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The study of (1-x)PbMg;,3Nb,,303-xPbTiO3; (PMN-PT) single crystals where x is 0, 0.09, 0.21, 0.28, 0.32,
0.35, and 0.38 was carried out with the use of x-ray, dielectric, and Raman scattering techniques in a wide
temperature range. In this work, special attention was paid to the analysis of the Raman spectra. However, the
results of the structural and dielectric studies were used to better interpret the Raman features. On the basis of
the results of these studies, a phase diagram is given. The investigations confirmed that with the increase in the
PbTiO; (PT) content the relaxor behavior becomes ferroelectric and that structural phase transitions of different
types are observed. Raman studies were performed in a broad temperature range for all concentrations to
understand the complex behavior of the PMN-PT system. The origin of the high temperature Raman spectra is
considered in the whole concentration range and an origin of these spectra is proposed. For pure PMN and the
solid solutions with a Ti content lower than 0.21, the 1:1 chemical order in the B-ion sublattice leads to the
appearance of clusters with Fm3m symmetry. For higher PT contents, the high temperature Raman spectra
seem to originate from the polar nanoregions of rhombohedral or tetragonal symmetry. All of the obtained
Raman results are interpreted with the use of the group theory analysis. These results confirmed that the
symmetries determined from the x-ray diffraction are average ones and play the role of a matrix in which
nanoregions with a distinct local symmetry (generally monoclinic) are embedded. The analysis of the Raman
spectra allowed us to determine the temperature and composition dependences of the Raman line frequencies,
the reduced intensities, and the widths, providing clear evidence for the occurrence of the phase transitions.
The anomalous behavior of the line width of some Raman lines related to the Pb ion vibrations pointed to the

special role of Pb ion dynamics in the mechanism of phase transitions in the PMN-PT system.
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I. INTRODUCTION

Due to their outstanding electromechanical properties,'™

lead magnesium niobiate—lead titanate solid solutions
(1-x)PbMg, 5Nb,,305-xPbTiO;, i.e., (1-x)PMN-xPT or
PMN-PT, which are formed between the relaxor
PbMg, sNb,305 and the ferroelectric PbTiOs, are being in-
tensively studied at present. When properly orientated, their
piezoelectric coefficients reach the highest values reported so
far. Therefore, these materials are widely used as important
devices in medicine, telecommunications, as well as in high
technology and military industries. Since their physical be-
havior enormously varies, the PMN-PT solid solutions are
also very interesting from the basic point of view. Despite
very intensive research, these materials still require further
systematic studies as the interpretations of the results ob-
tained by different authors are inconsistent. Consequently,
many of PMN-PT properties still remain unclear.

The PMN-PT solid solutions belong to the family of per-
ovskite structure materials with the general formula ABOj
(Fig. 1). The sublattice A is occupied by Pb?* ions, while the
B site is occupied by randomly distributed Mg?*, Nb>*, and
Ti** ions. The phase diagram of the PMN-PT solid solutions
has been already investigated by several authors.* Accord-
ing to the currently accepted zero field (I1-x)PMN-xPT
phase diagram,® four characteristic regions with different
physical properties can be distinguished:

Region I—including pure PMN and solid solutions with
Ti contents lower than 0.05 (Ref. 10).

1098-0121/2008/77(18)/184114(16)

184114-1

PACS number(s): 77.84.Dy, 78.30.—j, 61.05.cp

Region II—the so-called rhombohedral, specific for solid
solutions with Ti concentrations from 0.05 to 0.30.

Region ITI—the morphotropic phase boundary (MPB) re-
gion, including solid solutions with Ti contents from 0.31 to
0.37.

Region IV—the so-called tetragonal, for compositions
with Ti contents higher than 0.38.

Region I can be well characterized by the classical relaxor
behavior of PbMg;,3Nb,,;05. PMN possesses the cubic sym-

metry with the Pm3m(O ,11) space group in the entire tempera-
ture range.!! However, the results of numerous experiments
such as x-ray and neutron diffraction,'>'® neutron

scattering,'”!8 transmission electron microscopy,!*?! optical

L

FIG. 1. The ABOj; perovskite structure.
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birefringence,?> extended x-ray-absorption fine structure
(EXAFS),?® and NMR?* revealed the presence of ordered
regions, which are characterized by a local symmetry differ-

ent from Pm3_m, embedded in the disordered cubic matrix.
There are two types of these short ranged ordered regions:

the clusters with the Fm3m space group and the polar nan-
oregions (PNRs) with the rhombohedral symmetry (R3m).
The former originate from the chemical 1:1 order in the B
sublattice, while the latter are the effect of the correlated ion
off-center displacements.

The solid solutions from region II also exhibit a relaxor
behavior; however, for these materials, the structural phase

transition from the cubic (Pm3m) to the rhombohedral
(R3m) symmetry is observed.

Region IIT of the PMN-PT phase diagram, which is the
MPB, is most commonly investigated since the crystals from
this region exhibit the so-called giant piezoelectricity. In re-
gion III, the typical relaxor properties vanish and, thus, the
solid solutions already tend to exhibit a ferroelectric behav-
ior. Two structural phase transitions are observed for these

materials. The first is from the cubic (Pm3m) to the tetrago-
nal (P4mm) symmetry, while the second is from the tetrag-
onal to the monoclinic (Pm) one. However, the problem of
symmetry in the MPB region seems to be more complex
since the monoclinic symmetry can coexist with a secondary
minority rhombohedral or tetragonal phase. Moreover, even
the presence of a third minority orthorhombic phase cannot
be ruled out. These different crystal structures observed in
the vicinity of the MPB are energetically close to each
other” and even a small external electric field may induce
transition between them.?6?”

The solid solutions from region IV of the PMN-PT phase
diagram show a typical ferroelectric behavior. They undergo

structural phase transition from the cubic Pm3m symmetry to
the tetragonal P4mm similarly as pure PT does.”®

It should be stressed that even if the phase diagram de-
scribed above is widely accepted, the structural properties of
this system are still far from clear. Namely, Gehring et al.”
and Xu et al.?® suggested that the observed symmetry in
solid solutions with a PT content lower than 0.27 depends on
the radiation used in the experiments. The x-ray studies
pointed to the rhombohedral symmetry, whereas the neutron
experiments indicated a cubic one, thus suggesting that the
symmetry of the outer layer is different from that of the bulk
of crystals. This evidence of symmetry is called phase X.
Additionally, some authors reported that the monoclinic sym-
metry is already observed for solid solutions with a PT con-
tent equal to 0.27 (Ref. 30) or 0.29.8 Moreover, even the
presence of two different monoclinic symmetries with Cm
and Pm space groups in the vicinity of the MPB was
proposed.”3Y Therefore, the range of the MPB existence as
well as the sequences of the observed phase transitions in the
whole concentration range requires clarification. The solving
of these problems seems to be difficult because PMN-PT
solid solutions are highly disordered and inhomogeneous
materials in which the coexistence of phases with different
symmetries and different coherence lengths are found.
Therefore, Raman spectroscopy, due to its sensitivity to local
symmetry,>"32 is a powerful technique in studying these ma-
terials.
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Raman studies of PMN-PT solid solutions have already
been performed by several authors. Husson et al.,>? Siny et
al.,** Jiang et al.,*®37 and Svitelskiy et al®® carried out
vibrational studies of pure PMN. (1-x)PMN-xPT with Ti
contents of 0, 0.07, 0.10, and 0.13 were investigated by Idink
and White,?° while those with Ti contents of 0, 0.10, and
0.20 by Marssi et al.** Kamba et al.*' performed Raman and
IR reflectivity studies of 0.71PMN-0.29PT. The Raman spec-
tra of PMN and compounds with 0.10 and 0.35 contents
were studied under high pressure by Chaabane et al.*> The
temperature evolutions of the Raman spectra for the whole
concentration range were done only by Ohwa et al.** How-
ever, in this study, some of the results were obtained by using
single crystals and some by using ceramics. In spite of the
fact that the Raman spectra obtained by different authors are
similar, their interpretations are often contradictory.

