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Abstract: To discover intrinsic relationship between optical bandgap
and structural transformations in relaxor ferroelectric single crystals,
electronic band structures and dielectric functions of xPb(In1/2Nb1/2)O3-
(1 − x − y)Pb(Mg1/3Nb2/3)O3-yPbTiO3 single crystals (x∼0.27-0.28,
y∼0.29-0.35) around morphotropic phase boundary have been investigated
by variable-temperature (200-750 K) spectroscopic ellipsometry. It was
found that the discontinuous evolution from the second derivative of
dielectric functions corresponds to structural transformation patterns. Using
the SCP (standard critical point) model, four typical interband transitions
(Ea∼2.8 eV, Eb∼3.6 eV, Ec∼4.6 eV, and Ed∼5.4 eV) can be uniquely
assigned. These interband transitions are mainly attributed to the contribu-
tions from B-O bonds and multiphase coexistence. Furthermore, a modified
phase diagram based on interband transition variations with the temperature
and PT composition for PIMN-PT crystals was provided. In order to
verify the accuracy of phase transition temperature, temperature-dependent
low-wavenumber Raman scattering was used as a support. The present
results provide important supports for the theoretical model, which establish
a quantitative relationship between the electronic transition and structural
transformation for ferroelectric oxides.
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1. Introduction

Relaxor ferroelectrics have been a focus of intense attention in recent years. They can be ap-
plied in tunable capacitors, actuators, and electro-optic devices [1–7]. As a fresh member in
ferroelectric family, the complex ferroelectric material Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-
PbTiO3 (PIMN-PT) single crystal attracts more and more attention because it has a higher
dielectric permittivity than that of conventional Pb(Zr1−xTix)O3 (PZT) [8] and expands more
temperature application range than that of Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) [9]. This
crystal occupies a variety of structures with different compositions and temperatures, especially
in morphotropic phase boundary (MPB) region, where an intermediate phase or coexistence of
multiple phases was found [10]. This material belongs to the class of crystal structures known
as perovskites with formula ABO3. The A cation occupies the space between the octahedra
while the B cation is at the center of the octahedra [11]. The bandgap variations for ferroelec-
tric and dielectric systems are usually explained by the following factors: (i) thermal expansion
of lattice, (ii) renormalization of the band structure by electron-phonon interaction, and (iii)
phase transitions. To date, extensive experimental studies have supported the notion that the
former two factors contribute more, especially in semiconductors [12,13]. However, there may
be different physical mechanisms in relaxor ferroelectrics due to the known phase/structure
transitions. Interestingly, we proved that phase transition is always accompanied by significant
changes of optical properties for relaxor ferroelectrics [14, 15]. It suggests that there are some
physical signals on phase structure from typical spectral analysis. Although the above concept
has been widely accepted, the critical issue is to answer the following problems: (i) Is there an
intrinsic relationship between electronic structures and different phases? (ii) Is it possible for
us to judge phase transitions by solid state spectroscopy?

Complex dielectric function (ε=ε1+iε2) is directly related to electronic band structure of
materials, which are crucial for the design and optimization of optoelectronic devices [16]. Es-
pecially, the imaginary part (ε2) can reflect the electronic transition information of materials.
Compared with other methods, such as nuclear magnetic resonance (NMR), nuclear quadrupole
resonance (NQR), bete-detected NMR, and second harmonic generation (SHG), spectroscopic
ellipsometry (SE), which is sensitive to single crystals and surfaces, is not only a nondestruc-
tive but also a powerful technique to investigate optical properties [17, 18]. SE is regarded as
a highly appropriate method to determine dielectric functions of condensed matter materials
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Fig. 1. (a) The experimental data (dots) and calculated curves (lines) of Ψ and Δ at 200 K
and 400 K for PIMN-0.33PT single crystal. (b) The real part (ε1) and imaginary part (ε2)
of numerically inverted complex dielectric functions at 200 K and 400 K. (c) Imaginary
parts of dielectric functions for PIMN-PT crystals at the photon energy of 3 eV.

