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Abstract

Using a novel technique (thermobaric analysis or TBA) to measure in situ the pressure in quartz tubes, we have
investigated the influence of Hg and Re, content in the range 0.00 < x < 0.25 on the formation and stability of HgCaO,.
Moreover the competition between the synthesis of HgCaO, and of the superconductor Hg; ,Re,Ba,Ca,Cu;0q. 5
(Hg,Re)-1223 was investigated. The pressure determination has enabled us to obtain all thermodynamic parameters
such as the enthalpy A¢H?, entropy A4S° and the Gibbs free energy A;G° and follow the decomposition reactions by
monitoring the pressure behavior. This possibility of pressure measurements has also allowed us to acquire a better
knowledge on the effects of Re substitution in the formation of (Hg,Re)-1223. The TBA technique has also permitted us
to minimize the HgCaO, impurity content and hence to improve the quality of the ceramic (Hg,Re)-1223 supercon-
ductor. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 74.25.Bt; 74.25.Dw; 74.72.Gr
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1. Introduction the pure phase at elevated pressures in the order of

GPa [1,2] or by substituting mercury with higher-

The formation reactions of HgBa,Ca,_,Cu,0O,
(n=1,2,3,...) are not completely established yet.
The superconductor synthesis is very sensitive to
atmospheric CO, and moist, which requires the
handling of samples in controlled atmosphere to
avoid exposure to air. It is possible to synthesize
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valence cations [3-7], such as Bi, Pb and transition
elements as Re.

The Re substitution makes possible to work
at normal pressures without a controlled atmo-
sphere [8], which improves the phase stability of
Hgl2(n—1)n. In order to perform the solid—gas
reaction, the sealed quartz tube technique has been
used, and the total pressure produced by Hg) and
Oy inside the quartz capsule is one of the most
important synthesis parameters to stabilize the
n = 3 phase [9,10]. The total pressure and the ratio
Py,e/Po, have influenced the competition between
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Hgl2(n—1)n for n > 1 and the HgCaO, synthesis.
This binary oxide has been the most difficult im-
purity to eliminate, frequently remaining in the
final product.

In this work we have studied the HgCaO,
formation by replacing HgO with (ReO,), in
the range 0<x<0.25, and its competition with
the superconductor synthesis Hg; ,Re,Ba,Ca,Cus-
Og.s (Hg,Re)-1223. To do this, it was used a re-
cently developed thermobaric analysis technique
(TBA) [10-12], which has become a very useful
tool to analyze gas—solid chemical reactions. This
new technique uses a measuring device that is
connected to the sealed quartz tube. The possibil-
ity of recording in situ the total pressure opens a
new direct and non-destructive way that allows us
to evaluate the thermodynamic parameters such as
the enthalpy A¢H° and entropy Ay4S°.

2. Experimental
2.1. Preparation of HgCaO,

In order to study the effect of Re on the reac-
tion of HgCaO,, the powders were prepared with
different (HgO),_,:(ReO,),:(Ca0) ratio mixture
(x =0.00, 0.05, 0.10, 0.15, 0.18, 0.20 and 0.25),
with HgO (99%, Aldrich), ReO, (99.9%, Aldrich)
and CaO (99.9%, Aldrich). The later was previ-
ously calcinated at 1000°C for 15 h to assure the
elimination of carbonates. The mixtures were ho-
mogenized in an agate mortar inside a glove box
filled with nitrogen (99.5%) and pelletized uniax-
ially under 0.3 GPa. The resulting compact sam-
ples, with masses around 0.360 g, were inserted in
the quartz tube of the thermobaric analyzer and
sealed under vacuum (1072 Torr). The samples
were heated with a rate of 60°C/h up to 860°C,
were hold for 1 h at the maximum temperature and
then were cooled to room temperature at a rate of
60°C/h.

2.2. Preparation of Hg;_.Re.Ba;Ca,Cu;0g,
Five syntheses of the ceramic superconductors

Hg, Re,Ba,Ca,Cu;0g,5 were performed using
the thermobaric analyzer previously calibrated.

Sample #1 does not contain Re, and samples #2,
#3, #4 and #5 have x = 0.15, 0.18, 0.18 and 0.25
respectively.

