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Abstract We report on systematic conductivity fluctua-
tion measurements on samples of Ho1−xCexBa2Cu3O7−δ

with x = 0.00, 0.05, and 0.10. The samples were pro-
duced by a standard solid-state reaction method, and
the microstructure was analyzed by X-ray diffraction.
To identify power-law divergences of the conductiv-
ity, the results were analyzed in terms of the tem-
perature derivative of the resistivity dρ/dT and with
the logarithmic derivative of the conductivity with re-
spect to temperature −d ln(�σ)/dT. It was observed
that the critical temperature decreases and that the
transition width increases with increasing Ce doping.
The data showed the occurrence of a two-stage tran-
sition besides the pairing transition splitting, associated
with Ce doping and related with the occurrence of a
phase separation. Above the critical temperature, the
Gaussian and critical regimes were observed. On ap-
proaching the zero resistance state, our results showed
a power-law behavior that corresponds to a phase tran-
sition from a paracoherent to a coherent state of the
granular array.
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1 Introduction

The Y1−xMxBa2Cu3O7−δ (M=Pr, Ce, and Tb) system
has attracted a great deal of interest because of its
unique properties. Ce and Tb do not form the phase
123 and Pr-123 is isostructural to YBa2Cu3O7−δ (Y-123)
system. Both Ce and Tb form, respectively, double
oxides BaCeO3 and BaTbO3, which lead to the for-
mation of multiphase samples [1–4]. For Pr, the super-
conducting critical temperature decreases progressively
as a function of Pr doping and disappears for a critical
value around x ≈ 0.55 [5, 6]. In the case of Ce-123,
in a study on thin films and in low concentrations
of cerium, it was shown that the partial substitution
is possible, with TC decreasing from 90 to 55 K for
30% Ce [7].

At present, it is not much clear, but there is evi-
dence that Ce-123 (and also Pr-123) does not exhibit
superconductivity because of the Ce tendency toward
tetravalent or mixed-valence behavior. In fact, Ce, Pr,
and Tb, in that order, are the three rare earths most
easily ionized to the +4 state [8]. Therefore, based
on the assumption that the Ce and Pr ions remain in
4+ or a mixed-valence state above 3+, several models
have been proposed for explaining the quenching of
superconductivity in this system, such as hole filling [9],
hole localization [10], and percolation [11]. In another
approach, the Pr and Ce retain a valence 3+ and
a strong hybridization could break superconducting
pairs, causing the depression of TC [12].
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Therefore, the current work attempts to shed light on
the transport properties of HoBa2Cu3O7−δ compounds,
considering mainly the suppression of the superconduc-
tivity induced by cerium ion. From precise electrical
resistance measurements, the temperature derivative
was extracted, and the fluctuation regimes were ana-
lyzed with the logarithmic temperature derivative of
the conductivity (−d ln (�σ)/dT). In this way, possible
changes on the critical regimes due to the presence of
the Ce ion were observed. In the normal phase, con-
tributions from Gaussian and critical fluctuations were
clearly evidenced. And, close to the zero resistance, the
results revealed the occurrence of a coherent transition.
Yet, powder X-ray diffraction measurements were used
to confirm the crystal structure of these samples.

2 Experimental Detail

Polycrystalline superconductors of Ho1−xCexBa2

Cu3O7−δ with x = 0.00, 0.05, and 0.10 were produced
by a standard solid-state reaction method. Samples
were prepared by grinding and mixing Ho2O3, Ce2O3,
BaCO3, and CuO of 99.99% purity in the correct
stoichiometries. The product was fired at 920◦C in air
for 24 h, followed by slowly cooling through 700◦C up
to ambient temperature. After the first calcination,
we reground the powder and carried out another cal-
cination for 24 h in air at 920◦C. Then, the powders
were pressed into pellets and finally sintered at 920◦C
for 2 days. Finally, the samples were heated in flowing
oxygen at 420◦C for 48 h.