It is worth stressing that the explanation of the origin of
the complex Raman spectrum and assignment of the lines are
a general problem of ferroelectric relaxors such as PMN,
PbZn1/3Nb2/303 (PZN) ,44’45 disordered PbSc 1/2Ta1/203
(PST),314647 and PblIn,,,Nb;,0; (PIN),*® as well as
PMN-PT and PZN-PT#-! solid solutions. One of the most
interesting phenomena concerning these compounds is re-
lated to the presence of the first-order Raman spectrum
within the cubic paraelectric phase. The origin of this spec-
trum has been explained in several ways. The widely ac-
cepted one postulates that the Raman spectrum originates

from the nanoregions with the Fm3m space group, which
appear due to 1:1 chemical order in the B sublattice.*0-43
However, as it has already been stated,***>52 such a model
can probably explain the presence of the Raman spectra for
PMN-PT with a small PT content only.

The temperature evolution of the Raman spectra of
PMN-PT in the whole concentration range has not been well
described yet. Upon temperature change, these Raman spec-
tra slightly differ. Both at high and low temperatures, their
Raman modes are very broad and overlapping. This high
complexity of the Raman spectra makes their assignment and
interpretation difficult. Hence, most authors have presented
only qualitative analyses for selected compositions. There is
an apparent lack of a quantitative analysis of Raman spectra
for the PMN-PT system. A complex analysis of temperature
dependences of the Raman spectra based on the multiple
peak decomposition for pure PMN was only offered by Svi-
telskiy et al.3®

Therefore, the explanation of the origin of high tempera-
ture Raman spectra in the whole concentration range and the
analysis of the temperature evolution of the Raman spectra
for (1-x)PMN-xPT solid solutions where 0=x=0.38 are
the main goals of this paper. In order to fulfill these aims,
structural, dielectric, and Raman studies of PMN-PT single
crystals in a wide temperature range were carried out.
Complementary investigations performed on single crystals
from the same crystal growth processes covering a wide con-
centration range enabled us to present a global view of this
system. In particular, we focused on a detailed analysis of the
Raman spectra. In order to better interpret the Raman scat-
tering data, we used our own structural and dielectric results.
The calculations based on the independent damped oscillator
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model allowed us to determine the number of active modes
within each characteristic symmetry for all of the investi-
gated samples and compare them to the group theory predic-
tion. Additionally, with the use of this model temperature and
composition dependences of wave numbers, reduced intensi-
ties and line widths were obtained. The Raman studies made
the investigation of the local phenomena possible. They con-
stitute the key to the understanding of the physics of the
PMN-PT system, for example, the Pb ion dynamics and its
important role in the physics of ferroelectric relaxors. The
presented studies provide important information for a better
understanding of the complicated behavior of the PMN-PT
system.

II. EXPERIMENTAL METHODS

The studied PMN-PT single crystals were grown by the
flux method. The PbO-Pb;0,-B,05 system was used as the
solvent. The crystallization processes were carried out in the
temperature range from approximately 1100 °C to approxi-
mately 900 °C. Yellow, transparent, and rectangular shaped
single crystals of size up to 6 X6X4 mm?® were obtained.
The actual composition of the grown crystals were deter-
mined by energy dispersive x-ray spectroscopy (EDS) and
using a JSM-5410 JEOL scanning electron microscope.
More details concerning the crystal growth procedure have
been published elsewhere.>

X-ray powder diffraction measurements were performed
by using the high-resolution Siemens D5000 diffractometer
(6-26 geometry, filtered Cu Ka radiation, V=40 kV, and [/
=30 mA). In order to determine the crystal symmetry and
the temperature of phase transitions, the scans [|A(26)]
=0.01°, counting time 10 s] of the selected Braggs reflec-
tions, (100), (110), (111), (200), (220), (211), and (310), were
collected in a wide temperature range. Additionally, at sev-
eral chosen temperatures, the full pattern in the range of
18°—120° was recorded by using the scanning method with
a step |A(26)|=0.02° and a counting time of 10 s. For these
temperatures, the crystal structure refinements were per-
formed by using the profile Rietveld method by means of the
FULLPROF software.

Single crystals for dielectric measurements were cut par-
allel to the (100) natural faces, polished, and electroded with
silver paste. Dielectric measurements were performed by us-
ing HP 4263B LCR Meter for frequencies of 0.1, 1, 10, and
100 kHz and measuring an electric field of about 20 V cm™.
Measurements were carried out within the temperature range
from 110 to 570 K.

The Raman spectra were collected by using a T64000
Yvon-Jobin multichannel triple monochromator spectrometer
equipped with a charge coupled device detector (micro-
Raman configuration, backscattering geometry). The 488 and
514 nm argon ion laser excitation lines were selected. The
measurements were performed in a temperature range from
77 to 700 K. The Raman spectra were recorded in the
25-1000 cm™' range. The PEAKFIT software program by
Jandel Scientific was used to deconvolute overlapping modes
and to determine the characteristic parameters of lines such
as integrated intensity, full width at half maximum, and peak
position.
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FIG. 2. Temperature dependences of the real parts of the dielec-
tric permittivity for (1-x)PMN-xPT (0=x=0.38) single crystals.

II1. RESULTS AND DISCUSSION
A. X-ray and dielectric results

Figure 2 presents the temperature dependences of the real
part of the dielectric permittivity for the investigated single
crystals (0=x=0.38). For clarity of the picture, these de-
pendences are only shown for two frequencies: 100 Hz and
100 kHz. As can be seen, the increase in the PT content
changes the nature of the observed phase transitions and
shifts the &(7) maxima toward higher temperatures. The
structural properties of the PMN-PT are also strongly com-
position dependent. Therefore, the analysis of the tempera-
ture evolution of Bragg’s reflections together with the crystal
structure refinements allowed us to determine the symmetries
and the temperature of the observed structural phase transi-
tions. It is noteworthy that the structural analysis revealed
the presence of diffuse scattering for all of the investigated
compositions. Diffuse scattering appears with the cubic sym-
metry and is also observed within lower symmetries. More-
over, for some solid solutions (Fig. 3), the diffuse scattering
is very strong, especially at low temperatures. The occur-
rence of diffuse scattering can be related to the presence of
polar nanoregions with different symmetries and, therefore,
it suggests that the symmetries determined from the x-ray

184114-3



SLODCZYK, DANIEL, AND KANIA

PMN 0.79PMN-0.21PT 0.68PMN-0.32PT
44.8 45.2 444 448 452 448 452 456
T T T T T T T T T T T
T=600K T=573K T=573K
N N
1 I 1 1 1 I 1 1 1 1
. feAxp- j o '-|- :'12|'< T T ri12k
it
Ko,
K()c2
N N\
1 n 1 n 1 1 n 1 n 1 n 1
44.8 45.2 444 448 452 448 452 456
20 (deg) 2 6 (deg) 20 (deg)

FIG. 3. Temperature evolution of the (200) Bragg reflection for
PMN, 0.79PMN-0.21PT, and 068PMN-0.32PT solid solutions at
high and low temperatures. The arrows mark the presence of diffuse
scattering.

studies are only averaged. Our x-ray and dielectric results are
summarized in the phase diagram presented in Fig. 4. The
characteristic temperatures deduced from the Raman scatter-
ing studies are also included. This phase diagram is in good
agreement with the one determined by Noheda et al.% and,
thus, it can be similarly divided into three regions with dis-
tinct structural and dielectric properties.