Initially, Ba,Ca,Cu;0O, (99.9%, Praxair) was
annealed at 930°C in an oxygen flow for 15 h to
assure the complete elimination of carbonates.
Then the Ba,Ca,Cu;0,,s and ReO, (99.9%, Ald-
rich) powders were weighted in the molar ratio for
each sample [8], homogenized in an agate mortar
and pelletized uniaxially under 0.5 GPa. The ob-
tained pellets were annealed at 850°C in an oxygen
flow for 12 h, subsequently homogenized, com-
pacted and annealed again at 930°C in an oxygen
flow for 15 h. This three-step process was per-
formed to assure a homogeneous distribution of
Re in the sample and elimination of carbonates in
the obtained polyphasic precursor.

The precursors for samples #1 and #2 were
annealed again at 930°C in an argon flow for 15 h.
This procedure is used to reduce the excess of
oxygen in the precursor. Then the precursors were
then mixed with HgO (99, Aldrich) in the nominal
stoichiometric quantity. The resulting powders
were finally homogenized, pelletized under 0.5
GPa, in a rectangular form, wrapped with a
gold foil and inserted in the quartz tube of the
thermobaric analyzer with 87 mg of Hg. For
sample #1 (mg = 3.423 g, ff = 0.64 glcm?, mp, =
1.255 g) the thermal treatment was carried out
with a heating rate of 300°C/h up to 787°C, 120°C/h
to 894°C, holding this temperature for 0.1 h, and
—120°C/h to 865°C, holding this temperature for
10 h. The sample was then cooled under a rate
of 120°C/h until room temperature was reached.
The ff was defined [11] as filling factor and is
the ratio between the sample mass and the in-
ternal volume of the TBA device. For sample
#2(m=3.791 g, ff =0.58 glem?, my, = 1.213 g),
the thermal treatment was carried out with a
heating rate of 300°C/h up to 730°C, 120°C/h to
875°C, holding this temperature for 0.1 h, —120°C/h
to 864°C, holding this temperature for 10 h and
the cooling rate was 120°C/h down to room tem-
perature.

For sample #3, after the initial treatment, the
gas flow was blended with 90% argon and 10% of
oxygen and the sample was annealed again at
930°C for 12 h. This precursor was then mixed
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with HgO (99%, Aldrich) in a nominal stoi-
chiometric quantity. The resulting powder was fi-
nally homogenized, pelletized, (m = 3.380 g, ff =
0.58 g/cm?), wrapped with a gold foil (ma, =
2.118 g) and inserted with 93 mg of Hg in the
quartz tube of the thermobaric analyzer. The
thermal treatment was carried out with a heating
rate of 300°C/h up to 700°C, 120°C/h to 850°C,
holding this temperature for 10 h. The cooling rate
was 120°C/h until room temperature was reached.

For sample #4, after the initial treatment the
gas flow was changed to argon and annealed again
at 850°C for 12 h. The precursor was then mixed
with HgO (99%, Aldrich) in the nominal stoi-
chiometric quantity. The resulting powder was fi-
nally homogenized, pelletized (m = 3.306 g, ff =
0.58 g/cm?) and inserted in the quartz tube of the
thermobaric analyzer. The thermal treatment was
carried out with a heating rate of 300°C/h up to
700°C, 120°C/h to 860°C, —120°C/h to 850°C and
holding this temperature for 10 h. The cooling rate
was 120°C/h until room temperature was reached.

For sample #35, after the initial treatment the
precursor was then mixed with HgO (99%, Ald-
rich) in the nominal stoichiometric quantity. The
resulting powder was finally homogenized, pellet-
ized (m=4.625 g, ff =0.75 g/cm?®) and inserted
in the quartz tube of the thermobaric analyzer.
The thermal treatment was carried out with a
heating rate of 300°C/h up to 700°C, 120°C/h to
850°C, —120°C/h to 840°C and holding this tem-
perature for 15 h. The cooling rate was 120°C/h
until room temperature was reached. The pressure
was measured with the thermobaric analyzer [12]
previously calibrated before each synthesis proce-
dure. The temperature was registered with a K-
type thermocouple that is in contact with the
quartz tube that contains the sample. This setup
improves the temperature measurement because it
reads the temperature of the sample container and
not of the furnace. The pressure and temperature
data were recorded with an 1-min interval. The
experimental points were registered automatically
by a personal computer and the HgCaO, mass loss
was determined by weighting the samples after the
annealing.

