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Abstract.

Field cooling (FC) poled/unpoled PMN-29%PT single crystal and room temperature
(RT) poled/unpoled PMN-34.5%PT textured ceramic were investigated between ~0°
and 300°C by thermal expansion, dielectric and Raman spectroscopy. New phase
transitions are evidenced at 40°C, 91°C and 180°C in the case of FC PMN-29%PT as
well as at 70°C and 200°C for RT PMN-34.5%PT and their order is discussed. The
physical properties of the textured ceramics are rather similar to those ones observed for
the single crystals what makes them the low cost alternative for a wide application.
However, the temperatures and character of the phase transitions are strongly dependent
on the kind of the poling conditions. Temperature dependences of the Raman line
parameters show that the NbOg octahedra remain stable during temperature increasing

while TiOg ones evolve quasi continuously. The step transitions of the Pb*" ion



sublattice are evidenced. This suggests that the TiOg and Pb?* sublattices are especially
coupled. The role of the TiOg clusters on the structural phase transitions and the
dielectric properties of the PMN-PT system is discussed. The presence of the Raman
modes above the maximum of dielectric permittivity reveals that the local symmetry is
lower than the cubic one (Pm3m). The decrease of the Raman line intensities vs.
temperature indicates precisely the continuous evolution of the local symmetry towards
the cubic one. The temperature evolution of the Rayleigh wing parameters appears

sensitive to the phase transitions presence.

Keywords C. Raman spectroscopy, D. dielectric properties, D. ferroelectricity, D. phase
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Introduction.

Lead magnesium niobiate-lead titanate solid solutions PbMg13Nb2303-
XPbTiOg3, i.e. PMN-PT, have been recently intensively studied due to their outstanding
dielectric and electromechanical properties [1,2]. Extremely large values of the
dielectric constant, giant piezoeffect, ultrahigh strain and electrostriction were reported
for PMN-PT single crystals properly orientated and poled along non-polar direction.
This is related to the fact that the crystal domains easily orient during poling so that the
maximum response is obtained. Therefore, these solid solutions are very interesting
from the application point view and provide the excellent opportunity for improvements
in sonar applications, active damping, high strain actuators, medical ultrasonic imaging,
etc. However, the methods of obtaining the large enough single crystals for such
application are very expensive and complicated. Thus, the strongly oriented or textured
ceramics made in the low-cost production are a very good alternative [3-8].

PMN-PT solid solutions exhibit a great variety of structural, vibrational and
dielectric properties which are strongly dependent on the PT content. Different phase
diagrams have been proposed [9-11] (see Figure 1). According to the common part of
these zero-field phase diagrams the PMN-PT solid solutions with the PT content lower
than 30% posses the typical relaxor behaviour characterized by the broad and strongly
frequency. dependent maximum of dielectric permittivity. With the temperature
increasing they exhibit the rhombohedral (R3m) -> cubic (Pm3m) structural phase
transition. The materials with the PT content higher than 38% present the ferroelectric
behaviour and on heating they undergo the tetragonal (P4mm) -> cubic (Pm3m)
structural phase transition. These two characteristic regions: relaxor and ferroelectric
ones, are separated by the so-called morphotropic phase boundary (MPB). It must be

stressed that the excellent electromechanical properties and the giant piezoeffect are



observed for the solid solutions with compositions belonging to the MPB. In general,
these materials posses already ferroelectric behaviour and undergo the monoclinic (Pm)
-> tetragonal (P4mm) -> cubic (Pm3m) structural phase transitions [11,12]. However,
many authors [11, 13-17] suggested that the symmetry observed in the vicinity of the
MPB is more complex. Namely, the monoclinic symmetry can coexist with a secondary
minority phases: tetragonal or rhombohedral, and the presence of the orthorhombic
phase was also postulated. The existence of additional weak phase transitions below
room temperature which sequence strongly depends on the poling procedure was
evidenced by the thermal expansion measurements [18]. These results reveal that the
different symmetries observed in the vicinity of the MPB are energetically very close
and thus the coexistence as well as the transitions between them are very probable
[2,19]. Moreover, the sequence of structural phase transitions can be easily changed by
the influence of the physical parameters such as pressure, electric field and the kind of
polarization [18,20,21]. For example, it was demonstrated that the previously poled
PMN-35%PT solid solutions adopt the monoclinic symmetry with the Cm space group
at room temperature [22].

The polarization is one of the most important parameter determining the
behaviour of the PMN-PT system and is considered to play the key role in the
appearance of the giant piezoelectricity. According to the polarization rotation theory
[2,19] the polarization vector characteristic for the solid solution from the MPB is not
fixed in one crystallographic direction as in the case of the typical ferroelectrics but can
continuously rotate in the planes (110) or (010). However, it should be underlined that
despite the intensive studies the physical properties of the solid solutions from the MPB
region and directly connected with them electromechanical ones are still not well

understood.



The aim of our work is to investigate and compare the relation between the local
structure and the kind of poling conditions: field cooling (FC) or room temperature (RT)
poling, on the physical properties of the solid solutions from the vicinity of the MPB:
PMN-29%PT single crystal and PMN-34.5% textured ceramic. Therefore, we have
undertaken the comparison Raman scattering studies between the poled (FC or RT) and
unpoled /depoled materials. Since the physics of relaxor ferroelectric solid solutions
takes place mainly on the nanoscale, the Raman spectroscopy due to its sensitivity to the
local symmetry is a very useful technique to investigate these compounds. In order to
better understand and describe the Raman features they were compared with our own
thermal expansion and dielectric results performed on the same samples. In this first
paper we present the results obtained for the FC poled/ unpoled PMN-29%PT single
crystal and RT poled/ unpoled PMN-34.5% textured ceramic. In the second paper the
results performed on the same samples but opposite polarized, i.e. RT poled single

crystal and FC textured ceramic will be presented.

