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Abstract

We have performed scanning tunneling spectroscopy and point contact spectroscopy
measurements on the electron-doped superconductor Pri_,LaCe,CuQO4_, (x = 0.12,

T, >~ 25 K). We address the question of the symmetry of the order parameter and of the
amplitude of the energy gap. We compare three possible scenarios, i.e. isotropic s-wave,
‘anisotropic’ s-wave, and d-wave. Evidence for a d-wave symmetry of the order parameter is
given. From the temperature evolution of the d//dV versus V characteristics we extract a
BCS-like temperature dependence of the superconducting energy gap A. Despite the variety of
measured spectra we give a consistent explanation for the whole set of data, indicating

A = (3.6 £0.2) meV and aratio 2A /KpgTc =~ 3.5 £ 0.2. In particular, point contact
characteristics showing gap-like features at higher voltages have been interpreted by
considering the formation of an intergrain Josephson junction in series with the point contact
junction. Further confirmation of the correctness of the model is given by the behavior of the
critical current of the intergrain Josephson junction versus temperature which follows the

Ambegaokar—Baratoff behavior.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the discovery of high-7¢ superconductivity (HTS) by
Bednorz and Muller [1], a great number of experiments
and theoretical studies have been performed to understand
the mechanism responsible for the formation of the
superconducting state. When the d,2_,> orbitals of the CuO,
plane are half-filled, the system is an antiferromagnetic Mott
insulator because of the strong on-site Coulomb repulsion
between electrons [2]. The antiferromagnetic order is rapidly
destroyed by hole doping the insulating CuO, planes, and
the transition to the superconducting state takes place [2].
The discovery of the electron-doped cuprates clarified that not
only holes but also electrons can dope the parent insulator
favoring the formation of the superconducting state [3]. This
fact had great influence on theories on the mechanism of

0953-8984/10/045702+07$30.00

HTS based on electron-hole symmetry [4-6]. In particular,
there has been a large number of experiments studying
the symmetry of the order parameter (OP) in cuprates,
because this information is crucial for understanding the
mechanism of this class of superconductors [7-9]. For
the hole-doped cuprates, such as La,_,Sr,CuO4 (LSCO),
YBa,Cuz;O; (YBCO), and BipSr,CaCu,Og (BSCCO), the
general consensus is that they have a predominant d-wave
pairing symmetry [10]. In contrast, there is no consensus
concerning order parameter symmetry in electron-doped
cuprates. While quasiparticle tunneling spectroscopy [11, 12]
and earlier Raman spectroscopy [13] indicate an s-wave
pairing in nearly optimally doped one-layer Nd,_,Ce,CuO4
(NCCO) and Pr;_,Ce,CuO4 (PCCO), tricrystal SQUID
magnetometry [14], ARPES measurements [15, 16], and recent
Raman spectroscopy results [17] are more consistent with a

© 2010 IOP Publishing Ltd  Printed in the UK
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d-wave pairing. Recently, doping-dependent pairing symmetry
has been inferred by point contact spectroscopy [18] and
penetration depth measurements [19], where the change from
d-wave pairing in the underdoped to s-wave in the optimally
doped and overdoped one-layer PCCO is reported. Thus,
the understanding of the origin and the nature of the pairing
mechanism for HTS represents a formidable challenge for both
theory and experiments, and one essential ingredient in the
search for possible mechanisms of this phenomenon is the
knowledge of the quasiparticle density of states (DOS), whose
detailed shape and temperature dependence are constraining
parameters to any theoretical model. From an experimental
point of view, tunneling spectroscopy represents one of the
fundamental tools to investigate the quasiparticle DOS near
the Fermi energy (Ep) with high energy resolution (~kgT')
and phase-sensitive capability [20]. Indeed, differently from s-
wave superconductors, in the d-wave case, the order parameter
becomes zero along the nodes of a cylindrical Fermi surface,
and changes sign in the orthogonal k directions.  So,
when an electron from a normal metal tunnels into a d-
wave superconductor, the injected quasiparticle experiences
a different pair potential depending on the angle « between
the crystal orientation (e.g., a axis) of the superconductor
and the interface [21, 22]. Due to the sign change of the
OP, the quasiparticles at the interface form the so-called
Andreev bound states (ABS), that can be probed as a zero bias
conductance peak (ZBCP) in the tunnel conductance curve of a
superconductor/insulator/normal metal junction, the amplitude
of the ZBCP being dependent on the angle «.

