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Abstract

Stability of lead magnesium niobate (PMN;
Pb(Mg1/3Nb2/3)O3), lead scandium niobate (PSN;
Pb(Sc0�5Nb0�5)O3), a solid solution in the PSN±lead
titanate system (PSNT), and lead zirconate titanate
(PZT; Pb(Zr0�53Ti0�47)O3) were all examined in a
platinum capsule under hydrothermal conditions.
The perovskite PMN was formed from the low
crystalline pyrochlore PMN at 600�C by the hydro-
thermal treatment in pure water. However, the per-
ovskite was decomposed to the pyrochlore by further
hydrothermal treatment in pure water for a longer
time or at higher temperature. In KF solutions, sin-
gle crystals of PMN, PSN and PSNT with a pyro-
chlore structure were grown at the top of the capsule
by hydrothermal treatments at 600�C with a tem-
perature gradient of 40�C. In the case of PZT, single
crystals of the tetragonal PZT were grown, but the
content of Zr in the grown crystals decreased in
comparison with that of the starting material.
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1 Introduction

Dielectric ceramic materials containing lead such as
solid solutions of lead titanate (PT; PbTiO3) with
lead magnesium niobate (PMN; Pb(Mg1/3Nb2/3)O3),
lead scandium niobate (PSN; Pb(Sc0�5Nb0�5)O3), and
lead zirconate (PZ; PbZrO3) have many desirable
electric properties and are attractive materials for
use in electronic devices. Their practical use is,
however, limited to sintered ceramics consisting of
randomly oriented ®ne crystals. If the respective

single crystals were arti®cially grown for electronic
devices, it is expected that the properties of the
devices may be improved.
The melt growth method cannot be employed to

grow single crystals of these compounds, because
they melt incongruently. For example, PZ melts
incongruently at 1570�C and the solid solutions in
the lead zirconate titanate (PZT) system with a
PbZrO3 content of more than 14mol% melt
incongruently.1 PSN also melts incongruently at
1425�C.2 These crystals should be grown by a
solution growth technique. The ¯ux method has
been widely used to grow the single crystals of
PZT,3±8 PSN, and their solid solutions in the PSN±
PT system (PSNT).9±12 The high vapor pressure of
PbO at high temperatures, however, causes the loss
of ¯ux, or compositional gradients in the grown
crystals.
The hydrothermal method is another candidate

for crystal growth of compounds that melt incon-
gruently. This route has the advantage of yielding
high-quality crystals with less thermal strain at
lower temperatures in comparison with those pro-
duced using the ¯ux method. However, few studies
on hydrothermal crystal growth of dielectric cera-
mic materials containing lead have been reported,
except growth of crystals in the PZT system.13±15

For the hydrothermal crystal growth in the PZT
system, KF solutions were used as a mineralizer
(solution as a solvent for hydrothermal crystal
growth). In this study, hydrothermal crystal
growth of PMN, PSN, PSNT, PT, PZ, and PZT,
was performedmainly in KF solutions, and stability
of these compounds under hydrothermal conditions
is discussed.

2 Experimental

The starting materials of PZT (Pb(Zr0�53Ti0�47)O3),
PSN, and PSNT (58%PSN±42%PT) were prepared
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from oxides of each component by the conven-
tional solid state reaction and then ground into
powder. Those of PZ were prepared from aqueous
solutions in the presence of urea as described by
Oren et al.16 The commercially available chemical
(Wako Pure Chem. Ind., Japan) was used for PT.
In the case of PMN, a powder hydrothermally pre-
pared at 160�C,17 was used as a starting material.
All experiments were conducted in a platinum

