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Abstract. Thanks to a novel technique (thermobaric analyser or TBA) for measuring the

in situ pressure in quartz tubes, we have investigated the precursor quality for the synthesis of
the superconductor Hg-1223 which is an essential parameter to control. We have made this
study on the Hgs,Rey 1sBaxCaCusO, samples and we can conclude that this

superconductor phase requires a ceramic precursor sintered inRyJawixture gas flux.

An excessively oxygenated precursor leads to overdoped superconducting phases, presence
of other members with lower, HgCaQ and some unreacted precursor. The precursor
oxygenation degree also modifies the kinetics of formation of HgGard the partial melting

of the superconductor material may be affected.

1. Introduction Ca and Cu in the later thermal treatment plays an important
role during the synthesis of the superconductor. A precursor
The superconductors HgB@a, 1Cu,02,+2+, (Hg1l2(n — in which Ca ions are well reacted with other ions facilitates

Dn) have been intensely studied. The member of the seriesthe formation of Hg-1223. These authors suggested that
n = 3 is the superconductor that has the highest critical this well reacted precursor might be insensitive to moist
temperatureq. ~ 133 K) at ambient pressure [1] and under air.
high pressures can reactfaof 160 K [2]. The synthesis Another very important characteristic is the degree of
of then = 3 phase is difficult to obtain in a pure state at oxygenation of the precursor. The precursor consists of
low pressures, and has only been possible at high pressurea mixture of both stoichiometric and non-stoichiometric
[3,4]. However, it is possible to obtain pure phases with phases, such as BaCup§ BaCuOsi;, BapCugOs.s,
the use of the technique of the sealed quartz tube if atomsBa,CaCyOg+s, CaCuQ;, CuO,...[12]. The non-
of high valency are used (Re, Pb, Tl, Bi,.V,) tosubstitute stoichiometric phases allow modification in the oxygen
partially the mercury [5-9]. Another advantage of working content, which causes different values in the valency of the
with this series of dopants, as the cation rhenium, is that the Cu. In addition, the distribution of the mixture of precursor
manipulations become easier in all the steps of the synthesisphases can be varied [13]. There is a strong evidence that
since it is possible to work without a strictly controlled there is a relationship between the valency of the copper in
atmosphere [10], which would be very difficult if one works the precursor and the quality of the superconductor phase
without any dopant because the sample would be much moresynthesized at high pressures [11, 14].
reactive to CQ and humidity. In this work, we found that the changes in the copper
An important step in the synthesis of the superconductor valency are correlated with the proportion of BaCwO,
ceramic is the sintering of the precursor. This is a (phase 413) which is identified by XRD in the precursor
fundamental topic for the synthesis of the pure- 3 phase samples. Kubat-Martiret al [15] identified the phase
synthesized at high pressures [11]. Ba,CaCuyO, (413) like a new phase of the system
An important characteristic on this synthesis type is the Ba—Ca—Cu-O which is found in the = 3 precursor
homogenization degree of the present cations inthe precursormaterial. Abattistaet al [16] reported the formation of
Lin et al [11] showed that the degree of homogenization of oxycarbonates in these phases if they are sintered in air; for
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Figure 1. XRD patterns showing the principal precursor phasesC08&3, 413, CaO, CaGiD; and BaCu@.,.

thisreasonis very important to handle the precursor phase in astoichiometric amount of HgO before proceeding to the last

controlled atmosphere. Loureiet al[14] observed thatthe  synthesis step leading to the superconductor phase.

oxygen stoichiometry which may be modified is reversible The superconductor system which has been investigated
and controlled through the thermal treatment. Moreover, iS Hgog2Re.18Ba3CaCusOg:s. Rhenium substitution leads

it was observed that a higher value for the copper valency to enhanced occupancy of the oxygen sites available in
in the precursor favours the lower members of the seriesthe plane Hg®, because the rhenium cation occupancy

