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Abstract. Investigation of solid solution of barium-strontium orthotitanates of the type, Ba,Sr,TiO,4
(0 £ x £ 2), show that pure phases exist only for the end members, Ba,TiO, and Sr,TiO,, crystallizing in the b-
K,SO, and K,NiF, structures, respectively. The intermediate compositions (till x £ 1) lead to a biphasic mix-
ture of two Ba,TiO,-type phases (probably through a spinodal decomposition) with decreasing lattice para-
meters, indicating Sr-substitution in both the phases. For x >1, Sr,TiO4 along with a secondary phase is
obtained. The dielectric constant and dielectric loss were found to decrease with Sr substitution till the nomi-
nal composition of x = 1. However, pure Sr,TiO, shows higher dielectric constant compared to the solid solu-

tion composition. Sr,TiO, shows very high temperatur e stability of the dielectric constant.

Keywords.
1. Introduction

In the A,BO, type of oxides, b-K,SO, and K,NiF, struc-
tures are quite popular. Oxides prefer the b-K,SO, struc-
ture when the A-cations are much larger than the B-
cations and the K,NiF, structure when the size of the A-
cation is smaller. Bland (1961) determined the crystal
structure of Ba,TiO, and observed that b-Ba,TiO, crys-
tallizes in a monoclinic distorted b-K,SO, type of struc-
ture. It is now known that Ba,TiO, exists in two structures
(Gunter and Jameson 1984), the low temperature mono-
clinic phase (isostructural to b-K,SO,) and the high
temperature orthorhombic phase, the latter being a super-
structure of the monoclinic cell. Due to the unique structure
of Ba,TiO, (figure 1a), where isolated TiO, tetrahedra are
present compared to other titanates (including Sr,TiO,)
where the TiOg octahedron is the basic structural unit, the
properties of Ba,TiO, have been of interest with respect
to understanding the role of TiO, polyhedra.

Barium orthotitanate (Ba,TiO,) is difficult to synthe-
size because it is found to be unstable. Heating BaCO3;
and TiO, at 1350°C temperature leads to the formation of
Ba,TiO, (Jonker and Kwestroo 1958). Polycrystalline
Ba,TiO4 has also been synthesized earlier by polymeric
precursor (Lee et al 1999), sol-gel (Pfaff 1992) and reverse
micellar (Ahmad and Ganguli 2004) route. Marks et al
(1988) synthesized microcrystalline Ba,TiO,, which con-
tains a mixture of monoclinic and orthorhombic forms,
by hydrolyzing a mixture of barium ethanolate and tita-
nium tetraethanolate in water free ethanol with double
distilled water. Ba,TiO, is also synthesized by controlled
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hydrolysis of barium and titanium akoxide precursor
(Ritter et al 1986).

Sr,TiO, crystallizes in the quasi-two-dimensional Rudd-
lesden—Popper type phase, more popularly called the K, NiF,
structure (Ruddiesden and Popper 1957, 1958). The struc-
ture of Sr,TiO, (figure 1b) can be considered to be built
of aternate layers of SrO and SrTiOs. There is only one
report (Kwestroo and Papping 1959) of the oxides with
both Ba and Sr in the A-sites (Bag4sSrissT10, and
Baye1Sroeg T104) Whose powder X-ray diffraction patterns
have been reported. However, no structural details have
been given and the X-ray patterns are not fully indexed.
Very little work has been reported on the dielectric pro-
perties of Ba,TiO, (Pfaff 1991) and Sr,TiO4 (Sohn et al
1996; Fennie and Rabe 2003). There is no report on di-
electric properties of solid solutions of barium and stron-
tium orthotitanates (Bay_,SryTiO,).

In this paper, we report our attempt to obtain solid solu-
tions of the type, Ba,SrTiO; (0£X£E 2), from solid-
state (ceramic) and polymeric citrate precursor methods.
We also report the dielectric properties of these phases.