capsule with an outside diameter of 3.0mm, thick-
ness of 0.2mm and length of 50mm. A mineralizer
was injected into the capsule with the starting
materials (50mg) and the capsule was welded shut
with an electric arc. The volume of the solution
added to the capsule was determined in order to
balance the pressure between the outside and the
inside of the capsule at the temperature required
for hydrothermal treatment. The capsule was
placed in a test-tube-type pressure vessel made of
Stellite-25, and water was subsequently pumped
into the vessel as a pressure medium. The vessel
was heated by an electric furnace. Temperature
measurements were conducted by a pair of ther-
mocouples, each situated on the wall of the vessel
at positions corresponding to the top and bottom
of the capsule. In most experiments, by adjusting
the position of the vessel in the vertical furnace
with a temperature gradient, the temperature at the
top (the growth temperature), was maintained at
600�C, and the temperature at the bottom was
maintained at 640�C. The pressure inside the vessel
was adjusted to 100MPa by releasing water from
the vessel during heating. The temperature and
pressure were maintained for a controlled time. At
the conclusion of a run, the vessel was cooled down
to room temperature in the furnace. The capsule
was cut open, and the contents were washed with
water. X-ray powder di�ractometry was used to
identify the solids, and grown crystals were
observed using an optical microscope and a scan-
ning electron microscope equipped with an energy
dispersive X-ray analyzer.

3 Results and Discussion

3.1 PMN
The starting powder of PMN was a low crystalline
pyrochlore phase. In order to investigate the stabi-
lity of the PMN perovskite phase, the pyrochlore
powder was hydrothermally treated in pure water
at various temperatures for 3 h without the tem-
perature gradient. The perovskite phase was
obtained at above 580�C and its relative amount
was 99% at 620�C. The hydrothermal treatment
enhanced the formation of the perovskite at much
lower temperatures than the calcination of the

same pyrochlore powder in air (over 750�C). The
perovskite, however, changed to the pyrochlore by
the further hydrothermal treatment at high tem-
peratures over 700�C for a long time (over 24 h),
due to release of lead from the PMN composition
by formation of a lead alloy with platinum. It was
concluded that the perovskite PMN was not stable
under extreme hydrothermal conditions.
When the pyrochlore PMN was hydrothermally

treated at 600�C with the temperature gradient of
40�C in various salt solutions with a concentration
of 5N, lead compounds including anions such as
F, Cl, and I were formed. The formation of these
lead compounds resulted in the formation of the
pyrochlore PMN due to the release of lead. In
alkaline solutions such as 5N KOH solution, the
perovskite was not obtained due to the preferential
formation of PbO and Mg(OH)2 from the PMN.
The exception was found by the hydrothermal

treatment in KF solutions. When the pyrochlore
PMN was treated in KF solutions at 600�C, or
650�C with a temperature gradient of 40�C, single
crystals were formed at the top of the capsule
[Fig. 1(a)] and ®ne crystals remained at the bottom
of the capsule. The ®ne crystals treated at 600�C,
were the pyrochlore phase. However, the ®ne crys-
tals obtained at 650�C were mainly the perovskite
phase, though the X-ray di�raction lines of the
perovskite obtained by the hydrothermal treatment
in KF solutions shifted to higher angle in compar-
ison with those of the pure perovskite obtained by
conventional processing, mainly due to the con-
tamination by K resulting in a slight compositional
change. The single crystals were black in color and
were assigned to the pyrochlore phase. Energy dis-
persive X-ray analysis showed that the content of
Mg in these crystals was reduced and that of Nb
was increased in comparison with that of the
starting material. Furthermore, a relatively large
amount of K was also detected in the grown crystals.

3.2 PSNT and PSN
Both of the PSNT and PSN starting materials had
the perovskite structure. When the PSNT was
hydrothermally treated in KF solutions, bulky crys-
tals [Fig. 1(b)] were grown at the top of the capsule
and a powder remained at the bottom of the capsule.
X-ray di�raction patterns of the powder resem-

bled those of the perovskite PSN, but included
di�ractions due to small amounts of K4Ti3O8 and
PbO. The needle-like crystals observed in Fig. 1(b)
were considered to be K4Ti3O8. X-ray di�raction
patterns of the grown crystals resembled those of
Pb2Ti2O6 with the pyrochlore structure. The energy
dispersive X-ray analysis showed that the content of
Ti was increased in the grown crystals and a small
amount of K was also detected. It also showed that
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the amount of Sc was reduced in the grown crys-
tals, which may result in the formation of the pyr-
ochlore phase. The same results were also obtained
in CsF solutions.
When the PSN was hydrothermally treated in

KF solutions, bulky crystals were again grown at
the top of the capsule [Fig. 1(c)]. However, the
content of Nb in the bulky crystals increased in
comparison with that of the starting material, and
the crystals were assigned to the pyrochlore phase.