In the literature two papers report the study of the
conductance spectra on electron-doped PLCCO [23, 25].
In [23] the authors report scanning tunneling microscopy
measurements on PLCCO, but they do not analyze the density
of the states of the superconductor in terms of the investigation
of the symmetry of the order parameter, in fact they concentrate
their attention on revealing the bosonic energies. The other
paper by Shan et al [25] presents the point contact Andreev
reflection (PCAR) spectra obtained on the same material.
They analyze the conductance spectra with a isotropic and
anisotropic symmetry of the superconducting energy gap, and
in the last case they affirm that their tunneling is along the
antinodal direction. In any case they cannot distinguish
between a s-wave or d-wave symmetry of the order parameter.

In this paper we report a tunneling spectroscopy study
by means of scanning tunneling spectroscopy (STS) and point
contact spectroscopy (PCS) techniques on the electron-doped
cuprate Pri_,LaCe,CuQO,4_,. Different configurations from a
tunneling regime to a contact regime have been investigated in
the temperature range between 4.2 K and 7¢ in order to address
the question of the symmetry of the superconducting OP.

High-quality single crystals of Pr;_,LaCe,CuQO4_, were
grown by the traveling-solvent floating-zone technique [24].
Superconducting samples have been obtained by annealing in
pure Ar and we selected a sample with x = 0.12 corresponding
to a bulk critical temperature 7¢c ~ 25 K, as measured by ac
susceptibility.

We model the conductance spectra by considering
different symmetry of the order parameter: s-wave, d-wave

and anisotropic s-wave. Analyzing the second derivative
of I versus V we can exclude a s-wave symmetry of the
order parameter. From the tunneling spectra it is difficult to
distinguish between the other two symmetries, but from the
PCAR spectra, that show a zero bias conductance peak, we
have strong evidence of the d-wave symmetry of the order
parameter.

2. STS experiment

The experiments were carried out by means of a UHV
variable temperature (5-300 K) STM (Cryogenic-SFM from
Omicron Nanotechnology). Scanning tunneling spectroscopy
appears an excellent tool, with its high spatial and energy
resolution allowing a direct measurement of the local
quasiparticle density of states (LDOS) in a superconductor.
In particular, the differential conductance obtained through
STS can determine the superconducting energy gap with a
resolution of few weV. The tunneling junctions normal
metal/insulator/superconductor (N/I/S) were achieved by
mechanically approaching an etched Pt/Ir tip to the cleaved
surface of the crystal. We performed voltage bias sweeps
in the range +40 mV while measuring the tunneling current
I1(V). The dynamical conductance curve d//dV (V) is then
calculated by numerical derivative. Every spectra reported
here is the result of 400 spectra continuously measured and
then averaged in order to get noise reduction. In figure 1(a)
we report an example of a tunneling conductance spectrum
measured at low temperature (T = 9 K): we observe a
single gap feature, with a slightly asymmetric shape, the peak
height at the filled states being higher than that at the empty
states. The origin of this asymmetry is still not clear [26],
although it has often been observed in STS experiments on
cuprates [27, 28]. The physical explanation of such an
observation has been reported by several groups [29, 30].