over a wide energy and temperature range. This technique has also been shown essential for
investigating optical properties and microstructures of ferroelectrics, which can bring more in-
formation on the electron structure of materials and help to better understand the features of
chemical bonding and structural transformations. On the other hand, the softening of trans-
verse optic (TO) phonon was predicted by combining the Lyddane-Sachs-Teller (LST) relation
with the Curie-Weiss law [19]. According to the prediction, the mode frequency of the TO
phonon related to a certain displacive transition becomes zero at the Curie temperature (Tc).
That means low-wavenumber Raman scattering (LWRS) technique, which is sensitive to the
soft optic phonon, is a good tool in understanding phase transition.

In this article, we have undertaken to develop a scheme with temperature and composition
dependence of dielectric functions and phonon Raman scattering of PIMN-PT single crystals
by SE and LWRS. We show that interband transitions exhibit anomalous temperature depen-
dence with pronounced changes in the vicinity of ferroelectric transition, which agrees well
with previous studies on the phase diagram and theoretical studies of PT based relaxor ferro-
electrics by electrical techniques [20–22]. Moreover, the interesting temperature dependence of
interband transitions is visible even from the second derivative of ε2. Correspondingly, a phase
diagram based on interband transition variations with the temperature and PT composition was
provided. Furthermore, LWRS technique was used as a support to verify the accuracy of phase
transition temperature.

2. Experimental details

The xPIN-(1-x-y)PMN-yPT single crystals were prepared using a vertical Bridgman tech-
nique [23]. The oxide powders with purities better than 99.99%, comprising PbO, In2O3, MgO,
Nb2O5, and TiO2, were used as starting reagents and mixed. The materials were presynthe-
sized using the two-step Columbite precursor route before being filled into platinum crucibles.
PIMN-PT crystals were used as crystal seeds with the diameter size smaller than or equal to
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Fig. 2. Temperature dependence of the second derivatives of ε2 for (a) PIMN-0.29PT, (b)
PIMN-0.31PT, (c) PIMN-0.33PT, and (d) PIMN-0.35PT crystals. Note that the solid lines
show some significant variation trends to guide the eyes.

the crystal boules. Then, the Pt crucibles were put into alumina crucibles with a supporting
setup. The crucible system was driven down through the heat zone at about 1400 ◦C at a speed
of 0.2-0.8 mm/h after socking for more than 10 h. The samples were all cut perpendicular to
the <001> direction. Therefore, the effect from the crystal orientation can be ignored. The
nominal compositions were x∼0.27-0.28 and y∼0.29-0.35. Detailed X-ray powder diffraction
(XRD) information about the specimen could refer to the previous work [15].

Temperature dependent SE experiments were carried out in the photon energy range of 2.5-
6 eV (200-500 nm) by a vertical variable-angle near-infrared-ultraviolet spectroscopic ellip-
someter (V-VASE by J. A. Woollam Co., Inc.). The data were recorded with the zone average
polarizer at an incident angle of 70◦ and the spectral resolution is set to 2 nm. For variable-
temperature measurements, the crystals were mounted into an Instec cell and the temperature
can be controlled from 200 to 750 K with the set-point stability of better than 1 K (Janis
ST-400). Note that the surface roughness is about 6 nm, which can be derived from atomic
force microscopy (AFM) experiment (Bruker Dimension Icon). Temperature dependent low-
wavenumber Raman scattering was carried out in the frequency range of 10-400 cm−1 by a
Jobin-Yvon LabRAM HR 800 UV spectrometer. A 633 nm line of a He-Ne laser was used
as the exciting source. For variable-temperature measurements, the crystals were mounted into
a Linkam THMSE 600 heating/cooling stage and the temperature can be controlled from 77
to 800 K with the set-point stability of better than 1 K. To get rid of the trivial temperature
dependence, all Raman spectra have been divided by the Bose-Einstein occupation number
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Fig. 3. Experimental (dots) and the best-fit (solid lines) second derivatives of ε at (a) 700
K (in C phase), (b) 400 K (in T phase), and (c) 200 K (in MPB region) for PIMN-0.33PT
crystal, respectively.

n(ω)+1=1/[1-exp(-h̄ω/kBT )] (h̄ and kB are Planck constant and Boltzmann constant, respec-
tively) [24].

