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A polarized micro-Raman study of a
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Polarized micro-Raman spectra of a 0.65PbMg1/3Nb2/3O3–0.35PbTiO3 (0.65PMN–0.35PT) single crystal poled

in the [001] direction are obtained in a wide frequency range (50–2000 cm−1) at different temperatures. The best fit to

the Raman spectrum at 77 K is achieved using 17 Lorenzians to convolute into it, and this is proved to be a reasonable

fit. According to the group theory and selection rules of overtone and combinational modes, apart from the seven

Raman modes that are from first-order Raman scattering, the remaining ones are attributed to being from second-order

Raman scattering. A comparison between the experimental results and theoretical predictions shows that they are in

satisfactory agreement with each other. Our results indicate that at 77 K the sample belongs to the rhombohedral

symmetry with the C5
3v(R3m) space group (Z = 1). In our study, on heating, the 0.65PMN–0.35PT single crystal

undergoes a rhombohedral → tetragonal → cubic phase transition sequence. The two phase transitions occur at 340

and 440 K, which correspond to the disappearance of the soft mode near 106 cm−1 recorded in VV polarization and

the vanishing of the band around 780 cm−1 in VH polarization, respectively.
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1. Introduction

Ferroelectric relaxor solid solutions (1-x)Pb
(Mg1/3Nb2/3)O3–xPbTiO3 (PMN–xPT), each of
which exhibit a drastic increase in piezoelectric prop-
erty, have attracted much attention in the past few
years because of their numerous potential applica-
tions and fundamental research interest. The solid
solutions with compositions near the morphotropic
phase boundary (MPB) (0.32 ≤ x ≤ 0.35)[1,2] have
a large piezoelectric constant, d > 2000 pC/N, and
an electromechanical coupling coefficient, k33 > 90%,
when they are poled along the [001] direction of cu-
bic coordinates.[3−5] These results indicate that PMN–
xPT are promising candidates for applications in med-
ical ultrasonic imaging, sonar transducers and high
strain actuators, but the solid solutions have unstable
properties at MPB, where their structures are very
complex, which is generally attributed to the coexis-
tence of intermediate phases involving monoclinic (M)
and/or orthorhombic (O) phases based on the polar-
ization rotation mechanism.[6] For these reasons, much
theoretical and experimental research work has been
performed in order to fully ascertain the structural
characteristics and the origin of this giant piezoelec-

tricity of the PMN–xPT, especially for the composi-
tions at MPB. However, the results and their inter-
pretations, as well as the structural data presented by
different authors, are not fully consistent. For exam-
ple, the solid solutions of PMN–xPT near MPB have
been well understood to be a tetragonal symmetry
with the C1

4v(P4mm) space group above room tem-
perature and a cubic symmetry with the O5

h(Pm3m)
space group at high temperature. Various mechanisms
have been proposed for their structural symmetry at
low temperature, including low-temperature rhombo-
hedral symmetry for the C5

3v(R3m) space group with
Z = 1,[7,8] low-temperature rhombohedral symme-
try for the C5

3v(R3m) space group with Z = 2[9,10]

and low-temperature monoclinic symmetry for the
C1

s (Pm) space group.[11,12] Therefore, despite inten-
sive research, there has been no clear understanding
of the structural symmetry of PMN–xPT at low tem-
perature, and further systemic investigation is needed.

Raman spectroscopy (RS) is, owing to its intense
sensitivity to local symmetry, an extremely useful tool
for obtaining the structural information of materi-
als, and has been proved to be an efficient method
of studying PMN–xPT.[7−10,13−21] Although Raman
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scattering of PMN–xPT is extensively investigated,
and most of the fundamental Raman-active modes are
assigned,[7−10,13,19] no Raman spectra of PMN–xPT
up to 2000 cm−1 have been reported so far.

In the present paper, we carry out a polarized
micro-Raman study of a 0.65PMN–0.35PT single crys-
tal poled in the [001] direction in a large frequency
range (50–2000 cm−1) at different temperatures to
investigate the first and second Raman modes. Ac-
cording to the group theory and the selection rules of
overtone and combinational modes, besides the seven
Raman modes from the first-order scattering, the re-
maining ones are attributed to being from the second-
order Raman scattering of the 0.65PMN–0.35PT sin-
gle crystal. These results provide useful information
for studying the relationship between the structural
symmetry of 0.65PMN–0.35PT at low temperature
and its vibrations.