Hg-12(n — 1)n; on the other hand, a smaller valency favours i octahedrally coordinated with oxygen [17].  The
the superior members of the family [14]. enhancement of the oxygen content in the precursor

associated with the rhenium ions suggests that the precursor

In this work the optimization of the oxygen contentin the k ) ;
superconductor phase through a controlled partial pressure O]has.to be annealed in an appr.oprlate reducing atmosphere to
avoid any oxygen excess, which could lead to an overdoped

oxygen atmosphere during the precursor synthesis is studied.t ‘ o th ist f tai t of
The partial pressure was controlled by a mixture of gases.s ate or even 1o the persistence ot a certan amount o
(Ar, O,). The basic idea is that the superconductor Synthesislmpurmes. This fact makes extremely difficult the synthesis

occurs in a closed system and the stoichiometry of the oxygenOf apuren = 3 single phase. . .

in the superconductor sample, which is a very important Another important aspect is the formation of the phase

ter for the stabilizati fthe= 3 oh . d HgCaQ, which was studied recently using the controlled
parameterior e stabilization of the= 5 phase IS governe pressure and temperature conditions using a thermobaric
by the degree of the precursor oxidation. With this control

. analyser (TBA) [18]. This compound is a competitive phase
the obtained superconductor samples do not need any furthek, ine formation ofthe = 3 phase as has been demonstrated

oxygenation post-treatment, as usually performed, since theby Sinet al[19] and Xueet al[20]. In this work we will show

degree of oxygenation of the final sample is pre-defined by that its formation is very sensitive to the oxygen content of the

the precursor polyphasic ceramic. precursor phase. The intermediate formation of the HgCaO
Consequently, the synthesis of the precursor is very phase is minimized with low oxygen content in the precursor

sensitive for the superconductor phase. We prepared thephase and we will show that the TBA device allows us to

precursor following the next sequence: firstly, several detect a decrease of the pressure—temperature point where it

thermal treatments in oxygen flow are carried out on the is formed.

precursor to assure a good homogenization of the cations

and their complete decarbonization. Then, a final treatmenty Experiment

is carried out with a controlled flux of a mixture of gases.

This step defines the oxygenation degree of the precursorThe formation of the multiphasic ceramic precursor begins

and with it the copper valency which will be mixed with a  with the mixture of BaCaCusO, (99.9%, PRAXAIR) and
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Figure 2. XRD patterns of the Hgs,Re& 1sBa,CaCusOg.s Synthesis for precursors annealed’gs = 0.0, 0.2, 0.5, 1.0 bar. The maximum
intensity reflections of HgCaQHg,Re-1212/ = 2 phase) and Hg, Re-12238 & 3 phase) are indicated in the figure.

of ReQ, (99.9%, Aldrich) in powder form with the molar  technique ofthe sealed quartz tube. The polyphasic precursor
relationship 1:0.18. They were homogenized in an agate material previously described was blended with HgO (99%,
mortar and subsequently pelletized with a uniaxial pressure Aldrich) with a stoichiometric relationship. The mixture was

of 0.5 GPa. The pellet obtained is annealed at&Mh a homogenized in an agate mortar and pelletized as described
flow of oxygen for 15 h. Subsequently, it is homogenized previously. The sample was then introduced and closed in

and compacted again before being annealed a second time &} quartz tube where the pressure sensor was connected [18].
a higher temperature (93C) for 12 h in a flow of oxygen. The applied thermal cycle was a ramp of 3a0h~* up to

These two thermal annealing processes are sought to assuren oo~ (to minimize the formation of HgCa19], followed
a good homogenization of the rhenium and the elimination '

of the carbonates remaining in the polyphasic recursorby one of 120C h™* until the temperature of synthesis
sample 9 Poyp P (850°C) where it stayed for 10 h. Subsequently, the sample

The obtained precursor material was then submitted was cooled atarate of 120: h~ until am_bi_ent temperature.
to a new heat treatment at 930 for 12 h in a flow Based on the study of Skt al [21], the filling factor of the
of a gas mixture of argon (99.95%) and oxygen (99.5%) quartz tube used in this synthesis was @&0g cni3, which
maintained at 1 bar. Different compositions of oxygen in Was the minimum to obtain a pure phase.
the mixture were used in order to study their influence in All the characterizations of the obtained ceramic
the synthesis of the superconductor ceramic. The differentsuperconductors were carried out with the samples in powder
precursor samples were referred as: 0.0, 0.1, 0.2, 0.3, 0.4form. The samples were ground in an agate mortar and dried
0.5, 0.8 and 1.0 bar, according to the oxygen gas pressurater in a stove at 105 in a N, atmosphere during one hour.
employed. These values should not be taken as the realrpen the powder was cooled in a desiccator for one hour and