3. Results and discussion

3.1. Ellipsometric spectra

The optical behaviors of all single crystals with different phases were investigated by spectro-
scopic ellipsometry based on the reflectance configuration. It is a sensitive and nondestructive
optical technique, which measures the relative changes in the amplitude and phase of particu-
lar directions’ polarized lights upon oblique reflection from the sample surface. As we know,
the complex dielectric functions are intrinsically associated with energy band structures and
electronic transitions. Moreover, some obvious variations of optical constants can be caused
by structural changes during phase transformations. In order to extract the optical bandgap,
dielectric functions, and thickness of surface roughness of the crystals, a three-layer model
(air/surface roughness/crystal) was applied in this study. The surface roughness layer was mod-
eled by Brüggeman effective medium approximation; the complex dielectric functions of all
crystals were estimated from parametric oscillators Psemi-M0 and Psemi-M3 [25]. The three-
layer model is in good agreement with Ψ and Δ, as revealed in Fig. 1(a). The fitted thickness
of the roughness layer is 8±3 nm. Given the accurate thickness of the roughness layer, numer-
ically inverted complex dielectric functions of all crystals at every temperature was calculated
from the original experimental data. Numerically inverted complex dielectric functions at 200
K and 400 K are shown in Fig. 1(b). The further studies are based on these numerically in-
verted complex dielectric functions. Figure 1(c) shows the imaginary parts of ε2 at 3 eV for
PIMN-PT single crystals from 200 to 750 K. Note that the temperature range contains all well-
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Fig. 4. Temperature dependence of the interband critical point energies for (a) PIMN-
0.29PT, (b) PIMN-0.31PT, (c) PIMN-0.33PT, and (d) PIMN-0.35PT crystals, respectively.
The dot lines are applied to guide the eyes and indicate anomaly behavior.

known phase transition temperatures of PIMN-PT crystals. It is evident that the intensity of
ε2 located around 3 eV increases with decreasing temperature. As we know, the B-site atom
arrangement can be related to the electronic band structure and the parameter ε2. Also, the
lattice expansion and the oxygen vacancies mostly affect the formation of band structures and
induce the decrement of ε2. The imaginary part ε2 keeps stable at both high and low tempera-
ture regions, while it shows a downward trend between 380 and 455 K. These characteristic
temperature points are consistent with TR−T =391 K [where a rhombohedral-tetragonal (R-T)
phase transition takes place] and Tc=465 K (Curie temperature) for PIMN-0.32PT crystal meas-
ured by dielectric spectroscopy [26]. The conversion process from near constant to increment
appears around 380 K and then returns to near constant around 455 K, which can be ascribed
to the enhanced correlations between polar nanoregions or associated with the occurrence of
polar-cluster coupling. Note that ε2 of PIMN-0.33PT, which characterizes the absorption, is the
largest among all compositions. These anomalies are probably due to disordered structure near
the MPB region, which can increase the optical absorption.

The second derivatives of ε2 for the PIMN-PT crystals at various temperatures are shown in
Fig. 2. Four interband transitions can be unambiguously observed and the CPs (critical points)
are labeled as Ea, Eb, Ec, and Ed in the order of increasing photon energy, respectively. The
transition Ea of PIMN-0.29PT, PIMN-0.31PT and PIMN-0.33PT crystals only appears in the
temperature region above 380 K, marked as an asterisk in Fig. 2(a-c). However, it always ap-
pears for PIMN-0.35PT crystal. With increasing temperature, three CPs show an obvious red
shift trend. Note that there is a relatively weak CP near 5.4 eV in the low temperature region
for PIMN-0.33PT. Surprisingly, the switching points of characteristic regions determined by
these CPs are consistent with phase transition temperature of PIMN-PT [5, 27]. It may provide
a direct evidence that the second derivative of ε2 can clearly distinguish the crystal structure.