2. Experimental details

The samples were transparent single crystals with
a composition of 0.65PMN–0.35PT, and they were
prepared at the Shanghai Institute of Ceramics at the
Chinese Academy of Sciences.[22] The sample used in
this experiment had a size of about 5 × 5 × 1 mm,
and it was cut from crystal grown using a modified
Bridgman technique. The samples were prepared in
such a way that the large faces were perpendicular to
the pseudocubic [100] direction with long edge orienta-
tions [100]/[010]. The samples were optically polished
and annealed at 550 K for half an hour in air, in order
to minimize residual stresses. Micro-Raman measure-
ments were performed using an HR800 Jobin Yvon
spectrometer equipped with an Olympus microscope
and a cooled charge-coupled device to detect the scat-
tered light. The spectra were excited with the 532 nm
line of a solid state laser, and the 633 nm line of a
He–Ne ion laser as an excitation source in order to
identify whether the signal originated from Raman or
from luminescence. The spectrometer slit was set to
give a spectral resolution always better than 1 cm−1.
An Olympus 50× objective with a focal distance of
20 mm and a numeric aperture of 0.35 was used to
focus the laser beam on the polished sample surface,
and the spot size was about 1.5 µm. The polariza-
tion direction of the incident light was parallel to the
y-direction (010). The spectra were recorded in the
parallel z(yy)z̄ (VV) and crossed z(yx)z̄ (VH) polar-
ization configurations, respectively, where x, y and z

are the cubic axes. The sample was placed inside a
cryostat cell and the temperature of the samples was
monitored between liquid nitrogen temperature and
640 K at ± 0.1 K using a Linkman THMS 600 hot-
stage.

3. Results and discussion

The polarized Raman spectra of 0.65PMN–
0.35PT single crystals in a frequency range of 50–
2000 cm−1 are presented in Fig. 1 in a temperature
range from 77 to 640 K using 532 nm laser radia-
tion, which are similar to the spectra obtained with
an He–Ne laser, except for some increase in the in-
tensities of the Raman bands. It is seen from Fig. 1
that the VV and VH polarized spectra at low temper-
ature are very similar and differ only in their intensi-
ties. Meanwhile, the Raman spectra in Fig. 1 are simi-
lar to those presented by different authors.[9,13,16,20,21]

They also consist of four broad bands around 780, 580,
260 and 60 cm−1, even at 77 K. These modes corre-
spond mainly to the Nb–O–Mg stretching mode, oxy-
gen bending vibration, B-site ion against O stretch-
ing vibration inside the octahedral, and Pb against
BO6 octahedral translation vibration, respectively.[23]

We can see that the peak intensities and the peak
positions of the Raman modes shown in Fig. 1 vary
with temperature. The sample cooled at 77 K has the
strongest Raman scattering intensity and the narrow-
est linewidth at the temperatures investigated.

The structural symmetries of bulk PMN–xPT
have been analysed by several authors based on the
results from X-ray diffraction, polarization microscopy
and dielectric measurements.[11−13,21,24,25] However,
PMN–xPT is a typical material in structural-phase
transition, and can exist in several polymorphs at
different temperatures. For example, the unit cell of
PMN–xPT with a rhombohedral symmetry C5

3v(R3m)
space group at low temperature can consist of one for-
mula unit (Z = 1) or two formula units (Z = 2) of
ABO3 due to the existence of a 1 : 1 order in the
B-sublattice. Additionally, the existence of mono-
clinic symmetry for PMN–xPT at low temperature
has also been reported.[11−13] According to group the-
ory, there are seven Raman active modes which can
be classified as 3A1 and 4E for C5

3v with Z = 1,
16 Raman active modes which can be classified as
7A1 and 9E for C5

3vwith Z = 2, and 12 Raman
active modes which can be classified as 8A1 and
4A2 for C1

s , respectively. The frequency, linewidth
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and intensity of each Raman active mode shown in
Fig. 1 are determined by Lorenzian curve fitting.

Fig. 1. Raman spectra of 0.65PMN–0.35PT single crys-

tals from 77 to 640 K in (a) VV and (b) VH polarization

geometry, respectively. The insets display the magnified

high-order Raman modes of 0.65PMN–0.35PT single crys-

tals at 77 K in both polarization geometries, respectively.

Figure 2 represents an example of fitting to the
Raman spectrum of 0.65PMN–0.35PT single crystals
at 77 K. The best fitting to the Raman spectrum
over the frequency range 50–900 cm−1 was achieved
by using 12 Lorenzians to convolute into the Raman
spectrum. Additionally, the corresponding extra Ra-
man modes over the range 900–2000 cm−1 are plotted
in the inset with the magnified intensity scale. All

17 Raman modes are denoted as F1–F7 (fundamen-
tal Raman mode), H1–H9 (high-order Raman mode)
and S (ferroelectric soft mode). Table 1 shows the
frequencies, linewidths and intensities of all 17 Ra-
man active modes at 77 K. Our fitting results in a
frequency range of 50–900 cm−1 are similar to previ-
ous results by different authors,[7−9,13] and an extra
five new weak modes over 900–2000 cm−1 are obvi-
ously observed, which has never been reported so far.
These new Raman modes are advantageous in study-
ing the structural properties of PMN–xPT and will be
discussed later.

