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Abstract. Results of a careful XRD study of the room temperature structu¢grmf ,Ca, ) TiO3

(SCT) with 00 < x < 1.0 are presented to show that the structure of SCT is CaT(OT-)

like for x > 0.12. High temperature XRD studies on the phase transition behaviour of SCT with
0.12 < x < 0.21 show the existence of an intermediate phase in between the room temperature
orthorhombic phase and the high temperature cubic phase. This is analogous to the phase transition
behaviour of pure CT and is attributed to the softening of thedRd Mg point phonon modes.

1. Introduction

Phase transitions in AB§bxide perovskites (A= Na, K, Ba, Ca, Pb, La, Pr etc, 8 Nb, Ta,

Ti, Zr, Al etc) and AMF; fluoroperovskites (A= K, Rb, Cs, Tl etc, M= Mn, Cd, Mg etc)

have received wide attention from scientific [1, 2] as well as technological [3] angles. Allthese
perovskite materials are necessarily cubic above a critical temperature at normal pressures. On
lowering the temperature, some of them undergo [2] a variety of structural phase transitions
driven by the softening of zone centre phonons (such as BaPliO;, KNbOs etc), one or

more zone boundary phonons (such as SgTKMnF3;, LaAlO3 etc) or an electron—phonon
interaction leading to cooperative Jahn—Teller distortion (such as in ByAl@mongst the
transitions driven by the zone boundary phonons, the 105 K antiferrodistortive phase transition
in SITiO; (ST) is the simplest and by far the most extensively investigated too. The cubic to
tetragonal transition around 105 K in this system results [4] from the freezing of one of the
triply degenerate R modes in which the adjacent octahedra vibrate about one of the cubic
(100) axes. The space group of the low temperature tetragonal phiaderism and it belongs

to thea®a®¢ tilt system in the Glazers’ classification [5, 6], where thevé’ tilt signifies the
‘antiphase’ rotation of Ti@ octahedra in successive layers about the cubic [001] axis. A
similar transition occurs in KMnfalso at 186 K. However, on further cooling, KMa[2]
undergoes another structural transition at 91 K arising from the condensation of thedé

in which the adjacent octahedra vibrate in the same sense. In Glazer's classification, the two
low temperature phases of KMgiould belong to the:®a°c— anda®b* ¢ tilt systems.

As pointed out in part I, the room temperature structure of CT belongs to the orthorhombic
Pbnm space group witlh—a~c¢™ tilt system. In analogy with other perovskites, it is expected
that the orthorhombic CT would have resulted from a cubic aristotype (space Bre8p and
tilt systema®a®a®) phase below a certain temperature. The tilt system of the room temperature
phase suggests that it has resulted from the softening ofthg-fe tilt) as well as M (+ve
tilt) modes. However, unlike many other perovskite systems, the phonon modes in CT and
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their freezing behaviour have not been investigated despite the fact that the name perovskite
for this family of compounds was first coined for CT discovered as a mineral. Only recently,
have some attempts been made to understand the phase transition behaviour of CT [7, 8].

In the mixed SCT system, one obviously expects a crossover from ST type phase
transition behaviour at low calcium concentrations to CT type behaviour for higher calcium
concentrations. In part | of this series of papers, we showed that the room temperature structure
of SCTis CT-like forx > 0.12 while itis ST-like forx < 0.06. Inthe presentwork, we present
the results of a careful room temperature XRD study of SCT powders in support of the structural
models presented in part I. We also present the results of a first high temperature powder XRD
study on SCT12, SCT15, SCT18 and SCT21 which shows that the phase transition behaviour
of SCT samplesfar > 0.12is CT-like inthe sense thatthere is an interposed pseudotetragonal
structure between the room temperature orthorhombic and the high temperature cubic phase.
Our work shows that the transition temperatures in SCT samples £10.25 are less than
573 K which, unlike the extremely high transition temperatures in CT, are easily achievable
for future Raman scattering and other related experiments for settling the mechanism of phase
transition via the successive softening of the &hd the Rs point phonons.