2. Experimental procedure

The experiments were performed on the PMN-29%PT single crystal from APC
(USA) and the PMN-34.5%PT textured ceramic (Lotgering factor = 0.9) prepared at
R&T Thales. The details concerning the method of obtaining this ceramic are available
in [3-5]. The PMN-29%PT was poled by the field cooling method, namely the electric
field of strength 200VV/mm was applied at 170°C and then the crystal was cooled in the
presence of the electric field up to -20°C . The textured ceramic was poled in the room
temperature by applying the electric field of the strength of 800V/mm. The unpoled
state for both materials was obtained by the heating the samples till temperature two

hundreds °C higher than the temperature of maximum of dielectric permittivity (~140°C



for single crystal and ~160°C for textured ceramic) at least two times. At such high
temperature the sample was kept ~10 minutes.

The Raman spectra for both samples were collected in the macro configuration
and backscattering geometry (spot ~300um, laser power 30mW, resolution ~0.8 cm™)
using an XY spectrograph (Dilor, France) equipped with a double monochromator filter
and a back illuminated, liquid nitrogen cooled CCD detector. The 514.5 nm and 632 nm
Ar" laser excitation lines were used. Raman spectra were collected in the low and
middle frequency range (40-1200cm™) from 20°C to 240°C, using the home made
furnace. Measurements were taken every 20°C during 20 minutes. Additionally, in each
value of temperature the Rayleigh line was recorded. The heating rate was 0.5°/min.
The intensities and widths of the Rayleigh wings were approximated using the triangle
method. In order to determine the temperature dependences of the Raman line
parameters: position, full width at half maximum (FWHM) and intensity, the spectra
were decomposed using the Origin Peak Fitting software. Before the decomposition the
Raman spectra were corrected by the Bose-Einstein population factor. During the fitting
the linear baseline was used and a Gaussian shaped was assumed for all Raman lines.

The thermal expansion measurements were carried out using a Setaram (France)
instrument (Setsys) equipped with the amorphous silica rod and support. A cryostat —
furnace working in the temperature range from -200°C to 400°C was used. The
measurements were recording both in the heating and cooling cycles with the rates of
5°C/min.

Dielectric measurements were performed at frequency of 1KHz. The heating
cycle was recording for unpoled and freshly poled samples. The heating cycles were
collected with the rate of ~1°C/min.

Note a small, i.e. £5°C, temperature difference possible between the techniques.



3. Results and Discussion
Dielectric and thermal expansion studies

Figure 2 presents the results of the thermal expansion and dielectric studies in
the function of temperature for poled and unpoled: PMN-29%PT single crystal and
PMN-34.5%PT textured ceramic. As it can be clearly seen these results point to the
presence of complex sequence of the structural phase transitions. Note that the
temperatures as well as the character of these phase transitions are different for poled
and unpoled materials. It is noteworthy that the maximal values of the dielectric
permittivity recorded for textured ceramics are very high, almost comparable with those
ones recorded for single crystals. Moreover, the thermal expansion measurements
shown in Figure 3 reveal the anisotropic character of the textured ceramic, namely the
thermal expansion curves recorded along X, y, z directions of cut ceramic, close to
[100], [010] and [001] crystallographic directions, are different. This clearly confirms
the application potential of the textured ceramics in the place of single crystals.

As it can be seen in Figure 2 the FC poled PMN-29%PT single crystal exhibits
two sharp maxima of dielectric permittivity of the ferroelectric character observed at
91°C and 134°C. Actually, near 91°C two maxima appear. The thermal expansion curve
shows the anomalies near the similar values of temperatures. The dilatometry data point
to the presence of two additional weak phase transitions near 40 and 200°C, already
detected in a preliminary work[18]. These additional phase transitions correspond to the
onset of the increase and then the decrease of the dielectric permittivity, respectively. In
the case of unpoled PMN-29%PT two phase transitions are also detected by the
dielectric permittivity at about 118°C and 140°C. However, in comparison with those
ones observed for poled crystal they have rather relaxor character [23,24]. Namely, they

are quite broad and the temperature of the maximum of dielectric permittivity is



frequency dependent. This shows that the ferroelectric state can be achieved only after
the FC polarization. Note that similar results were detected for the PMN-26PT single
crystal for which sharp ferroelectric peak was recorded when the sample was previously
pooled [25]. Two phase transitions recorded for the unpoled PMN-29%PT single crystal
are also detected by the thermal expansion curve. The main phase transition observed
near 140°C is marked very clearly whereas that one appearing at 114°C is very weak.
The temperature dependence of the dielectric permittivity recorded for the RT
poled PMN-34.5%PT textured ceramic is rather similar to that observed for the FC
poled PMN-29%PT but anomalies are more smoothed. The main maximum of the
dielectric permittivity is observed at ~160°C. Note that very similar maximum of the
dielectric permittivity detected exactly at the same temperature is present for unpoled
PMN-34.5%PT textured ceramic. This shows that the character and temperature of the
main maximum of dielectric permittivity seem to be independent of the poling
conditions what proves that this solid solution possesses already the ferroelectric
behaviour. Note that in the case of relaxors the kind of polarization change significantly
the temperature and character of phase transitions whereas for the ferroelectrics the role
of polarization seems to be less important. In the case of poled ceramic the additional
very weak maximum of dielectric permittivity was detected near 70°C. The thermal
expansion. curve recorded for RT poled sample shows a bump near 160°C. Such
continuous slope variations correspond very well to the step variations character
recorded for the single crystal. The anisotropic character of the dilatometric data shown
in Figure 3 confirms the similarity between the thermal expansion behaviour of the
textured ceramic and the single crystal. For the unpoled ceramic the thermal expansion

anomalies are very smooth even in the case of the main phase transition.