Experimental conductance curves d//dV (V) are com-
pared to the simulated curves obtained through Dynes’ for-
mula [31]:
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where f is the Fermi function and I" is a phenomenological
parameter that takes into account the finite lifetime of the
quasiparticles.
We consider three different OP symmetries, namely:
isotropic s-wave (A(l_é) = /) with constant amplitude of
the OP in all directions in thg k-space;
anisotropic s-wave (A (k) = Ag[cos(k.a) — cos(kya)]4 +
A1) where the OP has a constant phase but varying magnitude,
with minimum value Aq;
dey-wave (A(K) = Aglcos(kea) — cos(kya)]), where
Ay is the maximum gap value and «a is the in plane lattice
constant.  The gap is real and has strongly anisotropic
magnitude with nodes and a phase reversal for orthogonal k
directions.
The resulting numerical fits are very similar due to the
effect of the temperature smearing and a significant I value
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Figure 1. (a) Conductance spectrum at 7 = 9 K (black dots) and
theoretical fitting for different symmetries of the order parameter:
s-wave (red dashed line), s-anisotropic (green dash—dot line) and
d-wave (blue dash—double dot line). (b) Comparison of the second
derivatives.

that takes into account effects of physical origin (pair-breaking,
inelastic scattering in the tunneling process, magnetic field)
and those of experimental nature (temperature, bias jitter etc).
The values of the fitting parameters are shown in table 1.
The differences between the three simulated spectra reported
in figure 1 are less significant than those with respect to the
experimental data. Thus, we can refer to the second derivative
d?1/dV? that allows the enhancement of the discrepancies
between the different curves. In figure 1(b), we observe that the
isotropic s-wave hypothesis appears inappropriate to reproduce
the experimental data. Although from the analysis of a
single spectrum we cannot conclude anything about the pairing
symmetry, we get a clear indication that in order to reproduce
STS experimental data it is necessary to take into account an
angular dependence of the OP in the k-space, thus excluding
the possibility for conventional s-wave superconductivity in the
Pri_,LaCe,CuO4_, crystals.

By performing systematic measurements of the conduc-
tance spectra on a 1 um? area, we found that the supercon-
ducting energy gap is highly homogeneous in its spatial distri-
bution on a nanometer scale on the sample surface, showing a
variation of the order of 5% of the gap amplitude.

In figure 2 we report the complete temperature dependence
of the tunneling conductance spectra measured in the range
between 9 and 25 K. The data are representative for several
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Figure 2. Temperature evolution of the conductance spectrum of
figure 1(a). The solid lines are the theoretical fittings obtained by the
tunneling model, using a d-wave symmetry of the order parameter.
Inset: temperature dependence of the superconducting energy gap as
inferred from the theoretical fittings. The solid (red) line is the BCS
theoretical behavior.

Table 1. Fitting parameters used to model the conductance spectrum
of figure 1 with different symmetries of the order parameter.

Ap (meV) A; (meV) I (meV)
s-wave 2.8 — 1.3
Anis. s-wave 2.4 0.9 1.6
d-wave 3.5 — 1.1

data sets measured in different locations. Experimental data
(black empty dots in figure) are normalized, shifted for clarity
and compared to theoretical fitting (solid lines) obtained by
considering a d-wave symmetry of the OP. The numerical
simulation has been performed by fixing the I" parameter
(temperature independent) to the value used for the fitting of
the lowest temperature spectrum. In such a way, the energy
gap Ao remains the only free parameter used to reproduce the
whole set of experimental data (the temperature being directly
measured).

The resulting temperature behavior of the superconducting
energy gap Ao(T), shown in the inset of figure 2, follows the
BCS law, and gives confirmation of a local critical temperature
Tc ~ 25 K (2A/KgTc =~ 3.3), in agreement with the value
from the bulk characterization of the material.
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Figure 3. Normalized conductance spectra measured in the contact
regime at low temperature (7 = 4.2 K). (a) Experimental data are
compared to the modified BTK model. (b) Example of conductance
spectrum showing wider ZBCP. The theoretical fittings consider the
real configuration of an intergrain Josephson junction in series to the
point contact, as schematized in the inset.