The temperature dependence of the resistivity was
measured using a low-frequency AC technique. The
measuring current density was limited to 0.5 A cm−2.
The temperature was measured with a Pt-100 sen-
sor having a resolution better than 2 mK. Powder
X-ray diffraction measurements using a Shimadzu
X-ray diffractometer with CuKα radiation were used to
confirm the crystal structure of these samples (Fig. 1).
The X-ray diffraction data were collected at room
temperature in the range 20–80◦C with a step scan
size of 0.020 and a counting time of 4 s. Rietveld re-
finements of crystal structures were performed using
the GSAS and EXPGUI software. The X-ray pattern
almost completely matched the orthorhombic Ho-123
structure (compared with JCPDS files) and belonged
to the HoBa2Cu3O7−δ orthorhombic unit cell with sym-
metry Pmmm. The calculated lattice parameters are in
agreement with published results from other studies [6].
Also, all samples were found to be nearly single-phase
but showed some dependence on the Ce concentration.
Small quantities of the BaCeO3 impurity phase were
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Fig. 1 Representative X-ray diffraction patterns for a x = 0.00,
b x = 0.05 and c x = 0.10 samples. BaCeO3 is a impurity phase,
constantly observed in Ce-rich samples

observed. The presence of this phase is a characteristic
of Ce-rich samples [13, 14]. The SEM measurements
have been carried out to determine the grain size and
homogeneity of the samples.

3 Results and Discussion

Thermal fluctuations create Cooper pairs in supercon-
ductors in the range T ≥ TC, and this gives an excess
conductivity, called paraconductivity. In order to ana-
lyze this enhancement in this temperature range, we
assume that the fluctuation conductivity diverges as a
power law given by:

�σ = Aε−λ, (1)
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where �σ = σ − σR, ε = (T − TC)/TC, A is a constant,
and λ is the critical exponent. σ and σR are the mea-
sured and regular conductivities, respectively.

Firstly, we determine numerically the logarithmic
derivative of �σ from the experimental data and define
χσ as:

χσ = − d
dT

ln (�σ) . (2)

Thus, combining (1) and (2), we obtain:

1
χσ

= 1
λ

(T − TC) . (3)

The identification of a linear temperature region in
χ−1

σ allows the simultaneous determination of λ and
TC, as in the Kouvel–Fisher method for studying critical
phenomena [15].

Figure 2a shows the resistive transition close to su-
perconducting transition of HoBa2Cu3O7−δ (x = 0.00)
sample. The current density was J = 0.06 A cm−2 at
zero field. The transition width, defined between 5%
and 95% of the transition height, is approximately 10 K.
The absolute value of resistivity at room temperature
was 3.3 m
 cm, and the sample showed metallic-like
behavior in the normal state (not shown). In Fig. 2b,
we observe a plot of the derivative dρ/dT versus tem-
perature where we observe the maximum of dρ/dT,
denoted by TP1, which corresponds approximately to
the bulk critical temperature [16]. For pure sample, TP1

was approximately 91.7 K. At the temperature region
below TP1, there was a small peak or an asymmetry in
dρ/dT, and this occurred systematically in a polycrys-
talline sample [17], indicating that the transition is a
two-step process: an intragrain superconductive tran-
sition at TP1 and an intergrain coherence transition at
approximately where the zero resistance state (TC0) is
established. In Fig. 2c, it is shown the inverse of the log-
arithmic derivative of the conductivity χ−1

σ as a function
of temperature. From this curve, the two-step process
can be clearly observed, indicated by a local minimum
around TP1. Then, the temperature interval relevant for
studying fluctuations in the normal phase (above TP1)
and the regimes dominated by microscopic granularity
effects (close to the TC0) can be identified [17, 18]. Two
power-law regimes could be fitted, corresponding to
two different exponents. These fits are labeled by the
indices λcr (above TP1) and s (between TC0 and TP1).
Above TP1, the critical exponent λcr = 0.34 ± 0.01 can
be observed, which characterizes the asymptotic regime
precursor of the pairing transition. The obtained value
of 0.34 is consistent with the expectation from the
3D-XY model [19] and was previously observed in
several samples of the high-TC materials, including
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Fig. 2 Representative results of the resistive transition for a
sample of HoBa2Cu3O7−δ : a resistivity versus temperature, b
dρ/dT versus temperature, and c χ−1