The X-ray diffraction (XRD) and ac-suscepti-
bility characterization was performed with the final

samples in the powder form. The finals products
were ground in an agate mortar inside a glove box
filled with nitrogen and immediately submitted to
XRD. The X-ray powder diffraction experiments
(Cu-K, radiation) were performed in a Rigaku
Geigerflex mod. 4053A3 with a chamber sam-
ple filled with N, gas. The ac susceptibility was
measured in a home-made calibrated device (h,. =
5 A/m and v = 4.23 kHz) [13].

3. Results and discussion
3.1. The HgCaO, formation

Two experimental curves of pressure (P) ver-
sus temperature (7) obtained with the TBA sen-
sor corresponding to the HgCaO, formation are
shown in Fig. 1; one of them (sample #a) without
Re (HgO + CaO) and the other (sample #e) with
Re [(HgO)yg, + (ReO,), 5 + CaO]. The curves
were registered during the complete thermal cycle
with heating and cooling ramps and the arrows
indicate the direction of the thermal treatment. In
the heating ramp, for the sample without Re (#a),
the pressure presents an exponential-type behavior
with the temperature along the whole range of T;
however, when Hg is substituted by Re (#e), the P
versus 7T curve presents a complex behavior.

In the cooling process, both curves behave
similarly to their respective heating part, although
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Fig. 1. Pressure versus temperature diagrams of the reactions:
#a (HgO + Ca0), and #e ((HgO) s, + (Re0,),,5 + Ca0).
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the pressures are slightly higher. This occurs be-
cause the absorption rate is slowed down due to
the Arrhenius-type law controlling the absorption
process. In this way, the thermodynamic equili-
brium is not exactly reached in the cooling branch
because the formation kinetics of a solid from gas
during the cooling process is slower than the op-
posite process in the heating ramp. Consequently,
a thermodynamic analysis may not be applied in
the cooling curve to produce numerical values for
variables such as AH and AS, but even so, a sig-
nature of the existing chemical reaction may be
also observed in the cooling process. For example,
the cooling curve of sample #e at 600°C displays
a slight inflexion that may be attributed to the
HgO(, formation, which is in agreement with the
observation of minor amounts of red HgOy
coating the inner wall of the tube as well as its
presence in the sample surface. Moreover, the in-
flection point in the cooling curves of both samples
at about 470°C can be attributed to the conden-
sation of Hgg), which was observed as droplets
inside the capsule.

Fig. 2 shows the normalized XRD patterns of
the seven samples with different substitutions of
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Fig. 2. XRD patterns for seven samples with different substi-
tutions of Hg by Re. When the Re concentration increases, the
HgCaO, amount decreases, improving the CasRe,0;, forma-
tion. The maximum intensity reflections, of HgCaO, and
CasRe,0, are indicated in the figure.

0.50 |- + 4
0.40 — I _
0.30 — -
0.20 — E _
0.10 — + ¥ -

000 1 1 1 L 1 1 1 L 1 1 1
0 5 10 15 20 25

Rhenium concentration (%)

HgO loss (*100%)

Fig. 3. The perceptual HgO mass loss for seven reactions
[(HgO),_, + (ReO,), + CaO], with different Re concentrations.

Hg by Re. The results indicate that ReO, does not
form the compound Hg;_.Re,CaO,, s, but it re-
acts with part of CaO forming the compound
CasRe,Oy;, while the rest of CaO forms HgCaO,.
As a consequence, part of HgO does not react,
which is confirmed by the direct measurement of
the mass of HgO proportion lost by the samples,
as shown in Fig. 3.

A complex behavior of the pressure may be
observed in the diagrams, as can be seen in Fig. 1.
For a better understanding, we have separated the
heating curves into different regions, for several
samples, and we discuss the reaction mechanism
that operates in each of these intervals.