3. Point contact experiment

The sample used for these experiments was shaped in very
thin layers with the surface perpendicular to the c-axis crystal
orientation, allowing a precise directional experiment in the
STM configuration where the tip is separated from the sample
and the charge carriers tunnel in the sample with k vectors in
a very narrow angle cone around c-direction. In order to get
discriminating information about the symmetry of the order
parameter it is relevant to perform tunneling experiments in
different directions, i.e. to measure conductance spectra where
current contributions come from carriers having k vectors with
anon-zero component in the a—b plane direction. Point contact
spectroscopy (PCS) can be a suitable technique to get current
contribution from different directions because the tip is pressed
into the sample. Indeed, the PCS consists in establishing a
contact between a tip of a normal metal and a superconducting
sample (N-S junction). By varying the pressure of the tip on
the sample it is possible to tune the junction from the tunneling
regime (low transparent barrier) to the point contact regime
(high transparent barrier). From a theoretical point of view,
the N-S conductance spectra are described in the case of a
BCS-type superconductor by Blonder, Tinkham and Klapwijk
(BTK theory) [32], with the barrier between the normal metal
and superconductor modeled by a delta function. The strength
of the delta function is characterized by a dimensionless
parameter Z. The Z = 0 limit signifies a completely
transparent junction while Z >> 1 corresponds to the tunneling

regime. The BTK model has since been modified by Tanaka
and Kashiwaya [33] for tunneling in superconductors with a
d-wave symmetry of the order parameter, as follows:

+z (E-te
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and where ¢ is the incident angle of the electrons at the N/S
interface and « is the orientation angle between the a axis of
the superconducting order parameter and the x axis.

3.1. Contact regime

In figure 3, as an example we show two normalized
conductance spectra measured at low temperature (77 = 4.2 K)
by establishing different contacts on different areas of the same
sample using as counter electrode a Pt—Ir tip. Both spectra
are characterized by a well defined zero bias conductance
peak (ZBCP) appearing with quite different shape, amplitude
and energy width. The energy width of the ZBCP is lower
than 10 meV in figure 3(a) while it appears wider, around
30 meV, in figure 3(b). At a first qualitative analysis, these data
can appear quite puzzling and could be interpreted in terms
of local, large variations of the superconducting energy gap.
In the following, we will show that the numerical modeling
allows the explanation all the experimental data giving a clear
indication of a d-wave symmetry of the superconducting OP,
with consistent values of the inferred amplitude of the energy
gap. Both the spectra of figure 3 are compared to theoretical
fittings taking into account the three possible symmetries. First
of all, let us quantitatively analyze the curve of figure 3(a).
The (blue) solid line in the figure represents the best fit
resulting from the numerical simulation of experimental data
by considering a d-wave symmetry of the OP in the modified
BTK model [33].

A satisfactory agreement is obtained by using as fitting
parameters the superconducting energy gap A, the barrier
strength Z, the angle o and the phenomenological factor I'.
We notice that in the considered spectrum, both quasiparticle
tunneling and Andreev reflection processes take place, since
an intermediate Z value was necessary to simulate the barrier
strength (Z = 0.65). Moreover, the angle o results to
be about 0.45, indicating that the average transport current
mainly flows along an intermediate direction between the nodal
one ¢« = /4 and that of the maximum amplitude of the
energy gap ¢ = 0. Also reported in the figure are the
fitting curves resulting from considering the s-wave and the
anisotropic s-wave symmetry, evidencing a slight discrepancy
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Figure 4. PCAR Conductance spectra at low 7' with the theoretical
fit calculated by considering a Josephson junction in series: in this
case the measured voltage corresponds to the sum of two terms
Vineas = (I) = Vpc(I) + Vi(I), where Vpe and Vj are the voltage
drops at the point contact junction and at the S/I/S intergrain
Josephson junction, respectively.

in the modeling height and width of the ZBCP. We have found
that the energy gap inferred from the theoretical (d-wave)
fitting resulted to be Ay = 3.6 meV, in agreement with the
value reported by the STS experiment.