3.2. High-energy critical points and structural transformations

To further analyze the fine band structures, the second derivative of dielectric functions
(d2ε/dE2) can be calculated. A line-shape analysis with SCP model was performed, which

#247110 Received 30 Jul 2015; revised 23 Sep 2015; accepted 1 Oct 2015; published 12 Oct 2015 
© 2015 OSA 1 Nov 2015 | Vol. 5, No. 11 | DOI:10.1364/OME.5.002478 | OPTICAL MATERIALS EXPRESS 2484 



Table 1. The SCP model parameters for PIMN-PT single crystals are extracted from
fitting the second derivatives of dielectric functions. Note that the label “-” means that
the corresponding transition does not exist at the temperature. Note that the CP Ed of
PIMN-0.33PT at 200 K is appended below the CP Ec of PIMN-0.33PT at 200 K. The
95% reliability of the fitting parameters is given in parentheses.

Ea Eb Ec

PTO Temp. A0 φ0 E0 Γ0 A1 φ1 E1 Γ1 A2 φ2 E2 Γ2

x (K) (eV) (deg.) (eV) (eV) (eV) (deg.) (eV) (eV) (eV) (deg.) (eV) (eV)

0.29 200 − − − − 1.24 38.7 3.7 0.31 8.38 39.9 4.6 0.87
(0.11) (2.4) (0.3) (0.03) (0.67) (2.8) (0.4) (0.08)

650 0.37 33.7 2.5 0.17 0.97 37.1 3.3 0.35 11.72 39.8 4.6 0.90
(0.02) (2.0) (0.2) (0.04) (0.08) (1.9) (0.3) (0.02) (0.91) (3.1) (0.3) (0.08)

0.31 200 − − − − 1.16 38.9 3.7 0.38 7.33 40.0 4.6 0.87
(0.09) (3.4) (0.2) (0.03) (0.68) (4.1) (0.3) (0.07)

650 0.91 35.8 2.4 0.57 0.93 37.2 3.3 0.37 11.22 39.7 4.5 0.95
(0.09) (3.0) (0.2) (0.04) (0.06) (3.5) (0.3) (0.03) (0.98) (3.5) (0.4) (0.08)

0.33 200 − − − − 1.09 39.4 3.7 0.37 4.43 40.7 4.6 0.83
(0.09) (3.3) (0.5) (0.02) (0.43) (4.0) (0.5) (0.07)

Ed : 0.48 40.8 5.4 0.53
(0.03) (3.9) (0.5) (0.05)

450 0.13 33.5 2.9 0.11 0.76 38.6 3.5 0.30 9.24 40.1 4.5 0.95
(0.09) (3.2) (0.3) (0.01) (0.06) (3.5) (0.3) (0.02) (0.87) (4.0) (0.4) (0.08)

650 0.26 42.4 2.9 0.43 0.60 37.6 3.3 0.35 10.26 39.8 4.5 0.97
(0.02) (3.6) (0.2) (0.04) (0.07) (3.6) (0.3) (0.02) (1.03) (3.1) (0.4) (0.08)

0.35 200 0.50 37.4 3.6 0.35 1.74 39.3 3.7 0.47 7.58 39.6 4.5 0.83
(0.06) (3.5) (0.4) (0.02) (0.15) (3.7) (0.3) (0.03) (0.72) (3.8) (0.5) (0.07)

650 0.16 42.9 2.6 0.14 0.94 38.2 3.4 0.43 11.27 39.5 4.4 0.95
(0.01) (4.2) (0.2) (0.01) (0.08) (3.9) (0.3) (0.04) (1.22) (3.6) (0.4) (0.09)

has been successfully applied in semiconductors and ferroelectric materials. Compared to other
dispersion models, the SCP model shows more advantages in connecting phase transitions and
optical bandgap. The SCP expression can be written as the following [18]:

d2ε
dE2 =

{
n(n−1)Ameiφm(E −Em + iΓm)

n−2 n �= 0,
Ameiφm(E −Em + iΓm)