3.1.1. First region

The first important region is shown in Fig. 4,
where are displayed the heating ramps for six
different samples up to 600°C. For a better un-
derstanding, it was also plotted the theoretical
curve of pressure versus temperature of the HgO
decomposition

The theoretical curve is given by P =3{1/4 x
exp[—(AH/T — AS)/R]}'/, that can be deduced
from the analysis of the decomposition reaction,
because its equilibrium constant K depends on the
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Fig. 4. Heating ramps for six samples doped with Re, up to
600°C, with a theoretical curve for HgO decomposition. The
kink pressure occurs always when the HgO decomposition
curve intercepts the HgCaO, curve.

partial pressures of the components (and as a
consequence, on the total pressure) through the
equation K = (pug)’po, = 4(P/3)’, and on the ab-
solute temperature through the equation InK =
—AG/RT = —(AH — TAS)/RT. The values of AH
and AS used in the theoretical expression are re-
ported in the literature [14].

From the analysis of the results, we suggest
that when the temperature starts increasing, the
total pressure inside the tube, for some samples, is
greater than that of the HgO decomposition; when
the total pressure of the samples is equal to that of
HgO decomposition, the total pressure drops. This
occurs because we may assume that ReO, reacts
with CaO forming the compound CasRe,O,,. For
that, it was necessary to have more oxygen to form
the compound, and oxygen from HgO was then
used. We present this interpretation because there
is Hg( in the sample, and since Hg has a higher
vapor pressure than HgO, the initial elevation of
pressure must be provoked by the Hg, evapora-
tion. The pressure drop occurs always when the
pressure of each sample attains the HgO decom-
position curve. This suggests that the gas compo-
sition is 2Hg,) + Ox(). In this situation the gases
are in a proper stoichiometric quantity to react
with CaO in order to promote the HgCaO, for-
mation. The gas-solid reaction can display such
pressure drop behavior.
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Fig. 5. Pressure versus temperature diagram synthesis for
[(HgO),_, + (ReO,) + CaO] to four different characteristic
curves, x = 0.0, 0.05, 0.15, 0.25 during heating ramps showing
the linear region behavior.

3.1.2. The linear behavior region

The second important region is shown in Fig. 5
and is characterized by a linear behavior between
P and T for the samples containing Re. The
sample without Re (#a) shows an exponential type
behavior. When the HgO is partially changed
by ReO, the P versus T curve presents an ap-
proximate linear behavior for temperatures above
600°C, as can also be seen for samples #b and #d.
The behavior changes to an exponential type (and
approximately) when each one of these curves
reaches the curve for the sample without Re (#a).

The linear behavior for samples doped with 5—
18% of Re corresponds to an ideal gas. This sug-
gests that in this linear pressure region occur only a
gas expansion, indicating the complete formation
of HgCaO, and CasRe,O;,. When the linear region
starts the compounds HgCaO, and Cas;Re,0,
must have already been formed and the oxygen is
completely consumed, remaining the Hgg,) ex-
panding as an ideal gas. This behavior can be un-
derstood considering the Gibbs’ phase rule [15],
which states that the degrees of freedom are given
by F = C + 2 — p, (where p is the number of phases
and C is the number of components). C is given by
C =N —r, where N is the number of chemical
substances and r the number of relationships
between them (reactions and stoichiometry ratios).
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In the present case, N = 3(HgCa02(s>, Hg,),
CasRe;Oyy)), r =0 and p = 3 (two solid phases:
CasRe,01y) and HgCaO,) and one gas phase,
Hg)). Replacing these values in the Gibbs’ phase
rule we obtain F = 2, and this corresponds to a gas
expansion.

For sample #b the linear behavior does not
change immediately when it reaches the curve of
the sample #a, but it remains linear for more
40°C. After this point starts the exponential type
behavior, which suggests that Re at low concen-
trations is a catalyst for the reaction of the
HgCaO,.

When the Re concentration is raised above 18—
25% there is a change in the beginning of the linear
behavior region. In this case the pressure drops
slightly and then it shows a proper linear behavior.
One possible explanation for this is the increase
of Re concentration, which may initially form
CasRe,Oy;, but when the temperature is raised, the
Re excess can modify the chemical potential of
the CasRe, 01, and part of the compound changes
its phase to form other compounds, liberating
Ca and O, to react with the Hg,), forming more
CaHgO;. In this way the drop in the pressure may
be due to the reduction of Hg in the atmosphere.