oxygen partial pressure because the argon and 0xygen gas§er o, sifted to assure that the present material has a particle
are impure. Therefore the oxygen partial pressure Varies o <m-iior than 65 micrometres

from 5 x 10~ bar to nearly 1 bar between the end gas ) .
proportions used. The superconducting samples which were ~ Powder x-ray diffraction patterns (Cufwere recorded
prepared with the respective precursors are named in the texWith @ Rigaku Rotaflex Ru-200BV. AC susceptibility
according to the value of the corresponding oxygen partial measurements were carried out with a home made system
pressure. [22] which was calibrated with a paramagnetic salt

The synthesis of the ceramic superconductor ¢dg of Gh(SOy)38H20 (99.9%). The measurements were
R 18BapCaCu;Og., Was carried out by means of the performed at,. =5A m~tandf = 423 Hz.
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Figure 3. x.. as a function of absolute temperature for Hg, Figure 4. x,. as a function of absolute temperature for Hg,
Re-1223 samples prepared with precursors annealBg,at 0.0, Re-1223 samples prepared with precursors annealBg,at 0.5,
0.1, 0.2 bar. 0.8, 1.0 bar.
3. Results and discussion :"';"'H"”" "H";
. 13 b ‘//ihwi\I ]
3.1. The effect ofPy, on the precursor synthesis P+ A\\i ]
The XRD patterns corresponding to the sintered precursors as s \
a function of the oxygen partial pressug, are displayed in g mp \ ]
figure 1. The identified phases were BaGuyOBa,CaCuO, 5 f “\
(413 phase), G&Lu0;, CaO, CaCpO3; and BaCyO,. A PRI \
change inthe relative reflection intensity of the marked phases "~ 131 F \ b
may be observed. This variation is attributed to the difference : \% — }\
in oxygenation, which causes the calcium-rich phases (CaO : ' i \\
and CaCuGs) to reduce at the expense of the growth of the 130 F '\jv_ .
413 compound. This redistribution in the precursor phases YT v Y'Y .
was also observed by Loureiedal [14] in precursor samples P (bar)
Q2

without rhenium where different thermal treatments were
applied, leading to different degrees of oxygenation in the rjq,re 5. Diagram of7, againstP,, used in the annealed
final samples. precursor.
After characterizing the precursor composition, we
studied the influence of the precursor oxygenation on the Hg, syperconductor fraction measured is about 70%. However,
Re-1223 synthesis. The XRD patterns ofthe superconductorsin group Il a clear decrease in e of the Hg, Re-1223
prepared with precursors annealed under different oxygenis found up to a maximum difference around 3 K. The
partial pressures are shown in figure 2. In all cases, thesecond transition around 110 K is assigned to the presence of
Hg, Re-1223 phase was the main phase with small amountsHg, Re-1212. Interestingly, the maximum shielding passes
of BaCuQ.s, HgCaQ, Hg,Re-1212. All residual phases  through a maximum aP,, = 0.1 bar.
are observed to decrease as thg, is reduced. The If T,.u5e fOr n = 3 is plotted against th@,, of the
disappearance of tle= 2 phase occurs beloRp, = 0.5bar  precursor, figure 5 is obtained. Two plateaus are clearly
while HgCaQ seems to be effectively eliminated below identified with a sharp transition in between Bp, ~
Po, = 0.2 bar. 0.40 bar. The first plateau lies @& ~ 133 K; the second
The cell parameters of the Hg, Re-1223 phase of the one, at7, ~ 130 K. The optimally doped sample of Hg, Re-
highest purity @p, = 0.0 bar) ares = b = 3.852(18) A, 1223 displays &. = 1333(2) K. As the second plateau
¢ = 15.28573) A, this last value being significantly lower s associated with the samples excessively oxygenated at
than previously reported data [17, 23]. higher Py,, it can be concluded that the corresponding
The AC susceptibility curves of the corresponding superconductors are overdoped, while Hg, Re-1223 samples
Hg, Re-1223 samples have been divided into two groups with the plateau at a high&t. probably are optimally doped.
according to the critical temperature and number of The small differencefd3 K in 7. might be explained taking
superconducting transitions: the samples of groupd, (= into consideration the fact that rhenium is the main doping
0.0, 0.1, 0.2 bar), which display a single superconductor mechanism in these materials, providing the extra oxygen
transition with7, ~ 133 K (figure 3); and those of group Il atoms in the Hg@layers. Chmaisseret al [17] found that
(Po, =0.3,0.4, 0.5, 0.8, 1.0 bar), which hav&a< 130 K ReQ; octahedra arranged in the HgMayer in such a way
and two superconducting transitions (figure 4). that the four equatorial oxygens locate in the position (0.33,
The single transition of group | can be attributed to 0.33, 0) while apical oxygen atoms are in (0zPsites where
then = 3 phase. This set of samples corresponds to thez ~ 0.13. In addition, some extra oxygens are found in
precursors prepared withRp, < 0.2 bar and the maximum  (1/2, 1/2, 0) accounting for an occupancy of about 0.07(1)
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Figure 6. x.. as a function of absolute temperature for the
superconducting samples annealed for 10 and 72 h.

