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Pb-substituted Hg-based superconductor of Hgg ¢sPbg 33 Ba,Ca,Cu;0, has been
fabricated using the sealed quartz tube technique. R-T and x-ray diffraction pattern
(XDP) measurements show that the specimen has a 7. of 135 K and contains mainly
the Hg-1223 phase. Scanning electron microscopy/energy dispersive x-ray analysis
(SEM/EDX) and transmission electron microscopy/energy dispersive x-ray analysis
(TEM/EDX) were employed to study the texture and chemical composition of the
specimen. It is found that the specimen contains round-shaped grains with a mixture
of Hg-1223, BaCuO,, and CagssCuO; phases, square-shaped grains with a formula of
PbBa,O;, small single crystals with single Hg-1223 phase, and crystal-like layers with a
mixture of Hg-1223 and BaCuO, phase. We consider that though the doping of Pb can
benefit the stabilization of the Hg-1223 phase, it introduces other impurity phases and

textures in the specimen at the same time.

1. INTRODUCTION

Since the discovery of the high temperature super-
conductivity in the Hg-1201, Hg-1212, and Hg-1223
ceramics with transition temperatures 7, = 96, 120, and
135 K, respectively,"” researchers have tried to find
a feasible but rather standard fabrication method in
order to produce a high quality Hg-based superconductor
(which may have different phases) with high supercon-
ducting phase content. The difficulty of searching for
a suitable way to fabricate this family of superconduc-
tors is that Hg vapor can easily be produced during
the solid-state reaction process. We know that in the
mechanism of growing Hg-based superconducting phase
compounds, Hg-containing compounds such as HgO are
highly volatile at temperatures above their melting point
of 500 °C.%° The generation of Hg vapor during the
sintering process at 750 °C causes two problems. Firstly,
Hg vapor is extremely toxic. It is highly dangerous to
fabricate such superconductors in an open environment
without proper safety procedures. Secondly, since the
Hg-1223 superconducting phase formation temperature
of Hg-based superconductors is around 750 °C, HgO in
the specimen being fabricated will be decomposed into
oxygen and mercury vapor at 500 °C before reaching the
superconducting phase formation temperature.

In order to prevent severe Hg loss during the fabri-
cation process, there are two methods that are commonly
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employed to fabricate the Hg-based superconductors.
They are the “high-pressure synthesis™>® and the “sealed
quartz tube technique™.'*~'? The use of high-pressure
synthesis technique can lower the amount of mercury ox-
ide loss. Therefore, scientists sinter the specimen under a
high pressure ~2 GPa. The stability of HgCaO,, which is
formed at the first stage of the phase formation reaction,
can be reduced. This reduction benefits the formation
of Hg-based superconducting compounds because the
formation of HgCaO, inhibits the Hg superconducting
phase to grow. On the other hand, in sealed quartz
tube technique, the specimen is sintered inside a closed
environment. The Hg vapor and the O, gas, which are
decomposed from the specimen at 500 °C, impose a
very high vapor pressure on the closed environment
of the quartz tube. Therefore, the tube should be first
evacuated (~1072 Torr) in order to prevent it from
breaking during the sintering process because of the
high magnitude of Hg and O, vapor pressure. The Hg
vapor enters the specimen inside the sealed tube at
the Hg-superconducting phase formation temperature of
750 °C and has the chance to react with other chemical
constituents and form the Hg superconducting phase.
In general, both the high pressure and sealed quartz
tube technique can produce-Hg superconductors with
very high critical temperature.*$1%* However, only the
sealed quartz tube technique is suitable for preparing
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more than one or two pellets. The encapsulation process
1 likely to be suitable and simple to synthesis the Hg-
based superconductors.*® In this paper, the specimen is
fabricated by using the encapsulation technique.

Since the superconducting phase formation mecha-
nism of Hg-based superconductors as mentioned above
is quite different from that of the typical Y, Bi. and
Tl based superconductors, it is fruitful to investigate
the texture and to understand the relationships among
the phase growth mechanism, the final chemical com-
positions, the texture geometry, the arrangements, and
the shapes of different kinds of grains in the Hg-
based superconductors. In order to study these relation-
ships. a Pb-substituted Hg-based superconductor with
a stoichiometric formula of Hgg 56Pbg 53Ba:Ca,Cu30,
was fabricated according to the sintering procedure of
Ref. 14, The reason for substituting Pb into the super-
conductor is because Pb-doping leads to the stabilization
of the Hg-1223 structure.”' Moreover, it is found
that the textures of the specimen contain round-shaped
and square-shaped grains, small single crystals, and
layers. Allof them have different chemical compositions.
This interesting phenomenon. which is different from
the typical textures of the melt-textured and polycrys-
tulline YBCO superconductors, ! will be discussed in
Secs. I and IV.