3.3 PZT
When the PZT powder was hydrothermally treated
in KF solutions, bulky crystals were grown at the
top of the capsule in all growth runs [Fig. 1(d)].
Large plate-like PbO (massicot) crystals up to
2.0mm were ¯oating in the solution. In the pow-
ders remaining at the bottom of the capsule, ®ne
crystals of ZrO2 (baddeleyite) were formed. The
formation of PbO and ZrO2 suggested that a part
of the PZT ceramic powder decomposed in the KF
solutions under hydrothermal conditions.
The crystals grown at the top of the capsule were

yellow in color, and cubic or regular prisms were
commonly the basic shape of the crystals. Large
crystals up to 1.8mm in length were grown in a
45wt% KF solution, but a decrease in the

concentration of the KF solutions resulted in a
reduction of the amount and size of the grown
crystals.
Both the starting material and the grown crystals

were assigned to a tetragonal crystal system,
though the peaks of the crystals were shifted to
higher angle in comparison with those of the start-
ing ceramic powder. According to the chemical
analysis, the mole ratio of Zr/(Zr+Ti) of the crys-
tals grown in a 45wt% KF solution, was remark-
ably reduced to 17.1 from 54.8 of the starting
material. The shift of the X-ray di�raction peaks is
attributed to the compositional di�erence between
the grown crystals and starting material. The che-
mical analysis of the crystals revealed that they
were contaminated by K2O (0.28wt%).
When the PT powder was hydrothermally trea-

ted in 45wt% KF solution, single crystals of the
PT tetragonal phase were grown at the top of the
capsule. In the case of the hydrothermal treatment
of the PZ powder under the same conditions, the
PZ was decomposed to PbO and ZrO2 and no sin-
gle crystals were grown at the top of the capsule. It
is considered that the limited solubility of ZrO2

under the hydrothermal conditions resulted in the
change of the composition of the PZT grown crys-
tals from that of the PZT starting powder.

Fig. 1. Crystals grown at the top of the capsule under hydrothermal conditions at 600�C with a temperature gradient of 40�C: (a)
crystals of the pyrochlore PMN grown in 5N KF solution for 3 days; (b) crystals of the pyrochlore PSNT grown in 25wt% KF
solution for 5 days; (c) crystals of the pyrochlore PSN grown in 6.2N KF solution for 5 days; (d) crystals of the tetragonal PZT

grown in 45wt% KF solution for 5 days.
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4 Conclusion

The low crystalline pyrochlore PMN could be
converted to the perovskite at 600�C by hydro-
thermal treatment in pure water, but the stability
of the perovskite phase was limited. The perovskite
structure of PMN, PSN and PSNT was not stable
in KF solutions under hydrothermal conditions,
and changed to a pyrochlore structure by the
decrease of the amount in the B0 site cation of the
ideal perovskite structure, A(B0B00)O3. Thus single
crystals of the pyrochlore PMN, PSN and PSNT
were grown by spontaneous nucleation in KF
solutions under hydrothermal conditions at 600�C.
Single crystals of the tetragonal PT were grown in
KF solutions from the starting tetragonal PT
powder, but PZ decomposed to PbO and ZrO2.
The limited solubility of ZrO2 in KF solutions
resulted in the growth of single crystals of the tet-
ragonal PZT with a small ratio of Zr/(Zr+Ti)
compared to the starting PZT powder with a com-
position near to the morphotropic phase boundary.
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