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The pseudogap phase above the critical temperature of high-Tc superconductors �HTSC� presents different
energy scales and it is currently a matter of intense study. The complexity of the HTSC normal state requires
very accurate measurements with the purpose of distinguishing different types of phenomena. Here we have
performed systematically studies through electrical resistivity ��� measurements by several different current
densities in order to obtain an optimal current for each sample. This approach allows us to determine reliable
values of the pseudogap temperature T*�n�, the layer coupling temperature between the superconductor layers
TLD�n�, the fluctuation temperature Tscf�n�, and the critical temperature Tc�n� as a function of the doping n. The
interpretation of these different scales allows us to characterize possible scenarios for the �Hg,Re�-1223 normal
state. This method, described in detail here, and used to derive the �Hg,Re�-1223 phase diagram is general and
can be applied to any HTSC.
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I. INTRODUCTION

One of the greatest puzzles of condensed matter physics is
to understand the superconducting fundamental interactions
of high-Tc superconductors �HTSC� and their many uncon-
ventional properties. Among these, the pseudogap region be-
low T* and above Tc, the so-called pseudogap phase1 has
attracted a lot of attention in order to determine its precise
values as functions of the doping level n and, above all, to
understand its nature and its relation to the superconducting
phase. Therefore, a large number of different techniques
have been used to study the dependence of T* for many
families of compounds.1,2 However, the major problem is
that the values of T* differ strongly for different techniques
and even a given method may yield different values. In many
cases, different temperatures or energy scales are identified
in the normal phase,3 which makes it extremely difficult to
precisely understand the nature of this phase. Thus, one can
find in the literature some different phase diagrams for
HTSC. As concerns its nature, many theoretical explanations
have been proposed but they can be roughly classified in two
main proposals. One is based on the fluctuation of Cooper
pairs between Tc and T* with a nonvanishing order parameter
without phase coherence or long range order.4 The other pro-
posal is based on the existence of some other type of order
which may compete with the superconducting order.2,5–7

We attempt here to define a systematic approach to study
the pseudogap phase. Among the many different techniques
used to solve this problem,1,2 transport properties by electri-
cal resistivity measurements have been considered one of the
most useful ones. At high temperatures, the resistivity ��� has

a linear behavior with the temperature and T* is defined as
the temperature in which ��T� starts to decrease below such
linearity. However, it is well known that there are consider-
able differences in the values of T* found in some published
works.8–12 It is very likely that the discrepancy at T* has its
origin in the fact that there are many parameters, which can
determine the accuracy of the resistivity measurements. As
considering polycrystalline samples, these factors are the
morphology of the junctions, the cross section of the grains,
and stoichiometry in the grain.13 However, the most impor-
tant factor is the applied current density value and its influ-
ence on the resistivity measurements in polycrystal or single
crystal. In order to obtain precise values of T*, it is crucial to
perform the measurements in the linear or low current re-
gime but, if the current is too low, the values could be
plagued by high noise. Therefore, the precision of resistivity
measurements is an open question: What would be the ideal
current applied to a polycrystalline sample? A search in the
literature shows that there is no consensus about what is the
ideal value to be used at the four-point probe, and as will be
discussed below, they differ by several orders of magnitude
in the literature.

In this paper, we outline a method in which the values of
the voltage V=V�I� and ��T� are measured by several values
of current I and temperature T, in order to find a range of
current density that is ideal to determine T*. In simple terms,
we search for the maximum current density value that is in
the limit of linear response. So far as we know, there is not
any published systematic analysis of this type despite its im-
portance. Taking advantage of the precision of our data we
also discuss the Lawrence-Doniach �LD� temperature criteria
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generalized by Klemn14 in the case of several superconduct-
ing layers in a periodicity length.15 The analysis of the TLD is
very interesting because it gives a feeling of the supercon-
ducting coupling among the layers. We have also used these
data to discuss the thermodynamic fluctuations of the Cooper
pairs through the phase fluctuation temperature Tscf,

16 which
is important to the discussion of the pseudogap scenario.
This paper is organized as follows: in Sec. II we discuss the
experimental details of sample preparation, characterization,
and resistivity measurements. In Sec. III we describe our
systematic study of the applied current linear regime. We
discuss how to calculate T*, TLD, and Tscf. These tempera-
tures together with Tc provide a possibility to discuss the
phase diagram.

II. EXPERIMENTAL DETAILS

A. Superconductor synthesis

The ceramic precursor preparation protocol began with a
mixture of Ba2Ca2Cu3Ox �99.0% PRAXAIR� and ReO2
�99.0% Aldrich� in powder form with the molar relationship
1:0.18.17 These powders were homogenized, pelletized, and
heated at 850 °C in a flow of oxygen �99.5% purity� for
15 h. The obtained precursor was crushed, homogenized, and
compacted again before being heated a second time at
920 °C for 12 h in a flow of oxygen. The later procedure is
repeated for seven more times to provide a good
homogenization,18 as discussed in more detail in a previous
work.17

The precursor material was submitted to an annealing at
920 °C for 24 h in a flow of a gas mixture of argon �99.5%
purity� and oxygen �99.5% purity� maintained at 1 bar. Three
different ceramic precursors were prepared with distinct par-
tial pressure of oxygen PO2: 5% of O2 and 95% of Ar
�sample A�, 10% of O2 and 90% of Ar �sample B�, and 15%
of O2 and 85% of Ar �sample C�.17,19