Fig. 2. The deconvolution of unpolarized Raman spec-

trum measured at 77 K. F1–F7 denote the seven funda-

mental Raman modes, H1–H9 the nine high-order Raman

modes, and S the ferroelectric soft mode.

Regarding the nature of the Raman spectra
of PMN–xPT, different interpretations are found
in the published literature, and some of them are
contradictory.[7,8,10,13] Idink and White[7] and Svi-
telskiy et al.,[8] respectively, reported on the broad
Raman spectrum in the bulk PMN–xPT which con-
sists of nine and 11 Raman modes obtained by Loren-
zian curve fitting, and attributed them to the first-
order Raman scattering from the space group C5

3v

with Z = 1. However, the group theory analysis
applied in keeping with their crystal structure re-
finement does not give good agreement. Recently,
Slodczyk et al.[10,13] interpreted the correlation be-
tween 13 Raman modes observed in their Raman
spectra and the symmetry of the space group C5

3v

with Z = 2 of the PMN–xPT, in terms of the
charge balanced random layer model. In this case,
16 active Raman modes are allowed for the space
group C5

3v with Z = 2. They ascribed the 13 Ra-
man modes distributed in the range 50–900 cm−1

to be first-order Raman spectra because of the de-
crease in intensity with temperature, as well as the
lack of Raman bands above 900 cm−1. Then they
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Table 1. The frequencies, linewidths and intensities of the fundamental and higher order Raman modes obtained

by deconvoluting the Raman spectrum of 0.65PMN–0.35PT single crystals at 77 K.

Mode Frequency/cm−1 Linewidth/cm−1 Intensity Fundamental mode Higher order mode/cm−1 Error/cm−1

F1 52 17.1 M yes

F2 83 10.4 M yes

S 106 22.5 M

H1 142 39.7 M 52 + 83 +7

H2 238 53.3 M, SH 514 − 280 −4

F3 280 54.7 VS yes

H3 334 56.9 W, SH 280+52 −2

H4 434 51.6 M 514 − 83 −3

F4 514 73.4 VS yes

F5 597 74.3 VS yes

F6 754 85.8 VS yes

F7 807 61.6 VS yes

H5 1025 86.8 VW 514+514 +3

H6 1165 95.4 VW 597+597 +29

H7 1402 176.2 VW 807+597 +2

H8 1505 157.4 VW 754+754 +3

H9 1618 135.1 VW 807+807 −4

Notes: For the intensity, VS, M, W, and VW represent the intensities as being very strong, medium, weak, and very weak,

respectively; and SH represents the should peak.

ascribed 14 Raman modes distributed in the same fre-
quency range to be the first-order Raman modes of
the PMN–xPT with monoclinic symmetry because of
the coexistence of different phases. In fact, compar-
ison of the experimental results with theoretical pre-
dictions did not show a satisfactory agreement. In
an attempt to explain their results, Slodczyk et al.[10]

showed that the broadening of the Raman modes to-
gether with strong overlapping, which were caused by
not being fully ordered and homogeneous at the low
temperature, make it impossible to distinguish all of
them. Unlike the other reports, the Raman spectrum
in our sample consists of 12 modes over the range 50–
900 cm−1 and five weak modes above 900 cm−1. It is
thus believed that the argument above cannot explain
our experimental observation. It seems that the pos-
sibility of a second-order contribution is also involved.

A Raman or infrared spectrum of a crystal
(molecule) may contain numerous combination and
overtone bands arising from anharmonicity. The new
weak modes at 1025, 1165, 1402, 1505 and 1618 cm−1

are clearly observable in Fig. 2. They are broad with
a Lorentzian line shape and their linewidths are in
the region 80–180 cm−1. Meanwhile, their frequen-
cies are too high to be related to the first-order silent
modes. Consequently, they are likely to be second-
order active Raman modes. These bands have well
defined frequencies and widths, and are of the same or-
der of magnitude as the fundamental bands. In these

cases, predictions from selection rules based on the
factor group are generally sufficient.[26,27] High-order
Raman modes are usually very weak, e.g. the inten-
sity of second-order Raman modes is about one or
two orders of magnitude smaller than those of their
fundamental modes. Figure 2 gives the intensity ra-
tio I754/I1052 = 41. The higher order Raman modes
in the Raman spectrum at 77 K are listed in Table 1,
which are in good agreement with the results from the
quantum theory. The appearance of high-order modes
in a Raman spectrum of 0.65PMN–0.35PT brings new
possibilities for studying the structural symmetries of
PMN–xPT because the selection rules of high-order
modes are different from those of fundamental modes.

