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Abstract

The optical properties of ferroelectric Pb(In1/2Nb1/2)O3–Pb(Mg1/3Nb2/3)O3–PbTiO3 (PIN–PMN–PT) single crystals around the
morphotropic phase boundary (MPB) have been investigated using ultraviolet–infrared transmittance spectra in the temperature range
of 8–300 K. Based on the temperature-dependent spectral measurement of the band gap, we propose a phenomenological model of band
structure vs. temperature to explain both the negative and positive band narrowing coefficient dEgd/dT in ferroelectric PIN–PMN–PT
crystals around the MPB where multiple phases coexist. The peculiar positive coefficient only exists in the fragile multiphase region
of the MPB, while the negative coefficient, caused by thermal expansion of the lattice and renormalization of the band structure by
electron–phonon interaction, exists in the rhombohedral or tetragonal single-phase region as well as in the stationary multiphase region
of the MPB. The origin of the positive coefficient is a long-range increasing fraction of coexistence from the monoclinic phase with small
band gap to rhombohedral phase with large band gap at elevated temperature. In agreement with optical transmittance results of PMN–
PT/PIN–PMN–PT, the model predicts that these unusual positive band narrowing coefficients may exist for all ferroelectrics around the
MPB where the coexistence of phases lacks thermodynamic stability.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Both negative and positive band gap narrowing trends
are found in Pb(In1/2Nb1/2)O3–Pb(Mg1/3Nb2/3)O3–PbTiO3

(PIN–PMN–PT) crystals around the morphotropic phase
boundary (MPB). The positive band gap narrowing trend
vs. temperature has attracted interest because most semi-
conductors show negative band gap narrowing trends.
The negative band gap narrowing trend is usually explained
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by two factors: thermal expansion of the lattice, and
renormalization of the band structure by electron–phonon
interaction; the origin of the positive trend is more compli-
cated [1]. Pb1�xSnxTe and Hd1�xCdxTe alloys are well-
known narrow band gap semiconductors which have both
negative and positive band gap narrowing trends depending
on the SnTe/CdTe composition [2–4]. These alloys are a
mixture of a semimetal (HgTe), which has a negative gap,
with a semiconductor (CdTe), which has a positive one.
The tin salt SnTe, which has a negative band narrowing
trend, is usually compared with the lead salt PbTe as an
example of the so-called band inversion. In PbTe, the sym-
metry of the top valence band is Lþ6 and that of the bottom
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conduction band is L�6 ; the ordering is reversed in SnTe. The
band structures of HgTe and CdTe have a similar inversion.
Obviously, the positive temperature shifts of ferroelectrics
are not due to the band inversion which causes the positive
temperature shifts in the narrow band gap semiconductors
Pb1�xSnxTe and Hd1�xCdxTe alloys.

On the other hand, relaxor ferroelectric crystals of
perovskite-type (Fig. 1) close to the MPB, which separates
regions of tetragonal symmetry from those of rhombohe-
dral symmetry by varying the composition, have been
widely studied because of their superior piezoelectric
properties [5,6]. The high piezoelectricity is related to the
polarization rotation mechanism, in contrast to the electro-
mechanical coupling through ionic displacements and the
associated lattice distortion along the polar direction in
conventional piezoelectric materials [7,8]. PIN–PMN–PT
single crystal, the MPB of which is located between PIN–
0.37PT and PMN–0.33PT, is of particular interest due to
its higher Curie temperature compared to PMN–PT [9–
11]. Detailed investigations of PT-based solid-solution
phase diagrams have revealed the presence of an ortho-
rhombic/monoclinic bridging phase in the MPB region,
where the crystal structure changes abruptly [12–14]. More-
over, the monoclinic symmetry can coexist with a second-
ary minority rhombohedral or tetragonal phase [15].
Orthorhombic/monoclinic or mixed phases for PIN–
PMN–PT crystals have been recently observed near the
MPB [16,17]. The perovskite ferroelectrics possess a local,
randomly oriented, nonreversible polarization below the
Burns temperature Td and exhibit deviations in the linear-
ity of their refractive index n(T) above Td [18].