The thermal expansion data show clearly the presence of the temperature
hysteresis in the case of PMN-29%PT in the vicinity of the main phase transition [18].
The temperature hysteresis is also observed in the dielectric measurements (see Figure
4). Note that this thermal hysteresis seems to be less important in the case of the
textured ceramic. Since the appearing of the hysteresis is directly connected with the
phase transition character the complementary dielectric and dilatometry results suggest
that most of the observed phase transitions are of the first order.

The main phase transition observed at 134°C and at 140°C for the FC poled and
unpoled single crystals, respectively can be attributed (according to the diffraction data
[11,13,17]) to the transition from the rhombohedral symmetry to the cubic paraelectric
one. Similar, the main transitions detected near 160°C in the case of RT poled/unpoled
texture ceramic might be assigned to the transition from the tetragonal symmetry to the
cubic one. However, the origin of the additional phase transition detected at lower
temperatures needs clarification. In the case of the PMN-29%PT the Noheda’ phase
diagram [11] does not show such phase transition. However, recently some articles
appears in which additional phase transition was observed in the solid solutions with
similar compositions: 27%PT and 29%PT [13,16,17] and interpreted as structural phase
transitions from the monoclinic (Cm or Pm space group) to the rhombohedral
symmetry.. Moreover, even presence of structural phase transitions between two
different monoclinic symmetry and/or the coexistence of the phases (two monoclinic or
rhombohedral-monoclinic) were suggested [13,17]. For the PMN-34.5%PT solid
solution the Noheda phase diagram [11] as well as different articles show the possibility
of the monoclinic and/or orthorhombic distortion appearance as well as the coexistence
of phases. The open question remains the transition detected by thermal expansion

above the maximum of dielectric permittivity. Since the thermal expansion is very



sensitive technique to detect any structural modification these “very high” temperature
phase transitions can be attributed to the disappearance of the polar nanoregions (PNR).
As it is obviously known the polar nanoregions appears at the so called Burns
temperature [26, 27] and X-ray diffraction as well as the dielectric measurements do not
detect their presence. The symmetry is considered as the cubic one (Pm3m), however
according to the local scale measurements the presence of the polar nanoregions
embedded in the nonpolar cubic matrix was evidenced [28-31].

The sequence of phase transitions observed in poled and unpoled PMN-29%PT
single crystal and PMN-34.5%PT textured ceramic can be well summarized in Table 1.
The thermal expansion and dielectric results clearly show that the poling conditions
change and enhance the phase transition sequences for the solid solution with the certain
PT content. This is especially well seen in the case of PMN-29%PT composition, see as
example the differences between the thermal expansion curves recorded for the FC
poled single crystals: FC 20°C (i.e. field cooled from 250°C up to 20°C ) and FC 40°C
(i.e. field cooled from 250°C up to 40°C) presented in Figure 5. The careful analysis of
this Figure suggests that both curves can be decomposed into two characteristic
sequences. The first sequence, appearing in the bump form, starts near ~20°C, has a
maximum at 120°C' and vanishes at about 140°C whereas the second one, more
significant, appears at about 130°C, possesses the maximum near 150°C and finishes at
about 175°C. The first sequence dominates for the FC 20°C crystal while the second
one dominates in the case of FC 40°C. Note that intermediate state is observed in the
case of RT polarization. This complex behaviour can point to the presence of
rhombohedral and monoclinic ordering at room temperature which development is
strongly dependent on the kind of polarization. During FC 20°C the sample is cooled till

the temperature when the monoclinic symmetry appears while in the case of FC 40°C
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the polarization procedure is stopped in the vicinity of the structural phase transition
(see Table 1). This suggests that the repeated polarisation/depolarisation cycles might
be used as a method of material education. Further discussion of this problem will be

presented in our next article.

Raman signature of the PMN-PT

The perovskite structure (general formula ABO3) is made of two sublattices, a
covalent-bonded lattice formed of BOg octahedra sharing their oxygen atoms and an A-
cation sublattice for which Coulombian interactions are important. For the PMN-PT
materials the sublattice A is occupied by Pb?* ions while the B site by (more or less?)
randomly distributed Mg, Nb>* and Ti** ions (see the hypothetical scheme of the B-
cation distribution in Figure 6). From the vibrational point of view, the Raman signature
of covalent-bonded structure can be described as that of the covalent entities
constituting the structure (BOs octahedron). The other ions are highly ionic and
contribute with the translation oscillation modes (T°) (low energy, below ~250 cm™)
which couple themselves with other vibrational modes of the neighbouring entities:
translations (T’) and rotations/librations (R’) of iono-ocovalent BOg entity leading to the
wavenumber shifts. LLow wavenumber region (100 - 250 cm™) chiefly involves cationic
network ‘and the lattice modes while a 250 to 800 cm™ spectral range reveals the
bending and stretching modes of the covalent-bonded octahedron [3,33].

