetic-field dependence of the low-temperature specific
heat of optimally-doped (x = 0.15) PCCO give further evi-
dence in favor of d-wave-like pairing symmetry in this
material at all temperatures below 4.5 K. And finally, the
recent penetration depth measurements on Sm1.85Ce0.15-
CuO4 (SCCO) single crystals [10] have indicated that this
magnetic superconductor exhibits a rather strong enhance-
ment of diamagnetic screening below 4 K most probably
driven by the Neel transition of Sm sublattice due to
spin-freezing of Cu spins.

In this paper, we study the influence of local inhomoge-
neities on low-temperature dependence of the magnetic
penetration depth k(T) in high-quality optimally-doped
Pr1.85Ce0.15CuO4 (PCCO) and Sm1.85Ce0.15CuO4 (SCCO)
thin films grown by the pulsed laser deposition (PLD) tech-
nique. The k(T) profiles have been extracted from conduc-
tance-voltage data by using a highly-sensitive home-made
mutual-inductance bridge.

2. Samples characterization and experimental procedure

The structural quality of our samples was verified
through X-ray diffraction (XRD) and scanning electron
microscopy (SEM) together with energy dispersive spec-

troscopy (EDS) technique. Both XRD spectra and SEM
data reveal that PCCO film is of higher structural quality
than SCCO film (see Figs. 1 and 2).

The experimental bridge used in this work is based on
the mutual-inductance method. To measure samples in
the shape of thin films, the so-called screening method has
been developed [11]. It involves the use of primary and sec-
ondary coils, with diameters smaller than the dimension of
the sample. When these coils are located near the surface of
the film, the response (i.e., the complex voltage output
VAC) does not depend on the radius of the film or its prop-
erties near the edges. In the reflection technique [12], an
excitation (primary) coil coaxially surrounds a pair of
counter-wound (secondary) pick-up coils. If we take the
current in the primary coil as a reference, VAC can be
expressed via two orthogonal components, i.e., VAC =
VL + iVR. The first one is the inductive component, VL

(which is in phase with the time-derivative of the reference
current) and the second one is the quadrature resistive
component, VR (which is in phase with the reference cur-
rent). It can be easily demonstrated that VL and VR are
directly related to the average magnetic moment and the
energy losses of the sample, respectively [13]. When there
is no sample in the system, the net output from the second-
ary coils is close to zero because the pick-up coils are iden-
tical in shape but are wound in opposite directions. The
sample is positioned as close as possible to the set of coils,
to maximize the induced signal in the pick-up coils.

An alternate current sufficient to create a magnetic field
of amplitude hAC and frequency f is applied to the primary
coil by an alternating voltage source, Vin. The output volt-
age of the secondary coils VAC is measured through the
usual lock-in technique [14]. Fig. 3 shows the sketch of
the experimental bridge used in our study based on the
mutual-inductance screening method.

3. Results and discussion

To extract the profile of the penetration depth within the
discussed here method, one should resolve the following

Fig. 1. SEM scan photography of PCCO (left) and SCCO (right) samples (magnification 10,000 times).
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