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Abstract Pressure dependent studies on technologically
important ferroelectric material Pbg 70Cag39TiO3 show the
occurrence of a new hitherto unreported pressure dependent
phase transition around 4 GPa. In the pressure range 4—
14 GPa, the parent tetragonal (P4mm) phase of
Pbg 70Cag 39TiO5 transforms in to a monoclinic (Cm) phase
before attaining its paraelectric cubic (Pm3m) phase around
15 GPa. High pressure Raman studies reveal the presence
of a critical pressure above which the ferroelectric phase
starts to reappear in the paraelectric phase. This critical
pressure is found to be much lower than the critical
pressure observed in pure PbTiO;. Possible reasons for this
lowering of the critical pressure are presented.
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1 Introduction

Phase transition studies in ferroelectric ceramics based on
BaTiO; [1-6] and PbTiO; [7-10] continue to attract
tremendous interest. Some of the important solid solutions
based on PbTiO; with large technological applications are Pb
(Zr,<T,)O3 [11-14], Pby,Sr,TiO5 [15, 16], Pb;Ca,.
TiO,(PCT) [17-23], etc. With increasing demand for smarter
ceramics, pressure dependent studies in some of these PbTiO;
based ceramics have attained significance [24-27]. These
investigations have not only provided the fundamental insight
towards the pressure dependent phase transitions but have
also increased the applicability of such ceramics [28-31].
One of the above mentioned ceramics viz., Pb,_,Ca, TiOz has
become subject for careful studies in recent times [17, 18, 21,
32]. Pb;Ca,TiO; shows interesting composition and tem-
perature dependent phase transitions at ambient pressures [18,
33, 34] with potential for application in areas where
‘directionality’ or ‘anisotropy’ affects are important such as
hydrophone, ultra-sonography, surface acoustic wave, etc.
[18-20, 22, 35]. An added significant advantage reported for
Pb,.,Ca,TiO5 is that, for x<0.40, these ceramics show high
negative thermal expansion coefficient [32]. This also makes
them a candidate in areas such as high precision optical
mirrors, electronic industry, thermal switches, etc. [36—40].
But, pressure dependent studies in this important ferroelectric
ceramic, Pb; Ca,TiOs, still remains an unexplored area.

We present the results of pressure dependent Raman
spectroscopy and synchrotron X-ray diffraction studies on
Pbg 70Cag30Ti03 ceramic which reveals the presence of
novel features hitherto not reported. It is shown that the
Pbg 70Cag30Ti03 system undergoes an intermediate phase
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transition, viz., tetragonal—»monoclinic, before attaining the
paraelectric (cubic) phase. The phase transition from
tetragonal to monoclinic phase is of “first order type” and
occurs at ~4 GPa while the second “predominantly second
order type” phase transition, from monoclinic to cubic
phase, occurs around 15 GPa. Present investigation also
presents the proof for occurrence of disorder in the
paraelectric phase of Pbg;0Cag30TiO5. Another novel
feature of reappearance of ferroelectricity in the paraelectric
phase above a critical pressure (~20 GPa) has also been
observed in our studies. The reasons for reappearance of
ferroelectricity are also discussed in this paper. These new
results are also compared with those reported for the case of
pure PbTiO5 [Refs 33, 40].

2 Experimental

Pbg.70Cag.30TiO5 (henceforth abbreviated as PCT30) sam-
ple was prepared using the solid state thermo-chemical
route using analytical grade PbCO;, CaCO; and TiO,
powders as starting ingredients. Details of sample prepara-
tion have already been published elsewhere [18]. For
collecting synchrotron X-ray diffraction and Raman data,
the sintered PCT30 pellet was first crushed into fine
powders and then annealed at 500°C for 10 h to remove
the strains which may get introduced during crushing.
Room temperature structural characterization was carried
out using powder X-ray diffraction [18] and all the peaks
could be indexed using a tetragonal structure (space group
P4mm).