for a rhenium content of = 0.17, which is very close to
our case. Within this structural model, we could explain the
changes irf, assuming that these A2, 1/2, 0) oxygens are

responsible for the doping variation since they are loosely
bound to the Hg atoms, which leads to easy intercalation or
removal during the precursor thermal treatment. However,
the covalent Re—O bonding must be stronger so that it would
be unlikely that these oxygens could be removed in areducing

atmosphere.

To check whether the observed reductionZpfvaried
with the annealing time, we performed an additional
experiment with a precursor prepared aPg = 1.0 bar
for longer annealing times (72 h). Ac susceptibility

measurement (figure 6) shows two superconducting

transitions but with a further displacement of the transition

temperatures (127 and 97 K). These superconductingfor
transitions could be consistently attributed to those of

optimally doped: = 1 andn = 2 phases [24, 25]. However,

XRD analysis of these two samples shows that actually a

mixture ofn = 2 andn = 3 phases exists with an increase
of then = 2 phase concentration with the annealing time.
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Figure 7. Pressure versus temperature curve of the
Hgog2Re.18BaCaCusOg.s Synthesis for samples annealed at
Py, = 0.0, 0.2, 0.5, 1.0 bar in the region of HgCaformation.

An increment of 2 bar was added to each curve to facilitate the
reader’s visualization.

Py, decreases, the peak becomes flatter and moves to lower
temperatures. Eventually, the peak is hardly observable at
Py, = 0.0 bar with a monotonic increase of the measured
total pressure. A possible explanation for the reduction of
HgCaQ might be given at this point, if we consider the
different oxygen content in the precursor phase. If Ca atoms
form primarily the 413 phase, little CaO is left unreacted.
Initial HQO would thus find difficult to react with free CaO

to form the HgCa®. This may also explain the progressive
increase in the total pressure that should be associated then
with a higher concentration of Hg in the gas phase.

The full TBA curves corresponding to the Hg, Re-1223
mation also exhibit a different behaviour in the two groups
of samples defined above. In figure 8, the complete TBA
cycles for a typical sample of group | and a typical sample
of the group Il have been drawn together. Apart from the
heating region around 50C, the total pressure in the heating
ramp abovel' ~ 750°C is slightly higher in the case of