The temperature dependence of the band gap energy
from interband transitions can provide important informa-
tion about electron–phonon interactions and absorption
characteristics [19,20]. Recently, we reported a negative
band narrowing trend for rhombohedral PMN–0.24PT
crystal and a positive trend for PMN–0.31PT crystal [21].
Motivated by the lack of studies on the temperature depen-
dence of interband electronic transitions for tetragonal and
MPB-related relaxor single-crystal ferroelectrics, we now
try to answer questions concerning details of the abnormal
temperature variation of the band structure. One can rea-
sonably expect that the optical response behaviors could
present some novel variations for relaxor ferroelectric crys-
Fig. 1. The structure of perovskite PIN–PMN–PT.
tals near the MPB, as compared to the ferroelectric and
electrical properties. In this paper, we systematically inves-
tigate the transmittance spectra from rhombohedral,
monoclinic and tetragonal PIN–PMN–PT crystals coexis-
ting near the MPB. A model of the band structure is pro-
posed to explain the composition dependence of the band
gap near the MPB and the change in sign of the tempera-
ture variation trends with increasing PT content in the
PMN–PT/PIN–PMN–PT system.

2. Experimental details

PIN–PMN–PT single crystals were grown using a verti-
cal Bridgman technique [22]. The samples were cut perpen-
dicular to the h001i direction to give samples about
0.31 mm thick. The nominal composition of the xPIN–
(1 � x � y)PMN–yPT crystals obtained were x � 0.27–
0.28 and y � 0.29–0.35. The PT content increases along
the growth direction due to the segregation of Ti, resulting
in a change in crystal structure and phase. The crystal struc-
ture of the PIN–PMN–PT crystals was analyzed by X-ray
diffraction (XRD) using Cu Ka radiation (D/MAX-2550
V, Rigaku Co.). The optical transmittance of the samples
was recorded by a double-beam ultraviolet–infrared spec-
trophotometer (PerkinElmer UV/VIS Lambda 950) at pho-
ton energies of 0.5–6.5 eV (2650–190 nm) with an interval of
2 nm. The samples were mounted on a cold stage of an
optical cryostat (Janis SHI-4-1) and the experimental
temperature was controlled between 300 and 8 K by a tem-
perature controller (Lakeshore 331).

3. Results and discussion

3.1. XRD analysis

It is clear from Fig. 2 that the XRD pattern changes
with PT content. The position of the observed diffraction
peaks increases with increasing PT content and the (200)
diffraction splits into two peaks, i.e. the (002) and
(200) profiles. As we know, the XRD profiles of the
Fig. 2. The XRD patterns of the four PIN–PMN–PT crystals at room
temperature.
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(200) diffraction show only a single peak (200) in the
rhombohedral phase due to this phase having the same lat-
tice parameters for all the planes of (200), while the (20 0)
diffraction peak is split in the tetragonal structure [6].
According to the reported phase diagram of PIN–PMN–
PT/PMN–PT solid solutions and the diffraction patterns,
the dominant phase of the PIN–PMN–0.35PT crystal is
tetragonal and other PIN–PMN–PT crystals are in the
MPB region [15–17]. Therefore, we divide the MPB region
into a PT-rich region for PIN–PMN–0.33PT crystal and a
PT-poor region for PIN–PMN–0.31PT and PIN–PMN–
0.29PT crystals, based on the different thermodynamic
stabilities of the phases, which will be discussed in the
following.