The angle dispersive powder synchrotron X-ray
diffraction (ADXRD) measurements at high pressures
were carried out at the ‘powder X-ray diffraction beam
line (MCX beamline, 7.1)’ of ELETTRA Synchrotron
source, employing X-rays of wavelength 0.6965 A
(calibrated with LaBg). X-ray diffraction experiment as a
function of pressure was carried out in the range of 0—
35 GPa. Each diffraction pattern was collected in the 20
range 4-42° with the step width 0.02151°. For collecting
pressure dependent diffraction data, the powder was
loaded in a diamond anvil cell (DAC) having a pair of
diamond anvils with culet diameter of 400 um. A pre-
indented hardened stainless steel gasket with a central hole
of diameter 150 wm and initial thickness of 60 um was
used. A mixture of methanol—ethanol (4:1) was used as
pressure transmitting medium. The pressure was deter-
mined in situ by using Ag powder as pressure calibrant.
Images of the powder diffraction rings were collected with
a Mar345 image plate detector and read using a resolution
of 100 umx100 pum pixel size. Typically, 30 min of
exposure time was employed for measurements at high
pressures. The images were integrated over the rectangular
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sector of the recorded powder rings using the FIT2D
software [41]. The obtained powder patterns were further
corrected for the absorption by the diamond anvils. The
converted normal 20 vs. intensity diffraction pattern was
used for data analysis.

For high pressure Raman measurements, tiny disks of
sample ~20 um in diameter and ~10 pm in thicknesses
were loaded into a diamond anvil cell (DAC). The cell was
placed inside the tungsten gasket hole of diameter 100 pum,
pre-indented to a thickness of 44 um. Before loading the
pressure transmitting medium, the high pressure cell was
first dried at 120°C. The high pressure experiments below
and above 8 GPa were carried out using the 4:1 ethanol-
methanol mixture and Ar gas as pressure transmitting
medium respectively. The pressure was determined using
the Ruby fluorescence method by placing Ruby chips of
approximate size 3—5 pum. Laser with the 457.9 nm line of a
Spectra Physics 2025-05 argon ion laser was used for
excitation. The laser light entered the diamond cell at an
incident angle of 25° and was focused to a 15 um spot on
the sample. The laser power was kept to about 30 mW in
order to avoid heating of the sample. The Raman spectrum
was collected using an f/19 objective lens and focused into
the monochromator through a pinhole to minimize the
interference from the diamond fluorescence. The Raman
spectra were analyzed using a SPEX 1402 double mono-
chromator (1800 I/mm grating) with a liquid nitrogen
cooled CCD detector (model LN/CCD—1100 PB), using
a ST-130 CCD detector controller unit from Princeton
Instruments. The spectral resolution was about 0.4 cm '
and the spectra were sampled at 0.4 cm™ ' in a range of 140—
1,000 cm ™.

3 Results and discussions
3.1 Structural studies

Figure 1 shows the evolution of three selective perovskite
peaks namely, (100), (110) and (211). This figure clearly
depicts the two pressures (viz., 8§ GPa and 14 GPa) above
which perceptible changes in the nature of diffraction peaks
are observed. Above 6 GPa, the nature of peak splitting
suddenly changes with the relative intensities of the set of
peaks (100 and 001) becoming comparable to each other.
Similar behaviour is observed for the (110 and 011) set of
peaks. The representative set of (211; 112) and (101; 110)
peaks also start to merge into each other with increasing
pressure. The second perceptible change in the nature of
diffraction pattern is observed above 14 GPa. Above this
pressure we clearly observe singlet (100), (110) and (211)
peaks. This is a clear signature of a structural transition to a
paraelectric cubic phase above 14 GPa. The change in the
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Fig. 1 Evolution of representative (100; 001), (110; 101) and (211;
112) diffraction peaks as a function pressure in Pby.790Cag30TiO3

nature of diffraction peaks around 6 GPa suggests towards
the modification of the parent tetragonal phase. As no new
peak(s) is observed above 6 GPa, it is very difficult to
conclusively claim about the new structural phase into
which the system may be transforming. Before proceeding,
it should be noted that in Fig. 1, the background of the
diffraction peaks has not been removed differently. As the
main purpose of this figure is to show the pressure
dependent evolution of individual peaks, the y-axis of the
peaks have been zoomed vertically to different extent. The
peaks therefore look of comparable intensity. The actual
peak intensity variation is shown in Fig. 2. Further, with
increasing pressure in the paraelectric phase, the diffraction
peaks show increased broadening. This indicates the
presence of an essential order—disorder characteristic at

high pressures. This is contrary to the result which reported
absence of order—disorder characteristic in pure PbTiO;
above 12 GPa [27] but supports the results recently
suggested by Jaouen et. al. [31] using Ti K edge XANES
data. For the sake of completeness, Fig. 2 gives the
complete diffraction spectra of PCT30 at 5 representative
pressures. From this figure, the occurrence of increased
broadening in all the diffraction peaks up to the highest
achievable pressures becomes evident.