Region I is represented by PMN, which shows the classi-
cal relaxor behavior. According to our x-ray studies, PMN

possesses a cubic symmetry with the Pm3m space group in
the measured temperature range. However, the occurrence of
diffuse scattering (Fig. 3) and the departure from the linear
dependence of the lattice parameters versus temperature, as
well as the departure from the Curie-Weiss law observed
below 600 K, point to the appearance of polar nanoregions
within the cubic symmetry.

The 0.91PMN-0.09PT, 0.79PMN-0.21PT, and 0.72PMN-
0.28PT solid solutions belong to region II. The dielectric
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FIG. 4. Phase diagram of the (1 —x)PMN-xPT (0=x=0.38) de-
termined from the complementary x-ray, dielectric, and Raman
scattering studies.
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results show that these materials also exhibit the relaxor be-
havior. However, as can be seen in Fig. 2, with an increase in
the Ti content, the characteristic relaxor properties become
weaker. It is noteworthy that in the cases of 0.79PMN-
0.21PT and 0.72PMN-0.28PT, the dielectric dispersion is ob-
served on both sides of the £(7) maximum. Unlike PMN, the
solid solutions from this region exhibit the structural phase
transition. The 0.91PMN-0.09PT, 0.79PMN-0.21PT, and
0.72PMN-0.28PT undergo a transition from the cubic

(Pm3m) to the rhombohedral symmetry (R3m) at 283, 348,
and 383 K, respectively. For 0.72PMN-0.28PT, the addi-
tional phase transition from the rhombohedral to the mono-
clinic symmetry (Pm) is observed at 273 K. The existence of
two phase transitions for this sample is not consistent with
the phase diagram of Noheda et al.® However, the presence
of the monoclinic symmetry for composition x equal to 0.27
and 0.295 has been previously shown in other works.®3" The
departures both from the linear dependence of the lattice pa-
rameters versus temperature and from the Curie—Weiss law
are also observed. These results show that below 450, 480,
and 520 K, the polar nanoregions play an important role and
affect all properties of 0.91PMN-0.09PT, 0.79PMN-0.21PT,
and 0.72PMN-0.28PT, respectively. As it already stated in a
previous paper,>? it is almost certain that the rhombohedral
phase below T. is not a long range order property and is still
limited to clusters that are large enough to be detected by
x-ray diffraction. The fact that these materials can achieve
the long range ferroelectric polar order only when the exter-
nal electric field is applied seems to confirm this hypothesis.

The 0.68PMN-0.32PT, 0.65PMN-0.35PT, and 0.62PMN-
0.38PT solid solutions belong to region III, i.e., the MPB
region. For these materials, the dielectric dispersion signifi-
cantly diminishes and the temperature of the £(7) maximum
becomes frequency independent. Therefore, their dielectric
properties can already be classified as ferroelectric ones. It is
worth stressing that temperature dependences of the dielec-
tric permittivity reveal, except for the main &(7) maximum

related to the cubic (Pm3m)-tetragonal (P4mm) phase tran-
sition, the presence of a second characteristic anomaly con-
nected with the tetragonal-monoclinic (Pm) transition. The
x-ray results show that the first transition takes place at 423,
440, and 460 K for 0.68PMN-0.32PT, 0.65PMN-0.35PT, and
0.62PMN-0.38PT, respectively. The second is observed at
343, 385, and 373 K for 0.68PMN-0.32PT, 0.65PMN-
0.35PT, and 0.62PMN-0.38PT, respectively. However,
0.65PMN-0.35PT and 0.62PMN-0.38PT structurally differ
from 0.68PMN-0.32PT since these two solid solutions ex-
hibit a region of coexistence of the tetragonal and monoclinic
phases. In the case of 0.65PMN-0.35PT, this coexistence is
observed in the temperature range 385-305 K, while for
0.62PMN-0.38PT, the region of such coexistence extends
from 373 to 12 K. For all materials from region III, the
presence of diffuse scattering and the departures from both
the linear dependence of the lattice parameters versus tem-
perature and the Curie—Weiss law were revealed below 550
K. These characteristic features point to the existence of
PNRs.

The crystal structure refinement performed for all of the
investigated solid solutions shows that the considered rhom-
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TABLE I. The main results of the crystal structure refinements
performed for (1-x)PMN-xPT (0=x=0.38) solid solutions at se-
lected temperatures.

T Reliability factors  Bpe

Compound (K) Space group (%) (A?)
PMN 650  pm3m  Rpmee=824, Rp=8.11 3.76
300 pmdm Rbrge=9.03, Rp=8.77 4.33

12 Pm3m  Rpge=8.97, Rp=8.94 398

0.91PMN-0.09PT 300  pp3m  Riuee=7.98, Rp=8.02 4.21
12 R3m  Rpng,=7.04, Rp=7.22 237

0.79PMN-0.21PT 598  pp3m  Romge=8.97, Rp=9.11 4.38
300 R3m  Rppg=8.59, Ry=8.33 3.94

12 R3m  Rpgg,=8.14, R;=7.94 3.46

0.72PMN-0.28PT 605  pu3m  Rprge=842, Rp=8.88 4.43
300 R3m  Rppg=8.76, Rp=7.92 3.92

12 Pm Rpg=7.11, Ry=6.94 2.27

0.68PMN-0.32PT 650  p3m  Rpuge=8.76, Ry=8.48 4.49
383 Pdmm  Rype=7.97, Rp=7.99 3.88

12 Pm Rpuge=7.12, Rp=6.99 2.70

0.65PMN-0.35PT 673 py3m  Rpngs=8.79 Rp=8.97 4.52
410 Pdmm  Rpng=8.11, Rp=8.05 3.61

353 Pdmm+Pm Rpg,=7.55, Rp=741 292
Rprags=6.98, Rp=7.07 2.53

Rirags=6.82, Rp=6.95 2.04
0.62PMN-0.38PT 673 ppm3m  Rorge=823, Rp=8.18 4.39

423 Pdmm  Rpng,=7.85, Rp=7.98 3.58

12 PAmm+Pm  Rpge=7.26, Rp=7.32 2.07
RBmgg=6.78, RF=697 188

12 Pm

bohedral (R3m), tetragonal (P4mm), and monoclinic (Pm)
crystal structures are very similar. This suggests that they are
energetically very close to each other and, thus, the transi-
tions between them are relatively simple. It must be pointed
out that the determined values of the reliability factors
(Rpyage and Rp) and the isotropic thermal factors for Pb ions
(Bpy) are very high. These values are listed in Table I. Such
high values of Bp, are often observed for lead based
perovskites!®3054-57 and are usually explained by disorder in
the Pb ion displacement. Therefore, these results show that
both high and low temperature phases of the PMN-PT sys-
tem are highly disordered. It is noteworthy that our x-ray
photoelectron spectroscopy studies show the presence of the
highest structural disorder in the vicinity of the MPB.’® As
described above, the structural and dielectric studies point to
the presence of polar nanoregions. Hence, the crystal struc-
tures determined from x-ray studies are only average and
play the role of a matrix in which these short range ordered
clusters with different local symmetries are embedded. With
temperature decrease, the PNRs grow and may lead to phase
transition. Thus, the observed phase transitions are the effect
of the correlated ion off-center displacements. The high val-
ues of Bpy point to the special role of Pb ions in the phase
transition mechanism. Similar results were presented by
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Dkhil et al.'® and Slodczyk et al>? in the case of PMN,
0.9PMN-0.1PT, and 0.91PMN-0.09PT.