Finally, the three precursors prepared with different PO2
were blended with HgO at a molar relationship 1:0.82, ho-
mogenized and palletized. The pellets with typical dimen-
sions 5�5�20 mm3 were wrapped in a gold foil �99.999%�
and introduced in a quartz tube with 8 mm inner diameter.
Each sample �A, B, and C� wrapped with a gold foil has
received an excess of Hg �l� in amalgam form. The ratio
between the mercury mass and the gold mass was 0.045.
Based on the study of the quartz tube filling factor effect �ff�,
it was used ff�1.0 g cm−3 and ffHg�0.010 g cm−3.20 The
quartz tubes were sealed in a high vacuum of 3�10−6 torr
and were submitted to 72 h of annealing time at
865 °C.13,17,19

B. Superconductor characterization

1. X-ray diffraction measurements

X-ray diffraction �XRD� analysis with Rietveld refine-
ment was done in A, B, and C samples with the purpose of
completing the Orlando et al.17 study. The XRD measure-
ments were performed using laboratory diffractometer mod-
els Rigaku Multiflex and D-MAX with Cu K� radiation. In
order to complete the investigation, x-ray diffraction mea-

surements were carried out in the x-ray powder diffraction
beam line, D10B-XPD, of the Brazilian Synchrotron Light
laboratory �LNLS�, located in Campinas, SP, Brazil. Two
different energies were used to perform the experiments:
8950 and 10 600 eV. The first energy is similar to Cu K�
radiation and the second one was chosen 65 eV after the
rhenium edge LIII, where the rhenium scattering factor is
higher than in 8950 eV �anomalous x-ray scattering�. For all
measurements the spectra were performed from 2° up to
122° with 0.01° step scan. In the case of laboratory diffrac-
tometers the counting time varied from 15 up to 25 sec, us-
ing very narrow slits to limit the x-ray beam. For the syn-
chrotron light measurements the variable counting time
statistics took into account the decrease of the beam current
in the LNLS storage ring. The instrumental parameters were
obtained from the refinement of standards LaB6 and Al2O3
�NIST standard reference materials� samples. Rietveld
refinements21 were performed using the program GSAS �Ref.
22� with the interface EXPGUI.23

A typical Rietveld plot is shown in Fig. 1. For each XRD
pattern, the better spectrum fit was obtained including an
extra Hg-1223 phase additionally to the main �Hg,Re�-1223
phase, as compared to our previous work.17 All refinements
have considered the following phases: �Hg,Re�-1223 �rich in
oxygen� and Hg-1223 �poor in oxygen�, HgCaO2, BaCO3,
CaCuO2, and BaCuO2.24,25 The main �Hg,Re�-1223 and Hg-
1223 phases, their fitted parameters, and the goodness-of-fit
are shown in Table I.25 The existence of two superconducting
phases was first detected by anomalous x-ray diffraction car-
ried out at 8950 and 10 600 eV at the Brazilian Synchrotron
Light Source �LNLS�—Campinas—Brazil.26,27 Moreover, it
was confirmed by anomalous x-ray diffraction that Re
distribution on the Hg-O plane did not produce a supercell
�2a�2b�1c� in any sample �A, B, and C�.25,27

The main �Hg,Re�-1223 phase was very crystalline as
considering small broadening of their peaks. Besides, the
crystallite average sizes were determined from the
pseudovoigh profile coefficients of the Le Bail fitting, using
the formalism of Steffens,22,28 Thompson approach,29 and the
Finger asymmetry correction.30

FIG. 1. Rietveld plot of sample A �underdoped�. The spectrum
was plotted in a range from 20° up to 120°. The insert shows a 001
peak �5° up to 6°� and the convolution of two phases at 8950 eV.
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For all samples the estimated crystallite size to the
�Hg,Re�-1223 phase was larger than the range measurable by
this method �l�1000 Å�. This indicates that during the final
step of the synthesis a strong growth of crystallites occurs.
On the other hand, the extra Hg-1223 phase has smaller crys-
tallite as shown in Table I. Both phases did not present mi-
crostrains.

2. SEM and EDS analysis

As described in Ref. 13, the precursor annealing influ-
enced the oxygen partial pressure inside the sealed quartz
tube. For the phase diagram region PO2�0.2 bar, the effect
of the PO2 pressure on the junction crystal size has been
analyzed since 2000. With this aim in mind, we have ob-
tained scanning electron microscopy �SEM� images. Using
the image of sample A �see Fig. 2�, a histogram of the grain-
boundary size was done.13 This procedure was also used for
samples B and C. From these SEM images, the average junc-

tion sizes �L� were determined31 and are shown in Table II.
In addition, an energy dispersion x-ray spectra �EDS� analy-
sis was done. These measurements have indicated the sto-
ichiometry of the Hg, Re, Ba, Ca, and Cu elements present in
the three samples. It was shown in the micrographs as a
gradient in the content of Re from the center to the boundary
of the particle.13 In our point of view, the Hg-1223 phase is
preferentially formed in the periphery of the grains as a shell
in which the crystallites were smaller than the center. Sum-
marizing, the samples have similar morphology of the grains,
average junction sizes, and the same junction type
�superconductor-insulate-superconductor�, as reported in our
recent work.31

3. ac susceptibility measurement

The intergrain region of samples was investigated by an
ac magnetic susceptibility ��ac� using these samples in pellet
form. Figure 3 shows the �ac� and �ac� components under
distinct magnetic field �0.075, 0.20, 2.0 Oe� for sample B.
In general, the out-of-phase component �ac� displays two
peaks at distinct temperatures. The first is small and located
close to Tc, and it is related to the intragrain-intrinsic-
superconducting transition, which represents the statistical
average bulk properties inside each grain of ceramic. The
second peak of �ac� appears at a lower temperature than the
first, and its shape depends on the characteristic intergrain
connectivity �weak link region� of the grains in the supercon-
ductor ceramic sample.32 The in-phase component �ac� of the

TABLE I. Results of the Le Bail fifs and crystallite sizes obtained from the XRD profile breadths. The
Hg,Re-1223 and Hg-1223 phases are labeled by phase 1 and phase 2, respectively.