Absence of any new diffraction peaks above 4 GPa
suggests that the new intermediate phase will have unit cell
dimensions very close to that of the parent tetragonal phase
and therefore determination of unit cell parameters using
the tetragonal unit cell is quite justified. Variation of unit
cell parameters as a function of pressure was determined
using the procedure of LeBail fitting by considering the
tetragonal (P4mm) unit cell for the ferroelectric phase
(below 14 GPa) and cubic (Pm3m) unit cell for the
paraelectric phase (above 14 GPa). Figure 3 depicts the
variation of unit cell volume and unit cell a- and c-
parameters as a function of pressure. The unit cell c-
parameter shows a larger variation in comparison to the unit
cell a-parameter. But the variation of both a- and c-
parameters shows two distinct changes in slope. The first
discontinuity is observed around 4 GPa while the second is
observed around 15 GPa. Similar feature is observed in the
variation of unit cell volume. This figure clearly suggests
the occurrence of two phase transitions at around 4 GPa and
15 GPa, respectively.

But, as reported above, the evolution of diffraction
pattern show no new peak(s) above 4 GPa (the pressure at
which discontinuity is observed in the pressure-volume
curve). As pseudo-symmetry is a well known problem in
pervoskites, it is difficult to confidently claim about the
occurrence of phase transition around 4 GPa. Further, it has
been reported [18, 21, 33] and also experienced by us that it
is extremely difficult to carry out Rietveld refinement in
Pb;_(Ca,TiO3 compositions with x<0.40. Samples in this
range show enhanced peak broadening due to the intrinsic
lattice strain in the predominantly tetragonal phase of PCT
system. This makes it difficult to get good quality unique
Rietveld fits without invoking many other parameters such
as anisotropic thermal parameters, strain broadening param-
eters, occupancy, etc. The broadening can also be a
consequence of mixed structural-phase region setting in.
But this is difficult to claim with the available high pressure
synchrotron data. Also, because of the order—disorder
characteristics observed in PbTiO; based systems, the local
symmetry can be different from that of the bulk symmetry
which cannot be deciphered by techniques such as X-ray
diffraction.

Further, the non-appearance of any new peak above
4 GPa even when the unit cell variation predicts the
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Fig. 2 X-ray diffraction spectra
as a function of pressure in (e)
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occurrence of phase transition can be a direct consequence
of the small domain size of the new crystal lattice as
compared to the coherence length of the XRD technique.
Further, if these domains are randomly distributed within
the lattice, direct detection is sometimes difficult as has
been observed in few other disordered systems [42]. Since,
Raman spectroscopy technique is very sensitive towards
small changes in atomic positions or formation of micro-
domains within the sample, occurrence of phase transition
is expected to clearly manifest itself by modifying the
Raman spectra of the sample. Therefore, it becomes
interesting to investigate the evolution of phonon modes
which may be linked with the lattice instability. The results
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of pressure dependent Raman measurements carried out in
PCT30 system in the range 0—40 GPa are discussed in the
next section.

3.2 High pressure Raman spectroscopic studies

At room temperature, PCT30 has a tetragonal structure with
C}w space group symmetry. The phonon mode assignment
for the tetragonal phase of the PCT30 system can be done
following the widely accepted mode assignment given by
Foster et al. [43, 44] for pure PbTiO; as depicted in Fig. 4.
The different mode frequencies were determined by fitting 9
Lorentzians in the frequency range 150 to 850 cm™'. Figure 5
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Fig. 3 Variation of unit cell volume as a function of pressure in
Pby.70Cag30TiO5. The inset depicts the variation of unit cell a- and c-
parameters in Pby.79Cag30TiO3

shows the evolution of Raman spectra of PCT30 in the
pressure range 0—40 GPa. Clear signatures of changes in the
Raman spectra starts to appear above 3.5 GPa. This
strengthens the claim for the existence of a new phase
transition in the PCT30 system suggested in the XRD studies
discussed earlier. Above 3.5 GPa, it is not possible to index
all the Raman modes using the expected number of phonon
modes for a tetragonal (space group P4mm) phase as new
Raman modes are observed around 160,230,380,576, and

Intensity (a.u.)

150 400 650 900
Wavenumber (ecm™')

Fig. 4 Raman mode assignment in Pbg.79Cag30TiO3 spectrum
collected at ambient pressure

676 cm™ ' (see Fig. 5(b)). This figure also clearly shows two
pressures at which the nature of phonon modes change; one
around 4 GPa and the second around 15 GPa. It is
worthwhile to mention that the continuously rising back-
ground observed in Raman spectra shown in Fig. 5 is due to
the inherent property of the sample at high pressures. The
intense rising background at high pressures is due to the
luminescence from the sample as well as diamonds in the
anvil cell. As pressure increases, the Raman intensity goes
down. Therefore the laser power and the accumulation time
had to be suitably increased to get a proper intensity value.
But, as the signal to noise ratio only depends on the
instrument and it will not change with change in applied
pressure, the observed Raman signal is that what is expected
from the sample.