We now address the analysis of the conductance spectrum
with a wider ZBCP structure, reported in figure 3(b). This
contact is the result of an increase of the pressure of the tip on
the sample surface with respect to the case just discussed. The
conductance characteristic also shows dip structures at higher
energies which cannot be reproduced by using the BTK theory.
The origin of these dips has been related to the formation
of a junction in series, as already shown for MgCNi; [34],
MgB, [35, 36], and Ru-based compounds [37, 38]. Then, to
give a quantitative evaluation of the experimental data reported
in figure 3(b), we need to consider a real configuration in which
the Pt-Ir tip realizes a point contact junction on a PLCCO
grain, which, in turn, is weakly coupled to another PLCCO
grain, so forming a series of two junctions. The formation of
such a series junction could be caused by the formation of a
fracture in the sample structure just below the tip, due to the
increase of the tip pressure. In this situation, the measured
voltage is given by the sum of two terms: the voltage drop at the
point contact Vpc and the one at the Josephson junction Vj, so
causing the observation of features at higher biases. According

to this model, the conductance spectra can be calculated as

dVee  dV;\ 7!
—< 4+ L) . 4
a a “@

drl
o(V)=— —(

av
Also in this case we have used different symmetries of the
order parameter (s-wave, anisotropic s-wave and d-wave) to
reproduce the experimental data. However, in this case,
the structured ZBCP appearing in the conductance spectrum
strongly indicates the presence of Andreev bound states due
to the multiple Andreev reflections that take place at the N-S
interface owing to a change of the sign of the OP. Therefore,
as expected, only a d-wave symmetry can correctly reproduce
such a feature, as is shown in figure 3(b). Moreover, from the
theoretical model, we obtain a value of the superconducting
energy gap Ag = (3.6+0.1) meV, in agreement with the values
extracted by the fitting of the PC spectrum in figure 3(a) and of
the STS experiment in figure 2.

3.2. The tunneling regime

In this PCS experiment we also succeeded in realizing high-
resistance contacts characterized by low transparency (the
tunneling regime). In figure 4 we show two examples of
conductance spectra measured in such a regime at 7 = 4.2 K,
on the same sample but in two different locations.

High contact resistances were obtained by pushing the
Pt-Ir tip into the PLCCO and then slightly releasing the
pressure. In this case, the conductance curves show a typical
quasiparticle tunneling shape, with a conductance minimum at
zero bias and coherence peaks at voltages around 5 mV. From
the theoretical fittings we found out that in order to reproduce
the experimental data it is necessary to model the barrier
strength by considering Z = 2.6 (in figure 4(a)) and Z = 2.3
(in figure 4(b)). As expected, we are dealing with a lower
transparent barrier, approaching the tunneling regime with a
still sensible contribution due to Andreev reflection processes.
Once again, the only possibility to reproduce the experimental
data is to take into account the contribution of an intergrain
Josephson junction in series. The discrepancy among the
different symmetries is clear in the inset of figure 4(a): we
notice that the d-wave symmetry of the superconducting energy
gap presents the best fit to the experimental data. We obtain a
similar result with the spectrum of figure 4(b). We can extract
from the experimental data an estimation of the energy gap
amplitude Ay = 3.5 £ 0.1 meV, matching the values obtained
from the other measurements.

In table 2 we summarize the fitting parameters and the
resulting values for the conductance spectra measured in the
PCS experiments, by considering a d-wave symmetry of the
order parameter.

3.3. Temperature dependencies

For almost all the contacts, we also performed the complete
temperature dependence of the conductance characteristics
in the temperature range between 4.2 and 30 K. As an
example for the contact regime, we report in figure 5 the
temperature evolution of the structured ZBCP of figure 3(b).
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Figure 5. (a) Temperature dependence of the conductance spectra for
the contact reported in figure 3(b). (b) Temperature evolution of the
ZBCP amplitude.