Parameter Sample A Sample B Sample C

% �Hg,Re�-1223 61.4 68.7 50.3

% Hg-1223 26.1 24.7 40.8

Phase 1 a �Å� 3.854516�14� 3.854120�12� 3.854382�16�
c �Å� 15.687440�40� 15.688061�56� 15.689091�70�
l �Å� �1000 �1000 �1000

Phase 2 a �Å� 3.854295�18� 3.853526�15� 3.854320�10�
c �Å� 15.698784�60� 15.701567�65� 15.692780�76�
l �Å� 590 380 470

�2 1.465 1.882 1.496

Rwp �%� 3.83 3.03 3.70

FIG. 2. SEM image performed on sample A �underdoped�. It can
observe that the randomly oriented grain array, which is typical of a
polycrystalline compound.

TABLE II. Sample composition obtained by EDS measure-
ments. The value �L� is the average junction size of the grain carried
out by a SEM image analysis.

Sample Grain �L� ��m�

A Hg0.83Re0.17Ba1.98Ca2.01Cu2.98O8+	 2.1

B Hg0.80Re0.20Ba1.99Ca2.00Cu2.98O8+	 2.7

C Hg0.79Re0.21Ba2.03Ca1.98Cu2.99O8+	 2.4
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ac susceptibility presented two transitions towards lower dia-
magnetic screening.

The Tc criterion was defined as the point where the �ac�
signal is twofold the average noise value, which was mea-
sured before the superconductor transition.17 All details of
the measurement procedures were reported elsewhere.13 The
onset critical temperatures Tc for the �Hg,Re�-1223 phase
were �132.6±0.2� K, �133.2±0.2� K, and �132.7±0.2� K for
samples A, B, and C, respectively. The �ac measurements
were repeated on the same samples in powder form �38 �m�,
and it was also yielded the same Tc.

13

For the Hg-1223 phase, the onset critical temperature Tc
was taken at a cusp of a �ac� imaginary signal using magnetic
field amplitude Ha=0.075 Oe and 
=43 Hz. The Tc values
found in these conditions were �127.0±1� K, �129.5±1� K,
and �127.0±1� K. As intergrain morphologies are similar, the
different Tc is attributed to the Hg-1223 phase present in the
grain boundary. The exam of lattice parameters for the Hg-
1223 phase �Table I� reveals that this phase is underdoped
and the expected Tc would be �120±3� K, �124±3� K, and
�120±3� K for samples A, B, and C, respectively, consider-
ing Ref. 33. Therefore, from room temperature to 130 K the
Hg-1223 phase is in normal state �nonsuperconductor�.

The results suggest that the �Hg,Re�-1223 phase has simi-
lar oxygen contents, that is, alike physical properties for the
samples were expected. Our conclusion is that the rhenium
doping is a main oxygen fixing mechanism in the �Hg,Re�-
1223 compound. The Re atom provides extra oxygen atoms
in the HgO	 planes.17,34 For the Hg-1223 �without rhenium�,
the oxygen is found at the � 1

2 , 1
2 ,0� are responsible for the

doping variation since they are loosely bond to the Hg atoms.
This mechanism leads to an easy intercalation or removal of
the oxygen during the synthesis. However, in the �Hg,Re�-
1223 phase, there is a stronger Re-O bond, which has pre-
sented an oxygen at �0.33,0.33,0�.17 The Re atom has also
added or removed an extra oxygen in the crystallographic
site �1, 1

2 ,0� or � 1
2 ,1 ,0�. Therefore, the oxygen in the Re-O

bond present in 20% of the sample would be unlike the oxy-
gen in the Hg-O bond and it may not be removed with a
lower oxygen partial pressure present in the synthesis pro-
cess.

Sin et al.35 have shown the phase diagram of �Hg,Re�-
1223 as a function of the oxygen partial pressure �PO2� of
the precursor. For a precursor prepared with PO2�0.2 bar, it
was found a high �Hg,Re�-1223 phase content and a slightly
Tc parabolic variation. On the other hand, it was shown in
our previous paper13,17 that the Tc value has not enough pa-
rameter to define the oxygen contents in �Hg,Re�-1223
phase.

It was already observed that the ac susceptibility measure-
ment under external hydrostatic pressure is an important tool
to confirm a small difference in oxygen doping. The samples
in powder form have presented distinct dTc /dP values
�8±1�, �1.9±0.2�, and �−1.6±1� K/GPa, which was associ-
ated with underdoped, optimaldoped, and overdoped oxygen
contents, respectively.13 In recent work,17 we have reported
thermopower measurements that confirmed and determined
the oxygen content in each sample.

4. Resistivity setup measurements

The dc electrical resistance of the samples was measured
using the four-point probe method. The samples were cut in
slab form with dimensions of 1.2�1.0�7.0 mm3 and they
were fixed on a sapphire sample holder by using General
Electric GE 7031 varnish. The four contacts with low electric
resistance �5±1 �� were attached to the samples with silver
paint. A Keithley 228A Current Source applied currents form
0.4 up to 10 mA at a fixed temperature, and the correspond-
ing voltage values were obtained using a KEITHLEY 182
sensitive digital voltmeter.

The I-V curves were measured reversing the current di-
rection during measurement in order to avoid contact resis-
tance influence. The temperature was measured by a copper-
constantan thermocouple attached to the sapphire and linked
to the HP 34401A multimeter. A PC computer by IEEE-488
interface recorded all data.