II. EXPERIMENTAL

Analytical reagent (A.R.) grade chemical powders
of HgO (99%), BaO (99%), CaO (99%), and CuO (99%)
were weighted and mixed according to the stoichiometric
formula of HggeePbg 1; Ba,Ca»Cu;0,. The BaO and Ca0
were obtained by decomposing pure CaCOs and BaCOs
(>99.5%) in a vacuum furnace at 950—1000 °C for
6 h and 24 h. respectively. The mixed powders were
ground to fine grains | wm in size inside a dry box.
The use of the dry box is to prevent CO, and moisture
in the atmosphere trom being absorbed by the powder
mixture. The finished mixtures were pressed into a
rectangular bar of 2 X 4 X 20 mm?. The specimen was
then wrapped in silver foil and placed on a quartz tube.
The tube was annealed in a preheated tube furnace at
715-725 °C for 3—4 min. Then the specimen was taken
out, ground. pressed again into bar, and reannealed at the
same temperature and time. This procedure was repeated
four times in order to produce a mixture of precursor
Ba:Ca;Cu,0, and the HgO oxide.™* After this step, the
specimen was wrapped again with silver foil and then
encapsulated in a quartz tube, which was evacuated to a
pressure of ~107* Torr. The quartz tbe was sintered at
750 *C for 10 h and rapidly cooled to room temperature
in about 3 min. The specimen was then taken ost and
annealed at 300 °C for 8 h in flowing oxygen.

The resistance-temperature relationship was meas-
ured by a standard four-probe technique using the

avalanche photodiode (APD) characterization system.
The XDP with CuK, radiation of the specimen was
characterized by the Siemen’s D5000 x-ray diffractome-
ter. Moreover, the Cambridge S360 scanning electron
microscope and the JEOL JEM 2000 FX transmission
electron microscope in which both, equipped with the
energy dispersive x-ray analysis system with model
Link-eXL, were employed to investigate the texture,
microstructure, and chemical composition of the
specimen.

Hl. RESULTS AND DISCUSSIONS

The resistance-temperature relationship is shown in
Fig. 1. The specimen undergoes a superconducting tran-
sition with a T, ~ 135 K, which is the critical tempera-
ture of the Hg-1223 superconducting phase. The XDP
measurement was done on the surface of the sample,
as shown in Fig. 2. Almost all of the x-ray diffraction
peaks of the specimen can be identified to be the Hg-
1223 phase having a tetragonal unit cell (P4/mmm).
The lattice parameters of the Hg-1223 phase in the
specimen are found to be a = b = 3852 A and ¢ =
15.861 A.

Figure 3 is a typical SEM micrograph showing the
fracture surface of the specimen. In the figure, it is
found that the specimen contains certain clusters of small
square-shaped grains which are distributed everywhere
in the fracture surface of the specimen. Moreover, round-
shaped grains are found in the lower right-hand corner
of the figure. A single crystal-like grain is found in
the middle of the figure. Such a grain, in fact. can be
found in other positions of the specimen and will be
discussed in Fig. 7. On the other hand, the specimen
contains a number of single crystal-like layers with
curved steps. These different textures of the specimen
together with their chemical compositions found by
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FIG. 1. Resistance-temperature relationship of the Hgo s6Pbg 33Bay-
Ca;Cu30, superconductor.
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FIG. 2. X-ray diffraction pattern of the ng»ﬁépbo&gBﬁ:’CazCU]Ov
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FIG. 3. SEM micrograph showing the fracture surface of the
Hgos6Pbg 33BazCar Cuz O, superconductor.

energy dispersive x-ray analysis (EDX) will be discussed
in Figs. 5-8. Figure 4 shows the TEM micrograph of
the specimen with a magnification of 1 X 10° times.
The lattice fringes in the figure are parallel to the (001)
plane of the specimen. The spacing of the fringes is
~15.8 A, showing that the lattice fringes correspond to
the Hg-1223 phase.

In order to investigate the chemical compositions
of the square-shaped and round-shaped grains, small
single crystal, and the layer structure of the specimen in
greater detail, EDX analysis is employed to analyze these
textures. Figure 5(a) shows the SEM micrograph of the
small square-shaped grains in the specimen with sizes
ranging from ~0.5-1 wm. The arrangement and shape
of the grains in the layer matrix in the specimen are simi-
lar to that observed in the Sn-doped melt-textured YBCO
superconductor.”®® The small grains in the Sn-doped
melt-textured YBCO superconductor consist mainly of
Sn atoms and are nonsuperconducting. EDX analysis on
the grains in Fig. 5(a) with the resulting spectrum as

FIG. 4. TEM micrograph showing the Hg-1223 lattice fringes of the
Hgg 66Pbo 33Ba:Cay Cu30, superconductor.

indicated in Fig. 5(b) shows that the grains have a chem-
ical formula of PbBa,Os, which is nonsuperconducting.
We consider that these grains are impurity phase in the
specimen and are formed during the sintering process as
Pb is substituted into the specimen.