Our dielectric and structural results showed that the
PMN-PT solid solutions are disordered and nonhomoge-
neous materials. However, it should be stressed that values of
the Rp, and Ry as well as of Bpy have a tendency to de-
crease with the increase in the PT content. This shows that
the increase in Ti content enhances the development of the
long range order in this system.

B. Raman scattering results

Attempts at recording polarized Raman spectra for the
crystals studied here were undertaken but proved to be un-
successful. This was probably caused by the presence of the
complex structure resulting from differently oriented PNRs
(for small Ti contents) or fine domains (for higher Ti con-
tents). Therefore, in further investigations, unpolarized Ra-
man spectra were collected. Figure 4 presents the unpolar-
ized Raman spectra of the (1—-x)PMN-xPT single crystals
where the composition x is 0, 0.09, 0.21, 0.28, 0.32, 0.35,
0.38, 0.50, and 0.64 as recorded at 77 and 700 K. Note that
these Raman spectra as well as the following ones presented
in this paper were corrected by using the Bose—FEinstein
population factor.

The Raman spectra presented in Fig. 5 are similar to those
previously presented by different authors.>**3 They also
consist of a number of broad lines, even at 77 K, and they are
observed in the whole measured temperature range. Since
this is quite commonly found in oxide perovskites, such Ra-
man characteristics could indicate the presence of a second-
order Raman contribution. However, note that generally, the
second-order Raman spectra closely resembles the phonon
density of states (with an expanded scale), which involves a
higher width of lines, especially in disordered materials.
Nevertheless, this phenomenon is not observed here. More-
over, the coexistence of both first- and second-order Raman
spectra could also be possible. However the temperature de-
pendences of the Raman line intensities, i.e., the decrease in
intensities with temperature increase (see Fig. 16), as well as
the lack of Raman bands above 900 cm™' seem to indicate
that the investigated Raman spectra are probably mainly of
the first order. Even if the possibility of a second-order con-
tribution cannot be completely brushed aside, our observa-
tions are in good agreement with literature data.33-36.38.39

The PMN-PT Raman spectra can be divided into three
characteristic regions of frequency: the low frequency re-
gion, which is approximately up to 150 cm™'; the interme-
diate frequency region, which is approximately from 150 to
500 cm™'; and the high frequency region, which is from 500
to 800 cm™!. According to the attempts of mode assignment
in the case of PMN?3? and especially due to lattice dynamics
calculations performed by Prosandeev et al.,”® the low fre-
quency region can be attributed to the Pb-BOg stretching
modes. The modes from the intermediate frequency region
can be classified as mixed B-O-B bending and O-B-O
stretching, while those from the high frequency region as
B-O-B stretching.

The Raman spectra shown in Fig. 5 seem to be similar to
each other, especially those recorded at high temperatures.
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FIG. 5. Unpolarized Raman spectra of the (1-x)PMN-xPT
(0=x=0.64) solid solutions presented at 700 and 77 K.

However, even the qualitative analysis reveals noticeable
changes in these Raman spectra versus the PT content. At
700 K the most significant difference is related to the pres-
ence of a new line near the highest frequency mode that
appears for the concentration x=0.21. The Raman spectra
collected at 77 K exhibit more evident differences that can be
seen in the entire frequency range and in the linewidths of
the observed modes. These distinguishing features suggest
that three kinds of behavior versus concentration exist, for
which the origin and the interpretation of the Raman spectra
are different. The first one is characteristic of pure PMN
(region I), the second for the solid solutions from regions II
and III, whereas the third one is for the crystals from region
IV. These characteristic regions in which the Raman spectra
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are quite similar are consistent with those determined from
the dielectric and structural results.

As it has already been mentioned, in this paper we focus
on regions I-III, i.e., 0=x=0.38. In order to determine the
origin and interpret the Raman spectra, a full group theory
analysis was performed. The calculations of the normal vi-
brational modes for all of the symmetries observed in these
materials were done by using the site symmetry method. The
results are presented in Table II.

1. High temperature Raman spectra

As it can be clearly seen in Fig. 5, all of the investigated
PMN-PT solid solutions possess first-order Raman spectra at
700 K. At this temperature, the symmetry of each material is

cubic with the Pm3m space group. According to the group
theory analysis, first- order Raman modes are not allowed for
such a symmetry. Moreover, the presence of the Raman spec-
trum within the high temperature paraelectric phase is not
typical either of PMN-PT or PZN-PT systems. First-order
Raman spectra were observed in many complex perovskites.
The Raman studies of PST**7 and PIN*® with a different
degree of order in the B-ion sublattice reveal that their Ra-
man spectra are associated with the existence of the 1:1 order
in the B sublattice. Such order leads to the doubling of the
unit cell and in consequence to the cubic symmetry with the

Fm3m space group. For this symmetry, there are four al-
lowed active Raman modes. Experimentally, three main
modes located near 50, 350, and 800 cm™! are detected for
these materials.

The origin of the high temperature Raman spectra of
PMN and 0.91PMN-0.09PT can also be explained by the
existence of the 1:1 chemical order. It should be stressed that
the presence of such order in these materials was experimen-
tally proved and can be well described within the framework
of the charged balanced random layer model.'*-2%0 The Ra-
man spectra of both PMN and 0.91PMN-0.09PT exhibit
three main lines of the first-order character located near 50,
280, and 790 cm™L. Additionally, two broad bands near 160
and 550 cm™! are observed. Due to very high values of their
linewidths, it cannot be excluded that they are of the second-
order character. However, it is possible that these bands can
also exhibit the first-order character as it was previously
stated,’® but in that case their origin can be related to the
nucleation of the polar nanoregions. Therefore, the unam-
biguous assignment of the observed lines at 700 K is not

TABLE II. Group theory analysis for each of characteristic symmetry. The calculations were done at the

center of the Brillouin zone—the I" point.

Symmetry ot I"Raman
Pm3m(0;) [=3F,+Fy,+Fy, I'Raman=0
Fm3_m(0,51) [=A |+ Eg+2F )+ Fi+5F,+F, FRaman=A13+Eg+2F,
R3m(C3,) (Z=1) I'=4A,+A,+5E I'Raman=3A1 +4E
R3m(C3,) (Z=2) I'=8A,+24,+10E I'Raman=7A,+9E
Pm(C}) ['=10A,+54, [ Raman=8A, +4A2
Pdmm(C},) I'=4A,+B,+5E I'Raman=23A,+B1+4E
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FIG. 6. Composition (0 =x=0.64) evolution of the components
of the Raman mode located near 790 cm™' at 700 K.

possible. Prosandeev et al.>® also pointed out that even if
phonons in PMN should be very broad due to disorder, some
of the experimentally observed lines exhibit an unexpectedly
small damping constant.