3.1.3. HgCaO; decomposition reaction

We may assume that after the linear region, and
in the beginning of the exponential type behavior
between 750°C and 780°C, the system changes its
thermodynamic state and occurs the decomposi-
tion reaction

HgCaOz(s> — CaO(s) + Hg(g) + 1/202<g). (2)

Applying the Gibbs’ phase rule to the present case,
where N =5 (Hg,), Oz, CaOyy), Cas RerOnys),
HgCaO,)), r=2(1: pug =2po,;2: Hg+1/20, +
Ca0O <« HgCaO,) and p =4 (three solid phases:
CasRe,015), CaO,) and HgCaO,(); and one gas
phase: Hg, together with O,,)) we obtain F' = 1.
This corresponds to phase equilibrium.

From the thermodynamic analysis of HgCaO,
at high temperatures, by using the total pressure in
the decomposition reaction of HgCaO, (Eq. (2)) in
the heating ramp it is possible to obtain a linear fit
when InK = In4(P/3)’ is plotted against 1/7. It

863°C 838°C 813°C

InK

8.80 8.90 9.00 9.10 9.20
1T (107K

Fig. 6. Plot of InK (derived from the measured total pressure)
versus 1/T for the HgCaO, synthesis for six samples with dif-
ferent ratio of substitution of HgO by ReO,.

should be observed that the linearity can only be
valid when one solid phase is decomposing. The
plots are shown in Fig. 6 for six samples, where it
is possible to notice the corresponding linear be-
havior. These plots help to obtain the enthalpy and
entropy of the reaction. Applying the van’t Hoff
equation, dInK/d(1/T) = —A4H"/R, it was pos-
sible to calculate the thermodynamic values such
as AgH® and A4S°, to HgCaO,, for the dissocia-
tion.

Fig. 7 shows the values of AgH° and A4S° for all
samples at 850°C. The enthalpy and entropy of
dissociation for HgCaO, presents a maximum
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Fig. 7. A¢H and A4S versus Re concentration diagram at 850°C
for [(HgO),_, + (ReO,), + CaO] reaction with x = 0.00, 0.05,
0.15, 0.18, 0.20, 0.25 in the heating ramps.
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Table 1

Calculated values of A¢H, A4S, using the van’t Hoff equation, in
the temperature interval 7; — T; for HgCaO, decomposition and
A4G for 850°C

% Re AdH AdS T, — Tf AdG
(kJ/mol)  (/Kmol)  (°C) (kJ/mol)
(850°C)
0 142(1) 157(1) 831-857  —34.3(6.5)
5 152.005)  166.5(5) 825854  —34.9(1.5)
15 151(1.4)  166(1.3) 816-857  —35.4(3.4)
18 149.0(6) 164.5(6) 825-851 —35.7(1.7)
20 145.5(5)  160.0(0) 828-857  —34.2(1.5)
25 116(1) 133(1) 846-858 —33.9(2.5)
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between 5% and 15% of Re doping. At this tem-
perature the effect of the entropy value multiplied
by T is important to the dissociation of the com-
pounds because it becomes closer to the enthalpy
value. In order to understand the Re effect during
decomposition it may be better to use the values
for Gibbs’ free energy. Table 1 presents for each
Re concentration the calculated values of AJH®
and A4S° around 850°C and A4G° at 850°C for
HgCaO, decomposition. To obtain the Gibbs’ free
energy of dissociation at 850°C, the equation
AJG® = AJH® — TA4S° was used, with the values
obtained by the van’t Hoff equation.

In order to determine the relative stability of
each decomposition reaction for samples doped
with Re, the Ellingham diagram A4G° versus T
was used. The AyG° values were obtained from the
equation AyG°* = —RT In K and the corresponding
diagrams are shown in Fig. 8. The easiest dissoci-
ation is given by the lowest AjG° value. All the
samples present similar behaviors but as the Re
concentration increases, the AyG° is reduced, at-
taining a minimum for 18% of Re (-35.7 kJ/mol),
and increasing again for higher values of Re con-
centration. We conclude that the sample doped
with 18% of Re has the lowest energy of dissoci-
ation, being the easiest to decompose at high
temperatures.