3.2. Transmittance spectra

Fig. 3 and its insets show that the transmittance spectra
of the PIN–PMN–PT crystals are nearly transparent from
the visible to the near-infrared region and decrease with
increasing photon energy, down to zero in the ultraviolet
region. The largest variation of transmittance spectra with
decreasing temperature is observed in the visible region,
which is close to the onset of the electronic density of states
(DOS) at the conduction band [23]. The conduction bands
are considered to be mainly from Nb 4d near the band gap
but come from Pb 6p above 5 eV based on a first-principles
study of PMN [23]. The electronic DOS at the conduction
band edge comes primarily from Nd d states in addition to
Pb p and Mg/In d states, which indicates that Nd d states
Fig. 3. Transmittance spectra of the PIN–PMN–0.29PT crystals at
temperatures of 8, 100, 150, 200, 250, 300, respectively. (Inset) Transmit-
tance spectra of the PIN–PMN–0.31PT, PIN–PMN–0.33PT and PIN–
PMN–0.35PT crystals at the temperatures of 8 and 300 K, respectively.
Horizontal direction is logarithmic coordinate for all four PIN–PMN–PT
spectra and vertical direction of each spectrum in the inset is also
logarithmic coordinate for clarity.
play a more important role than Mg/In d states in the con-
duction band. Noticeable Pb p character and Nb d charac-
ter are found at the bottom of the O p bands, while no Mg/
In d character is obvious in the valence bands. Although Pb
p–O p hybridization is not the strongest interaction for the
purpose of the O crystal field, Pb–O hybridization plays an
important role in the polar characteristics.

An intersection point is observed near the absorption
edge only for the PIN–PMN–0.35PT and PIN–PMN–
0.33PT crystals in log coordinates. Interestingly, the
absorption edges of the PIN–PMN–0.35PT and PIN–
PMN–0.33PT crystals show a blueshift trend with
decreasing temperature, while the trends of the other two
compositions are opposite. The band gaps of most perov-
skite ferroelectric materials, e.g. Bi3.25La0.75Ti3O12 and
BiFeO3, were reported to increase with decreasing tempera-
ture [19,20]. As we know, the strain effect originating from
thermal expansion affects the optical properties near the
absorption edge mainly due to its influence on orbital over-
lap. The normal temperature dependence of the band gap in
the PIN–PMN–0.35PT and PIN–PMN–0.33PT crystals
can be explained by electron–phonon interaction and ther-
mal expansion, the coefficients of which are about 3 � 10�6

K�1 near the MPB [24]. The rhombohedral PMN–0.2PT,
the rhombohedral/monoclinic PMN–0.3PT, and the tetrag-
onal PMN–0.35PT ceramics were reported to have the sim-
ilar positive thermal expansion coefficients, from
2 � 10�6 K�1 to 3.2 � 10�6 K�1 [24]. However, the temper-
ature dependence of interband electronic transitions in the
multiphase PIN–PMN–0.31PT and PIN–PMN–0.29PT
crystals are completely different from those of the PIN–
PMN–0.35PT and PIN–PMN–0.33PT crystals, which
indicates that other dominant factor must be considered
to elucidate the abnormal optical properties in the MPB
region.

3.3. A model of band structure to explain the positive and

negative band narrowing trends

It is known that the phase of PT-based solid solutions
varies with composition and temperature. A lower-symme-
try phase(s) (monoclinic/orthorhombic) exists/coexists
with either the rhombohedral phase or the tetragonal phase
in the MPB region [12–15]. Apart from the well-known
first-order tetragonal–cubic phase transition at high tem-
peratures, a second characteristic anomaly related to the
tetragonal/rhombohedral–monoclinic transition also exists
at low temperatures. The coexistence of the tetragonal and
monoclinic phases is observed below room temperature for
PMN–0.38PT and PIN–0.4PT crystals [25,26]. The coexis-
tence of multiphase stability changes with temperature. For
the PIN–PMN–0.31PT and PIN–PMN–0.29PT crystals,
rhombohedral domains coexist with monoclinic domains.
As the temperature increases from 8 to 300 K, the rhombo-
hedral domains increase rapidly at the expense of mono-
clinic domains. Similar hidden phase transformations
are also observed in the PMN–PT crystals below room