2. Experiment

2.1. Room temperature and high temperature XRD

Room temperature XRD studies were carried out using @urHdiation on a 12 kW
Rigaku rotating anode powder diffractometer system fitted with a curved crystal graphite
monochromator. All the data collection was done at 9 kW. For room temperature XRD, a
scan rate of 1min~! with a step width of 0.01 degree was used for low angte € 70°)
reflections whereas for high angle reflections in theghge 100-130 a scan rate ofImin~*

with an optimized step widthX26) of 0.006 to 0008 was used. For the high temperature
powder XRD experiments, commercially available high temperature attachment provided by
Rigaku was not used since the high angle reflections of our interest (B00°) are extremely

weak in intensity even under normal experimental conditions. On top of this, the Ni filters at
the walls of the high temperature camera reduce the overall intensity so drastically that it is
almostimpossible to resolve the high angle profiles from the background. In fact, even at room
temperature it is not possible to resolve the profile splittings for these high angle reflections
without using the curved crystal monochromator which brings down the background counts
drastically. However, the commercial high temperature camera provided by Rigaku cannot
be used in conjunction with the monochromator. A heating assembly capable of going up to
300°C was therefore designed which could be used in conjunction with the monochromator.
A chromel-alumel thermocouple was embedded just below the specimen surface facing the
x-ray beam and the temperature was controlled witk7C. The stability of the temperature

over the entire region was confirmed by repeating the experiments with thermocouple tip
placed at different locations. The temperature measurement was verified by comparing the
transition temperatures for some ferroelectric and antiferroelectric systems as determined by
our high temperature XRD setup with those determined from high temperature dielectric
measurements.

2.2. Sample preparation

SCT6, SCT12, SCT25 and SCT50 samples prepared by the semi-wet route described in part |
were used in the present investigation. In addition, SCT15, SCT18, SCT21, ST and CT were
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prepared using the conventional solid state route. For this, powders of; SEACQ and

TiO, (purity 99.5%) were ball milled in zirconia jar using zirconia balls with acetone as mixing
media. Ball milled powders were then calcined at 190@or 6 h. The calcined powders were
crushed and ball milled to break the agglomerates. The SCT powders so obtained were then
pelletized (1 cm diameter) at a load of 60 kN with 2% PVA solution as a binder and sintered

at 1300°C for 6 h. Sintered pellets were crushed and then annealed aC&0@emove strains
induced by crushing before using them for diffraction studies.

3. Results and discussion

3.1. Room temperature studies

3.1.1. Superlattice reflections.In the orthorhombic CT, the TiQoctahedra are tilted in an
‘antiphase’ manner leading to the doubling of the elementary perovskite cell. This givesrise to
a series of superlattice reflections on the diffraction pattern as shown in figure 1. The strongest
superlattice reflection in this XRD pattern has 103 orthorhombic indices. This reflection
persists in the XRD patterns of SCT50 and SCT25 also. However, the other superlattice
reflections shown in figure 1 for CT are not discernible on XRD patterns of SCT samples.
The intensity of the 103 reflection normalized with the intensity of the strongest reflection
with orthorhombic indices 200 decreases drastically with decreasing Ca content as shown in
figure 2. As already shown in part I, many more superlattice reflections become discernible on
the powder neutron diffraction patterns for the SCT sampleswith0.50, 0.25and 0.12. The
vanishingly small intensity of the superlattice reflections other than 103 in the XRD patterns is
due to the lower scattering factor of oxygen atoms whose displacements from their ideal cubic
positions are basically responsible for the superlattice peaks.

3.1.2. Orthorhombic distortion. The presence of the superlattice reflections in the x-ray
and neutron powder diffraction patterns confirms that the structure of SC¥ for0.12

is orthorhombic at room temperature. The orthorhombic cell parameters as determined by
the least squares method using the peak positions of 112, 002, 220, 312, 224 and 116/332
orthorhombic reflections are given in table 1. For comparison, we also give the cubic unit cell
parameters for SCT6 and ST in the same table. Itis evident from the unit cell parameters given
in this table that the orthorhombic distortion for SCT is much smaller than that of CT. The
main effect of substitution of 3t by C&* is a monotonic decrease in the unit cell volume as
shown in figure 3. In this figure, the unit cell volumes of ST and SCT6 have been multiplied
by a factor of 4 for comparison with the orthorhombic unit cell volumes of SCE (0.12)

and CT. The decrease in the unit cell volume of SCT with increasing calcium content is very
much expected on the basis of the higher ionic radius8f@r= 1.12 A) as compared to that

of C&* (r = 0.99 A).

Table 1. Refined cell parameters and cell volume of SICa, TiO3.

x a®) b (A) ¢ (A) Vv (A%

1.00 5.446(6) 5.389(1) 7.647(2) 224.4(1)
050 5.475(1) 5.480(1) 7.752(2) 232.6(2)
0.25 5.500(1) 5.487(1) 7.800(2) 235.4(2)
0.12 5518(2) b5.521(2) 7.800(2) 237.6(2)
0.06 3.912(1) 59.86(7)
0.00 3.908(1) 59.68(7)
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Figure 1. Part of the XRD patterns @¢6r;—, Ca, ) TiO3 for (a)x = 1.00, (b)x = 0.50, (c)x = 0.25
and (d)x = 0.12. The 103 superlattice reflection is marked with an asterisk in (b) and (c).