III. ELECTRICAL RESISTIVITY ANALYSIS

A. Pseudogap temperature

A search in the literature reveals that there is no consensus
about what is the ideal current that must be used at the
four-point probe, however it is crucial to be in the linear
regime in order to calculate T*. For instance, in the
case of thin films, Qiu et al.36 have applied a current of
0.01 mA �J�1.5 A/cm2�. Wuyts et al.11 have measured
the temperature dependence of the resistivity with a
current density J�102 A/cm2. For polycrystalline samples,
Jover et al.37 have used a current of 1.8 mA, while Batista-
Leyva et al.38 have used 0.35 mA. González et al.39 have
measured the resistivity within the linear response regime
with a current density of 0.07 A/cm2 applied to the
Hg0.82Re0.18Ba2Ca2Cu3O8+d sample or �Hg,Re�-1223 sample.
In addition, Palstra et al.40 have checked the linearity of the
I-V curves for currents between 0.1 and 100 mA in single
crystals. In Ref. 40, they have found that deviations from
linearity start above 30 mA. Therefore, they have chosen a
measuring current well below this value at 10 mA �J�4.5
�A/cm2�. As a consequence, although Tc is very robust to

FIG. 3. ac magnetic susceptibility measurements presenting ��
real part and �� imaginary part for sample B. The measurements
were performed under distinct magnetic field at 
=43 Hz.
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these kind of current variations, it can occur an apparent
discrepancy to define the pseudogap temperature T*. Accord-
ing to Tallon and Loram,2 when the resistivity measurement
is plotted to 300 K, T* is equal to 195 K, which is defined as
the temperature which ��T� goes under the linear regime as
the temperature goes down. However, when the same resis-
tivity data are plotted up to 600 K, a visual inspection yields
T* at 320 K.

As an example we show in Fig. 4 one of our typical
resistivity measurements as a function of the temperature for
J=1.5 A/cm2. As one can see through the inset, if we use a
value of J=0.7 A/cm2, the value of T* changes drastically.
There are two factors responsible for such a discrepancy: one
is the pure visual analysis that is a subject of great uncer-
tainty and must be replaced by derivative analysis. The other
is the different values of J. As we show below in Fig. 5, J
=1.5 A/cm2 is already in the nonlinear regime, and as a
consequence, the according value of T* is too high.

In general, the dependence of average voltage on the cur-
rent can be written as the following expansion:

V = R1I + R2I2 + ¯ , �1�

where R1=R1�T� and R2=R2�T�.
In Fig. 5 we plot the curves V=V�I� for only one of our

samples since the curves for the others have the same fea-
tures. This figure shows that, for T=170 K, V=V�I� is a lin-
ear function up to J=4.2 A/cm2. However, for lower tem-
peratures, nonlinear effects develop in the V�I� due to a
nonvanishing value of R2. As displayed in Fig. 5, for T
=145 K we have found that nonlinear behavior appears
above J�1.04 A/cm2. Thus, with the purpose of obtaining
the high temperature linear behavior and the value of T*

accurately, one has to use J�1 A/cm2 for sample B. Ac-
cordingly, the same analysis for sample A yields the maxi-
mum linear current J=1.05 A/cm2 and for sample C, J
=1.00 A/cm2. Thus, in what follows, we have taken the data
with J=1.0 A/cm2 for our three samples.

Taking into account the above optimum density current
value, which assures us that the systems are in the linear
regime �R2=0� for T�Tc, we can write that

R1�T� = R0 +
�R

�T
�T − T0� +

�2R

�T2 �T − T0�2 + ¯ , �2�

where T0 is any chosen temperature in the range of Tc and
shows that the resistivity is linear with the temperature
whenever �2R /�T2=0 and �R /�T is independent of the tem-
perature.

Therefore, we can determine the values of T*�n� analyz-
ing the first ��� /�T� and second ��2� /�T2� derivatives of
the resistivity with respect to the temperature. The study
of the regions, where the second derivative vanishes or
changes sign, has been used recently by Ando et al.41 to
investigate the pseudogap phase of many compounds. Fur-
thermore, Naqib et al.16 have estimated T* above and below
Tc �by the use of Zn impurities� using the same method. They
verified that for nearly identical values of a number of holes,
both sintered and high oriented thin film of
Y1−xCaxBa2�Cu1−yZny�3O7−	 have the same values of T*. The
only difference between polycrystalline samples and thin
film is the residual resistivity value. The polycrystal has a
residual resistivity due to the percolative effect and great
contributions from the grain boundaries.

As mentioned, the resistivity must be analyzed at a low
density of current to avoid the nonlinear regime. On the other
hand, lower values of J are susceptible to high resistivity
oscillations and do not allow an accurate estimation on T*.
Figures 6�a�–6�c� show �d� /dT� / �d� /dT�T=170 K and
d2� /dT2 for J=1 A/cm2. In these curves one can see that
�d� /dT� / �d� /dT�T=170 K varies as the temperature is reduced
down to Tc but converges to a constant value as the tempera-
ture increases.

The graphical analysis yielded T*= �160±2� K for sample
A, T*= �154±2� K for sample B, and T*= �151±2� K for
sample C. The uncertainties were estimated in the interval
where the �d� /dT� / �d� /dT�170 K curves start to deviate from
the background and in the range of temperature in which
d2� /dT2 vanishes.

FIG. 4. The temperature dependence of electrical resistivity of
the �Hg,Re�-1223 sample for J=1.5 A/cm2. The inset shows the T*

determined from fitting up to 200 K using J=0.7 A/cm2.

FIG. 5. Isotherms of the sample B. The symbol ��� denotes V
� I curve at T=145 K and the symbol ��� denotes V� I curve at
T=170 K. The straight line is a linear regression fit and the dashed
line represents a polynomial �second rank� fit.
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B. Superconducting fluctuations

As explained in the Introduction, one of the main propos-
als to the pseudogap phase is the existence of superconduct-
ing fluctuations without phase coherence.4,5 According to this

scenario, the HTSC exhibit complex behavior, which is re-
lated to thermodynamic fluctuations of the superconducting
order parameter. These fluctuations affect the electrical resis-
tivity characteristics in normal phase.