Further, it may be noted that uniform pressure from all
sides on the sample could be attained in our Raman
spectrometer sample holder/cell since the pressure trans-
mitting media was hydrostatic and the sample size ‘very
small’. This ensured uniformly spread changes in the
sample. Consequently, it does not affect the Raman
characteristics even if the spectrum is obtained from a
slightly different sample area. Raman results given in Fig. 5
are discussed below. The first Raman peak appears to get
broadened around 4 GPa.

The new Raman mode around 380 cm ™' which starts to
appear around 4 GPa grows in intensity with increasing
pressure. It is well known that the width (FWHM)
parameter of a Raman mode is inversely proportional to
the lifetime of the associated phonon. Therefore, the
appearance followed by sharpening of the peak with
increasing pressure clearly indicates two things viz., (a)
establishment of a new phase and (b) establishment of the
long range order with increasing pressure. Above 15 GPa,
this peak once again changes its nature and starts to loose
its intensity clearly showing the start of second phase
transition. This is quite expected as the structure starts to
attain an average paraelectric (cubic) phase above this
pressure (as shown by XRD studies earlier).

The next striking feature is the appearance of the mode
at 222 cm ' (marked by arrow in Fig. 5). This mode is
directly related with the displacement of Ti-cation and tilts
of the BO¢ octahedra and has also been observed in a few
other relaxor ferroelectrics such as PMN and NBT [25, 45].
This mode also appears around 3.5 GPa and starts to
disappear above 15 GPa.

Another evidence for phase transition comes from the
evolution of the phonon mode around 150 cm'. As has
been reported earlier [45], this mode is directly related to
the displacement of the Pb atom. This mode starts to appear
around 4 GPa and shows softening with increasing
pressure. This can only occur with increasing dominance
of the new structure inside the crystal lattice. But this mode
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Fig. 5 Evolution of Raman
spectra in Pbg.79Cag30TiO5 as a
function of pressure at (a)

1.9 GPa, (b) 3.5 GPa, (¢)

4.5 GPa, (d) 6.6 GPa, (e)

9.7 GPa, () 12.4 GPa, (g)

14.1 GPa, (h) 15.2 GPa, (i)

(a) (h)

17.7 GPa, (j) 20.9 GPa, (k)
22.4 GPa, (I) 24.6 GPa, (m)
31.3 GPa and (n) 40 GPa
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rapidly looses its intensity above 15 GPa. This further
confirms that the system becomes predominantly cubic
above 15 GPa.

The above results suggests that the new structure has its
origin in the displacement of both Ti and Pb atoms. This
indicates towards a monoclinic or a rhombohedral structure.
But the rhombohedral structure similar to ones seen in other
doped PbTiO; system can be ruled out as we did not
observe any new superlattice peak above 4 GPa in the
diffraction pattern discussed earlier. Further, by comparing
the Raman spectra of monoclinic (Cm) phase observed in
few other doped ferroelectric systems [25, 45-47], we can
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suggest a probable establishment of an intermediate
monoclinic phase in the PCT30 sample in the pressure
range 4—15 GPa. This claim is suitably explained little later
in the text.

Another important observation worth mentioning is the
presence of large fluctuation in Raman spectra in the range
6.6-12.4 GPa. This can be a result of large stress felt by the
lattice because of the competing structures namely (a) the
new phase which is trying to establish itself globally within
the lattice and (b) the starting parent tetragonal phase. This
is a typical case of “nucleation” problem in the case of first
order phase transition.
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3.3 Deciphering the structure of the new phase

Most of the perovskite type ferroelectric materials based on
BaTiO; and PbTiO; show a simple cubic structure at high
temperatures and undergo a structural phase transitions to
distorted structures upon cooling [48, 49]. Using the
phenomenological sixth order Landau theory, Devonshire
[50] was able to explain the observed phases and phase
transition sequences. Very recently, Vanderbilt and Cohen,
by extending the Landau theory up to the eighth order could
also predict the existence of lower symmetric monoclinic
phases in PbTiO; based ferroelectric materials [11, 29].
Following the experimental observations and theoretical
calculations done on Pb(Zr,Ti)O3 showing the existence of
a monoclinic phase between the tetragonal and cubic phase
of the material, same strategy was applied to PCT system.