Table 2. Fitting parameters used to model the low temperature
conductance spectra of figures 3 and 4 considering the d-wave
symmetry of the OP: energy gap Ay, orientation angle «, barrier
strength Z, the smearing factor I', the resistance ratio between the
two junctions in series R;/Rpc, and the critical current /; of the
intergrain junction.

Ay r I
Data (meV) o Z (meV) Rj/Rpc (nA)
Figure 3(a) 3.6 0.45 0.65 0.5 No series No series
Figure 3(b) 3.6 05 05 0 0.3 314
Figure 4(a) 3.5 0.33 2.6 0.8 0.3 24
Figure 4(b) 3.5 04 23 04 0.3 24

The amplitude of the peak is monotonously reducing on raising
the temperature, until complete disappearance. This fact
provides further evidence that the ZBCP is a consequence
of the superconducting nature of PLCCO. By plotting, in
figure 5(b), the peak amplitude versus temperature, we observe
that the ZBCP amplitude decreases to zero at T¢ in a linear way.
The estimated local critical temperature of the superconducting
PLCCO grain in contact with the Pt-Ir tip 7Tc = 23 K,
is close to the bulk value and corresponds to a BCS ratio
2A /KgTc =~ 3.6, that deviates less than 10% from the value
resulting from the STS experiment of 2ASTS /K TSTS ~ 3.3,
We also report the temperature evolution of the conductance
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Figure 6. Temperature evolution of the conductance spectrum
reported in figure 4(a). (b) Temperature dependence of the
superconducting energy gap as extracted from the theoretical fittings.

characteristics measured in the tunneling regime. In figure 6
we show the experimental data referring to the temperature
evolution of the spectrum of figure 4(a). On raising the
temperature, we observe a disappearance of the conductance
coherence peaks and a simultaneous increase of the zero bias
conductance. The measured spectrum for each temperature
value has been theoretically fitted by considering the d-wave
modified BTK model with the contribution of an intergrain
Josephson junction in series. For all the curves, we fixed the
strength of the barrier Z, the phenomenological parameter I',
the angle «, and the ratio Rj/Rpc to the values obtained at
the lowest temperature. In this way, the only free parameters
to reproduce the experimental data were the energy gap
A and the intergrain Josephson current [ (the temperature
being directly measured). The whole set of fitted curves
allowed the extraction of the temperature dependence of the
energy gap (reported in figure 6(b)) and of the current I;
(reported in figure 7). The energy gap shows a BCS-like
behavior that evidences a local critical temperature T =~
22 K and corresponds to a BCS ratio 2A/KgTe =~ 3.7.
Moreover, the analysis of the temperature evolution, the
intergrain Josephson current shown in figure 7, evidences that
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Figure 7. Critical current of the series Josephson junction versus
temperature, as extracted from the theoretical fittings of the tunneling
conductance spectra of figure 5(a).

Iy follows the Ambegaokar—Baratoff behavior correctly [39].
The experimental data reported in figure 7 are the values
resulting from the theoretical fitting of each spectrum measured
at different temperatures.

4. Conclusion

Tunneling spectroscopy was used to address the question of
the symmetry of the order parameter in the superconduct-
ing Pr;_,LaCe,CuO4_, compound. Scanning tunneling spec-
troscopy and point contact spectroscopy experiments resulted
in a huge variety of data, which we have analyzed by consid-
ering three possible symmetries for the OP: isotropic s-wave,
‘anisotropic’ s-wave, and d-wave. The theoretical simulation
of the experimental data gives clear evidence of a d-wave sym-
metry. Moreover, despite the different features appearing in
the tunneling conductance spectra, all data are consistent with
a superconducting energy gap amplitude A >~ 3.6 0.2 meV,
with a conventional BCS temperature dependence and a ratio
2A /KpTc >~ 3.5£0.2. The correctness of the series Josephson
junction model we have often used has been confirmed by the
expected Ambegaokar—Baratoff dependence of the Josephson
current extracted by the theoretical fittings.
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