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We report band to band transition behaviors of relaxor ferroelectric Pb(Mg1=3Nb2=3)O3-xPbTiO3

(PMN-xPT) single crystals derived from temperature-dependent spectral transmittance. A typical

bandgap formula with the temperature and composition (8K � Texp � 453K, 0:1 � x � 0:4) has
been presented. Moreover, the phase diagram of PMN-xPT crystals can be well proposed, which is

based on the bandgap variations and can be explained by electronic structure evolution. It reveals

an intrinsic relationship between fundamental bandgap and phase transition of PMN-xPT single

crystals, which pioneers an effective methodology to explore the phase transition of ferroelectric

oxides.VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816965]

Single crystals of Pb(Mg1=3Nb2=3)O3-PbTiO3 (PMN-

xPT) belong to the class of materials known as relaxor fer-

roelectrics, which have emerged as highly promising multi-

functional materials with a strong piezoelectric effect, a

high permittivity over a broad temperature range, and

unique dielectric response with strong frequency disper-

sion.1 It results in a revival of interest in these long-

standing fundamental scientific problems. For several deca-

des, these effects have been ascribed to the appearance of

polar nanoregions (PNRs), which form spherical or elliptic

clusters in a nonpolar matrix at Burns temperature (Tb).

The size can be increased due to interactions of the PNR on

cooling until the Vogel-Fulcher freezing temperature (Tf).
2

There is a great interest for these perovskite solid solutions,

especially for morphotropic phase boundary (MPB), in

which an intermediate phase or coexistence of multiple

phases can be found.3–6 Recently, intense experimental

efforts have been made in order to understand phase dia-

gram of PMN-xPT, e.g., synchroton x-ray powder diffrac-

tion,7 optical microscopy,8 powder neutron diffraction,9

and Raman spectroscopy.10 However, the phase transitions

in the MPB region for PMN-xPT system are still contradic-

tive owing to its multi-phase coexistence. Although the

above measurements can be accepted for the investigation

goal, other useful techniques are indeed desirable with the

aid of important properties, such as optical and magnetic

response.

As we know, the phase transition is intrinsically related

to the crystalline structure variation, which can result in dif-

ferent dielectric response behaviors. Moreover, the electronic

bands can be analyzed by assigning the photon-electronic

transitions. Therefore, one can expect that there will be a dis-

crepancy among the electronic transitions with different

phase structure. Unfortunately, there are few reports on the

electronic transitions of PMN-xPT single crystals, especially

in the MPB region. Although the phase transition is a func-

tion of temperature and composition, the effects on the elec-

tronic band structures have been scarcely reported up to date.

From the view of application, the bandgap energy directly

determines the maximum working temperature of materials.

Moreover, the knowledge of spectral transmittance proper-

ties is very desirable, not only for potential practical usage in

optoelectronic devices but also to answer basic questions on

the energy level of the crystals and physical mechanism of

relaxor ferroelectrics. In the MPB region, the interband and/

or intraband transitions can become more complex due to the

phase coexistence and structure transformation, which result

in complicated electronic band structures.

Following the above structural characterizations, we can

consider whether it is possible to distinguish the phase struc-

tures of PMN-xPT single crystals. At least, there are two dis-

tinct advantages: (1) explaining the phase transitions by

connecting with the electronic structures; (2) providing the

device design parameters with the aid of optical bandgap.

Actually, it has been recognized that phase transition can

induce variations of bandgap energy.11,12 The purpose of this

letter is to investigate the relationship between the bandgap

and phase transition of PMN-xPT single crystals. Here, a

program based on the differences of local regions from the

bandgap energy between phases is proposed, which agrees

well with the phase diagram proposed previously.7 Based on

the diagram, we can definitely conclude that the phase transi-

tions can be studied and assigned by temperature-dependent

photon-electronic transitions. Through the local features of

the observed experimental phenomena and the proposed

phase diagram, we connect the characteristics of each region

with the corresponding phase, and explore an intrinsic rela-

tionship between optical bandgap and phase transition of

PMN-xPT single crystals.