−2 n = 0.
(1)

Here, Am, Em, Γm, and φm in order is the mth amplitude, threshold energy, broadening, and
excitonic phase angle, respectively. The exponent n has the value of −1

2 , 0, 1
2 , and −1, corre-

sponding to the one-dimensional (1D), 2D, 3D, and excitonic CPs, respectively. For our case
of bulk material, n= 1

2 . Figure 3 displays the experimental and best-fit second derivatives of
dielectric functions at 200 K, 400 K, and 700 K for PIN-PMN-0.33PT crystal, respectively.
Correspondingly, the fitting parameter values of SCP model are listed in Table I.

The temperature dependence of fitted CPs is displayed in Fig. 4. As compared to the data de-
rived from electrical experiments, four typical CPs present obvious characteristics for the crys-
tals with different phases. Note that all results have been recorded from single crystal, which
cannot be sensitive to the domain variations. That means the temperature changing and inter-
band transitions originate from band structure variations across different phases. Interestingly,
it was found that Ed is the characteristic CP for the MPB region because it disappears at the
corresponding temperature point. As the temperature increases, PIMN-0.33PT crystal near the
MPB region exhibits a monoclinic-tetragonal (Mc-T) phase transition [23]. The temperature, at
which Ed disappears while Ea appears, is taken as an assignment to determine TMc−T =380 K
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[where a Mc-T phase transition takes place]. The parameter Ea is the characteristic CP for the T
phase and C phase (cubic phase), which is sensitive to the T-C phase transition. When the T-C
phase transformation occurs, the transitions Eb and Ec exhibit significant changes, as shown in
Fig. 4. It is obvious that the slop of Ea in the T phase is larger than that in the C phase while
it remains nearly constant at the temperature when the T-C transition occurs. In addition, the
appearance of Ea implies a rhombohedral-tetragonal (R-T) transition. Note that the interband
energies in high temperature region consist well with the interband energies investigated by
temperature dependent transmittance and reflectance spectra [28].

When compared to other optical parameters, high-energy critical points can more convinc-
ingly identify phase transitions. As we know, low-energy electronic transitions and phonon vi-
brations are often used to determine structural transformations in materials. However, this kind
of changes is always very slight and unstable due to the common sense that particles within
material are always in a state of dynamic equilibrium and this type of experiments is often with
relatively lower repeatability. Furthermore, results are often obtained through indirect charac-
terization with these techniques. Figure 4 shows a clear corresponding relationship between
high-energy critical points and lattice structures. Phase transitions can be undoubtedly judged
with emergence or disappearance of typical CPs.

Fig. 5. (a) The assignments for critical point energies Ea, Eb and Ec of PIMNT single
crystals. (b) A diagram describes the degree of B-O hybridization in each phase region.
Note that the weaker hybridized B-O bond leads to higher-lying interband energy Ed .

3.3. Interband transitions and phase diagram

The parameters Ea and Eb are the lowest transitions among all CPs and their values are consis-
tent with the bandgap energy of PIMN-PT single crystals [29]. It was reported that the changes
in B-site have less influence on the bandgap structure when the A-site maintains a constant
atom. [20] Therefore, there are slight differences between the bandgap structure of PMN, PZT,
PT and PIMN-PT systems [4, 17, 20–22]. It is commonly believed that the BO6 octahedron
building block determines the basic energy level of PIMN-xPT single crystals. The B-cation d
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Fig. 6. A phase diagram is based on analysis of the interband critical point variation with
the temperature and PT composition. The solid lines indicate the phase transition boundary
derived from the present work while the dashed lines are taken from previous study [5].
Note that the shaded area indicates the MPB region determined from the present SE tech-
nique.