3.2. The formation of superconductor Hg;_,Re,Ba,-
Ca;Cu3Os 5

After reaching the understanding of the for-
mation mechanisms of the HgCaO, phase and the

Temperature (°C)

Fig. 8. AqG versus T diagram for the HgCaO, synthesis with
six samples with different substitutions of HgO by ReO,.

effects provoked by Re we have decided to inves-
tigate the behavior of pressure x temperature for
the (Hg,Re)-1223 superconducting phase synthesis
and to compare the synthesis parameters.

The samples with different Re concentrations
received different heat treatments in order to ob-
tain the phase n = 3. The XRD and ac suscepti-
bility measurements confirmed the phase n =3
with T, = 133 K for all samples, cf. Fig. 9. Fig. 10
shows the XRD patterns for two representative
samples, one with 15% Re and other without Re.
Fig. 11 shows the cell parameters evolution versus
Re content. In Ref. [16] we show a more com-
plete study of cell parameters evolution with Re

0.0 FA
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W s © x=0/15 A J
= 2.0x10 g
g
~ -4.0x10°} .
g I
£ 5
S -6.0x10° .
=
-8.0x10° 1
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1 1
70 80 90 100 110 120 130 140 150
Temperature (K)

Fig. 9. ac-susceptibility measurements for all samples showing
the phase n = 3 with 7, = 133 K as predominant.
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Fig. 10. The XRD patterns for two representative supercon-
ducting samples, one with 15% Re and other without Re.
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Fig. 11. The cell parameters evolution versus Re content by
Rietveld method.

concentration. Fig. 12 shows the diagram P versus
T for the five samples and the insert in the figure
shows the complete treatment cycle with the
heating and cooling branch for the sample #1
(HgBa,Ca,Cu30gs, ;). For a better understanding,
the figure shows only the heating branch for the
five samples. In this plot it is possible to notice that
the sample without Re has a lower synthesis
pressure above 770°C. This result is different of the
results presented by Xue et al. [9], where they used
the N, quenching to determine the pressure of Hg
during the synthesis of superconductor (Hg,Re)-
1223.
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Fig. 12. Pressure versus temperature diagram during heating
of the Hg;_,Re,Ba,Ca,Cu;0s,,; synthesis for samples with
x =0.00, 0.15, 0.18 and 0.25. The insert shows the heating and
cooling cycles for synthesis of the HgBa,Ca,Cu;0s,; super-
conductor.

An important characteristic of this diagram is
the appearance of a kink in the heating ramp at
about 440°C. This behavior was experimentally
observed in the superconductor synthesis but not
in the case of the HgCaO, synthesis. There is a
special interest in the heating process because the
increases of the distortion in the curve indicate the
appearance of the CaHgO, in the final synthesis of
the composition. When the P-T curve behavior
becomes more continuous and the drop in pressure
moves to lower temperatures there is a reduction
of CaHgO,. The pressure diagram suggests that
the reduction of the oxygen content of the pre-
cursor and the increase of the partial mercury
pressure reduce the CaHgO, amount, improving
the yield of the superconductor formation.

The elevation of pressure before the drop, in
this temperature region, is associated with the ex-
cess of oxygen in the precursor Ba,Ca,CuzO7y;
that interferes in the superconductor formation by
decreasing its speed of formation. Since the for-
mation condition of HgCaO, is essentially via a
solid reaction that is occurring continuously, as
shown in Fig. 1 for sample #a, a displacement of
the peak towards higher temperatures and pres-
sures during the heating ramp increases the
quantity of HgCaO,, consequently decreasing the
superconductor phase n = 3.
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Fig. 13. Pressure at 850°C versus Re concentration for
[(HgO),_, + (ReO,), + CaO] reaction with x = 0.00, 0.05, 0.10,
0.15, 0.18, 0.20, 0.25 during heating ramps and Hg; .Re,-
Ba,Ca,Cu;0g, 5 synthesis for samples with x = 0.0, 0.15, 0.18
and 0.25.

3.3. The competition

The behavior of P x T for the syntheses of
the superconductors and of HgCaO, are very
similar, however with a distinction: the pressure
drop which appears during the synthesis of the
superconductor around 450°C. To improve the
understanding of the competition between the su-
perconductor (Hg,Re)-(1223) and the impurity
HgCaO0,, it is interesting to compare the pressure
at the same temperature during the heating ramp
for both cases. Fig. 13 shows the pressure at 850°C
during the heating ramp for HgCaO, and (Hg,Re)-
1223 versus Re concentration.