Figures 6(a) and 6(b) show the SEM micrographs
and the EDX spectrum of the round-shaped grains in
the specimen. respectively. These grains are typical
and can be found in various papers conceming the
fabrication of the Hg-1223 superconductors.>!*#4-3 The
results of the average quantitative elemental analyses
by EDX over the surface indicated in Fig. 6(a) were
Hg:Pb:Ba:Ca:Cu = 0.67:0.32:2.96:3.06:4.96. The
ratio of Hg and Pb is “reasonable” based on the stoichio-
metric ratio of the specimen HgoesPby 33B2,Ca;Cu;0,.
However, these round-shaped grains seem to contain
higher order Hg-based phases such as the Hg-1234 and
Hg-1245 rather than the Hg-1223 phase. Referring to the
R-T and XDP results as shown in Figs. | and 2, the
specimen contains mainly the Hg-1223 phase. In
the TEM microstructure analysis, although we have
occasionally discovered some Hg-1234 lattice fringes
intergrowth between the Hg#1223 fringes, the amount
of Hg-1234 phase is too small to be detected by the R-T
and XDP measurement. Therefore, we consider these
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FIG. 5. (w) SEM micrograph showing the square-shaped grains in
the specimen. (b) EDX spectrum of the square-shaped grains in the
specimen,

grains to be a mixture of the Hg-1223, BaCuO,, and
CayysCuOs phase [1335 =~ 1223 + 0101 + 00(0.85)1].
Since this result has not found in the typical pure
Hg-1223 superconductor.'* it is considered that the
formation of the BaCuO» and CagssCuO-. phase is due
to the substitution of Pb in the specimen which affects
the superconducting phase formation mechanism.
Figures 7(a) and 7(b) show the SEM micrograph
and its corresponding EDX  spectrum of a small
single crystal in the specimen, respectively. The EDX
analysis demonstrates the average quantitative ele-
mental ratios of the crystal Hg:Pb:Ba:Ca:Cu =
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FIG. 6. (a) SEM micrograph showing the round-shaped grains in
the specimen. (b) EDX spectrum of the round-shaped grains in the
specimen.

0.66:0.33:1.98:2.19:3.31. Similar to the analysis
of Figs. 6(a) and 6(b), the ratio of Hg and Pb is
“reasonable” according to the stoichiometric ratio of
the specimen. Hg:Pb = 0.66:0.33. The crystal is
considered to correspond to the Hg-1223 phase. In
fact, in our previous research works regarding the
polycrystalline YBCO superconductor,'® such a small

(~10 pm) crystal can usually be observed in the SEM

morphologies. The formation of these crystals reflects
that there are some locations in the Hg-specimen during
the sintering process where the Hg-1223 crystal growth
conditions are suitable.
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FIG. 7. (a) SEM micrograph showing a small single crystal in the
specimen. (b) EDX spectrum of the small single crystal in the
specimen.

Figures 8(a) and 8(b) are the SEM micrograph
and its corresponding EDX spectrum of the layers
structure in the specimen, respectively. These crystal-
like layers or plate-like crystals can be observed in
other papers reporting the fabrication of Hg-1223
superconductors.'* In Ref. 14, it is found that the
atomic ratios of Hg:Ba:Ca:Cu = 1:2.24:2.26:2.92
for a pure phase of the Hg-1223 superconductor
using the fabrication procedure similar to this paper.
The atomic ratios of the Pb substituted specimen
using the EDX analysis in this study were found to
be Hg:Pb:Ba:Ca:Cu = 0.69:0.31:2.07:3.14:4.16,
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FIG. 8. (a) SEM micrograph showing the single crystal-like layers
structure in the specimen. (b) EDX spectrum of the single crystal-like
layers structure in the specimen.

which suggests the presence of high amount of the Hg-
1234 phase. However, based on the R-T, XDP, and TEM
microstructure analysis results as mentioned above, we
consider the layer crystals to be a mixture of the Hg-1223
and BaCuO, phase. Although the nonsuperconducting
BaCuO; oxide exists in the texture of the specimen, the
Hg-1223 phase seems to dominate the superconducting
characteristics of the specimen.

Note that the XDP measurement was carried out
on the surface while the EDX measurement was carried
out on the fractured surface of the sample. Because of
the special solid-state reaction of the Hg-superconductor,
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the phases identified on the surface of the sample may
not be the same as its fractured surface. Therefore. the
CaHgO- phase as shown in Fig. 2 cannot be found in
our SEM/EDX measurement, and the PbBa, O;, BaCuO-,
and Cay3sCuO- phases detected by the SEM/EDX meas-
urement cannot be found in the XDP of Fig. 2.
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