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PS8T-series specimens with stoichiometric and nonstoichiomstric compositions were prepared and the effects of com-
position modification on phase formation and dielectric response were investigated. The phases formed on cal-
eination were mainly perovskite and trace amount of pyrochlovels), with an increase of the latter phase(s) as the
composition became more nonstoichiometric. The sintered samples showed thermal hysteresis and diffuseness in
phase transition with a small degree of frequency relaxation. Temperatures corresponding to maximum values of
dielectric conglant and logs were relatively insensitive to the composition change while the maximum values were

very sensitive to that.
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I. Introduction

n search of new ferrcelectric compounds (between

more than two oxide components) with a perovskite
structure, PhiSe,.Ta,.)0; (PST) was first synthesized in
the late 50's in Russia." Since then, the PST has been in-
vestigated extensively as the PST lies close to the sta-
bility boundary between the ordered and disordered
state of the B-site cation arrangements® In the PST,
the ions of Sc¢* and Ta™ are located in the octahedral po-
sitions of the perovekite structure. The degree of ord-
ering in the perovskite structure was explained in terms
of structure, B-site cation ratio, and A-site cation size as
well as charge and size balance of the B-site ions.®

In the structurally ordered state, Sc¢* and Ta™ ions al-
ternate in adjacent B-zites forming a rock-salt structure
in the octahedral sublattice with effectively doubling the
lattice parameter(s) of a primitive perovskite cell. Thus
the x-ray diffraction (XRD)} pattern is characterized by
the appearance of superlattice reflections associated
with half-integer spacing of the disordered structure.
The ordered PST shows a gharp first-order phase tran-
gition between paraelectric and ferroelectric states” In
the disordered state, the twa iong are distributed sta-
tistieally in the B-site sublattice and PST hehaves like a
typical relaxor with diffuse phase transition (DPT) and
lower Curie temperature.” The DPT behavior was fre-
quently explained by the existence of microdomains due
to compositional fAuctuation.”

PST samples prepared by conventional ceramic pro-
cessing are normally in the mixed state of ordering. The
gtructure can be modified to a different state, i.e., the de-
gree of ordering can be controlled with suitable thermal
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annealing.®® In practice, totally disordered PST was re-
parted,”™ but completely ordered samples have not been
prepared yet.”" Besides PST, other materials, including
Pb(Sc. sNb, 2)0;,2%5% Ph(ln, JNb; )0y, and Ph(In,Ta,,)
0., were also studied for the controllability of ordering/
disordering by proper heat freatments. In another
scheme, modification to obtain different domain size of
ordered region was attempted by composition mod-
ification of Pb(Mg; . Nb,)O, (PMN),™

In this paper, the effect of composition change on
phase formation and dielectric characteristics was in-
vestigated for PST, which is often selected for studying
the ordering/disordering phenomenon by thermal means.
The composition was modified through a partial change
of the ratio between Sc™ and Ta® ions by taking x = -1/
24, 0, 1/24, 2/24, 3/24, and 4/24 for Pb{8c¢; 2, Ta:2.:)0a.m.

II. Experimental

Overall experimental procedure is depicted as a block
diagram in Fig. 1. The chemicals were > 988 % pure
and weighed to meet the formulae listed in the com-
position column of Table 1. Raw chemicals were milled
for 12 h in a polyethylene bottle, with ZrQ, balls and
isopropyl aleohol (IPA) as milling media and liguid,
respectively. After milling and drying, direct (one-step)
caleination was carried out at several steps from 875° to
1100°C for 2 h to ensure complete reaction. 12 h millings
were introduced between each step for homogenization.
Phases of the calcined powder were checked out by XRD
(Cu target, Ni filter; 40 kV, 10 mA). After granulation
with a 3 weight % agueous solution of Carbowax as bind-
er. pellets were formed uniaxially first and then isos-



82 The Korean Journal of Ceramics -

tatically compacted further at a pressure of 140 MPa.
For sintering, the pellets were fired in an inverted doub-
le-crucible setup, with lead atmosphere generated from
the same composition powder placed around the pellet
and FbZr(Q; powder around the inverted inner crucible
rim to szeal the atmosphere. The pellets were sintered at
temperatures between 1400° and 1500°C for 2 h at a
heating rate of 5°C/min, with a 1 h hold at 550°C for
binder burnout. Fired pellets were polished with a 600-
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Fig. 1. Block diagram of the experimental procedure.
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eomposition.

Table 1. Symbol and Composition of Pb(Se,5,Ta;:.,)04.x Series.
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grit 8iC paper followed by a 1 um AlLQ, paste, cleaned ul-
trasonically, and were sputtered with gold on both sides
as electrode. Dielectric constants and losses were measur-
ed at several frequencies (10*°% Hz) under a weak AC
field of 1.0 V./mm, using a precision LCR meter (HP-
4284A), over a temperature range of -100° to 200°C on
heating and cooling in a temperature chamber (Delta
Design 9023).

III. Results and Discussion

Systematic predictions of phase formation for
stoichiometric and nonstoichiometric (scandium-rich and
tantalum-rich) compositions of PST series are presented
in Fig. 2, from which the compositions in Table 1 were
selected. For the scandinm-rich case, unreacted Se0,, after
forming perovskite phase, may/may not form compound(s)
with PhQ in the ratio as listed in Table 1. The for-
mabhility, however, is uncertain since the phase diagram
of Ph0-8c,(0, is not available. In the reverse case of tan-
talum-rich composition, excess Ta,0; will react with lef-
tover PhO to form PbO-Ta,0; compound(s), as expected
from the corresponding phase diagram.