As a result, the observed superconducting transitions e |ower oxygenated precursor while, as regards the cooling

have been assigned to overdopee: 2 and 3 compounds.
In fact, such a decrease T has been reported for Hg-1212

ramp, the situation is inverted. We should note also that
the condensation of Hg (I) at about 44D[21] in the cooling

and Hg-1223, where the samples deviaFed frqm the optim“mramp is not observed in the excessively oxygenated precursor.
oxygen content [26,27]. The present investigated samplesty explain these results, the stability regions have to be
needed a longer time to accommodate in the structures ofcgnsidered. Tha = 2 andn = 3 phases are stable above

then = 2 andn = 3 phases. In other words, it seems that

765 and 800C, respectively [21]. In the heating ramp up

there is some atomic diffusion by solid state, because the timeyg 750°C, the increase of the total pressure of group | as

to transform a small amount of the= 3 ton = 2 phase
is very large. Also, we note that the presence of HgEaO

compared to group Il can be explained on the basis of the
higher stability of then = 2 phase. When the precursor

in the XRD pattern decreases as the annealing time goesg oxygenated the = 2 phase becomes more stable and

up. This suggests that the HgCadisappears to form other

superconducting phases via the solid state mechanism.
Now the P-T curves from the TBA device were

studied to ascertain any change in tReT data of the

consequently shows a decreased tendency to decompose.
A sequential mechanism of the Hg, Re-1223 formation is
discussed elsewhere [21].

However, during the cooling ramp, the gas phase is

superconducting samples that had been made with differentreabsorbed more easily above800°C by the reduced

precursors. As has been previously shown, these curves arg@recursor than by the oxygenated one. This may be due
a useful tool to monitor the formation of phases in gas—solid to the higher stability of the = 3 phase in this region with
systems[19, 21]. Figure 7 shows the thermobaric plots for the a reduced precursor. As the temperature decreases the total
samples withPy, = 0.0, 0.2, 0.5 and 1.0 bar in the heating pressure diminishes more for group Il, changing the trend
ramps. The HgCa®formation was ascribed to the peak between both groups at higher temperatures. This may be
around 500C whenP,, = 1.0 bar [19]. As observed when due again to the higher stability of the= 2 below~800°C.
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Figure 8. (a) Pressure versus temperature curve of theshRe 1sBa,CaCu;Og.s Synthesis for samples of group®4, = 0.1, 0.2 bar)
and group Il ¢y, = 0.3,0.4, 0.5, 0.8, 1.0 bar). (b) The inset shows Ere” curve corresponding to an Hg, Re-1223 sample prepared with a
precursor sintered &, = 0.0 bar.

In addition, the inset of figure 8 displays a TBA cycle One may observe in the AC susceptibility measurements
of the precursor annealed &, = 0.0 bar. This sample  (figure 9)that, forP,, = 0.1 bar, the ceramic samples present
showed spots of reaction with the quartz tube, which was not two superconducting transitions while the sample annealed at
observed in the other samples. This could be an evidence ofa highertemperature exhibits an enhanced magnetic shielding
possible partial melting of the pellet and as a consequenceand smaller proportion of the= 2 phase. This result differs
the reactivity with quartz is strongly favoured. In this case, from that observed on the sample sintered at@3®&here a
a strong inflexion is seen around 70, in which the rate  single transition was obtained whe&p, = 0.1 bar. Finally, if
of decomposition is slowed down. The origin of this effect amore reducing atmosphere is used at the same temperatures
is still uncertain but it might be due to an onset of partial with Py, = 0.0 bar a single transition is finally obtained.
melting of the superconductor pellet. Further verification is The XRD patterns of these samples show tha@t=
in progress to check this hypothesis. If this consideration 0.1 bar, then = 2 reflections are more prominent in the
is demonstrated the possibility of using melting processing case of annealing at 85C€ than at 915C. In the case
technologies could be accessible because the pressure doey, = 0.0 bar, then = 2 phase is hardly observable
not rise dangerously<(30 bar). at both temperatures. Anyway, the disappearance of the

In conclusion, the reported results suggest that HgCaQ reflections at 915C is remarkable. This XRD
oxygenated precursors stabilize a mixture of Hg,Re-1212 andanalysis is coherent with the results from the ac susceptibility
1223 while poorly oxygenated precursors lead to single phasemeasurements.