The small orthorhombic distortions listed in table 1 lead to splitting of some of the high
angle lines forx > 0.12 except for compositions near= 0.50. Forx = 0.12 and 0.25, the
equivalent elementary perovskite cell parameters (which are related to the orthorhombic cell
parameters a&, = /2a,, b, = /2b,, ¢, = 2c,), a, andb,, are nearly equal giving rise to
pseudo-tetragonal XRD patterns. Tgis significantly different fronu, ~ b, for x = 0.25
but this difference decreases with decreasing tox = 0.12. As a result, the splitting of
the XRD lines also decreases aslecreases from 0.25 to 0.12. For= 0.50, thea,, b,
andc, are nearly equal giving rise to a pseudo-cubic pattern. The only signature of non-cubic
symmetry for SCT50 is the extra broadening of the XRD profiles for high angle reflections like
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Figure 2. Variation of the peak intensity of the 103 superlattice reflection normalized with respect
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Figure 3. Variation of the room temperature orthorhombic cell volum&f_, Ca,)TiO3 with
calcium content.

008/440, 028/336/532 and 228/444/620. In fact, only for pure CT does one clearly observe
orthorhombic splitting (see e.g. well resolved 022 and 202 reflections in figure 1). For the
rest of the compositions, the structure revealed by XRD is either pseudo-tetragonal (SCT12
and SCT25) or pseudocubic (SCT50). We would like to emphasize that but for the knowledge
of the positional coordinates of 8yCa*, 0>~ and T as obtained from Rietveld analysis

of the neutron powder diffraction data presented in part I, it would have been impossible to
establish the orthorhombic symmetry of SCT with> 0.12 using XRD data alone. Mitsui

and Westphal [9] have assigned tetragonal structure to SCT samples.Witk-Oc < 0.20
because they used the XRD technique which could not reveal the orthorhombic structure for
these compositions. We would like to mention that the unit cell parameters determined using
the XRD data are slightly different from those obtained from the neutron powder diffraction
data givenin part|. In order to decide which of the two sets of parameters represents the correct
values, we have simulated the XRD patterns for SCT25 using the DBWS 9411 program [10]
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with the positional coordinates and the unit cell parameters given in part | as input parameters. A
part of the simulated pattern showing the profiles for the 532, 336 and 028 group of reflections
is given in figure 4(a). In the simulated pattern, the 336 and 028 reflections occur on the
higher angle side of the 532 reflection whereas in the experimentally observed profiles shown
in figure 4(b) the situation is reversed. Further, the observed peak position of the strongest
reflection in this triplet (i.e. 532) is also not correctly reproduced in the simulated pattern.
Notwithstanding the difference in the peak positions of the three reflections in the simulated
and the observed patterns, the relative intensities are in reasonable agreement. This clearly
indicates that the positional coordinates given in part | are definitely reliable but not the cell
constants presumably due to the poor resolution of the neutron spectroméfet  1%)

as compared to our the x-ray powder diffractometer. Use of the unit cell parameters obtained
from the XRD data in conjunction with the positional coordinates obtained by the Rietveld
analysis in part | for simulating the XRD patterns not only reproduces the observed relative
intensities correctly but also the peak positions as shown in figure 4(b). From this we conclude
that the cell parameters given in this paper are more reliable than those given in part I.

160
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Figure 4. (a) A part of the simulated XRD profile for SCT25, showing the profiles for 532, 336 and
028 set of reflections, obtained using the refined structural parameters given in part I. (b) Observed
(- -+), simulated (——) and difference XRD profile for 532, 336 and 028 set of reflections as obtained
using the positional coordinates given in part | in conjunction with the x-ray cell parameters.

3.2. High temperature phase transition studies

The results presented in the previous sections and part | of this series clearly suggest that
the structure of SCT fox > 0.12 is CT-like. In this section we shall present experimental
evidence to show that the sequence of high temperature structural phase transitions in SCT is
also similar to what is known [7] for pure CT. Redfern [7] has recently carried out a detailed
study of high temperature structural phase transitions in CT using the powder XRD technique.
In his investigations, he has concentrated on the 020/202 pair of well resolved reflections
as well as thg121, 103 211} triplet and{120, 210} doublet of superlattice reflections. As
pointed out in the preceding section, 022 and 202 are not resolved in SCT samples because
thea, and theb, parameters are nearly equal. Further, out of the two set of reflections, the
{121, 103 211} triplet is not discernible for SCT with < 0.25 as shown in figure 1, whereas

the intensity of thg120, 210} doublet is too small to be observable on XRD patterns for all

the SCT compositions investigated by us. In our high temperature XRD studies, we have
concentrated on the 220, 116, 512, 440, 532 and 228 group of reflections for which the data
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Figure 5. Temperature dependence of the XRD profiles for (a) 008 and 440 and (b) 444, 620, 228
set of reflections for SCT12.

were collected as a function of temperature for SCT12, SCT15, SCT18 and SCT21. Figure 5
depicts the temperature evolution of the XRD profiles of {{d@8 440} and {228 444, 620}
group of reflections for SCT12 by way of illustration.