At 850°C, the pressure of HgCaO, doped with
Re shows a maximum for Re concentration at
18%. This behavior seems to be connected with the
irregular behavior of the linear part of Fig. 5,
sample #g, when the Re concentration was raised
above 20%.

The pressure behavior for the superconductor
synthesis shows a linear increase when the Re
concentration is raised. The pressure for the su-
perconductors synthesis up to 18% of Re concen-
tration, has values that are near or below the
values of HgCaO, doped with Re. It is possible to
understand this behavior, since for one certain
synthesis be favored it must have a lower pressure
than the pressure of competitor phases, and that

occurs in all these four samples. According to this
point of view, for superconductor syntheses with
20% and 25% of Re or more, the (Hg,Re)-1223
with n =3 phase should not form, because the
superconductor synthesis pressure is greater than
the pressure of HgCaO, (Fig. 13). But that not
happens, and in fact the n = 3 phase is formed,
however the sample quality as indicated by ac-
susceptibility measurements at 77 K decrease when
the Re doping increase above 18% of Re. This
unexpected result can be justified by the forma-
tion of CasRe,0,, (Fig. 2). At low temperatures
Re reacted with Ca, avoiding the formation of
HgCaO, by a portion of the available CaO, and
only releasing the Ca to form the superconductor
phase at high temperatures. As soon as the Re
concentration increases the pressure differences
increase, and it is more difficult to maintain the
growth of the n = 3 phase.

Taking into account only the result of Fig. 13,
we could be induced to say that the super-
conductor HgyosReppsBa;Ca,CuszOg, s synthesis
should present better results than HgygReg s-
Ba,Ca,Cu;0g, 5, but that was not observed. Up to
this moment we have produced several samples
with different Re concentrations and the best
sample produced was Hgjs,Rep13Ba,Ca,Cu;Ogy 5.
This result can be explained by the effect of Re
doping in the reaction of HgCaO,. At low con-
centration like 5%, Re shows a behavior as a cat-
alyst for the HgCaO, reaction. However, when the
concentration of Re is increased, it competes with
the Hg to form the compound CasRe,01,. In this
way, it decreases the HgCaO, formation and fa-
vors the superconductor synthesis. However, when
the Re concentration exceeds 18% the CasRe,O,
becomes unstable allowing the formation of the
HgC302.

The Re concentration found by EDX analysis
shows a different value than the nominal one. The
samples with nominal concentration of Re of
x =0.15 and 0.18 have a tendency to form a sto-
ichiometry of 1/4 Re and 3/4 Hg in the HgOj;
plane. For a sample with a nominal Re concen-
tration of x=0.25 the Re content reaches
x = 0.28. A more detailed study about that is de-
scribed elsewhere [16] and a similar behavior was
found by Reder et al. [17].



106 A.G. Cunha et al. | Physica C 356 (2001) 97-106

4. Conclusions

During the reaction between [(HgO),  +
(ReO,) + CaO] with 0 > x > 0.25, the ReO, does
not form the compound Hg; ,Re,Ca0O, ;. In fact,
the ReO, competes with HgO and reacts with CaO
forming the compound CasRe,O,,, while the rest
of CaO forms HgCaO,. At lower Re concentra-
tion (x = 0.05), (ReO,), behaves as a catalyst for
HgCaO, formation. When the Re concentration is
increased the Cas;Re,O;, formation competes with
HgO, reducing the HgCaO, formation, favoring
the superconductor synthesis. However, when the
Re concentration exceeds 18%, CasRe, O, become
unstable allowing the HgCaO, formation.

The TBA allows us to obtain the values of
enthalpy, entropy and free energy of dissociation
for HgCaO,. The curves of pressure versus Re
concentration, Figs. 12 and 13, have revealed that
18% was the “optimum” Re content for our par-
ticular set of synthesis conditions. Moreover, since
HgCaO, is produced during the heating step,
higher heating rates are beneficial to minimize
HgCaO, formation and improve the Hg-1223 ce-
ramics formation.

The pressure behavior for superconductor syn-
thesis around 850°C suggests a linear increase of
the total pressure inside the quartz tube when the
Re concentration is raised. This result is opposite
to Hg partial pressure behavior found by Xue et al.
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