For the polycrystalline samples case there are two models
that can give a picture of fluctuations in intergrain and intra-
grain regions. The first model proposed by Aslamasov and
Larkin42 is associated with fluctuations in intergrain and in-
tragrain regions, however, the second developed by
Lawrence and Doniach43 can be applied only for a descrip-
tion of fluctuations into an intragrain region of a layered
superconductor.

1. Aslamasov-Larkin model

The thermodynamic fluctuations near the transition were
first studied by Ginzburg,44 and these effects in type I super-
conductors were shown to be negligible in 1960. However,
the Aslamasov and Larkin report42 has considered the effects
of the superconducting fluctuations on the conductivity or
paraconductivity to be non-negligible. Furthermore, the fluc-
tuations are enhanced for sufficiently dirty films and whisker
crystals.42 Recently Naqib et al.16 calculated the temperature
where such fluctuations set in Tscf and concluded that it is
distinct from T*, because they respond differently to an ap-
plied magnetic field. It is clear that the presence of Cooper
pairs will affect the electrical resistivity. Therefore, following
Naqib and co-workers, we used the same set of resistivity
data to determine Tscf and to estimate T* using the onset of
the vanishing of d2� /dT2 at a finite d� /dT.16 The results are
displayed in Table III. The Tscf values have a similar behav-
ior of Tc, which presented a different trend than that of T* in
agreement to Naqib et al.16

The paraconductivity is generally described by two con-
tributions: 
�=
�AL+
�MT. In the first, in the Aslamasov–
Larkin �AL� framework,42 the excess conductivity 
� above
Tc is derived using a microscopic approach by a mean field
theory, which is considered a direct contribution to
paraconductivity10,15 given by


�AL��� = C�−� �3�

with �= �T−Tc� /Tc and

C =
e2

16�d
, � = 1 for 2D �4�

C =
e2

32��z�0�
, � =

1

2
for 3D. �5�

Here � is the critical exponent related to the dimension of the
fluctuations, �z�0� is the zero-coherence length in the z direc-

FIG. 6. The first and second derivative of resistivity with respect
to the temperature for �a� sample A, �b� sample B, and �c� sample C.
It was applied J=1 A/cm2. Tscf was defined from d2� /dT2 as the
temperature at which strong and downturn in ��T� becomes evident
near Tc.

TABLE III. Comparison of the critical temperature, fluctuation
conductivity, and pseudogap temperature.

Sample Tc�K� Tscf�K� T*�K�

A 132.6±0.2 139±1 160±2

B 133.2±0.2 140±1 155±2

C 132.7±0.2 139±1 151±2
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tion for three-dimensional �3D� fluctuations, e is the elec-
tronic charge, and d is characteristic nonsuperconductor
thickness between two superconductor layers. The second
contribution arising from the pair-break interaction is known
as an indirect anomalous Maki–Thompson �MT�
contribution.45,46 Since the MT contribution is negligible in
cuprate superconductors,16 only the AL contribution will be
considered �
��
�AL�.15

The evaluation of the AL conductivity contribution can be
extracted from the slope of the 
�AL versus � logarithmic
plot. The procedure is to fit, for all the three samples, the
linear T-dependent resistivity �n=a+bT in the interval
220–270 K �see Fig. 4�. For all cases, the excess conductiv-
ity 
�AL was obtained by subtracting the measured conduc-
tivity 1 /��T� from the linear extrapolated normal-state con-
ductivity 1/�n�T�:47


�AL =
1

��T�
−

1

�n�T�
. �6�

From Eq. �3� it can be shown that

ln

�AL

�270 K
= ln� C

�270 K
	 − � ln � . �7�

Figure 7 shows the dependence of normalized excess con-
ductivity for sample B in the form ln

�AL /�270 K�. The
�z�0� and thickness d can be determined from the AL formula

using the linear coefficients of the fit when �= 1
2 and 1 �see

Table IV�. The �z�0� and d values are relatively large as
compared to texture, single crystal, and grain-aligned
samples.10,48,49 These results can be understood with the aid
of a simple grain model. Ceramic samples exhibit complex
transport behavior because they are composed of particles,
where there are grains with pores, microcracks, and stacking
faults. Intergrain junctions establish the link between differ-
ent particles, as can be seen in Fig. 2. We define a single
crystal as a region where discordances are �5° and grains as
being a set of single crystals. As an example, a tilt boundary,
which is formed from a linear sequence of edge dislocations
�grain�, is shown in Fig. 8�a�. Each lamella in Fig. 8�a� rep-
resents a grain, and the grains together form an agglomera-
tion that is named by particle. For instance, Fig. 8�b� shows
up a particle formed by five grains �lamellas� that presents a
thickness of �4500 Å, although there are particles with six
or seven lamellas, and the image contrast of one grain al-
lowed us to identify three or four different tilts. We have
observed that there are, in general, three single crystals in-
side each grain. Therefore, one single crystal was estimated
to have an average size of 1500 Å. The analysis of Table IV

FIG. 7. Analysis of the excess conductivity normalized in loga-
rithmic scale for sample B. The linear fitting indicates 3D ��= 1

2
�

and 2D ��=1� regimes. The crossover temperature TLD is also in-
dicated by arrows.

TABLE IV. Results for the zero-coherent length and distance between planes. The temperature TLD is
obtained by an intersection between linear fits from analysis of excess conductivity curves.