Figure 7 compares the Raman spectra recorded for FC poled/ unpoled PMN-
29%PT single crystal and RT poled/ unpoled PMN-34.5%PT textured ceramic. It was
not possible to record the low wavenumber bands below 70 cm™ in the case of PMN-
29%PT. The difficulties are due to the small size of crystal in combination with

complicated domain structure and/or polarization effects. The Raman spectra presented
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in Figure 7 are typical for relaxor ferroelectrics [3,17,18,33-37]. They consist of a
number of broad bands observed in the whole measured temperature range, even within
the paraelectric cubic phase with the Pm3m space group. Note that for such cubic
symmetry the first order Raman activity is not allowed [38,39]. This phenomenon has
already been connected with the short range intrinsic disorder and the presence of the
polar nanoregions (PNR) where the ions are displaced from their high mean symmetry
positions giving rise to the local electric dipoles [3,17,18,35-37,40]. Since the Raman
spectroscopy is sensitive to the atomic dynamics (through the wavenumbers) and the
local electric charge transfer (through the intensities), the local electric defects strongly
disturb the spectra, especially intensities [41]. It must be stressed that the origin of the
observed Raman spectra is not clear. They can originate from the particular local
structure/regions or the coexistence of different phases ordered for a different scale
[17,35,42]. According to the previous attempts of mode assignment [33,37] as well as
by the comparison with the Raman signatures of the lead oxide perovskites [32] the low
frequency region can be attributed to the [Pb?*]-[BOg ] T' and stretching /lattice modes;
the modes from the intermediate frequency region can be classified as mixed B-O-B
bending modes while those from the high frequency region as BOg stretching vibrations
[3,6]. Note that in the B site there are three different ions: Nb, Mg and Ti (see Figure 6).
In general, the Raman spectra of a compound made of domain with different
composition will not reflect the signature of all regions. Since the Raman cross section
depends mainly on the bond polarisability, i. e. the number of electron involved in the
bond, the following values of the Raman mode intensities are expected: Nb-O > Ti-O >
Mg-O. In consequence, the contribution of Mg-rich regions are too weak to be observed

as far as the bending and stretching modes are considered.
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Temperature evolution of Raman spectra

As it can be seen in Figure 7, at a first view, the observed Raman spectra of
PMN-29%PT single crystal, both FC poled and unpoled, do not vary very much with
the temperature. The Raman spectra of the RT poled and unpoled textured ceramics are
also similar except the low wavenumber part (Figure 8). For the unpoled PMN-
34.5%PT the mode located near 50 cm™ is well seen in the whole measured temperature
range whereas in the case of RT poled sample this mode significantly softens/disappears
in the vicinity of 140°C. Note that at this temperature the phase transition to the cubic
paraelectric phase is detected by the dielectric measurements (see Figure 2).

The quantitative changes of the Raman spectra of both compounds versus
temperature were determined in the decomposition process based on the model with
minimal number of modes presented in our earlier paper [3,6]. Figure 9 presents as
example the decomposed Raman spectra for poled PMN-34.5%PT ceramic in a several
values of temperature. Note that the spectra shown in Figure 9 as well as all

decomposed spectra were corrected by the Bose-Einstein population factor.

Temperature evolution of the wavenumbers

The temperature dependences of the wavenumbers for some selected Raman
modes characteristic for poled and unpoled: PMN-29%PT and PMN-34.5%PT are
presented in Figure 10. Note that dashed lines represent the phase transitions
temperature determined from the dielectric and thermal expansion measurements
(Figure 2). Additionally, Table 2 contains the wavenumbers of all observed modes for
both materials at room temperature, at the temperature of main phase transition to the
paraelectric state and at 240°C. The temperature evolutions of wavenumbers are very

similar for PMN-29%PT and PMN-34.5%PT. As it can be clearly seen the
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wavenumbers of modes located near 800 cm™ (NbOj stretching vibrations) do not vary
much with the temperature increasing. In contrary, the wavenumbers of modes present
near 570 cm™ (TiOg stretching vibrations as main contribution) exhibit strong
temperature sensitivity. Namely, for these modes the wavenumber decreasing of about
40 cm™ is observed with the anomalous increases of the wavenumber values above the
maximum of dielectric permittivity (~170°C). Note that this maximum at 170°C
corresponds well to the additional phase transition recorded during the thermal
expansion measurements. Similar behaviour, i.e. significant wavenumber increase with
the highest value not at the highest temperature but near 170°C appears in the case of
the 280 cm™ mode (Ti-O). The temperature dependences of the wavenumbers show thus
that the NbOg octahedra are stable during temperature increasing while TiOg ones
softens continuously. This shows that the wavenumbers of the modes assigned as Ti-O
as well as Nb-O exhibit the anomalous, non-classical temperature evolution. In general,
in the “classical case” a wavenumber value decreases with the temperature increasing
due to the thermal expansion effects. These anomalous phenomena observed for PMN-
PT materials can be related to the expansion/contracting, well seen by the thermal
expansion curves (Figure 2, 3), due to the rearrangement of the local structure. During
the expansion the maximal value of the dielectric constant is achieved while the
decrease of dielectric permittivity is associated with the strong contracting.