Fig. 5. Schematic representation of the valence and conduction bands at
temperature T and T + DT for PMN–0.31PT [21], PIN–PMN–0.31PT and
PIN–PMN–0.29PT crystals in the PT-poor region of the MPB where the
rhombohedral and monoclinic phases coexist unstably.
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temperature [27]. PIN–PMN–PT crystals are disordered
and nonhomogeneous materials, whose highest structural
disorder is found in the vicinity of the MPB. The phase
transitions are the effect of the correlated ion off-center dis-
placement. In the PT-rich region of the MPB, the coexis-
tence of the rhombohedral and monoclinic phases of the
PIN–PMN–0.33PT crystal is thermodynamically stable
while in the PT-poor region of the MPB, the rhombohedral
phase becomes metastable for the PIN–PMN–0.31PT and
PIN–PMN–0.29PT crystals due to the stress-relaxation
effect. The phenomenon that similar transformation stress
induces a metastable phase has recently been reported for
Pb(Zn1/3Nb2/3)3–PbTiO3 crystals in the PT-poor region of
the MPB [28].

3.3.1. Calculation for rhombohedral or tetragonal single-

phase region

The band gap energy Eg of most semiconductors and
PMN–PT/PIN–PMN–PT solid-solution systems with a
single phase (except the multiphase MPB region) decreases
with increasing temperature T, according to:

EgðT Þ > EgðT þ DT Þ; ð1Þ
where 8 K < T < T + DT < 300 K in the present experi-
ment. Fig. 4a shows that the Eg(T) of rhombohedral
PMN–0.24PT [21] and tetragonal PIN–PMN–0.35PT de-
crease with T. From Eq. (1) and Eg = Ec � Ed, where Ec

is the bottom of the conduction band and Ev is the top
of the valence band, we deduce:

EcðT Þ � EvðT Þ ¼ EgðT Þ > EgðT þ DT Þ
¼ EcðT þ DT Þ � EvðT þ DT Þ: ð2Þ

Obviously, Eg(T) is dependent on the difference between
Ec(T) and Ev(T) rather than the absolute location of Ec(T)
or Ev(T). Therefore, we indicate a lowering of the conduc-
tion-band states with increasing temperature while the
valence-band states of different phases and different temper-
(a)

(b)

Fig. 4. (a) Schematic representation of the valence and conduction bands
at temperature T and T + DT for rhombohedral PMN–0.24PT [21],
tetragonal PIN–PMN–0.35PT and (b) PIN–PMN–0.33PT crystals in the
PT-rich region of the MPB where the rhombohedral and monoclinic
phases coexist stably.
ature remain stationary to make the schematic representa-
tion in Figs. 4 and 5 simple. The band narrowing variation
DEg = Eg(T + DT) � Eg(T) is negative in the rhombohedral
or tetragonal phase regions.

3.3.2. Calculation for PT-rich region of the MPB: stationary

multiphase coexistence
The band gap energy Eg decreases with increasing PT

content x in PMN–xPT and PZN–xPT at room tempera-
ture [21,29,30], according to:

EgðxÞ > Egðxþ DxÞ; 0 6 x < xþ Dx 6 1 ð3Þ
From Eqs. (1) and (3), we conclude that Eg(x,T) is a func-

tion of the PT content x and temperature T. Furthermore, R
phase changes into R + M phases coexisting, and then into T
phase with increasing PT content x, where R, M and T are
the rhombohedral, monoclinic and tetragonal phases,
respectively. The expression below is deduced from Eq. (3):

EgR > EgM > EgT ; ð4Þ
where EgR,EgM and EgM are the band gap energy Eg for the
R, T and M phases, respectively. Therefore, Eg(r,T) is a
function of the R phase content r and temperature T in
the R + M phase region, where the relation between the
M phase content m and R phase content r is:

m ¼ 1� r; 0 < r < 1; 0 < m < 1: ð5Þ
The expression for Eg(r,T) in the stationary R + M

phase region is:

Egðr; T Þ ¼ Egðr ¼ constant; T Þ ¼ EgðT Þ
¼ krrEgRðT Þ þ kmmEgMðT Þ
¼ krrEgRðT Þ þ kmð1� rÞEgMðT Þ;

kr > 0; km > 0 ð6Þ

where kr and km are the respective contribution coefficients
of the R phase and M phase to the band gap energy Eg.
Obviously, kr = 1, r = 1 and Eg = EgR when the PMN–
PT/PIN–PMN–PT is in the rhombohedral phase region.
The contribution coefficient and band gap energy have a