Sample �270 K �� cm�−1 �z�0� �Å� dAL �Å� TLD �K� dLD �Å�

A 10234 150 1460 143±1 287

B 29749 60 1290 140±1 113

C 18833 80 1090 139±1 150

FIG. 8. A particle model that is formed by a set of grains �lamel-
las�. The particle can be defined as a linear sequence of edge dis-
locations of the grain growth. In our case, the grain is composed of
�Hg,Re�-1223 phase �rich in oxygen� and Hg-1223 phase �poor in
oxygen�.
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suggests that the thickness d can be interpreted as an average
space between grains. Moreover, this intergrain region is
formed by two Hg-1223 underdoped crystals, which are in
agreement with the values l found in Table I for the Hg-1223
phase. In principle, this hypothesis can justify our
superconducting-insulating-superconducting �SIS� junction
type31 and the thickness d is larger than the finding in the
grain-aligned Hg-1223 sample from Ref. 49.

2. Lawrence-Doniach model

Thus, the grain can be described as proposed in Fig. 8�c�,
and in the intragrain region, the Lawrence and Doniach �LD�
model43 can give an appropriate description of the fluctua-
tions. For this model, superconducting layers are coupled by
the Josephson effect and the variation of conductivity shows
different temperature behavior for different dimensions.

Following the Schmidt formalism,50 Lawrence and Doni-
ach derived an expression for the fluctuation-induced in-
plane conductivity43


�LD =
e2

16�d
�−1�1 + �2�z�0�

d
	2
 . �8�

The LD model predicts that near Tc a crossover of the di-
mensionality of the fluctuations occurs and is given by

TLD = Tc�1 + �2�z�0�
d

	2
 . �9�

The Lawrence-Doniach approach suggests a change from 2D
to 3D behavior at TLD, which can be determined from our
experimental data by extrapolation of straight lines and tak-
ing a crossover point. The change of slope shown in Fig. 7
indicates a crossover from 2D with �=1 to 3D with �= 1

2 .
Therefore, the resistivity points above TLD�n� in Fig. 7 are
characterized by the 2D exponent �=1. The data below
TLD�n� are characterized by the 3D exponent �= 1

2 indicating
that in this temperature regime the single crystals are
coupled.

From the Lawrence and Doniach framework one can as-
sume that inside the grain �intragrain region� the nonsuper-
conductor region separates the superconducting layers,
which is in agreement with the x-ray diffraction analysis
where two phases were found: �Hg,Re�-1223 �rich in oxy-
gen� and Hg-1223 �poor in oxygen�. The single crystal aver-
age size evaluated to Hg-1223 phase, by x-ray diffraction
with Rietveld refinement, are in agreement with the thickness
obtained by the LD approach using TLD, Tc, and �z�0� as
input parameters �see Tables I and IV�.

In our simple grain model, TLD physically means that Jo-
sephson coupling is taking place between �Hg,Re�-1223
single crystals separated by Hg-1223 phase. In addition,
there are indications that above Tc the Hg-1223 underdoped
phase is an insulating barrier between �Hg,Re�-1223 single
crystals, which present fluctuations effects.

Summarizing, the AL models provides �z�0� and d param-
eters, which are influenced by intergrain and intragrain re-
gions; however, the Lawrence-Doniach model describes the
effects caused from the intragrain fluctuation behavior.

IV. DISCUSSIONS

In Fig. 9 we have presented the phase diagram T versus n,
that is Tc�n�, Tscf�n�, TLD�n�, and T*�n� for our compounds of
the �Hg,Re�-1223 calculated by our resistivity data. We have
used the values of Tc�n� measured by the ac magnetic sus-
ceptibility �ac. As discussed above, the values of T*�n� are
very subtle to be determined. Thus, our results and calcula-
tions were made only after a very careful analysis of the
voltage-current 
V�I�� isotherms with the purpose of investi-
gating the best range of current density and temperature
where V�I� is in the linear regime for our samples.

In order to verify the different nature among pseudogap
temperature T*, thermodynamic fluctuations temperature
Tscf, and the dimensionality of the fluctuation at a tempera-
ture TLD, we have performed an investigation about the fluc-
tuation conductivity 
�. The results indicate that both TLD�n�
and Tscf�n� are distinct from T*�n�. The Tscf�n� curve follows
the shape of Tc�n�, and the difference between Tscf and Tc is
less than 7 K. These same trends were reported by Naqib et
al.16 and by Vidal et al.51 The low values of Tscf with respect
to T* do not favor the scenario of the fluctuation of Cooper
pairs for the pseudogap phase4 as already criticized by Lee et
al.5

The phase diagram suggests that T*�n� is the onset of
small superconducting islands that appeared due to the local
charge inhomogeneity or local different oxygen content. Re-
gions of different charge content have different local values
of Tc,4–7 and these superconducting regions provide a physi-
cal interpretation to the downturn of the resistivity from the
linear behavior below T*�n�. This is also verified by suscep-
tibility data, which are consistent with a magnetization signal
at some region of each �Hg,Re�-1223 crystal. As discussed in
ac magnetic susceptibility measurements, items near the Tc
�Hg,Re�-1223 phase suffer fluctuation effects. However, in
the Hg-1223 phase �Tc�124 K� these effects are reduced
and it can be considered an insulating phase �poor oxygen
content�. The cooling of the sample increases the size of this
region, which is first 2D dimensionality and below TLD it

FIG. 9. The �Hg,Re�-1223 phase diagram with values of Tc, Tscf,
TLD

exp, and T* as a function of the charge carrier density. The straight
line is drawn as a guide to the eye.
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turns to 3D dimensionality. The Tc onset represents the point
where the islands are big enough to promote percolation
among grains and particles.