It seems hardly possible for the 1:1 chemical order to be
present in the whole composition range in the PMN-PT sys-
tem. Therefore, a new origin of the presence of Raman spec-
tra at high temperatures should be considered. As can be seen
from Fig. 5, with the increase in Ti content the Raman modes
become narrower and a new mode near 740 cm™! appears.
Moreover, the Raman modes located near 280 and 550 cm™
are not longer symmetric and, thus, in order to properly fit
the spectra, additional lines must be introduced. It is worth
noting that these features are a clear indication of a change in
the local symmetry. From the symmetry point of view, the
composition behavior of the mode located near 790 cm™! is
especially sensitive to the changes in the crystal
symmetry.>*37 Figure 6 presents the evolution of components
of this Raman line for the composition 0 =x=0.64. A simi-
lar composition behavior of this high frequency line was
presented by Ohwa et al.*® and Iwata et al.*® for PMN-PT
and PZN-PT, respectively. They observed that the superstruc-
ture reflections {g%}, which are the effect of the 1:1 order,
vanish for PT contents higher than 0.2, while the Raman
spectra disappear only for the composition when x equals
0.8. On the basis of these results, they also suggested that the
1:1 chemical order cannot be responsible for the Raman
spectrum presence in the considered range 0 =x=0.8. They
stated that a new origin of the Raman spectra for materials
with higher PT contents should be considered but no explicit
one was proposed.

The composition dependences of the wave numbers, re-
duced intensities, and linewidths of the Raman A, < mode
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numbers, reduced intensities, and linewidths of the components of
the Raman modes located near 790 cm™! at 700 K.
near 790 cm™! are shown in Fig. 7. As it is clearly seen in
Figs. 6 and 7, for PMN and the solid solutions with low Ti
contents (up to 0.09), this mode is single, which is in good

agreement with the predictions for the Fm3m symmetry.
Starting with the crystals wherein the Ti content equals 0.21,
the new line appears near 740 cm™'. The presence of two
Raman modes in the frequency range 700—800 cm™' seems

to exclude the possibility of describing the symmetry by the

Fm3m space group. Hence, the one possible solution is that
the high temperature Raman spectra of (1—x)PMN-xPT solid
solutions where x=0.21 originate from the polar nanore-

gions with a symmetry different from Fm3m. It seems rea-
sonable to assume that the symmetries of these nanoregions
are the same as the ones that appear below the structural
phase transitions. It must be pointed out that the concentra-
tion dependences of both the frequencies and the linewidths
exhibit the characteristic jumps observed in the range 0.28—
0.32. It is probable that these jumps can indicate the changes
in the local symmetry from the rhombohedral R3m to the
tetragonal P4mm. The results presented by Iwata et al.* for
PZN-PT solid solutions showing the dependence of disap-
pearance temperatures of the first-order Raman spectra ver-
sus concentration seem to confirm our suggestion. These au-
thors revealed that in the case of materials with PT contents
equal to 0.6 and 0.7, the Raman spectra vanish at approxi-
mately 920 and 820 K, respectively. Therefore, it is very
difficult to expect that in these temperatures the order-
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FIG. 8. Temperature evolution of the Raman spectra of
0.68PMN-0.32PT.

disorder transformation in the B-ion sublattice occurs since
these temperatures are much lower than the ones well known
for lead based complex perovskites.®! If our proposal of high
temperature Raman spectrum origin based on the presence of
polar nanoregions is correct, then it indicates that the polar
nanoregions appear at higher temperatures than those at
which the departures from both the linear dependence of the
lattice parameters versus temperature and from the Curie—
Weiss law are observed.

The features presented in Figs. 6 and 7 point to the exis-
tence of three regions with different origins of the high tem-
perature Raman spectrum. In the first region, which is char-
acteristic of composition x from 0 to 0.09, the 1:1 chemical
order is responsible for the presence of the Raman spectrum.
In the second region, where x is from 0.21 to 0.28, the Ra-
man activity originates from the polar nanoregions with the
rhombohedral symmetry; while in the third one, which is for
x=0.32, the Raman activity is from the polar nanoregions of
the tetragonal symmetry.

2. Temperature evolution of the Raman spectra

In general, the observed Raman spectra of the PMN-PT
single crystals do not vary much with temperature. Figure 8
shows, for example, the Raman spectra of 0.68PMN-0.32PT
recorded in a wide temperature range. The changes in these
spectra are associated with the splitting of the Raman lines
present at high temperatures and with the appearance of sev-
eral new lines below 500 K.

It is worth noting that a precise determination of the quan-
titative changes in the spectra versus temperature for the in-
vestigated compound was only possible after calculations.
The model of independent damped oscillators was used to
deconvolute the Raman spectra and to determine the reduced
intensity, frequency, and linewidth of each Raman mode. Ac-
cording to this model the intensity of Raman spectrum can
be written in the form

.F,w.z(l)
SO )+ 1], (1)

(w) =
(@) (wz—wizo)2+l_'?wi0

where S;, I';, and w,, are the intensity factor, damping con-
stant, and the mode frequency, respectively, while n(w) is the
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FIG. 9. Deconvolution of the Raman spectra of PMN at several
selected temperatures. The numbers 1-11 label 11 Raman modes
observed at 77 K. At high temperatures, this numeration is kept.

Bose—Einstein population factor. For every investigated crys-
tal, the Raman modes are best resolved at low temperatures.
Therefore, we began the fitting process with the spectrum
recorded at the lowest temperature. The best fit in the pre-
ceding temperature was taken as the initial data for the next
temperature. It is worth noting that for all of the investigated
materials, very good agreement between the calculated and
experimental spectra were obtained.

The examples of the deconvoluted Raman spectra of
PMN, 0.79PMN-0.21PT, 0.72PMN-0.28PT, 0.68PMN-
0.32PT, and 0.62PMN-0.38PT at several characteristic tem-
peratures are presented in Figs. 9-13. The temperatures and
compositions were chosen in such a way that they allowed us
to show the Raman spectra for all of the symmetries existing
in the investigated PMN-PT crystals.

The deconvolutions of the Raman spectra of PMN are
presented in Fig. 9. At 700 K its spectrum is decomposed
into five lines among which three are certainly of the first
order. As it has already been discussed, this Raman spectrum

originates from clusters with the Fm3m symmetry (see Sec.
III B 1). Below the Burns temperature, i.e., 600 K, some
modes split and a few new lines appear. These new features
result from the existence of the polar nanoregions of the
rhombohedral symmetry (R3m). Upon cooling, the Raman
modes become narrower and more intense. This phenomenon
is in very good agreement with the observed diffuse scatter-
ing (Fig. 3) and proves that the polar nanoregions grow with
the decrease in temperature. Finally at 77 K, the Raman
spectrum consists of 11 Raman modes. For the R3m symme-
try, the group theory analysis predicts seven active Raman
lines. However, due to the existence of the 1:1 order in PMN,
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FIG. 10. Deconvolution of the Raman spectra of 0.79PMN-
0.21PT at several selected temperatures. The numbers 1-13 label 13
Raman modes observed at 77 K. At high temperatures, this numera-
tion is kept.

the R3m symmetry with Z=2 should be considered here. In
this case, 16 active Raman lines are allowed; however, we
observed only 11 Raman lines. The differences between the
numbers of observed and theoretically predicted modes can
be explained by the fact that PMN is a highly disordered
material. This disorder causes the broadening of the Raman
lines and this together with the overlapping makes it impos-
sible to distinguish all of them. Therefore, as similarly done
in our previous studies,?® we maintain that the Raman spectra

of PMN originate from the 1:1 chemical order and the Fm3m
(above the Burns temperature) and the R3m (under the Burns
temperature) local symmetries related to it.