(a) (b)

Fig. 6. (a) Schematic band structure of PMN-PT/PIN-PMN-PT. (b)
Raman spectra of PIN–PMN–0.35PT, PIN–PMN–0.33PT, PIN–PMN–
0.31PT and PIN–PMN–0.29PT crystals at room temperature.
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similar relation in the tetragonal phase region. With
increasing temperature, Eg(r,T) becomes Eg(r,T + DT),
having the following form:

Egðr; T þ DT Þ ¼ EgðT þ DT Þ
¼ krrEgRðT þ DT Þ þ kmð1� rÞEgMðT
þ DT Þ: ð7Þ

From Eq. (1), we deduce:

EgRðT Þ > EgRðT þ DT Þ; EgMðT Þ > EgMðT þ DT Þ: ð8Þ
Therefore, Eq. (6) > Eq. (7), and the band narrowing

variation DEg is negative in the stationary R + M phase
region.

3.3.3. Calculation for the PT-poor region of the MPB:

intense multiphase competition

In the region in which the R + M phases exist in compe-
tition, the R phase content r is a function of temperature T,
r(T), rather than a constant. Eq. (5) then changes into the
form:

mðT Þ ¼ 1� rðT Þ; 0 < rðT Þ < 1; 0 < mðT Þ < 1: ð9Þ
Eq. (6) in the present region is:

EgðrðT Þ; T Þ ¼ krrðT ÞEgRðT Þ þ kmmðT ÞEgMðT Þ
¼ krrðT ÞEgRðT Þ þ kmð1� rðT ÞÞEgMðT Þ; ð10Þ

where EgM(r(T),T) < Eg(r(T), T) < EgR(r(T),T). Eg(r(T),T)
is located in regions I–II, as shown in Fig. 5.

When T becomes T + DT, Eq. (10) changes into the
form:

EgðrðT þ DT Þ; T þ DT Þ
¼ krrðT þ DT ÞEgRðT þ DT Þ
þ kmð1� rðT þ DT ÞÞEgMðT þ DT Þ; ð11Þ

where EgM(r(T + DT), T + DT) < Eg(r(T + DT), T + DT) <
EgR(r(T + DT), T + DT). Eg(r(T + DT), T + DT) is located
in regions II–III, as shown in Fig. 5. Comparing the first
term in Eqs. (10) and (11),

rðT Þ < rðT þ DT Þ; EgRðT Þ > EgRðT þ DT Þ; ð12Þ

the numerical comparison between r(T)EgR(T) and
r(T + DT)EgR(T + DT) becomes complicated.

Differentiation is a method to compute the rate where a
dependent output Eg(r(T), T) changes with respect to the
change in the independent input T. Finding a derivative
of Eg(r(T), T), we obtain:

E0gðrðT Þ; T Þ ¼
@EgðrðT Þ; T Þ

@r
dr
dT
þ @EgðrðT Þ; T Þ

@T
: ð13Þ

The first term in Eq. (13) is the contribution of the
variation of R phase content r to the band gap energy
Eg; the second term is the thermal motion. The first term
in Eq. (13) is positive due to the R phase content r incre-
ment at elevated temperatures, while the second term is
negative according to Eq. (1). The temperature dependence
of the energy band gap in the PT-poor region of the MPB is
positive because the variation of R phase content r
@EgðrðT Þ;T Þ

@r
dr
dT

� �
is more sensitive than the thermal effect

@EgðrðT Þ;T Þ
@T

� �
. The situation is shown in Fig. 5. The band nar-

rowing variation DEg is positive in the region in which mul-
tiple phases are in competition.