For the poled and unpoled PMN-34.5%PT solid solutions we can analyse also
the temperature evolution of the wavenumber of the mode present near 50 cm™ (Figure
8) assigned as the Pb ion sublattice vibrations. The wavenumbers of these modes
decrease with temperature increasing, achieving the minimal values near the phase
transition temperatures. This evidences the presence of the “step transitions” of the Pb**

ion sublattice (Figure 10). The phenomena are again more clear for RT poled ceramic.
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Temperature evolution of the FWHMs and intensities

The temperature dependences of the full width at half maxima (FWHMs) and
intensities are very similar for poled and unpoled: PMN-29%PT and PMN-34.5%PT
solid solutions. Therefore, Figure 11 shows as example these dependences for the poled
and unpoled PMN-34.5%PT ceramic. As it can be clearly seen in Figures 7, 8 and 9 the
widths of the Raman lines recorded at room temperature for both PMN-PT materials are
very characteristic. Namely, the internal modes observed in the middle and high
frequency range are rather broad (~60 cm™) whereas the widths of external modes
measured in the low wavenumbers are rather thin (~20 cm™) in comparison with those
from the higher frequency range as usually observed for many perovskites [43,44]. The
presence of broad bands is typical for disorder materials. In the case of PMN-PT the
disorder is especially well observed for modes attributed to the O-B-O bending and B-O
stretching vibrations because of the presence in the B-site different elements (see Figure
6) with different iono-covalent character (covalent Nb, ionic Mg).

With the temperature increasing the significant width increases are observed in
the case of lines from the middle and high wavenumber ranges. This is especially well
seen in the case of modes located near 270 cm ™ (Ti-O bending mixed and R’ modes)
and 570 em™ (Ti-O stretching modes) since their widths increase enormously (Figure
11). The abrupt increase of the line widths appears for both modes in the vicinity of the
low temperature phase transition, i.e. 60°C. Since this transition is not well marked by
the dielectric measurements this can suggest that the observed structural modification
originates from the significant change of the local structure without the formation of a
strong dipole. Above 60°C the continuous increasing of the FWHMs is observed. Such

behaviour points to the high level of structural disorder which strongly affects the both
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stretching and bending vibrations of the TiO¢ octahedra. The FWHMs of the modes
located near 800 cm™ also increase with the temperature, however the increase is rather
small what confirms the stability of the NbOgs octahedra. In contrary, the FWHMSs of
modes located near 50 cm™ (Pb*" vibrations) do not change very much with the
temperature. Surprisingly, the highest values of the FWHM are not observed at the
highest temperature but close to the temperature characteristic for structural phase
transitions. This is well seen for the RT polarized sample. Similar FWHM behaviour
was already detected for the PMN-PT solid solutions [17,36] and attributed to the Pb
ion off-centred displacements: disordered or correlated for the short range scale
(nanodomains). This points to the important role of the Pb ion sublattice in the physical
behaviour of the PMN-PT system. It should be stressed that the significant differences
between the temperature behaviour of the FWHMs of the lattice modes and those ones
attributed to the BOg vibrations are characteristic for the perovskite materials and
confirm our description in terms of two independent sublattices. [32,43,44].

As it can be seen in Figure 11 the intensities of all modes decrease significantly
with the temperature increasing. According to the X-ray diffraction the high temperature
symmetry is cubic with the Pm3m space group [9-18]. As we already mentioned for
such symmetry the first order Raman activity is forbidden. The presence of the Raman
modes reveals that the symmetry at least in the local, Raman scale is lower than this
cubic one. Therefore, the significant intensity decreases suggest that with the
temperature increasing the local symmetry evolves continuously towards the cubic one.
These results fit well with the last phase transition observed on thermal expansion curve
(Figure 2), close to 200°C and thus show that the true cubic symmetry can be achieved

only at rather high temperature, i.e. much above the maximum of dielectric permittivity.

16



However, one of the recent article [44] suggests that the nanoclusters with lower
symmetry are present in pure PMN up to ~550°C.

Finally, it should be underlined that the values of FWHMSs, intensities as well as
the wavenumbers show the maximal or minimal values near the phase transitions
temperatures determined from the dielectric and thermal expansion measurements
(dashed lines). It is possible small discrepancies between the values of phase transition
temperatures obtained from different experiments. Note that characteristic extremes
determined from the Raman spectra correspond especially well to the phase transition
temperatures detected in the thermal expansion measurements. This shows huge

sensibility of both techniques to detect modifications of the chemical bonds.

Temperature evolution of Rayleigh wings

Parallel to the Raman spectra at each value of temperature the Raman spectra in
the both sides of the Rayleigh line were recorded with a lower resolution (Rayleigh
wings). Since the Rayleigh intensity is direct proportional to the dielectric and
compositional heterogeneity this allowed studying the subtle temperature modification
what was especially valuable for PMN-29%PT for which the low wavenumber region
of the Raman spectrum was cut. It is noteworthy that in the case of relaxors in vicinity
of the Rayleigh line the central peak can be observed because of the lattice relaxations
[35,46]. Additionally, in the low wawenumber range another interesting phenomenon is
expected, namely the presence of the soft modes. Inelastic neutron scattering studies
[47,48] point to the existence of the ferroelectric soft mode in PMN which becomes
overdamped near the temperature in which the polar nanoregions appear, i.e. Burns
temperature [26]. However, the similar behaviour has not been confirmed by the Raman

studies. It must be stressed, that the investigation of the soft mode and central peak are
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not the subject of this article and we do not try to separate the different contributions:
Rayleigh broadening, central mode, overdamped mode, etc .