The deconvoluted Raman spectra of the 0.79PMN-0.21PT
and 0.72PMN-0.28PT solid solutions are shown in Figs. 10
and 11, respectively. The Raman spectra recorded at 700 K
can be well decomposed into six lines for 0.79PMN-0.21PT
and into seven lines in the case of 0.72PMN-0.28PT. As it
has been postulated, the high temperature spectra of these
materials come from the polar nanoregions of the rhombohe-
dral symmetry (R3m). With the decrease in temperature, the
splitting of some modes and the appearance of new ones are
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200 400 600 800 1000

! | ' | ! |
700K  0.72PMN-0.28PT

14
13

Reduced intensity (arb. units)

200 400 600 800 1000

Wavenumber (cm™)

FIG. 11. Deconvolution of the Raman spectra of 0.72PMN-
0.28PT at several selected temperatures. The numbers 1-14 label 14
Raman modes observed at 77 K. At high temperatures, this numera-
tion is kept.

observed below 600 K. The most significant changes in the
Raman spectra for both materials appear in the vicinity of the
cubic-rhombohedral phase transitions (348 K for 0.79PMN-
0.21PT and 383 K for 0.72PMN-0.28PT). It is worth noting
that the Raman spectra do not significantly change during the
additional rhombohedral-monoclinic phase transition ob-
served for 0.72PMN-0.28PT at 273 K. Within the rhombo-
hedral symmetry, the Raman spectra of both materials are
deconvoluted into 13 lines, whereas the Raman spectra of
0.72PMN-0.28PT within the monoclinic symmetry into 14
lines. The group theory analysis predicts 7 active Raman
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FIG. 12. Deconvolution of the Raman spectra of 0.68PMN-
0.32PT at several selected temperatures. The numbers 1-14 label 14
Raman modes observed at 77 K. At high temperatures, this numera-
tion is kept.

lines for the R3m space group and 12 for the Pm one. Ex-
perimentally, we observed more lines, especially within the
rhombohedral symmetry. In our opinion, there are two pos-
sible explanations of this clear discrepancy. The first one
assumes that in these materials, the 1:1 order at the B-ion
sublattice is still present, while the second one postulates the
appearance of polar nanoregions with a lower symmetry than
the rhombohedral one. Due to the 1:1 chemical order, simi-
larly as in the case of PMN, the Raman spectra originate
from the R3m space group with Z=2, and according to the
group theory analysis 16 lines are allowed. Kamba et al.*!
used such an explanation in order to interpret the Raman
spectra of 0.71PMN-0.29PT. However, in our opinion the
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FIG. 13. Deconvolution of the Raman spectra of 0.62PMN-
0.38PT at several selected temperatures. The numbers 1-14 label 14
Raman modes observed at 77 K. At high temperatures, this numera-
tion is kept.

second explanation seems to be more probable.

We propose that the polar nanoregions of the monoclinic
symmetry (Pm) strongly affect the Raman spectra collected
within the rhombohedral one. Therefore, the observed Ra-
man lines come from the coexistence of the rhombohedral
and monoclinic symmetries. The presence of the monoclinic
polar nanoregions in the rhombohedral matrix in the case of
0.72PMN-0.28PT is not surprising. It is highly probable that
the nucleation of such nanoregions begins at high tempera-
tures. The presence of the diffuse scattering and the param-
eters determined from the crystal structure refinements
(Table I) confirm their existence. With the decrease in tem-
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perature, they grow and thus are detected by the x-ray dif-
fraction below 273 K as the long range monoclinic symme-
try. It is worth noting that we also suggest the existence of
the monoclinic polar nanoregions for 0.79PMN-0.21PT in
spite of the fact that from the x-ray diffraction point of view
this material does not exhibit a monoclinic symmetry. The
high similarity of its Raman spectra to those recorded in the
case of 0.72PMN-0.28PT as well as the obtained dielectric
and structural results show that such an assumption is not
unfounded. The 0.79PMN-0.21PT exhibits the relaxor be-
havior, which indicates that it is not homogeneous. For this
material, the existence of diffuse scattering is detected not
only within the cubic symmetry but also below the cubic-
rhombohedral structural phase transition. Moreover, the in-
tensities of the diffuse scattering grow with the decrease in
temperature and reach the highest values at 12 K (Fig. 3).
For this material, one of the highest values of the agreement
factors Rp,e, and Ry as well as of the isotropic thermal pa-
rameters By, (Table I) were determined. It is noteworthy that
the temperature and composition dependences of the Raman
linewidths, which will be discussed in detail in Sec. I1IB3,
also point to the presence of the polar monoclinic nanore-
gions within the thombohedral symmetry. Therefore, basing
on our complementary results, we suggest that the origin and
the temperature evolution of the Raman spectra both for
0.79PMN-0.21PT and 0.72PMN-0.28PT are the effects of

the coexistence of the cubic (Pm3m) and rhombohedral
(R3m) phases at high temperatures and of the rhombohedral
(R3m) and monoclinic (Pm) ones at low temperatures.
Figures 12 and 13 show the deconvolutions of the Raman
spectra of 0.68PMN-0.32PT and 0.62PMN-0.38PT, respec-
tively. At 700 K, the Raman spectra can be well decomposed
into seven lines for 0.68PMN-0.32PT and into eight lines in
the case of 0.62PMN-0.38PT. As it has already been pro-
posed, these high temperature Raman spectra may originate
from the polar nanoregions with the tetragonal symmetry
(P4mm). Below 600 K the splitting of the Raman lines and
the appearance of new ones are observed. The most signifi-
cant changes in the Raman spectra are detected near the
structural phase transition from the cubic to the tetragonal
symmetry, i.e., at 423 K in the case of 0.68PMN-0.32PT and
at 460 K for 0.62PMN-0.38PT. These Raman spectra change
only slightly during the second phase transitions from the
tetragonal (P4mm) to the monoclinic (Pm) symmetry ob-
served for 0.68PMN-0.32PT as well as from the tetragonal
(P4mm) to the region of the tetragonal and monoclinic
(P4mm+ Pm) phases coexistence characteristic of 0.62PMN-
0.38PT. We suggest that the best solution would be to de-
compose the spectra of both materials recorded within the
tetragonal symmetry into 12 lines, while those collected
within the monoclinic or monoclinic+tetragonal into 14
lines. It is worth noting that the Raman spectra characteristic
of the pure monoclinic symmetry and those from the region
where the monoclinic and tetragonal phases coexist exhibit
the same number and sequences of Raman lines. The group
theory analysis allows for the presence of 8 and 12 active
Raman lines for the P4mm and the Pm space groups, respec-
tively. Hence, we again observed more lines than the group
theory predicts. It seems reasonable to explain this discrep-
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ancy by the existence of polar nanoregions of the monoclinic
symmetry already present within the tetragonal one. These
monoclinic polar nanoregions affect the Raman spectra re-
corded within the tetragonal symmetry. Therefore, the Ra-
man scattering data point to the coexistence of the tetragonal
and monoclinic symmetries for both materials even if the
x-ray diffraction shows such a coexistence only for
0.62PMN-0.38PT. It must be stressed that in the case of
0.68PMN-0.32PT, diffuse scattering is observed within the
tetragonal symmetry and together with the results of the
crystal structure refinements confirm the presence of these
monoclinic nanoregions. Therefore, the origin and the tem-
perature evolutions of the Raman spectra of 0.68PMN-
0.32PT and 0.62PMN-0.38PT result from the coexistence of

the cubic (Pm3m) and tetragonal (P4mm) phases at high
temperatures, while at lower temperatures they result from
the coexistence of the tetragonal (P4mm) and monoclinic
(Pm) symmetries.