3.4. Direct and indirect transitions

The electronic interband transitions of the PIN–
PMN–PT crystals include both direct and indirect pro-
cesses. Similar phenomena have been found in ferroelectric
PZN–PT, PMN–PT and Bi4Ti3O12 by both experiments
and calculations [21,30–32]. In the direct transition an elec-
tron jumps from the band at lower energy to the one above
it by absorbing a photon, while in the indirect transition
both photons and phonons are necessary to satisfy conser-
vation of energy and crystal momentum. Indirect transition
is a second-order process, which means that a photon must
be destroyed and a phonon must be either created or
destroyed. In contrast, direct transition is a first-order pro-
cess because no phonons are involved. In the direct transi-
tion, the absorption coefficient a as a function of photon
energy is expressed by the Tauc relation [33]: ahv /
(hv � Egd)1/2, where v is the frequency, h is Planck’s con-
stant and Egd is the allowed direct band gap. In the indirect
transition, the absorption coefficient is expressed as ahv /
(hv � Egi � Ep)2, where Egi is the indirect band gap and Ep

is the energy of the absorbed (+) or emitted (�) phonon.
The values of Egd, Eg1 = Egi + Ep and Eg2 = Egi � Ep can
be obtained by extrapolating the linear portion of the
respective curves to zero. The schematic band structure
of PMN-PT/PIN-PMN-PT is shown in Fig. 6a. The



Table 1
The parameter values of Eq. (14) and band narrowing coefficient dEgd/dT.

PT content Egd(T = 0 K) (eV) aB (meV) HB (K) dEgd/dT (300 K)
(�10 �4 eV/K)

0.29 3.12 �108 458 3.90
0.31 3.14 �68 448 2.54
0.33 3.25 134 468 �4.69
0.35 3.27 205 486 �6.79
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phonon energy calculated from the transmittance spectra is
0.1 eV (806 cm�1), which agrees with the 780 cm�1 mode
recorded by Raman spectroscopy in Fig. 6b. The
780 cm�1 phonon mode, corresponding to Nb–O–Mg/In
stretching vibrations in analogy with the Nb–O–Mg mode
in PMN, assists the transition. The phonon mode at
780 cm�1 is sensitive to the distortion of the BO6 octahe-
dra, exhibiting obvious temperature and polarization
dependence. The mode intensity attenuates in hxjzxjyi
(VH) geometry with increasing temperature, while it does
not show significant temperature variations in the parallel
hxjzzjyi (VV) geometry, demonstrating a A1g phonon mode
character [34,35]. Moreover, the lattice vibration is sensi-
tive to the PT content due to the change in crystal
symmetry.

The PIN–PMN–PT crystals have an absorption edge in
the ultraviolet spectral region, caused by the onset of opti-
cal transitions across the fundamental band gap. The val-
ues of the direct band gap Egd and indirect band gap Egi

are evaluated, and the temperature variations are shown
in Fig. 7a and b, respectively. The direct band gap of the
PIN–PMN–0.35PT and PIN–PMN–0.33PT crystals
decreases with increasing temperature due to the normal
thermal effect, while for the PIN–PMN–0.31PT and PIN–
PMN–0.29PT crystals the situation is reversed, which is
mainly due to B-site cation disorder and oxygen octahedral
tilts leading to instability of multiphase coexistence at low
temperature. The temperature dependence of the Egd is
given by [19,20]:

EgdðT Þ ¼ EgdðT ¼ 0 KÞ � 2aB=½expðHB=T Þ � 1� ð14Þ
(a) (b)

(c)

Fig. 7. Temperature dependence of (a) the direct band gaps and (b) the
indirect band gaps of the PIN–PMN–PT crystals. The fitting results using
Eq. (14) are plotted with a solid line. A representative error bar is shown.
(c) The direct and indirect band gap narrowing variation as a function of
PT content for the PMN–PT/PIN–PMN–PT crystals near the MPB. The
signals R, MPB (P), MPB (R) and T represent the rhombohedral phase
region, the PT-poor region in the morphotropic phase boundary, the PT-
rich region in the morphotropic phase boundary, and the tetragonal phase
region, respectively. Light gray rectangles are the regions of band gap
narrowing variation.
where aB is the coupling interaction strength, and HB is the
average phonon temperature. The fitted parameter values
and band narrowing coefficient dEgd/dT are summarized
in Table 1, and the fitting Egd curves are shown in
Fig. 7a by solid lines. The coupling interaction strength
aB and Egd increases with PT content x: aB(x) = (�1.79 ±
0.34)x + (5.71 ± 1.07) eV,Egd(T = 0 K)(x) = (2.77 ±
0.58)x + (2.31 ± 0.19) eV. However, the irregular varia-
tion of HB with PT content x makes the expression some-
what complex: HB(x) = 0.218 � 1.967x + 6x2 � 6.062x3