orbitals associated with its octahedron govern the lower lying conduction bands (CBs) while
the O-2p and its octahedron determine the upper valence bands (VBs). Other ions in the struc-
ture contribute to the higher-lying conduction band, which have tiny effects on the fundamental
absorption edge [14]. PbTiO3 is of three transitions (2.8 eV, 4 eV, and 5 eV), [17, 22] among
which the lower two transitions are from the O-2p to Ti-d. It is consistent with the transition
energy between the O-2p to Ti-d of PZT [21]. A higher transition is from the O-2p and Pb-s
to Pb-p. These transitions are corresponding to the assigned Ea, Eb and Ec. Moreover, it was
reported that energy of transitions from O-2p and Pb-s to Nb-d is closer to Ea and Eb while
transitions to Pb-p are similar to Ec for PMN system [4]. From the point of view on electronic
density of state, energy of Pb-p is 1 eV larger than that of Nb-d [4]. Therefore, it is reasonable
to conclude that Ea and Eb corresponds to transitions from O-2p and Pb-s to Ti-d and Nb-d,
respectively. On the other hand, for PT-containing ABO3 perovskite relaxor ferroelectrics, the
PT poor ends are always located in the R phase region, while the PT rich ends are located in the
T phase region. It can be determined that transition from O-2p to Ti-d has larger contribution to
Ea because there is no Ea transition in the R phase region. Similarly, transition from O-2p and
Pb-s to Nb-d has larger contribution to Eb. Figure 5(a) presents a schematic view of the origin
for the above interband transitions. The larger transition energy of Ed is probably due to the
weaken of Ti-O hybridization and Nb-O hybridization induced by coexistence of multiphase in
the MPB region, as shown in Fig. 5(b).

Lattice structure, electronic bandgap, and phase structure are ideally associated by optical
parameters in this work. It means that the microcosmic mechanism can be understand with
the macroscopical phenomena in an nondestructive way. For example, evolution of electronic
bandgap in PIMN-0.33PT can be detected with Fig. 4(c). Crystal is in C phase region above
455 K and transitions from O-2p+Pb-s to Ti-d, Nb-d, and Pb-p are permitted. With decreasing
temperature, bond length of lattice changes and this lead to a lower B-O hybridization. There-
fore, all electronic transitions take a positive trend and the crystal step into T phase region.
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Fig. 7. Temperature dependent Raman spectra of PIMN-0.33PT single crystal, with the
Lorentzian-shaped spectral deconvolution at 77 K.

With further decreasing temperature, bond angles of lattice begin to change and this lead to
the disappearance of Ea. Here, the crystal get into MPB region with coexistence of multiple
phases. Degree of hybridization in each phase of MPB is not unified. Some extreme high bond
angles produce extreme low B-O hybridization which can be characterized by Ed . That means
the appearance of Ed indicates the MPB region.

Figure 6 presents a schematic phase diagram for relaxor ferroelectric PIMN-PT crystals. The
round dots are derived from phase transition temperature in Fig. 4. With polynomial fitting,
the boundary lines between phases are plotted which are consistent well with previous study as
plotted with stars and rectangles [23]. As can be seen, the R phase locates in the region with low
PT composition while the T phase locates in the PT rich ends. Phase transition process is often
accompanied by an intermediate phase or mixed phases. Mc phase is the intermediate phase
between T and R phase, which can coexist with the R or T phase. The Mc phase was found
to be a slightly distorted orthorhombic phase and it is proper to consider the Mc phase as a
quasiorthorhombic phase [30]. The broadening of the phase transition may be due to structural
disorder and compositional fluctuation in the solid solution [31]. Transition energy between op-
tical bandgap in the R phase region is always higher than that in the T phase region and C phase
region for ABO3-type perovskite relaxor ferroelectrics [14,32]. This is consistent well with the
conclusions that a weaker B-O hybridization is easier to occur in the R phase. From Fig. 6,
the PIN composition can determine the position of MPB region and transition temperature of
PIMN-PT [5]. The MPB region is closer to PT rich ends with increasing the PIN composition.
Note that MPB is a multiphase region with a number of disorder and also an instability struc-
ture region. Instabilities of perovskites can often be understood in terms of ionic size effects,
especially in terms of tolerance factors [33]. Indium atom is a large size atom, as compared with
Ti atom and Nb atom and its injection can reduce structure stability of the material. This leads
to deviation of MPB region with the PIN composition. Therefore, the phase diagram offers a
direct observation on relationships between optical properties and phase transitions.
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Fig. 8. (a) Temperature dependent E(LO2)+E(TO3) mode for PIMN-0.33PT crystal. (b)
The intensity ratio between E(TO1) mode and E(LO2)+E(TO3) as a function of tempera-
ture for PIMN-0.33PT crystal. Note that all data are divided into different phase regions
with dot lines.