Our explanation of the origin of the Raman spectra in the
PMN-PT system may arouse doubts since for each of the
characteristic symmetries, we observed more lines than the
group theory predicts. Naturally, it is rather naive to expect a
very good compatibility with the theoretical prediction in the
case of such disordered materials as PMN-PT. Actually, the
Raman scattering confirms the fact that the crystal structures
determined from the x-ray diffraction studies are only aver-
age ones. Raman spectroscopy, being sensitive to the local
symmetry, makes it possible to detect the presence of the 1:1
order in the B-ion sublattice as well as the coexistence of
distinct phases with different lengths of coherence. It is in-
teresting that in the investigated (1 —x)PMN-xPT, we already
observed the presence of the monoclinic symmetry for the
solid solution where x is equal to 0.21. Moreover, as we
showed in our previous paper,” the existence of the local
monoclinic symmetry was even detected in the case of
0.91PMN-0.09PT below 200 K. These results seem to sug-
gest that the correlated ion off-center displacements lead to
the monoclinic symmetry and the rhombohedral or tetragonal
phases are only a transitional state. Studies so far showed
that the monoclinic symmetry becomes a long range property
only for solid solutions with high PT contents and at low
temperatures. Therefore, our x-ray diffraction studies point to
the average rhombohedral or tetragonal symmetries. How-
ever, it is due to the Raman scattering that the existence of
the monoclinic polar nanoregions can be observed. A similar
conclusion was proposed by Glazer et al.%* for PZT solid
solutions and by Haumont et al.% for
PbSc,Nb;,,05-PbTiO5. Both groups of authors suggested
that the local monoclinic order exists in the rhombohedral
and tetragonal phases, which makes the morphotropic phase
region more extended. Our results showed that this mono-
clinic symmetry never does not exist as a single phase. This
is in good agreement with the studies of Noheda et al., who
showed that the monoclinic phase is accompanied by the
presence of a minority of rhombohedral or tetragonal phases.
Finally, it must be stressed that the model of the local mono-
clinic symmetry is not the only one which appears in the
literature of PMN-PT. For example, Xu et al.!” suggested the
existence of orthorhombic local symmetry due to the (110)
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polarization correlated in the short range. Vakrushev et al.%*

postulated the presence of the local strain field in PMN with
the tetragonal type local symmetry.

3. Temperature and composition dependences
of the Raman line parameters

The results of our calculations, namely, the temperature
dependences of wave numbers w, reduced intensities /, and
linewidths I' for the investigated crystals are presented in
Figs. 14—17. The modes are labeled according to the decon-
volutions of the Raman spectra at 77 K (Figs. 9-13) and the
dotted lines mark the temperatures of phase transition deter-
mined from x-ray studies. It can be seen that near these tem-
peratures, significant changes in w, I, and I" are observed.
These changes are manifested by the departures from the
linear behavior, the achievement of the minimal or maximal
values, as well as by the disappearance of some Raman lines.

The temperature dependences of the Raman line frequen-
cies are plotted in Fig. 14. In general, the frequencies of
particular lines do not vary much for the studied PMN-PT
materials. However, some lines exhibit a small temperature
sensitivity. Usually when the temperature increases, the fre-
quencies of the stretching vibrations decrease while the fre-
quencies of the bending ones increase. This classical behav-
ior is observed in the investigated PMN-PT solid solutions.
For example, with increasing temperature, the line near
280 cm™! is shifted toward higher frequencies, while the line
near 600 cm™! is shifted toward lower ones. Additionally,
for some lines the shifts or departures from the linear behav-
ior appear near the structural phase transitions. It can be seen
in the case of lines 3 and 4 for both 0.72PMN-0.28PT and
0.68PMN-0.32PT. This can be connected to the different
atomic arrangements attributed to the changes in the crystal
symmetry.

It is noteworthy that the results of neutron scattering show
the existence of the ferroelectric soft mode in PMN.%3-6¢ With
the decrease in temperature, this transverse optic mode soft-
ens. It becomes overdamped near 7,; and finally recovers
below 220 K. The temperature dependences of the wave
numbers of the Raman lines from the low frequency region
as in previous studies’**3 do not exhibit any softening or
overdamping of the lines in the investigated materials.

The composition dependences of the wave numbers at 77
K are shown in Fig. 15. The frequencies of most modes are
almost constant. However, some lines show a significant de-
pendence on the PT content. For example, the lines near 150
and 280 cm™! are shifted toward higher frequencies with the
increase in Ti. This means that these lines are related to the
vibrations of the B ions. The mass of the titanium is smaller
than the average mass of the magnesium and niobium ions.
Therefore, in the case of the solid solutions with higher PT
contents, the shifts of the line frequencies to higher values
are expected.

The temperature dependences of the reduced intensities of
Raman lines are very similar for all of the investigated
PMN-PT crystals and therefore Fig. 16 shows these depen-
dences only for selected samples. It can be clearly seen that
within a particular composition, most of the lines show simi-
lar temperature evolution, namely, intensities achieve the
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FIG. 14. Temperature dependences of the frequencies of Raman

lines for (a) PMN, (b) 0.91PMN-0.09PT, (c) 0.79PMN-0.21PT, (d)

0.72PMN-0.28PT, (e) 0.68PMN-0.32PT, and (f) 0.62PMN-0.38PT.

maxima or minima near the phase transition temperatures.
These features might be related to changes in the crystal
structure that influence the optical and dielectric properties
of the investigated crystal. In addition, the intensities of the
Raman lines also depend on the domain structure, which
changes during the phase transitions.
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FIG. 15. Composition dependences of the frequencies of Raman
lines for (1-x)PMN-xPT (0=x=0.38) at 77 K.

The temperature dependences of the linewidths for the
PMN-PT solid solutions are presented in Fig. 17. For all of
the investigated crystals, the Raman lines are very broad,
even at 77 K. In general, the temperature evolution of the
line width is attributed to the anharmonic effects.*6-%¢ For
ordered materials, I decreases with the decrease in tempera-
ture and finally at 0 K its value should be negligible.®’ In the
case of PMN-PT, the temperature evolutions of the line-
widths are mainly determined by both the chemical disorder
in the B sublattice and the static or dynamic local inhomo-
geneities related to the off-centered ion displacements corre-
lated for different scales.

The linewidths of particular Raman lines exhibit different
temperature and composition dependences. The intermediate
and high frequency modes for all of the investigated com-
pounds show the almost classical temperature evolution,
namely, their linewidths decrease with decreasing tempera-
ture. However, the values of their linewidths at 77 K are still
very high.

The linewidths of the low frequency modes exhibit non-
classical, anomalous temperature evolution. Namely, for pure
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FIG. 16. Temperature dependences of the intensities of Raman
lines for (a) PMN, (b) 0.79PMN-0.21PT, (c) 0.72PMN-0.28PT, and
(d) 0.68PMN-0.32PT.