2. Experimental

All the oxides of the type, Ba,  Sr«TiO,, were prepared
by the ceramic and polymeric precursor methods. BaCO3
(Merck, 99%), SrCO; (Merck, 99%), and TiO, (Fluka, 99%),
were used for the synthesis of the above materials by the
ceramic method. In the citrate polymeric precursor method,
Ba(NOs), (Merck, 99%), Sr(NOs), (Merck, 99%), TiO,
(FHuka, 99%), citric acid and ethylene glycol were used
for the synthesis of these materials.

In the ceramic method, stoichiometric ratio of BaCOs,
SrCO; and TiO, were taken for the preparation of barium
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strontium orthotitanates. The mixture was thoroughly
ground for 25 min in an agate mortar. The homogenized
mixture was loaded in an alumina crucible and kept in the
ceramic tube furnace for heating at 900°C for 15 h. The
samples were subsequently heated at 1000°C for 24 h,
1050°C for 12 h, and 1100°C for 12 h with intermittent
grinding after each step.

The flowchart for the polymeric citrate precursor meth-
od shows all the steps involved in the synthesis and is
summarized in figure 2. The mixture of titanium tetraiso-
propoxide (Acros 98 + %) and ethylene glycol (Quali-
gens, SQ grade) was stirred under nitrogen atmosphere
for 10 min to get a clear transparent solution. Dried citric

Figure 1. Structure of (@) orthorhombic BaTiO, and (b)
Sr,TiO,.
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acid (Qualigens, SQ grade, 99*%6%) was added to ethylene
glycol—titanium tetraisopropoxide. The ratio of ethylene
glycol : Ti-isopropoxide : citric acid was 10:1:40. A
nearly white precipitate was observed immediately after
adding citric acid to the solution but it disappeared after
5-6 min on stirring. Stirring was continued at room tem-
perature till al the citric acid was dissolved and a clear
solution was obtained. The starting materials in stoichio-
metric ratio were added to the solution as prepared as
above. The contents were stirred on a magnetic stirrer for
4-5 h till the reactants dissolved and a clear transparent
solution was obtained. This light brown solution was
stirred further at 60 + 5°C for 34 h. The solution was
then kept in an oven at 120 + 5°C for 20 h to evaporate
the solvent and a brown viscous resin was obtained. This
resin was kept in a muffle furnace for 2 h at 300°C for
charring and then cooled to room temperature. The resin
turned to a black mass, which was ground to a powder in
an agate mortar. This ground black mass is henceforth
called a precursor. A white powder was obtained by heat-
ing this precursor at 500°C for 20 h and 800°C for 8 h.
The powdered sample was heated further at 950°C for
12 h, 1000°C for 13 h and 1100°C for 12 h to obtain the
solid solution of barium strontium orthotitanates.
Powdered samples were treated with a binder (4-5
drops of 5% polyvinyl alcohol solution per g of sample)
and then compacted into disks at a pressure of 8tons.
These disks were sintered at 1100°C for 12 h. Powder X-ray
diffraction (PXRD) studies of the compounds were done
after every stage of heating on a Bruker D8 Advance X-ray
diffractometer with a step size of 0%5° and a scan speed
of 1 s per step in the 2q range of 10°—70°. The lattice para-
meters were obtained by a least-squares fit to the observed
d-values. Energy dispersive X-ray analysis (EDX) of the
powdered samples were recorded on a Cambridge LEO
4401 scanning electron microscope coupled with an
Oxford ISIS EDX system. Scanning electron microscopy
(SEM) was carried out on the sintered disks by using a
Cambridge Stereoscan 360 electron microscope in order
to study the grain size and morphology of the sample.
The density of the sintered disks was obtained by the
Archimedes method using CCl,. The disks were soaked
in the organic medium for a sufficiently long time and the
weight monitored until it became constant. For consis-
tency, three different density measurements were carried

CA : EG: Ti-(0-)
10:40:1
Purged N, gas

Dissolution of metal salt 800C -

White powder
(BST oxides)

140°C

h 4

800°C Precursor 300°C Polymeric gel I

Figure2. Flowchart showing the polymeric citrate precursor method.
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out for each sample. The density of disks sintered at
1100°C showed a bulk density of the order of ~ 90%.