When the structure transforms from tetragonal to
monoclinic phase the degeneracy of the E phonon of the
tetragonal phase is lost. This results in the splitting of the A
modes. In the monoclinic (Cm) phase, 5A;+5A, numbers
of modes are expected in the Raman spectra. 10 Raman
modes can be clearly observed in the Raman spectra
obtained above 4 GPa (marked by arrows in the spectra
for 4.5 GPa). This clearly points towards the establishment
of a new structure similar to the monoclinic phase with Cm
space group in the present PCT30 system.

To conclusively show the stabilization of a monoclinic
phase, it would be interesting to (a) used a different LASER
as excitation to avoid (or reduce) luminescence and (b)
carry out Polarized Raman investigations which, even in
ceramics, can reveal different dependencies on approaching
phase transitions.

3.4 Reappearance of ferroelectricity above 20 GPa

Recently, it has been reported that PbTiO; shows a non-
monotonous behaviour with pressure and results in an
increase of ferroelectricity in PbTiO; above 30 GPa
pressure [24]. This phenomenon was theoretically
explained by the calculations based on density functional
theory and the pseudo-potential method. The ferroelectric
state is enhanced above the critical pressure in order to
reduce the overlap between the hybridization levels of Ti (d
(eg) level) and O (2 s level) atoms. These overlaps are
bound to happen when the pressure increases and the atoms
come closer to each other. In the present case, we observe
that the PCT30 system also shows an anomalous behaviour
similar to PbTiO;. But the striking difference is that this
feature starts to appear above 20 GPa as compared to
PbTiO; where this feature occurs >30 GPa. Raman modes
(expected in the ferroelectric phase start to reappear in the
spectrum). The lowering of the critical pressure can be
understood as a direct consequence of the substitution of

Pb?" by Ca®*. Because of this substitution, the tetragonal
distortion ((c/a) -1) of the host PbTiO; matrix decreases
from ~0.06 to ~0.03 at room temperature which means that
the displacement of O>~ with respect to Ti*" in PCT system
is smaller than that observed in pure PbTiO;. Due to
decreasing unit cell size with increasing pressure, the two
atoms (O and Ti) start to come closer to each other. This
logically means that the overlap between the hybridization
levels of Ti and O atoms will start to occur at a much lower
pressure as compared to that in PbTiO; (which has higher
tetragonal distortion). This is what is observed in our
present investigation.

This result shows that the prediction by Kornev et. al.
[24] regarding the possibility of enhancement in ferroelec-
tricity with increasing pressures in most ferroelectric
materials such as PbTiO;, BaTiOs, BaZrOs, Pb(Zr,Ti)Os,
etc. is correct. But our investigations have shown that the
affect of substituents will also play a major role in deciding
the critical pressure above which the ferroelectric phase will
reappear. Therefore the value of critical pressure is not
unique. We hope that this study will pave way for compre-
hensive and detailed investigations for critical pressures in
various other doped ferroelectric materials based on PbTiO3
and BaTiO;. Another recent result reported by Angel et al.
[51] exhibit that all pressure media exhibit non-hydrostatic
components at high pressures which can result in deviation
from cubic symmetry. Also, shear forces and/or stress are
other possible reasons for deviation from cubic symmetry
and, thus, resulting in the reappearance of Raman modes in
the high pressure phase.

4 Conclusions

Detailed X-ray diffraction and Raman spectroscopy studies
have been carried out to establish the pressure dependent
phase transitions in PCT30 system. Using Lebail fitting of
pressure dependent synchrotron X-ray data, it has been
shown that PCT30 system undergoes two phase transitions.
It is shown that the first discontinuous change in the unit
cell parameters occurs around 4 GPa. The second phase
transition, with no discontinuous change in the slope of
variation in unit cell parameters, is observed around
15 GPa. The system changes to its paraelectric phase
(cubic) above this pressure of ~15 GPa. Although clear
signature of the new monoclinic phase is not observed in
the XRD data, it is believed to be a direct consequence of
the establishment of the small domain size (smaller than the
coherence length of X-rays) in the new monoclinic phase.
Clear signature for occurrence of phase transition around
4 GPa could be obtained using pressure dependent Raman
measurements. Appearance of new phonon modes is
shown. These phonon modes can be expected by consid-
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ering the monoclinic (Cm) phase. Using the recent
theoretical studies of Cohen et. al. [11, 29], it has been
argued that the structure transforms to monoclinic (Cm)
phase around 4 GPa. Presence of a critical pressure of
~20 GPa has been established for PCT30 system above
which the ferroelectric phase starts to reappear. This critical
pressure is much lower than the one predicted for pure
PbTiOs. Reasons for this lowering of critical pressure have
been discussed in the paper.
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