In Fig. 3 are the XKD charts of each composition after
calcination. X-ray study showed that PSTO powder crys-
tallized basically into a partially-ordered perovekite
structure with small traces of Pb;Ta,0y; (P.T.) pyrochlore
phase. Fundamental lines corresponding to the perovsk-
ite structure are indexed based on a primitive unit cell
and superstructure reflections with fractional indices are
also included in Fig. 3. For PST-1, the pattern is quite
similar to that of PST0 powder. The undetectability of ex-
cess PhO and Sc;0; is currently interpreted as follows:
they do not react to form compound(s) so free PbQ was
readily volatilized during the calcination of 875°~1100°C
while free Sc0;, though nonvolatile, could not be de-
tected distinctly due to the low scattering factor of scan-
dium ion. As tantalum content increased, the P,T, phase
developed further during the expense of perovskite, as ex-
pected from the prediction of Fig. 2 and Tahle 1. At high-
er tantalum contents, PhsTa0,(P;T.) was also developed.
In the case of PST4 specimen, however, the major phase
was P;T;, which i3 a tantalum analog of Pb.Nb,O,; (P3N,
P.N, is the notorious phase in the synthesis of lead-bas-
ed complex perovekites containing niohium, Pb(B,Nb}(:.

X Symbol Composition PhiSe¢,,Ta, )0y FbO Se, 0, Tay0;
x<0 PST-1 Pb{Se504Taym) Oy 11/12 1/12 1/24
x=0 PSTO Ph(Sc 02,Ta190,)0; 13/12
PST1 Ph{Sc1y04Ta30004,x 11112 1/12 1/24
0<x PsT2 Pb(BeipniTand Oy, 10/12 2112 2124
PST3 Ph(Se 9:24T3-15;24)03+x 9/12 312 3/24
PST4 Pb(Sc 50, Ta152)05.x 8/12 4/12 4/24
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By adopting the so-called two-step calcination, it may be
possible to reduce/eliminate the trace pyrochlores per-
sistent in preparing perovskite PST.

PST-1 specimen looked physically inhomogeneous with
many specks after sintering, so was not examined any
farther. Based on the XRD intensity, long-range order
parameters (S) were obtained using the following e-
quation,

52:(11’21/2]/3) (I]/Z]/Z]/2

obs )ca.lc 3=1

100

where the denominator iz 1.33 for completely ordered
PST (8=1). The order parameters are then 0.64 (PST-1),
0.70 (PST0), 0.78 (PST1), 0.62 (PST2), 0.60 (PST3), and
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Fig. 3. XRD patterns of PST-zseries powder.
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Fig. 4. Thermal hysteresis in dielectric constant and loss of
PSTO specimen.
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0.67 (PST4), with a trend of increasing to PST1 followed
by a sharp decline. The abrupt change of the order
parametey between PST1 and PST2 is not fully un-
derstood at the present time.

Fig. 4 shows two sets of curves, dielectric constant and
dielectric loss, of PSTO specimen, measured at 1 kHz on
cooling and heating (denoted by arrows). The dielectric
constants followed the same trace in the paraelectric re-
gion, but the dielectric constants at ferroelectric region
and dielectric losses at both region showed a certain de-
gree of hysteresis. This kind of thermal hysteresis in the
ferroelectric region was also reported for Pb(Se,,Nb, )0,
and Ph{Co,,;W:.)0;'® as well as PST crvstal” and was ex-
plained to be originating from the firgt-order nature of
the phase transition in the well-ordered sample. In con-
trast, the heating and cooling curves of PMN(T.=-10C)
did not show any hysteresiz in both region in the tem-
perature range of -100°~200°C."®

For the dielectric constant, inflection is uncertain on
coaling, but is pronounced in the case of the heating
curve and is more pronounced in the dielectric losses,
Considering the inflections, it seems that there are two
or more phase transformation kinetic mechanisms com-
peting in the ferroelectric region. For the rest of the
study, only the cooling curves with a small degree of in-
flection will be shown.

Fig. 5 shows the temperature dependence of dielectric
constants and losses of each specimen (except PST-1),
measured at 100 Hz, 1, 10, and 100 kHz, and 1 MHz.
Temperatures corregponding tn the maximum wvalues of
dielectric constants and losses were relatively insensitive
to the measuring frequency, i.e., all of the compositions
showed a negligible shift of Curie temperatures with
measuring frequency (AT.=5"~7°C hetween 100 Hz and 1
MHsz), which ean be expected from the high order
parameters (8=0.57~0.78). There is, however, a mode-
rate suppression of the dielectric constant values with in-
creasing frequency, e.g., maximum value of PST0 sample
decreased from 14,600 (100 Hz) to 12,100 (1 MHz). At
the same time, magimum dielectric loss increased from 7.
0% to 12% in the same frequency range. Meanwhile the
dielectric loss passed through a maximum at typically
25°~-30°C  lower than the Curie temperatures, which is
common to relaxor [erroelectric materials. It is also
worth noting that the inflections in the curves of dielec-
tric constants and losses became less distinet as the fre-
quency increased. The reason behind thiz change is not
quite clear at the moment, hut can also be considered ta
be related to the kinetic mechanisms.

The temperature dependence of dielectric constants
(measured at 1 kHz) for each composition are replotted in
Fig. 6 for comparison. The Curie temperatures were rath-
er insensitive to the B-gsite cation ratio (actually de-
creased slightly. up to 3°C, with increase of the tantalum

content), while the peak values were strongly suppressed
from 14100 (PSTO) te 2100 (P3T4). This marked de-
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ed thermal hysteresis in dielectric properties and also
showed a relaxor behavior with a negligible shift of Cu-
rie temperatures (AT.=5°~7°C hetween 100 Hz and 1
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MHz) while the maximum values were greatly in-
fluenced by the frequency. Curie temperatures were also
insensitive to, while maximum dielectric constants were
greatly suppressed by, the composition change.
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