σ versus temperature. TP1
is signaled. Straight lines are fits to (3)

single crystals, thin films, and ceramics [20]. Close to
TC0, the variation of χ−1

σ as a function of temperature
is better described by a power-law regime, given by
equation �σ = (T − TC0)

−s, with exponent s = 3.4 ±
0.1. The power-law regime with this exponent was also
observed in many other granular samples [17, 18, 21].
This regime is interpreted as being intrinsically related
to the superconducting granularity from the mesoscopic
level and is consistent with a phase transition from
a paracoherent to a coherent state of the granular
array [21].
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Figure 3 shows the resistive transition of
Ho0.95Ce0.05Ba2Cu3O7−δ sample. Panels a and b
present the resistivity versus temperature plots and
dρ/dT versus T in the same temperature range,
respectively. The current density was 0.05 A cm−2.
The transition width was approximately 4 K, and the
absolute value of resistivity at room temperature was
10.6 m
 cm. Also, the sample showed metallic-like
behavior in the normal state (not shown). Yet, it can be
seen from panel b the usefulness of the derivative of the
resistivity to magnify details of the resistive transition.
The plot of dρ/dT presented two maxima, denoted by
TP1 = 92.8 K and TP2 = 91.7 K (Table 1), which were
associated to the splitting of the pairing transition. We
believe that this pairing transition splitting may result
from a phase separation arising from a strong struc-
tural disorder at microscopic level induced by Ce/Pr
doping [22, 23]. This behavior has been observed in
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Fig. 3 Plot of a ρ and b dρ/dT as a function of temperature
T for a sample of Ho0.95Ce0.05Ba2Cu3O7−δ . Current density
was 0.05 A cm−2. � is the temperature splitting between the
two dρ/dT peaks

Table 1 Average values of the temperature splitting, �, of the
double-peak structure in dρ/dT

Samples TP1 (K) TP2 (K) � (K)

x = 0.00 91.7 – –
x = 0.05 92.8 91.7 1.1
x = 0.10 91.8 87.6 4.2

doped samples of Y1−xPrxBa2Cu3O7−δ (single crystals
and polycrystalline) [20, 21], Y1−xCexBa2Cu3O7−δ

(polycrystalline) [24], and Er1−xPrxBa2Cu3O7−δ

(polycrystalline) [25]. The temperature splitting, �,
between the two dρ/dT peaks can be observed from
Fig. 3, and its value (around 1.1 K) did not show
changes when the measuring current varied. The
present two maxima correspond approximately to the
pairing critical temperatures TC1 and TC2, respectively.
It is interesting to note that for low concentrations
of cerium (x = 0.05), the value of TP1 (∼92.8 K) was
higher than that for the pure system. This effect was
also observed for other doped systems [19, 20]. Yet,
from panel b, below TP2, an asymmetry in dρ/dT was
observed. This asymmetry occurs systematically in
polycrystalline samples [26, 27], and it was associated
with the occurrence of a two-stage intragranular–
intergranular transition.