The analysis of the Rayleigh wings allowed us to determine the temperature
dependences of the intensities and widths. However, it should be noted that these values
were not obtained due to the decomposition/fitting but using the so called triangle
method: the Rayleigh peak intensities are normalised and the low wavenumber
scattering (Rayleigh wings) is approximated by a triangle. Figure 12 compares the
temperature dependences of the Rayleigh wings intensities and widths with the thermal
expansion and dielectric results. The dashed lines mark the ~phase transition
temperatures determined from the dielectric and thermal expansion results. Note that
near very similar values of temperature the significant step variation of intensity and a
maximum of the widths are observed. Such important changes of intensity, especially
well seen for poled samples, can be associated with the rearrangement of the
ferroelectric domain state which directly influence the optical properties of the material.
This shows that the Rayleigh wing intensity that probes the compositional and dielectric
heterogeneity appears as sensitive to the nanostructure rearrangement as the temperature

dependences of the of Raman wavenumbers.

Conclusion

PMN-29%PT single crystal and PMN-34.5%PT textured ceramic were
investigated in a wide temperature range by the thermal expansion, dielectric and
Raman spectroscopy. These studies show that both materials possess the complex
sequence of the phase transitions characteristic to the PMN-PT solid solutions from the
vicinity of the MPB. It is noteworthy that new phase transitions were evidenced at

40°C, 91°C and 180°C in the case of FC PMN-29%PT as well as at 70°C and 200°C for

18



RT PMN-34.5%PT. The physical behaviours of the PMN-29%PT single crystal and
PMN-34.5%PT textured ceramic are very similar. Any differences seem to be rather
connected with the different compositions/ B heterogeneity distribution as well as the
kind of the poling condition (FC or RT) than to the form (single crystal, textured
ceramic). This is very important from the application point of view. It could be assumed
that material education could modify the phase equilibrium as well as sequence and
hence maximize the dielectric properties, as made for some materials with martensitic
phase transition. This deserves further studies. The thermal expansion data show the
strong expansion which allow to the rearrangements of the local structure. During such
expansion the maximal values of the dielectric permittivity are achieved. In
consequence the disappearance of the ferroelectric properties is associated with the
presence of the strong volume changes (and hence stress in anisotropic ceramic which
can in return modify the phase transition sequence). The presence of the thermal
hysteresis, well seen in the thermal expansion and dielectric measurements, suggests
that the most of observed phase transition have the first order character.

The presence of the Raman spectra within the cubic paraelectric phase reveals
that the symmetry at least at the local, Raman scale, i.e. a nanoscale, is lower than the
cubic one (Pm3m). However, the significant decrease of the Raman line intensities with
the temperature increasing shows that the symmetry evolves continuously towards the
cubic one.

The temperature dependences of the Raman wavenumbers and FWHMs suggest
the existence of the Nb-rich and Ti-rich nanoregions (see sketch in Figure 6). The
wavenumbers and FWHMs of the modes attributed to the NbOg vibrations are almost
independent on the temperature changes what reveals the high stability of the NbOg

octahedra. In contrary the TiOg octahedra are very sensitive: with the temperature
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increasing the wavenumbers soften continuously and the significant increases of the
FWHMs are observed. The most drastic increases of the FWHMs appear in the vicinity
of the low temperature phase transitions. These results point to the Ti-O bond
elongation and the formation of the dipole in the TiOg clusters leading to the strong
disorder. Note that our studies do not bring any information about MgOg octahedra
(Mg-O bonds exhibit very poor Raman scattering). However, the strong ionic character
of the Mg** allowed to suggest the existence of the coupling of the MgOs modes with
those ones characteristic to the TiOs and Pb®* vibrations. Raman studies evidenced also
the step transitions of the Pb*" ion sublattice. The highest FWHM values of these mode
are also observed near the phase transition temperatures. This shows that the TiOg and
Pb®* sublattices are especially affected. In consequence, the structural phase transitions
as well as the dielectric properties are the effect of the strong coupling between these
affected sublattices. It should be stressed that the homogeneity of the Ti ions
distribution plays also the key role in the electromechanical properties of the PLZT
optoelectronic ceramics [49,50]. The presence of the phase transitions determined from
the dielectric and thermal expansion data is rather well confirmed by the temperature
dependences of the intensity and width of the Rayleigh wings. This shows that the
Rayleigh wings appear very sensitive to the nanostructure rearrangement. It should be
stressed that the further careful analysis of low frequency range is important because it
can clarify the presence/overdamping of the soft mode in the PMN-PT system. Finally,
our results reveal that the temperatures and character of the phase transitions are
different for poled FC/unpoled PMN-29%PT single crystal as well as RT poled/unpoled
PMN-34.5%PT textured ceramic. This confirms that the kind of the polarization plays
the key role on the local structure and hence electromechanical properties of PMN-PT

system. The pooling cycles appears to be a method for the optimisation of the
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ferro/piezoelectric properties. It must be stressed that the similar study performed in the
RT poled single crystal and FC poled textured ceramic will be the subject of our next

article.
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Figure captions

Figure 1. Scheme of the PMN-PT phase diagram according to the data of Choi et al [9],
Noblanc et al [10] and Noheda et al [11] Letters: C, R, T and M denote the cubic,
rhombohedral, tetragonal and monoclinic symmetry. The morphotropic phase boundary

region is dashed

Figure 2. Temperature dependences of the thermal expansion and dielectric permittivity
for FC poled/unpoled PMN-29%PT single crystal (SC) and RT poled/unpoled PMN-