It can be seen from Fig. 1 that the mode inten-
sity and mode position of the Raman spectrum varies
with temperature. As the temperature increases, Ra-
man lines broaden and some merge with each other.
In the meantime, the relative intensities of Raman
modes also change. Two significant changes can be ob-
served as follows: firstly, the S mode around 106 cm−1

at 77 K, which appears only in VV polarization, de-
creases in intensity and shifts towards lower frequency
with a temperature increase and eventually merges
into a broad mode F2 around 83 cm−1 when the tem-
perature reaches 340 K. The mode F2 at 83 cm−1

is almost stationary, but the S mode at 106 cm−1

shifts to 83 cm−1 from 77 to 340 K, with a red-
shift as large as 23 cm−1. The S mode has been at-
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tributed as characteristic of the rhombohedral ferro-
electric phase in a 0.67PMN–0.33PT.[20,21] The dis-
appearance of the S mode at 340 K manifests the
appearance of a tetrahedral phase from a rhombohe-
dral ferroelectric phase in our sample. Secondly, it
can be seen from Fig. 1(b) that at 340 K the distinct
broad modes around 780 cm−1 and the mode around
580 cm−1 decrease gradually with a temperature in-
crease, while the modes around 200–400 cm−1 turn to
intense gradually, compared with those of the spectra
at T < 340 K. The Raman modes around 580 cm−1

disappear completely at 400 K, while those around
600–900 cm−1 can barely be observed at 440 K. In
order to illustrate the evolution of the Raman selec-
tion rules (RSRs) as a function of temperature, we
report on the evolution of the intensity ratio VH/VV
(IVH

780/IVV
780 ) against temperature for the Raman mode

around 780 cm−1 in Fig. 3. The ratio remains con-
stant and equals unity when the temperature is below
340 K, and its value decreases abruptly on heating
above this temperature. It is known that the bands
around 780 and 550 cm−1 correspond to the Nb–
O–Mg stretching mode and the Nb–O–Nb stretching
mode, respectively.[23] It can be seen from Fig. 1(b)
that the Raman spectrum starts to change due to
the variation in the Nb–O bond as the temperature
is above 340 K. This means that the Nb–O octahe-
dral shows obvious distortion and even complete dis-
tortion. Actually, the variation of the intensity ratio
corresponds to an increase in the absolute intensity
of the mode in parallel polarizations and to a de-
crease in crossed polarization. This temperature of
340 K, which can be attributed to the appearance
of the phase transition from a rhombohedral ferro-
electric phase to a tetrahedral ferroelectric phase in
0.65PMN–0.35PT single crystals, coincides with the
temperature where the S mode merges into the broad
mode F2 around 83 cm−1 for that described above.
Figure 3 shows that the value of IVH

780/IVV
780 decreases

monotonically with temperature increasing from 350
to 440 K, and is close to zero when the tempera-
ture reaches 440 K. Meanwhile, the number of Raman
modes at high temperature are obviously less than
those at low temperature, as shown in Fig. 1. This
temperature of 440 K represents the phase transition
from tetragonal to cubic, which also means the change
between the ferroelectric and paraelectric phases. The
Curie temperature (TC) of the 0.65PMN–0.35PT sin-
gle crystal is 440 K, which is in good agreement with
the results from X-ray powder diffraction and micro-
Brillouin scattering.[25,28]

Fig. 3. The temperature dependence of the ratio between

integral intensities of the band at 780 cm−1 in VH and VV

polarization geometries.

4. Conclusion

Polarized micro-Raman scattering of a 0.65PMN–
0.35PT single crystal poled in the [001] direction is
performed in a frequency range of 50–2000 cm−1 at
temperatures ranging from 77 to 640 K. The best
fit to the Raman spectrum at 77 K was achieved
by using 17 Lorenzians to convolute into it, and is
proved to be a reasonable fit. According to the group
theory and the selection rules of overtone and com-
binational modes, besides seven Raman modes from
the first-order scattering, the remaining ones are at-
tributed to being from the second-order Raman scat-
tering of the 0.65PMN–0.35PT single crystal, which
shows that they are in satisfactory agreement with
theoretical predictions. These results show that the
0.65PMN–0.35PT single crystal poled in the [001] di-
rection at 77 K belongs to the rhombohedral symme-
try with the C5

3v(R3m) space group (Z = 1). The
results of the Raman spectra show that the sample in
our study undergoes the sequence of the phase tran-
sitions. The first phase transition, from the rhombo-
hedral (R3m) to tetragonal phase (P4mm), occurs at
TR−T = 340 K, which corresponds to the disappear-
ance of the soft mode S recorded in the parallel polar-
ization. The second one, the tetragonal-cubic phase
transition, appears at TT−C = 440 K, which is ver-
ified by the vanishing mode of 780 cm−1 in crossed
polarization and also marked by the variation of the
mode of 262 cm−1 in crossed polarization.
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