The dielectric properties were measured on sintered
disks coated with silver as electrodes using an HP 4284L
LCR meter in the frequency range 50-500 kHz at varying
temperatures (30—200°C).

3. Resultsand discussion

We have tried to synthesize the solid solution of barium
strontium orthotitanates, with the composition, Bap ,SrTiO,
(0 £ x £ 2), by the ceramic route and polymeric citrate pre-
cursor route. However, only the end members, Ba,TiO,
(x=0) and Sr,TiO,4 (x = 2), were obtained as pure phases
by the ceramic method (figure 3). The X-ray pattern of
the x = 0 composition could be indexed to the orthorhom-
bic barium orthotitanate corresponding to the pattern repor-
ted in JCPDS-75-0677 (space group P2;nb). The x =2 com-
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position could be indexed to the tetragonal cell of Sr,TiO,
(JCPDS 39-1471, sp. group, [4/mmm). For all other com-
positions, we observed more than one phase in the X-ray
pattern. This was found to be true for the oxides obtained
by the ceramic route (figure 4) as well as the polymeric
precursor route. On close examination of the reflections
obtained using slow scans, we find that till x £ 1, we could
assign al the reflections to two phases with close relation
to the orthorhombic Ba,TiO, structure (corresponding to
JCPDS-38-1481, space group, Pnam). Both the phases
show clear shift towards lower d-values for the reflec-
tions, when compared to the parent Ba,TiO, reflections. In
figure 5, we show a small region of 2g (containing intense
reflections) obtained using a slow scan. The two phases
systematically shift to lower d-values as the amount of
‘S’ in the nominal composition increases. Thus we believe
that two Ba, ,Sr,TiO,4 type of phases (with slightly diffe-
rent compositions) are being stabilized in the nominal
composition range x £ 1, and both the phases possess the
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Figure 3. Powder X-ray diffraction pattern of (a) orthorhombic Ba,TiO, prepared by the
ceramic method at 1050°C and (b) Sr,TiO, prepared by (i) ceramic method and (ii) poly-

meric citrate precursor method.
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Figure 4. Powder X-ray diffraction pattern of oxides prepared by the ceramic method at
1100°C with nominal composition: a. Ba,TiOy4, b. Baygs5Sroes T1O4, C. BaysoSroseT104, d.
BaypsSroxsTi0, and e. BaSrTiOy4. The ortho—l (*) and ortho-I1 (+) phases are indicated.