34.5%PT textured ceramic (TC). The arrows marked the heating and cooling cycles

Figure 3. Thermal expansion curves recorded along X, y, z orthogonal directions of the
cut ceramic close to the [100], [010] and [001] crystallographic directions showing the

anisotropic character of the PMN-34.5%PT textured ceramic

Figure 4. Temperature hysteresis revealed in the temperature dependences of the
dielectric permittivity for FC poled PMN-29%PT single crystal and RT poled PMN-

34.5% textured ceramic

Figure 5. Thermal expansion curves recorded for FC poled 20°C (i.e. field cooled from
170°C up to 20°C), RT poled and FC poled 40°C (i.e. field cooled from 170°C up to
40°C) PMN-29%PT single crystals. Note that the FC pooling conditions can
significantly change the properties of the material while RT polarization leads to the

intermediate state.
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Figure 6. Hypothetical scheme of the A-cation and B-cation (NbOg, MgOs and TiOg
octahedra) distribution in the PMN-PT lattice. The Nb-rich (rectangles) and Ti-rich

(circles) nanoregions are marked

Figure 7. Raman spectra recorded for FC poled/ unpoled PMN-29%PT single crystal

and RT poled/ unpoled PMN-34.5%PT textured ceramic

Figure 8 Low wavenumber regions of the Raman spectra with clear differences

between the RT poled and unpoled PMN-34.5%PT textured ceramic

Figure 9. Decomposed Raman spectra for poled PMN-34.5%PT ceramic in a several
values of temperature. For a clear comparison the spectra have been corrected by the

Bose-Einstein population factor.

Figure 10 Temperature dependences of the wavenumbers for some selected Raman
modes characteristic for poled and unpoled PMN-29%PT and PMN-34.5%PT. The
dashed lines mark the characteristic temperatures of the phase transitions determined

from the dielectric and thermal expansion results

Figure 11. Temperature dependences of the full width at half maxima (FWHMSs) and
intensities for RT poled and unpoled PMN-34.5%PT textured ceramic. The dashed lines
mark the characteristic temperatures of the phase transitions determined from the

dielectric and thermal expansion results
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Figure 12 Temperature dependences of the Rayleigh wings intensities and widths
compared with the thermal expansion and dielectric results. The dashed lines mark the
characteristic temperatures of the phase transitions determined from the dielectric and

thermal expansion results

28



Table 1 The sequence of phase transitions observed in poled and unpoled PMN-
29%PT single crystal and PMN-34.5%PT textured ceramic. The letters: C, R, T, M1,
M2 denote the cubic, rhombohedral, tetragonal, monoclinic (Pm), monoclinic (Cm)

symmetry, respectively while PNR means the polar nanoregions.

FC poled PMN-29%PT single crystal
Temperature (°C) 40 91 134 180
Phase transition | M1? M2? | M1/M2?; M+R?, M1+M2? | R (ferro) | C C without
features (ferro) (ferro) PNR ?
unpoled PMN-29%PT single crystal
Temperature (°C) 118 140
Phase transition M1?, M+R? (relaxor) R C
features (relaxor)
RT poled PMN-34.5%PT textured ceramic
Temperature (°C) 70 160 200
Phase transition M1? M2? (ferro) T (ferro) C C without
features PNR?
unpoled PMN-34.5%PT textured ceramic
Temperature (°C) 160
Phase transition T (ferro) C
features

29



0€

1d%S’

YE-NNd

- - 9y - A ¢8¢ €8¢ 08¢ y - 6T¢ ¢l vel  8El - - v69 ¢'8S9 LSS LS pajodun
1d%SvE

- i44 - T4 €8¢ 98¢ G/L¢ - - 0¢c 0¢T ¢cT ¢l - - 289 8vs T'GG 899 “NINd 1
1d%6¢

-NIAd

- 474 - R 74 99¢ 99¢ €9¢ - - €a¢ - - - - - - - - - pajodun
1d%6¢

- - ey - - Tee 0L¢ 19¢ 89¢ - - ddc - - - - - - - - - “NIAd 04

Jo0¢ 1d 14 DJ.0v¢ 1d 1d QJ.0v2 1d 1d DJ.0v¢ 1d 1d DJ.00¢ 1d 1d O.0v¢ 1d 1d DJ.00¢ 1d 1d

uoljeziejod
(;.wo) (;.wo) ®
Buipuag °OAN Buipuag °0lL sapow dome|/suoneiqin 1 ‘[°0gl-[ ,,ad] s9|dwres

‘(paoa)bau
ale sBuijdnoo apow ayl ey a1ou) pasodoid osje sI sapow Jo Juswubisse ayl “(s1e1s ,,010n9,, 8yl Jo ainjesadwal ayl ‘D.0v2Z pue (1d%S vE-NIWd
10} D,09T~ PUe 1d%62-NINd 10} D.,0rT~) 81eIs dLndajseled ayl 01 uonisuel) aseyd urew ayl Jo ainjesadws) ‘1Y :sainjesadwsl d1sLBloRIRYD

M3J B 18 1d%SYE-NINd PUe 1d%62-NINd :pajodun pue (1¥/D4) pajod Jo sapow paAlasqo e Jo siaquinuaAepn (g pue e ued) z ajgel