In Fig. 4, we plot χ−1
σ versus T for the sample of

Ho0.95Ce0.05Ba2Cu3O7−δ . The measuring current den-
sity was J = 0.05 A cm−2. The straight-line segments
through the data are fittings from (3). It can be ob-
served from Fig. 4a, in the immediate vicinity above
TP1, an asymptotic genuinely critical fluctuation regime
given by λP1 = 0.10. This regime was observed for the
first time by Costa and co-workers, and they proposed
that this critical interval might represent a crossover to
an ultimate weakly first-order character of the normal-
superconducting transition [28]. This exponent was pre-
viously observed in polycrystalline and single crystal
samples [27, 28]. Another regime can be observed from
Fig. 4b, closer and above TP2. It is a Gaussian re-
gime and was described by the exponent λP2 ∼= 0.50 ±
0.02. The regime could be fitted to the data in a
temperature interval of about 0.7 ± 0.1 K and is just
the predicted one for homogeneous three-dimensional
fluctuations [29]. This regime was also previously ob-
served in polycrystalline, thin films, and single crystal
samples [17, 18, 30]. On approaching the zero resis-
tance state, between TC0 and TP2, our results showed
a power-law behavior with exponent s ∼= 2.0 ± 0.2
which could be indicating a phase transition from para-
coherent to a coherent state of the granular array
[17, 18, 21].
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Fig. 4 Representative plot of the logarithmic derivative of
the paraconductivity χ−1

σ as a function of temperature T for
a sample of Ho0.95Ce0.05Ba2Cu3O7−δ . Current density was
J = 0.05 A cm−2

Figure 5 shows the resistive transition of
Ho0.90Ce0.10Ba2Cu3O7−δ samples for three measuring
current densities: J = 0.05 A cm−2, J = 0.10 A cm−2,
and J = 0.15 A cm−2. Panel a presents the resistivity
as a function of temperature, whereas panel b shows
dρ/dT versus temperature in the same temperature
range. The plot of dρ/dT presented again two maxima,
denoted by TP1 = 91.8 K and TP2 = 87.6 K (Table 1),
with a temperature splitting � around 4.2 K. The two
maxima corresponded approximately to the pairing
critical temperatures TC1 and TC2, respectively. Also,
as can be seen in this figure, this structure did not
show changes when the measuring current densities
were varied. On the other hand, another peak in
dρ/dT could also be observed from panel b, below
TP2, whose temperature depends on the measuring
current densities. This peak occurs systematically in
polycrystalline samples, and it is frequently associated
with the mesoscopic granularity.

(a)

(b)

Fig. 5 Plot of a ρ and b dρ/dT as a function of temperature T
for a sample of Ho0.90Ce0.10Ba2Cu3O7−δ , for different current
densities

Fig. 6 Representative plot of the logarithmic derivative of the
paraconductivity χ−1

σ as a function of temperature T for a
sample of Ho0.10Ce0.10Ba2Cu3O7−δ . Current density was J =
0.10 A cm−2
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In Fig. 6, we plot χ−1
σ versus T for the sample of

Ho0.90Ce0.10Ba2Cu3O7−δ . The measuring current den-
sity was J = 0.10 A cm−2. It can be observed in the
immediate vicinity above TP1, an asymptotic genuinely
critical fluctuation regime given by λ

(a)

P1 = 0.12. Such
regime was noticed firstly by Costa et al., and it was in-
terpreted as revealing an ultimate first-order character
of the superconducting transition [28]. This exponent
was previously observed in polycrystalline and single
crystal samples [27, 28]. Further above TP1, we can ob-
serve another genuine critical regime with the exponent
λ

(b)

P1 = 0.34 ± 0.01, which is consistent with expectations
from the 3D-XY model [17]. Yet, the same regime
(λP2) can also be observed closer and above TP2. The
3D-XY regime was observed in several samples of
the high-TC superconducting cuprates, including single-
crystals, thin films, and ceramics [17].

4 Conclusion

In conclusion, we studied fluctuations on the electrical
conductivity in polycrystalline Ho1−xCexBa2Cu3O7−δ

superconductors (x = 0.00, 0.05, and 0.10). The poly-
crystalline samples were produced by the standard
solid-state reaction technique and characterized by
X-ray diffraction. To identify power-law divergences
in the conductivity, the data were analyzed in terms
of the temperature derivative of the resistivity and
logarithmic temperature derivative of the conductivity.
The results showed that the transition proceeds in two
stages and the fluctuation regimes dominating each
stage could be analyzed separately. Special attention
was paid above TC, where Gaussian and critical regimes
were clearly observed. In the regime of approach to the
zero resistance state, it was observed the occurrence of
a coherence transition.
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