ortho-Ba,TiO, structure. The coexistence of two phases
with slightly different lattice parameter indicates the for-
mation of the phases by spinodal decomposition (Rama-
narayan and Abinandanan 2003). We could index one phase
clearly and we find a systematic decrease in the lattice
parameters (table 1). For x = 0%, we have indexed the two
phases of Ba/Sr solid solution. The lattice parameter of
one phaseis‘a = 7%684(8), ‘b’ =10x1(1) and ‘¢’ = 6X52(6)
and another phase is ‘a’ = 7%642(6), ‘b’ =10:87(1) and ‘c’ =
6%32(5). Using the lattice parameters of Ba,TiO4 and that
of the reported BagssSr1.44T10, (JCPDS-13-0269), we could
obtain the approximate stoichiometries (using Vegard's
Law) of the above two orthorhombic phases to be close
to Ba1,64Sr0>36TiO4 and Ba1>458r0>55TiO4. These values are
close to the nominal composition of BaysSrosTiO,. For
the nominal compositions with x3 1, we find predomi-
nantly the Sr,TiO4 phase along with a secondary phase
that appear close to the reported XRD pattern of Bagss
Sr1,44Ti0O, (JCPDS-13-0269), which has a orthorhombic
structure. The X-ray pattern of x = 1525 and x = 1560 com-
positions were indexed based on two phases, Sr,TiO, and
BagseSr144T104. However, the reported pattern of Bagss
Sr1,44Ti0O, considered for the indexing of the above pat-
tern does not appear to be well characterized. There are
several reflections, which have not been indexed in the
JCPDS report (13-0269). The pure Ba,TiO, obtained by
us crystallizes in the orthorhombic structure. Lee et al
(1999) reported that barium orthotitanate exists in two
forms, a monaoclinic low temperature (710°C) phase and a
high temperature (1200°C) orthorhombic phase. The high
temperature orthorhombic phase is reported (Lee et al 1999)
to be stabilized by adding 3%, 6% and 10% of stabilizer
MgO. Note that in our synthesis we could obtain pure
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Figure 5. Powder X-ray diffraction pattern of a small range
of 2g containing the most intense peaks with nominal compo-
sitions of (a) Ba;TiOy, (b) BaygsSroesTiOs, (C) BaysoSrosoTiO4,
(d) BaypsSrozsTiO,4 and (€) BaSrTiO,.

Ba,TiO,4 (orthorhombic) by the ceramic route. However,
the polymeric precursor route yielded a mixture of ortho-
rhombic and monoclinic phases.

Ba,TiO4 was found to decompose when exposed to air
at ambient temperature (Jonker and Kwestroo 1958).
Note that we also have found that disks of Ba,TiO, when
sintered at higher temperature of 1100 and 1200°C, were
found to crumble on cooling the disk to room temperature.
The X-ray diffraction pattern of the above powder shows
the formation of decomposed products like BaTiOs, BaCOs
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Tablel. Lattice parameters and dielectric properties of oxides, Ba,_SryTiO4 (0 £ X £ 2).

Dielectric properties

Composition Method of preparation L attice parameter e D
Ba,TiO, Citrate method Forming mixture of - -
monoclinic + orthorhombic

Ba,TiO, Ceramic method ‘a’ = 61410(2) disk crumbled
‘b’ = 22919(9)
‘c’ =10%38(2)

Bay5Sroes TiO, Citrate method ‘a’ = 7619(1) 35 05846
‘b’ =10482(2)
‘¢’ =6%83(1)

Bay50SrosoTiO;4 Citrate method ‘a’ = 7°666(6) 28 0068
‘b’ =10413(9)
‘¢’ =6%63(7)

Bay:p5SroxsTiO, Citrate method ‘a’ = 74491(6) 18 0046
‘b’ = 10270(1)
‘¢’ = 6015(5)

Bay00Sr1:00TiO;4 Citrate method ‘a’ = 7413(7) 15 0022
‘b’ = 10222(8)
‘¢’ = 544(5)

Bay:00Sr1:00TiO;4 Ceramic method ‘a’ = 7"885(9) 21 0054
‘b’ =1049(1)
‘¢’ = 5975(8)

Sr,TiO, Citrate method ‘a’ = 38796(4) 27 0003
‘¢’ = 126578(1)

Sr,TiO, Ceramic method ‘a’ = 38790(5) 20 00094
‘¢’ = 12%662(2)

y w

&

Figure 6. Scanning electron micrograph of Ba,TiO, prepared by ceramic method sin-

tered at 1100°C.
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Figure 7. Scanning electron micrograph of BaSrTiO, prepared by ceramic method and

sintered at 1100°C.

and TiO,. BaTiO, (as obtained by the ceramic route)
without further sintering was also found to decompose to
BaTiOs;, BaCO; and TiO, (after 15 days) and after along
time (2 months) to BaCO; and TiO,. We conclude that
Ba,TiO, is highly unstable in air and hence the calcined
powder was kept in a desiccator under vacuum.