Hg, Re-1223 superconductors. Therefore, we can conclude that if the precursors
are annealed under the samg, (0.1 bar), using higher
3.2. Effect of temperature and the total pressure temperatures leads to more reduced precursors, and this, in

turn, stabilizes the@ = 3 phase. On the other hand, when
After the study of the oxygenation of the precursors in P, = 0.0 bar there is a strong reducing character of the
conditions of fixed temperature and variable total pressure atmosphere and the reduction of the binary Hggathigh
(up to 1 bar), we investigated the effect of the oxygenation temperature is outstanding. This is reasonable if we assume
degree on the precursor when both the temperature and totathat the decomposition reactions are thermodynamically
pressure are modified. The selected oxygen partial pressurgavoured with the increase of temperature so that the sample
ranged betweet®,, = 0.0 and 0.1 bar, which proved to be becomes less oxygenated.

beneficial for the Hg, Re-1223 phase formation, as has been  Finally, the effect of the total pressure?y) in the
described in the previous paragraph. precursor synthesis was studied, fixing the annealing
Firstly, the effect of the annealing temperature of the temperature (850C), the ramps and holding time. The
precursors was examined. Two maximum temperaturesprecursor pellet was placed inside a pressure furnace at
below that used in the investigation reported above (€30 a Py = 5 bar of Ar (99.95%). The ac susceptibility
were chosen: 918 and 850 C, maintainingthe sameramps curve of the corresponding superconductor is shown in
and holding time previously detailed. For each maximum figure 10. For comparison purposes we also display the
temperature, the oxygen partial pressure was varied betweerturve corresponding to precursor annealedat= 1 bar
Py, = 0.0 and 0.1 bar. and in the same conditions of temperature and atmosphere
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Hgo.g2Re.18BaCaCusOg.s Whose precursors are annealed at:
850°C with P; = 1 bar and 5 bar of Ar.

composition. The precursor sintered/t = 5 bar presents

a slight decrease of the magnetic shielding and an onset(P€!OW Po; :
gbeing prepared. A precursor oxygenated in excess leads to

transition temperature 0.5 K lower than the sample prepare
under 1 bar.

also for an increase aPy. The K, of this system can be
written ask, = (Poz)y/z, where K, is only temperature
dependent, but does not dependrn According to the Le
Chatelier principle, an increase Ry causes a displacement

of the equilibrium to the reaction member that has the smaller
number of moles of gas [28,29]. Thus, a highigrin this
system due to a reduced volume does not make the precursor
deoxygenation more effective.

4., Conclusions

As in other previous studies on Hg-1223, the precursor
quality for the synthesis of the superconductor Hg, Re-1223
is found to be essential. In our rhenium-doped samples we
can conclude that the superconductee 3 phase requires a
ceramic precursor sintered at |a®,. To obtain high-quality

Hg, Re-1223 superconducting phases, reducing atmospheres
= 0.1 bar) are needed when the precursors are

overdoped superconducting phases, as regérdand the

The XRD patterns of these samples showed an increasg®resence of other members with lower n, HgGa@d some

of reflexions corresponding to the = 2 phase in the
precursor annealed & = 5 bar is clearly observable. This
fact demonstrates that the deoxygenation vWith> 1 bar is

unreacted precursor. The content of oxygen in the precursor
also modifies the kinetics of the formation of HgGaO
Precursors annealed with lofy, values display a decreased

ineffective. This result may be due to two reasons. First, the proportion of this binary oxide. The oxygenation degree also

Py, is multiplied by a factor of five when the pressure furnace
is used Py, = 25 x 1074 bar). At 850°C, the equilibrium

Rey.18BaxCaCu30; (5) < Rep 18BaCaCusO, ) (s)
+y/20:(9) 1)

may be displaced towards the left by Le Chatelier’s principle
in the case ofPr 5 bar. The nominal precursor

affects the partial melting of the superconductor material.

When poorly oxygenated precursors are used, partial melting
can occur at lower temperatures. A guide was therefore given
to control the formation of the superconductor phases by
choosing appropriately the precursor synthesis.

composition is used in reference to the polyphasic mixture acknowledgments

and itis meant to show the oxygenation equilibrium. Second,

if we assume that the increase of pressure is due to theThe authors would like to thank CAPES, CICYT(MAT96-
reduction of the volume of the reactor where the reaction 1051), CNPq, CST-Cia Siderurgica de Tubarao, DIOPMA,
takes place, the volume reduction in the reactor can accountrjnep and Generalitat de Catalunya (GRQ95-8029).
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