PMN and the studied PMN-PT, we can distinguish regions
where the linewidths increase with the decrease in tempera-
ture. For example, the width of line 2 (50 cm™') of pure
PMN starts to increase at the Burns temperature and this
increasing tendency is maintained up to 77 K. In the case of
0.72PMN-0.28PT, the width of the same line also starts to
grow below 600 K and exhibits two maxima in the vicinity
of the structural phase transition. A similar phenomenon, i.e.,
linewidth deviation from anharmonic background above the
phase transition temperature, was observed for other com-
plex perovskites, such as PST*® and PIN,*® exhibiting a dif-
ferent state of order and also for completely ordered PMW.%8
This, together with the fact that such a behavior was ob-
served for all of our crystals, i.e., having a different compo-
sition and hence a different state of the B-site order, suggests
that this I' anomaly is not related to the disorder in the B-ion
sublattice. This behavior, which is common in the lead-based
complex perovskites, seems to originate from the ion off-

184114-13



SLODCZYK, DANIEL, AND KANIA

100 200 300 400 500 600 700 100 200 300 400 500 600 700

a) 6 bl I ) I ) I ) I L.
240 e
.,
160 ‘ P
B " —— 12
80 = :V’\»» »’"/ _
— L ~—V-x
' 120
: - o
= — : 6
- 80 AZ v
= R ) ]
£ -
'S 40 ==l -
q) - . -
c
5 ——3
45 —a—2_
—h—1
"~
30 RN e
NN N
NSV
15
1 I il BPE Pl T
C)100 -b'zb'l'l'l'l'-l-
B ﬂ;n*“’“"‘“ﬂ*ﬁ - o—"'_./.-
75 = B “.",,r — b
“"".,..t yPV —>—14
—o— 13-
»»»’»ll’»»’ —e—12 |
50 : [aees™ —*—10
—~ 120 |- : - 120 = Lo —
£ - /0/ - 5 : : /./3-
2
E w0 e 90 |- e
< 2 P gt
5 - # ——6 ,'...oud'"‘.‘ o _e 9
S 60 fm g0t o 60 pavgssesmm ——
- L M
s FBoe~ 1 TP %
2 : P
g 30 - : —— 3= 30 |- : : —
';_._.ni..___q,_ —— ]
. d ——aJ
b, R
é‘mﬂm —A—
[P I I S e
-b b I ) I I”}_‘I‘T'I J-
m" ~ o ".)/
L ‘/‘.w" ; 2]
ak—
- —>— 14
p89=3= —o—13 |
B L —e—1T
—*—10
- s T
S w0 W 5 i %0 Wl
< o d . /././0
ESS - A ‘j —o— 387 0 —o—o oo .
S 60 Y : T4 60 hwe—o—vqoummmns D
o) - —o— 5] oo Pl —e—
5 30 - 30 -
L Do 4 o -
—n— .mli“‘ - e y—m—m—E —#‘N‘l*i—_—i——l
20 bax-eor 3 20 |- pul
_“_A.Aj%m -~ o
10 i Ay 10
I.I.I.I.I.I.I

100 200 300 400 500 600 700 100 200 300 400 500 600 700

Temperature (K) Temperature (K)

FIG. 17. Temperature dependences of the widths of Raman lines
for (a) PMN, (b) 0.91PMN-0.09PT, (c) 0.79PMN-0.21PT, (d)
0.72PMN-0.28PT, (e¢) 0.68PMN-0.32PT, and (f) 0.62PMN-0.38PT.

centered displacements correlated for the short range scale.
In addition, this I' anomaly can be clearly seen for low fre-
quency lines attributed to the Pb ions vibrations,>*° which
shows that the origin of this phenomenon is connected to the
Pb ion dynamics. Numerous neutron, x-ray, and EXAFS ex-
periments show that Pb ions are randomly distributed over a
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sphere centered on the Pb special Wyckoff position in the
lead-based complex perovskites'>16239 and even in the clas-
sical ferroelectric PbTiO5.”" The results of our crystal struc-
ture refinements also point to the disorder related to the Pb
ions. Therefore, these complementary results show that the
Pb ion dynamics play a key role in the phase transition
mechanism.

In the case of low frequency linewidths, another impor-
tant phenomenon is observed, namely, from about 200 to 77
K the widths of lines 1 and 2 surprisingly increase. It is
noteworthy that this phenomenon, which in our opinion is
crucial for the understanding of the physics of the PMN-PT
system that can only be detected after calculations, was ear-
lier known only for PMN.?® It must be stressed that this
phenomenon is strongly dependent on the composition and is
observed only in the case of PMN and the solid solutions
with x=0.21. Such a broadening of these lines suggests that
with decreasing temperature, the rhombohedral symmetry
does not develop but further ion displacements correlated for
the short range scale occur. The existence of further ion dis-
placements, Ti/Mg/Nb toward the [111] direction and Pb cor-
related along the {100} direction, resulting in the appearance
of the monoclinic local symmetry was proposed in the case
of 0.9PMN-0.1PT by Dkhil et al'® and in our previous
paper.’? These anomalous temperature evolutions of the line-
width point to the appearance of a new, short range ordered
phase and therefore seem to confirm our interpretation of the
temperature evolutions of the Raman spectra based on the
presence of the monoclinic nanoregions. This explanation
seems to be plausible since in the case of 0.72PMN-0.28PT,
in which according to x-ray data the monoclinic symmetry
appears below 270 K, this phenomenon is not yet observed.

Our results suggest that the new symmetry in each stage is
the result of the growth of clusters with a lower symmetry.
The x-ray diffraction sensitive only to the long range order is
unable to detect the presence of such polar nanoregions.
Therefore, the data of the Raman scattering acting as a local
probe are of great importance since the physics of the
PMN-PT system takes place at nanoscale.

IV. CONCLUSION

(1=x)PMN-xPT solid solutions where x is 0, 0.09, 0.21,
0.28, 0.32, 0.35, and 0.38 were investigated by x-ray, dielec-
tric, and Raman scattering techniques. The results of our
complementary studies made it possible to present the phase
diagram of this system. The increase in Ti content gradually
changes the properties of the PMN-PT materials. Conse-
quently, the relaxor behavior transforms into the ferroelectric
one and structural phase transitions of different types occur.
The room temperature symmetry transforms from the

pseudocubic (Pm3m) specific for PMN to the rhombohedral
(R3m) and then to the monoclinic (Pm) one in the vicinity of
the MPB. However, very high values of the reliability factors
and the isotropic thermal factors of Pb ions determined from
the crystal structure refinements show that all these symme-
tries are only average.

For all of the investigated crystals, the Raman spectra are
observed in the whole measured temperature range, even
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within the paraelectric cubic phase. In the case of pure PMN
and the solid solutions with Ti contents x=0.09, the 1:1
chemical order in the B-ion sublattice leads to the appearance

of clusters with Fm3m symmetry. This, in turn, is responsible
for the presence of the high temperature Raman spectrum. In
the case of solid solutions with higher PT contents, we pos-
tulate that their Raman spectra originate from the polar nan-
oregions of the rhombohedral (R3m) or the tetragonal
(P4mm) symmetry. With the decrease in temperature, the
splitting and narrowing of the Raman lines occur. This to-
gether with the characteristic behavior observed in the tem-
perature dependences of frequencies, reduced intensities, and
linewidths point to the changes in the crystal symmetry. The
deconvolutions of the Raman spectra reveal that for each of
the characteristic symmetries, more lines than the group
theory analysis predicts were observed. These discrepancies
can be explained by the fact that PMN-PT are highly disor-
dered, inhomogeneous materials in which coexistence of dif-
ferent phases occur. Our Raman scattering results show that
the crystal symmetries determined from the x-ray diffraction

PHYSICAL REVIEW B 77, 184114 (2008)

play the role of a matrix in which the polar nanoregions with
distinct local symmetry are embedded. In most of the inves-
tigated PMN-PT crystals, the presence of the local mono-
clinic symmetry was detected. This suggests that the mono-
clinic symmetry is preferred in this system while the
rhombohedral or tetragonal ones are only transition states.
The temperature dependences of the Raman linewidths re-
lated to the Pb vibrations point to the special role of Pb ions
dynamics in the mechanism of phase transitions. It seems
that each change in the symmetry originates from the corre-
lated ion off-center displacements. These correlated displace-
ments cause the nucleation of regions with different local
symmetries, which can grow with the decrease in tempera-
ture. The Raman scattering is capable of revealing their pres-
ence due to its sensitivity to the local order even if they are
not large enough to be detected by x-ray diffraction. There-
fore, in our opinion, the studies of local phenomena by the
Raman scattering are essential to understand the complex
behavior of the PMN-PT system.
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