105 K, (0.29 6 x 6 0.33).
The direct and indirect band gap narrowing variation

DEg close to the MPB in the schematic phase diagram for
the present PIN–PMN–PT and the previous PMN–PT
crystals are shown in Fig. 7c. This phase diagram can be
roughly divided into four regions: a rhombohedral phase
(e.g. PMN–0.24PT crystal) [21]; a PT-poor region in the
MPB where multiphase competition occurs with increasing
temperature (e.g. PMN–0.31PT [21], PIN-PMN-0.29PT
and PIN–PMN–0.31PT crystals); a PT-rich region in the
MPB where a stationary multiphase exists (e.g. PIN–
PMN–0.33PT crystal); and a tetragonal phase (e.g. PIN–
PMN–0.35PT crystal). The positive D Eg is only found in
the PT-poor region of the MPB, while it becomes negative
in the rhombohedral, tetragonal and the PT-rich regions of
the MPB. The positive band gap narrowing variation in the
PT-poor region near the MPB is due to a long-range
increasing fraction of coexistence from the monoclinic to
rhombohedral transition with increasing temperature.

3.5. Origin of the phase transition

What is the origin of the hidden transition? It is the com-
petition between oxygen octahedra tilting and phonon
entropy that determines the MPB [36]. The Gibbs free
energy is defined as: G(P,T) = U + PV � TS, where U is
the internal energy, P is pressure, V is volume, T is the tem-
perature and S is the entropy. The entropy term TS prefers
the rhombohedral structure, dominating at elevated tem-
peratures, while the term PV favors oxygen octahedra tilt-
ing of the monoclinic phase, dominating at the lowest
temperature. The phonon contribution does not prefer
one phase to the other at the lowest temperature because
the low-frequency parts of the phonon DOS for the differ-
ent phases are similar [37,38]. Moreover, a crystal lattice
lies in its ground state, containing no phonon at absolute
zero temperature. Random lattice vibrations lead to energy
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fluctuations of the lattice at a non-zero temperature,
resulting a deviation of atoms or ions from equilibrium
sites and a perturbation of electron energy and transition.
The phonon contribution to the Helmholtz free energy,
which consists of contributions to the internal energy and
entropy, is smaller than the difference between the rhombo-
hedral and monoclinic phases at low temperature. The lat-
tice vibration is enhanced with increasing temperature,
reinforcing the electron–phonon interaction and resulting
in a thermally modified band structure. On the other hand,
the strain originating from thermal energy can induce anti-
ferrodistortive displacement, corresponding to the tilting of
the oxygen octahedra simultaneously with the ferroelectric
cation displacements [15]. The octahedra tilting is seen in
the case of the monoclinic phase because it gives rise to
changes in bond lengths and angles accompanied by an
efficient volume compression. Both mechanisms were
reported to coexist even above room temperature at high
pressures in ferroelectric perovskite lead zirconate titanate
[Pb(ZrxTi1�xO3)] in the vicinity of the MPB [36].

4. Summary

To summarize, we have investigated the temperature-
dependent transmittance spectra of ferroelectric PIN–
PMN–PT crystals around the MPB. The band narrowing
coefficients dEgd/dT for PIN–PMN–PT crystals in the
vicinity of the MPB are found to be different, depending
on the distinct crystal structures and phases. The coexis-
tence and competition of multiple phases of the PIN–
PMN–PT crystals, and how they affect the band gap
shrinkage with temperature, are discussed. The proposed
multiphase model of the band structure can explain the
positive and negative temperature coefficient of the band
gap around the MPB. The present model suggests that a
positive coefficient may exist when two criteria are met:
(i) the coexistence of two or more phases; and (ii) the mul-
tiphase structure is unstable with temperature.
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