3.4. Low-wavenumber Raman modes

To confirm the results derived from the SE spectra, the temperature dependent Raman scattering
of PIMN-PT are investigated. For example, LWRS spectra of PIMN-0.33PT crystal at various
temperatures are shown in Fig. 7, as well as the Lorentzian-shaped deconvolution 77 K. Intense
measurements show that phonon softening and associated lattice dynamics in ABO3-type ferro-
electric perovskites vary obviously when structural transformations occur [34–38]. Therefore,
LWRS technique, which is sensitive to low-frequency excitations close to the intense Rayleigh
line, was used to verify phase transition temperatures in phase diagram. Five modes can be
unambiguously observed. They are labeled as E(TO1) (50 cm−1) mode, E(LO1) (100 cm−1)
mode, A1(TO1) (130 cm−1) mode, E(TO2) (200 cm−1) mode, and E(LO2)+E(TO3) (280 cm−1)
mode according to positions of these Raman peaks. In the high temperature region (above Tc),
PIMN-PT crystal is located in C phase region. Only E(TO1), E(LO1), and E(LO2)+E(TO3)
modes can be detected. With decreasing temperature, obvious weakening trends for E(TO1)
mode are observed. Meanwhile, the red shifts take place for E(LO2)+E(TO3) modes. However,
these modes present blue shifts at Tc (∼455 K). The variation indicates a cubic-tetragonal (C-
T) phase transition. The parameter Tc presents an increasing trend for PIMN-PT crystals with
increasing PT composition. The A1(TO1) and E(TO2) modes appear with a further cooling.
These modes are sensitive to lattice distortion and their appearances indicate the co-existence
of multi-phase [15].

Figure 8 presents direct relationships between structure transitions and phonon Raman
modes. The well-fitted E(LO2)+E(TO3) (275 cm−1) mode with the temperature is shown
in Fig. 8(a). This mode presents an overall negative trend in low temperature region and a
positive trend in high temperature region. Note that the minimum frequency value of this
mode consists well with Tc in phase diagram. Furthermore, obviously competitive relation-
ship can be found between intensity of E(TO1) mode and intensity of E(LO2)+E(TO3) mode
[IE(TO1)/IE(LO2)+E(TO3)], as presented in Fig. 7(b). The ratio is generally a positive trend and
three main regions can be discerned by the slopes. These interrupts of slope give evidence
for changes of structural variations [23]. Interestingly, we find that these temperatures consist
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well with both MPB-T phase transition temperature and T -C phase transition temperature for
PIMN-0.33PT crystal.

4. Conclusions

In summary, temperature and composition dependence of electronic transitions and phonon
Raman scattering of PIMN-PT single crystals have been investigated using spectroscopy ellip-
sometry and low-wavenumber Raman scattering. Compared to previous study, this research is
more systematic and more apparent changes can be observed in both origin data and fitted data.
We believe that such significant changes on spectra could be the general patterns and it is fea-
sible to identify the phase structure. A modified phase diagram for PIMN-PT crystals has been
provided. It plays an important role in understanding the relationships between optical bandgap
and phase structure.
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