ACCEPTED MANUSCRIPT

1€

Ld%s

ve-NINd

008 66. 86L Ov. Tv. €y,  8€S 835 T8S - - s pajodun

1d%Sve

86. 66L 6L  ¥y. OW. Ov. €IS S¥S SIS - - 228 -NAd 1M

1d%62

-NIAd

/6L 208 66L  09L 09L €9L . 225 T9G T18S - - GI§ pajodun

1d%62

T08 66L €6L 95, ¥9. 8y,  80G 09S LIS - - /IS -NWdO4
2,0/ 1d 1d 2,002 1d 18 O0.0v¢ 1d 1d 2.0p2 1d 1M

uolleziejod

(.wo) ®

Buiyolens °OgN  Buiyaleas °0aN Buiyolaus °01L sojduwes




ACCEPTED MANUSCRIPT

[e18 epayoN ——
[B 18 DUB|QON === |
el1©10Yy) - - - -

(s)ainbig



Figure(s)

0.000

-0.002
o

-0.004 L

75000
¢ 50000
25000

0.005

o 0.000

-0.005

40000 |

20000

100

200 300

L -~
/[V -0.002
P

i FC
poled
[ sC 25000
P
0

0.000

-0.004
29%PT| 50000

PO
F g

o 0.005

-0.005
34.5%PT,
RT 40000
poled
TC 20000
Pt
1 1 L 0
100 200 300

0

100 200 300

29%PT

SC

-~
1 1 1 1
T T T T

E -
34.5%PT]
B TC
L -
1 | 1 | N
0 100 200 300

Temperature (T)



Figure(s) ACCEPTED MANUSCRIPT

0.010¢

0.005

ALIL,

0.000

100 0 100 200 300

Temperature (T)



Figure(s) ACCEPTED MANUSCRIPT

25000 T T T T T " T ' '
20000 1 FC PMN-29%<
15000 -

10000

5000

o— .
20 40 60 80 100

Temperature (T)




Figure(s) ACCEPTED MANUSCRIPT

R

FC poled (20°C)

§ P

“~ RT poled

A P

ﬁ
“” FC poled (40°C)

100 0 100 200 300
Temperature (T)

A\
AN




(s)ainbi4



Figure(s)

Raman intensity

200 400 600

T
PMN-29%HT p!

((L(EEEEEEEE

LI
PMN-34.5%

PT po

T
led

— —
PMN-34.5%PT unpoled

240T
220C
200C
180C
160C
140T|
120
100C|

80T

60T

40T
| 20C]

I I I I 1 n
200 400 600 800 1000

Wavenumber (cm’')



ACCEPTED MANUSCRIPT

Figure(s)

A)ISuQJuI UBWIRY

300 100 200 300
Wavenumber (cm’l)

200

100



Figure(s)

0 200 400 600 800 1000

Raman intensity

0O 200 400 600 800 1000
Wavenumber (cm’)




Figure(s)

Wavenumber (cm‘l)

800
750

740

730}

550

500~
290}

280}
270t
56}

54

'H‘C‘.\._. I\.\"'\.
o
e

'v—v\/'\/v-“'w = el

29%PT

50 100 150 200 250

50 100 150 200 250

Temperature (°C)

g1of | ]
/ NN e N B RN S 800l / PN ./ \'\//nA
] 790l
«/\44/4\‘/‘ 1 ] A T S 780¢ \
i 760 Al R
— 740} ]
IR AR ~ e | 29%PT
. N T 600¢ FC poled
B4.5%PT. | 34.5%PT e
RT poled ] 550} NG
AN ~ N
IS0 A S I S g sool |
ol [ ] 300, ;
i —— 280} ~
RN ] 260" T V/’\/ 7]
240

50 100 150 200 250

50 100 150 200 250



Figure(s)

*>e’ ! ! T i i i i i i P ! ! !
RT poled \unpoled 200 RT poled .+ || unpoled
—=— 50cm” /‘/’
—o0—270 cm’” / s
—4—570cm” - o -
—»—740 cm” 150 /H / //

.ﬁ / 4 oo
o

.
—
100*V>. — 1 Fk.)f"ézy’”’*"’
e
o

Raman intensity
o
// . \/'/
/
. *
/J/. (}o
/v/ 0/
0//
/‘0
/
FWHM (cm’)
T
e
\
%

\ \\7\ TN T 50|
-r‘\.\o /\ * »,\»\»b e ’./.\ v}
.\u\ﬁ —_ §R &Q‘;N% . "~ " . B
50 100 150 200 250 50 100 150 200 250 950 100 150 200 250 50 100 150 200 250

Temperature (°C) Temperature (°C)



Figure(s)

300

200

200 300

100

300

200

3
T
E %)
32
0
. 3 3
@ «
o
S
—
L PR W il o
o
S
15)
: o)
S
«
o
ﬁﬂ o
Q
PR | | 1 1 | I | 1 o
o v O v o o o 0 < O AN
- O O O O o - - -
S 9 9§ g 3§
S o o 38 K& o
S
[ o
Dm i ]
o= o
PN \ N o
L Al [ 43
! I\
* l
\ o
- amE
x l A T
~
| I L P " 1 1 L 1 o
A O A I O o o [ee] © <
o O O O O o
S 89 93 g
© © QY nmH =
S
- 8 ®
[Se)
X o r ,
[e2) "
- &2 / ~>. {8
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ N
~
— —
“““““““““ ‘/_\.\ o
R T SRR s PR N EERE R T LT, -2
W\ < L
Foo oW\ ) oM Nj— o comoooo___ [,
\ T S
| I | ) I T | { IR | 1 o
A O A O o o o O 0 O <
o O O OO o o -
S & 9 93 § g
© © Q@ QN B «
3 w ('n "e) Aususyul (| wo) WHMS

Temperature (°C)