V. CONCLUSION

We have prepared samples of �Hg,Re�-1223 supercon-
ductors and developed a reliable method to study T* through
careful resistivity measurements, as explained above. Our
aim is to gain some insight into the normal or pseudogap
phase of these superconductors. In order to accomplish this
task, we have calculated T*�n�, TLD�n�, Tscf�n�, and made a
fine analysis together with previous results of Tc�n�.

From our results and the assumption that the HTSC are
inhomogeneous materials,1,2,5 a possible scenario to normal
phase is as follows: T* is the onset of small superconducting
islands that appeared due to the local charge inhomogeneity
or local different oxygen content. Because of this disorder,
samples composed of many inhomogeneous regions may
form stripes or patchwork patterns.4–7 Initially these islands
are isolated and therefore there is a decrease in the resistivity,
as seen by the downturn from the linear regime, but it is still
finite. As the temperature decreases, these islands grow and a
new one appears, and there is some overlapping of supercon-
ducting regions between the superconducting layers. At TLD
the Josephson coupling among the superconducting �intra-
grain� layers and the system crosses from 2D over to 3D
behavior. As the temperature goes down, the size of the su-

perconducting regions increases. The superconducting re-
gions are large enough to percolate, and the sign of this
behavior is given by the values of Tscf which is just above
Tc.

16

Another possibility is as follows: T* is the onset of phase
separation,5–7 which is very likely to occur in HTSC. In this
case T* has nothing to do with the superconducting phase as
proposed by Tallon et al.2 and is in agreement with the zinc
doped superconductors’ thin films resistivity measure-
ments.16 In this case the superconducting regions are formed
just above TLD and this temperature marks the onset of cou-
pling among the superconducting layers. At temperatures be-
low TLD the scenario is the same as in the above paragraph.
However, the values of the T* related to phase segregation
are very large at low doping values,1,2 going up to 800 K,
while if the T* is the onset of superconducting islands and it
assumes much lower values, comparable to the Nernst
temperature.52

ACKNOWLEDGMENTS

We would like to thank CNPq, Grants No. CT-Energ
504578/2004-9, No. CNPq 471536/2004-0, CNPq-FAPERJ
Pronex E26/171168/2003, and CAPES for financial support.
Thanks also to Companhia Vale do Rio Doce �CVRD� and
Companhia Siderúgica de Tubarão �CST�. We gratefully ac-
knowledge the National Laboratory of Light Synchrotron—
LNLS, Brazil �Grant No. XDR1/2371�.

*Electronic address: cacpassos@yahoo.com
1 T. Timusk and B. Statt, Rep. Prog. Phys. 62, 61 �1999�.
2 J. L. Tallon and J. W. Loram, Physica C 349, 53 �2001�.
3 A. Mourachkine, Mod. Phys. Lett. B 19, 743 �2005�; J. Super-

cond. 17, 269 �2004�.
4 V. J. Emery and S. Kivelson, Nature �London� 374, 434 �1995�.
5 P. A. Lee, Naoto Nagaosa, and Xiao-Gang Wen, Rev. Mod. Phys.

78, 17 �2006�.
6 E. V. L. de Mello, E. S. Caixeiro, and J. L. González, Phys. Rev.

B 67, 024502 �2003�.
7 E. V. L. de Mello and E. S. Caixeiro, Phys. Rev. B 70, 224517

�2004�.
8 A. Fukuoka, A. Tokiwa-Yamamoto, M. Itoh, R. Usami, S. Adachi,

and K. Tanabe, Phys. Rev. B 55, 6612 �1997�.
9 E. V. L. de Mello, M. T. D. Orlando, J. L. González, E. S. Caix-

eiro, and E. Baggio-Saitovich, Phys. Rev. B 66, 092504 �2002�.
10 Q. Wang, G. A. Saunders, H. J. Liu, M. S. Acres, and D. P.

Almond, Phys. Rev. B 55, 8529 �1997�.
11 B. Wuyts, V. V. Moshchalkov, and Y. Bruynseraede, Phys. Rev. B

53, 9418 �1996�.
12 L. J. Shen, C. C. Lam, J. Q. Li, J. Feng, Y. S. Chen, and H. M.

Shao, Supercond. Sci. Technol. 11, 1277 �1998�.
13 C. A. C. Passos, M. T. D. Orlando, F. D. C. Oliveira, P. C. M. da

Cruz, J. L. Passamai, Jr., C. G. P. Orlando, N. A. Elói, H. P. S.
Correa, and L. G. Martinez, Supercond. Sci. Technol. 15, 1177
�2002�.

14 R. A. Klemm, Phys. Rev. B 41, 2073 �1990�.

15 M. V. Ramallo, A. Pomar, and F. Vidal, Phys. Rev. B 54, 4341
�1996�.

16 S. H. Naqib, J. R. Cooper, J. L. Tallon, R. S. Islam, and R. A.
Chakalov, Phys. Rev. B 71, 054502 �2005�.

17 M. T. D. Orlando, C. A. C. Passos, J. L. Passamai, Jr., E. F.
Medeiros, C. G. P. Orlando, R. V. Sampaio, H. S. P. Correa, F. C.
L. de Melo, L. G. Martinez, and J. L. Rossi, Physica C 434, 53
�2006�.

18 S. M. Loureiro, C. Stott, L. Philip, M. F. Gorius, M. Perroux, S.
Le Floch, J. J. Capponi, D. Xenikos, P. Toulemonde, and J. L.
Tholence, Physica C 272, 94 �1996�.

19 F. D. C. Oliveira, C. A. C. Passos, J. F. Fardin, D. S. L. Simonetti,
J. L. Passamai, Jr., H. Belich, E. F. de Medeiros, M. T. D. Or-
lando, and M. M. Ferreira, Jr., IEEE Trans. Appl. Supercond.
16, 15 �2006�.