Itis evident from this figure that with increasing temperature, the two well resolved profiles
at room temperature gradually approach each other and then become singlets. The widths of
these apparently singlet profiles, however, continue to decrease with temperature suggesting
the presence of overlapping profiles due to noncubic structure. It is possible to determine
the transition temperatures from the temperature variation of the full width at half maximum
(FWHM) of the{228, 444, 620} set of reflections. For th®08, 440} set of reflections, FWHM
analysis could not be of much help since the intensity of the 008 reflection is slightly lower
than half the intensity of the 440 reflection. For this set of reflections, we therefore used
the full width at quarter maximum (FWQM). Figures 6, 7, 8 and 9 depict the variation of
the FWHM/FWQM of the two sets of reflections for SCT12, SCT15, SCT18 and SCT21
respectively. Itis evident from these figures that both FWHM (for 228, 444, 620) and FWQM
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Figure 6. Temperature variation of (a) full width at half maximum (FWHM) of 228, 444, 620 triplet
of reflections and (b) full width at quarter maximum (FWQM) of 008, 440 doublet for SCT12.
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Figure 7. Temperature variation of (a) full width at half maximum (FWHM) 228, 444, 620 triplet
of reflections and (b) full width at quarter maximum (FWQM) of 008, 440 doublet for SCT15.

(for 008, 440) decrease up to a temperafjre- 348, 398, 426 and 480 K for SCT12, SCT15,
SCT18 and SCT21 respectively. Beyond this temperature the FWHM remains nearly constant
over about a 30 K temperature range while the FWQM shows an anomalous increase in the
same temperature interval. Both the FWHM and FWQM again start to decrease and finally
settle down at a temperatufe = 375, 428, 461 and 515 K for SCT12, SCT15, SCT18 and
SCT21 respectively. The second transition for SCTE2 £ 375 K) is in good agreement
with the temperature at which the superlattice reflections in neutron diffraction patterns are
expected to vanish due to the transition to the cubic phase (see figure 6 of part I).

The two transition temperature®;(= 475 K and7, = 510 K) for SCT21 as obtained
from the analysis of the FWHM and FWQM in figure 9 are in close agreement with the
temperatures at which the unit cell constants exhibit anomalies as shown in figure 10(a) for
SCT21. The cell parameters in this figure were obtained by least squares method using 220,
116, 512, 440, 532 and 228 reflections at each temperature. It is evident from this figure that
the ¢, parameter undergoes a small discontinuous jump around 475 K. At this temperature,
the b, parameter also shows a change of slope. At around 510 kq,thadb, parameters
become equal and thg parameter exhibits a change of slope. The elementary perovskite
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Figure 9. Temperature variation of (a) full width at half maximum (FWHM) of 228, 444, 620 triplet
of reflections and (b) full width at quarter maximum (FWQM) of 008, 440 doublet for SCT21.

cell parameters derived from,, b, and ¢, become equal at this temperature indicating

a transition to the cubic phase. The two transitions around 475 and 510 K give rise to
anomalies in the unit cell volume and the coefficient of volume thermal expansion also as
shown in figures 10(b) and (c) respectively. The sharp drop in the coefficient of volume
thermal expansion around 475 and 510 K is due to the instabilities in the vicinity of the two
transitions.

The observations presented in the preceding paragraphs suggest the existence of successive
phase transitions from a room temperature orthorhombic phase to an intermediate Fhase at
and then to the cubic phase®t Redfern [7] has reported that the orthorhombic phase of
pure CT also first transforms into an intermediate phase around 1423 K before becoming cubic
around 1523 K. Our results indicate that the phase transition behaviour of SCT samples for
x > 0.12 is analogous to that of pure CT. Figures 11(a), (b) depict the variation of the two
transition temperature§{ and7>) with calcium content. The fact that the variationfgfand
T, as a function of calcium content is quite systematic and is nearly linear from SCT12 to the
CT end provides additional support to the similarity of the succession of phase transitions in
SCT withx > 0.12 and CT. The slopes of the straight line fits in figures 11(a), (b) indicate that
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Figure 10. Temperature variation of (a) orthorhombic cell parameters, (b) unit cell volume and
(c) volume thermal expansion for SCT21.

the transition temperatures T1 and T2 increase approximately at the rate of 12 ayich@B4K
of CTin ST.