Energy dispersive X-ray analyses were carried out on the
compositions with x =0, 1 and 2. The following stoichio-
metric compositions, Bap,ggTipg204, BaggsSrias T10e204,
and Sriyg6Ti1,0504, respectively were obtained which are
very close to the nominal compositions.

Scanning electron micrographs (SEM) of few composi-
tions prepared by the ceramic and polymeric citrate pre-
cursor methods were recorded. The SEM studies on the
compositions x =0, 1 and 2 prepared by ceramic method
show larger grain size than obtained by citrate method.
The grain size of Ba;TiO, prepared by the ceramic method
was found to be 1-2 mm (figure 6). The grain size increa-
ses on substitution of Sr at the Ba-site. The grain size of
BaSrTiO, prepared by the ceramic method was found to
be 16-3 nm (figure 7). The micrographs show that the
grain boundaries are not well defined and the grains are
coalescing.

Dielectric measurement of al the compositions was
carried out on disks sintered at 1100°C in the temperature
range 35-250°C. The dielectric measurement of Ba,TiO,4
was not possible since the sintered disk crumbled to pow-
der. It is observed that both the dielectric constant and
dielectric loss decrease as Sr-substitution increases in case
of the samples prepared by the polymeric citrate method
(table 1). It has to be noted here that the dielectric con-
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Figure 8. Variation of the dielectric constant (e) and dielec-
tric loss (D) with frequency for Sr,TiO, prepared by (a) cera-
mic route and (b) polymeric citrate precursor route.

stant at room temperature for the composition with x =1
(BaSrTiO,) gives a higher value for the sample prepared
by the ceramic method (~ 21 at 100 kHz) than those pre-
pared by the citrate method (~ 15 at 100 kHz). This is
probably due to the large grain size and higher density as
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Figure 9. Comparison of the dielectric constant with tempe-
rature at 100 kHz for Sr,TiO, prepared by polymeric citrate
precursor route (e;) and ceramic route (e,).

observed by SEM studies where the grains are coalescing
(figure 7). The dielectric constant (e) of Sr,TiO,4 prepared
by citrate method was higher (e = 27) than that obtained
by ceramic method (e = 20) probably due to the densely
packed grains in the former case as shown in SEM stud-
ies. The dielectric constant (e) was stable in the entire
range of frequency irrespective of the preparative method
(figures 8a and b). The dielectric loss (D) shows a stable
value for frequencies > 1 kHz (figure 8a). However, a
dielectric loss peak was observed at higher frequencies
(> 500 kHz) in the oxide obtained by the citrate method
(figure 8b). The dielectric constant was highly stable in
the range of temperature (35-200°C) for Sr,TiO, prepared
by either method (ceramic and citrate) and is shown in
figure 9. Note that the dielectric constant of ~35 was
reported earlier (Sohn et al 1996) at 54 kHz for Sr,TiO,
obtained by sintering at 1650°C, which probably leads to
a much higher density. This could explain the lower dielec-
tric constant (e = 20) in Sr,TiO, (sintered at 1100°C) in our
study.
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4. Conclusions

Solid solution of the type, Ba, ,Sr«TiO, could be obtained
for composition with 0 £ x £ 1. However, two such phases
coexist and monophasic oxides could be obtained only for
the end members. The presence of two phases with compo-
sitional variation in equilibrium indicates the formation
of these phases through a spinodal decomposition. Thus
the Ba-rich region (crystallizing in the b-K,SO, struc-
ture) allows for substitution of smaller Sr ion keeping the
structure intact. On the other hand there is practically no
solubility of Ba in Sr,TiO; (KoNiF, structure). Stable
Sr,TiO,4 could be obtained by either method. The dielec-
tric constant and dielectric loss of the oxides were found
to decrease with Sr-substitution in the range X £ 1. BaTiO,
was found to decompose when sintered and cool ed.
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