20 M. T. D. Orlando, A. G. Cunha, S. L. Bud’ko, A. Sin, L. G.
Martinez, W. Vanoni, H. Belich, X. Obradors, F. G. Emmerich,
and E. Baggio-Saitovitch, Supercond. Sci. Technol. 13, 140
�2000�.

21 H. M. Rietveld, Acta Crystallogr. 22, 151 �1967�.
22 A. C. Larson and R. B. Von Dreele, General Structure Analysis

System �GSAS�, Los Alamos National Laboratory Report No.
LAUR 86–748, 1986 �unpublished�.

23 B. H. Toby, EXPGUI, a graphical user interface for GSAS, J.
Appl. Crystallogr. 34, 210 �2001�.

24 M. T. D. Orlando, C. A. C. Passos, J. L. Passamai, Jr., E. F.
Medeiros, C. G. P. Orlando, R. V. Sampaio, H. S. P. Correa, F. C.

RESISTIVITY STUDY OF THE PSEUDOGAP PHASE… PHYSICAL REVIEW B 74, 094514 �2006�

094514-9



L. de Melo, F. Garcia, E. Tamura, L. G. Martinez, and J. L.
Rossi �unpublished�.

25 L. G. Martinez, Ph.D. thesis, IPEN-USP, São Paulo, 2005.
26 F. F. Ferreira, E. Granado, W. Carvalho, Jr., S. W. Kycia, D.

Bruno, and R. Droppa, Jr., Synchrotron Radiat. 13, 46 �2006�.
27 M. T. D. Orlando, L. G. Martinez, H. S. P. Correa, and C. A. C.

Passos, LNLS Report No. 1, 311, 2003.
28 P. W. Stephens, J. Appl. Crystallogr. 32, 281 �1999�.
29 I. P. Thompson, D. E. Cox, and J. B. Hastings, J. Appl. Crystal-

logr. 20, 79 �1987�.
30 L. W. Finger, D. E. Cox, and A. P. Jephcoat, J. Appl. Crystallogr.

27, 890 �1994�.
31 C. A. C. Passos, M. T. D. Orlando, A. A. R. Fernandes, F. D. C.

Oliveira, D. S. L. Simonetti, J. F. Fardin, H. Belich, Jr., and M.
M. Ferreira, Jr., Physica C 419, 25 �2005�.

32 A. Sin, L. Fabrega, M. T. D. Orlando, A. G. Cunha, S. Piñol, E.
Bagio-Saitovich, and X. Obradors, Physica C 328, 80 �1999�.

33 M. Paranthaman and B. C. Chakoumakos, J. Solid State Chem.
122, 221 �1996�.

34 O. Chmaissem, P. Guptasarma, U. Welp, D. G. Hinks, and J. D.
Jorgensen, Physica C 292, 305 �1997�.

35 A. Sin, A. G. Cunha, A. Calleja, M. T. D. Orlando, F. G. Emmer-
ich, E. Baggio-Saitovitch, M. Segarra, S. Piñol, and X. Obra-
dors, Supercond. Sci. Technol. 12, 120 �1999�.

36 X. G. Qiu, B. Wuyts, M. Maenhoudt, V. V. Moshchalkov, and Y.
Bruynseraede, Phys. Rev. B 52, 559 �1995�.

37 D. T. Jover, R. J. Wijngaarden, R. Griessen, E. M. Haines, J. L.
Tallon, and R. S. Liu, Phys. Rev. B 54, 10175 �1996�.

38 A. J. Batista-Leyva, R. Cobas, M. T. D. Orlando, C. Noda, and E.
Altshuler, Physica C 314, 73 �1999�.

39 J. L. González, E. S. Yugue, E. Baggio-Saitovitch, M. T. D. Or-
lando, and E. V. L. de Mello, Phys. Rev. B 63, 054516 �2001�.

40 T. T. M. Palstra, B. Batlogg, L. F. Schneemeyer, and J. V. Waszc-
zak, Phys. Rev. Lett. 61, 1662 �1988�.

41 Y. Ando, S. Komiya, K. Segawa, S. Ono, and Y. Kurita, Phys.
Rev. Lett. 93, 267001 �2004�.

42 L. G. Aslamasov and A. I. Larkin, Sov. Phys. Solid State 10, 875
�1968�.

43 W. E. Lawrence and S. Doniach, in Proceedings of the 12th In-
ternational Conference on Low Temperature Physics, Kyoto, Ja-
pan, edited by E. Kanda �Keigaku, Tokyo, 1971�, p. 361.

44 V. L. Ginzburg, Fiz. Tverd. Tela �Leningrad� 2, 2031 �1960� 
Sov.
Phys. Solid State 2, 1824 �1960��.

45 K. Maki, Prog. Theor. Phys. 39, 897 �1968�.
46 R. S. Thompson, Phys. Rev. B 1, 327 �1970�.
47 A. J. Batista-Leyva, M. T. D. Orlando, L. Rivero, R. Cobas, and

E. Altshuler, Physica C 383, 365 �2003�.
48 S. H. Han, Yu. Eltsev, and Ö. Rapp, Phys. Rev. B 57, 7510

�1998�.
49 S. I. Lee, Synth. Met. 71, 1547 �1995�.
50 H. Schmidt, Z. Phys. 216, 336 �1968�.
51 F. Vidal, M. V. Ramallo, G. Ferro, and J. A. Veira, cond-mat/

0603074 �unpublished�.
52 Yaiu Wang, Lu Li, and N. P. Ong, Phys. Rev. B 73, 024510

�2006�.

PASSOS et al. PHYSICAL REVIEW B 74, 094514 �2006�

094514-10