4. Concluding remarks

Itis evident from the foregoing that the structure of SCT A< x < 1.0is eventually cubic
above a certain critical temperature. Viewed from the high temperature side, this cubic phase
undergoes a succession of structural phase transitidBseattd 7;. With decreasing calcium
content belowr = 0.12, one expects a crossover from a CT-like structural phase transition
behaviour to ST-like with only one transition temperature. As discussed in detail in part |, this
crossover seems to occur somewhere in the composition ra@gecOx < 0.12.

The structure of SCT with > 0.12 after the two transitions & and7; is orthorhombic
belonging to then—a~¢* tilt system in the Glazers’ classification [5,6]. The ‘antiphase’
rotations ¢~ a~) about two of the pseudocubft00 axes result from the condensation of the
R2s mode. This mode in the cubic phase is triply degenerate. One would like to know whether
the condensation of the two of the three of thg Rodes occurs simultaneously at the same
temperature or in two steps. On top of this, there is condensation of $lredde also which
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Figure 11. Variation of transition temperatures (&)and (b)7> of SCT with calcium concentration.

is responsible for the ‘in-phase’¥) rotation about the third pseudocubic [100] axis. Does
this M3 mode condense independently or along with one or both of $gedtt modes? This
can be settled through Raman/Brillouin scattering or inelastic neutron scattering studies only
which have not been carried out so far on these systems.

Itis possible to infer the likely sequence of condensation of theaRd Ms modes on the
basis of the critical behaviour of the intensity of the superlattice reflections. The condensation
of the Rys leads to doubling of the pseudocubic unit cell along all the three pseudodiiific
axes whereas the mode leads to doubling along only two of the thrd€®0) axes. This
gives rise to the so-called superlattice reflections in the elastic scattering experiments with
cubic wave vectorgrz = 1/2(111) andgqy = 1/2(110. Redfern has shown that in CT
the superlattice reflections with= 1/2(310) andq = 1/2(113) disappear above 1423 and
1523 K respectively. This suggests that, viewed from the high temperature side, the first
soft mode to condense corresponds to the R point of the cubic Brillouin zone followed by
the freezing of the M point mode at lower transition temperature. This is similar to what is
known for KMnF; with one important difference. In KMnf-the ‘antiphase’ rotation of the
MnFg octahedra results from the condensation of only one of the triply degenerate R modes
leading to cubic to tetragonal phase transition at 186 K. If two of the triply degenerate R modes
condense simultaneously, it will lead to a cubic to orthorhombic phase transition. Structural
phase transitions from cubic to tetragonal or rhombohedral phases resulting from condensation
of one or all three of the 2 modes are known [2] to occur in materials like ST and K¥oF
LaAlO3 and PrAlG. Similarly, the structural phase transition resulting from the condensation
of only two of the three B modes has been reported in materials like Csppl] which
appears similar to the cubic to orthorhombic phase transition in SCA f00.12.

Notwithstanding the possibility of the cubic to orthorhombic transition in S€® (0.12)
below T, it is equally probable that only one of thedRmodes condenses first beldty
followed by the condensation of anothessRnode along with the Mmode. In this case, the
structure of the first phase to result from the cubic phase will be tetragonal which would then
transform at a still lower temperature to the orthorhombic phase of SCT/CT. Thus, there are
two possible sequence of phase transitions in SCT/CT

() a~a~c* (Pbnm) %) a~a—c® (Ibmm) % a®%%a® (Pm3m)
3 25

(i) a~a=c* (Pbnm) <M—T;—> a®a=cC (I4/mem) %—) a%a%a® (Pm3m).
3,125 25
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It is not possible to distinguish between the two possible structures for the intermediate phase
on the basis of the lattice parameters since both will display a tetragonal lattice. In order
to make a choice between the two possibilities, a detailed structure analysis work is required
through which the correct symmetry of the atomic positions can be determined. The proposal of
Redfern that the structure of the intermediate phase of the CT is tetragonal is therefore tentative
pending a detailed structure analysis work. This can be checked more conveniently in SCT
with higher strontium content than in pure CT because of the lower temperatures involved. We
strongly recommend a simultaneous elastic and inelastic neutron scattering study of SCT for
unravelling the microscopic mechanism of the structural phase transitions in this system.
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