The PMN-xPT single crystals are prepared using a verti-

cal Bridgman technique with PT composition of x¼ 0.12,

0.24, 0.3, 0.36, 0.37, 0.38, and 0.39, respectively. The

samples are cut perpendicular to the h001i direction.13 The
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lattice structure of PMN-xPT crystals is analyzed by X-ray

diffraction (XRD) using Cu Ka radiation (D/MAX-2550V,

Rigaku Co.). The normal-incident transmittance spectra are

recorded by a double beam ultraviolet-infrared spectrometer

(PerkinElmer UV/VIS Lambda 950) at the photon energy of

2650-190 nm (0.5–6.5 eV) with the interval of 2 nm. The

samples are mounted on a cold stage of an optical cryostat

(Janis SHI-4-1) and a heating stage (Bruker A511) for low

temperature and high temperature experiments, respectively.

The temperature can be varied from 5.3 to 453K with a reso-

lution of about 0.5K. Note that no mathematical smoothing

has been performed for the experimental transmittance data.

For PMN-xPT single crystals, the spectral loss can be

resulted from two factors: the domain walls and the funda-

mental band absorption. These mechanisms become increas-

ingly important for photon energy near the bandgap. As an

example, Figs. 1(a) and 1(b) show the transmittance spectra

and XRD data for PMN-12PT crystal, respectively. The

absorption edge presents a typical red-shift trend with the

temperature, as can be observed from most of semiconduc-

tors and dielectrics. In addition, the transmittance in the

transparent region decreases at the elevated temperatures.

With increasing the temperature, the boundary of the domain

region barrier will be a breakthrough easily. The long-range

order of the crystal can also be transformed into a short-

range order formation. Correspondingly, the ordered

domains may be broken into some tiny ordered domains.14

With the formation of the new domain, more defects are gen-

erated inside the crystal. Thus, the introductions of the defect

and domain region will cause changes of the transmittance

spectra. On the other hand, the XRD patterns show only a

single peak in the rhombohedral phase while these are split

for the tetragonal structure.15 No shoulder is found for PMN-

0.12PT single crystal, which suggests that it is pure rhombo-

hedral phase at room temperature, as shown in Fig. 1(b).

From Fig. 2, however, it can be seen that peaks are split and

shift towards a higher diffraction angle with the PT composi-

tion. In the MPB region, the XRD peaks split obviously,

indicating that it is of tetragonal phase. There also may be

monoclinic phase (M) and/or orthorhombic phase (O). Note

that the M phase is a type of monoclinic phase with Pm

space group.7

Generally, one usually use (ahv)2 (a is absorption coef-

ficient) to determine the bandgap energy, which implies a

direct electronic transition.16–18 Fig. 1(c) shows the plot of

(ahv)2 vs. hv to derive the bandgap. By extrapolating the lin-

ear portion of the curve to zero, the bandgap energy can be

identified, which are shown in Fig. 3. The phenomenon can

be separated into four different regions. Figs. 3(a) and 3(b)

are low temperature and high temperature regions of three

lower PT compositions, respectively. It can be seen that the

bandgap decreases with increasing the temperature except

for PMN-0.30PT single crystal. The maximum point that the

temperature dependence of the bandgap exhibits for x¼ 0.3,

which can be due to the different variation trend below and

above 300K. The peculiar characteristic can be ascribed to

the monoclinic and rhombohedral multiphase coexistence in

the PMN-0.30PT crystal.19 Figs. 3(c) and 3(d) are low tem-

perature and high temperature regions of four higher PT

compositions, respectively. In the low temperature region

(blow 200K), the variation rate of bandgap energy for each

FIG. 1. (a) Temperature dependence of transmittance and (b) XRD patterns

for PMN-0.12PT crystal. (c) The function of (ahv)2 as photon energy for

PMN-0.12PT single crystal to determine the fundamental bandgap.

FIG. 2. Composition dependence of diffraction peaks (100), (200), and

(300) for PMN-xPT crystals. For comparison, the short dotted and dashed

horizontal lines show peak positions of PbTiO3 and Pb(Mg1=3Nb2=3)O3 crys-

tals, respectively.

FIG. 3. Bandgap energy of PMN-xPT (x¼ 0.12, 0.24, 0.30) at (a) low tem-

perature (Texp < 300K), (b) high temperature (Texp > 300 K), and bandgap

energy of PMN-xPT (x¼ 0.36, 0.37, 0.38, 0.39) at (c) low temperature

(Texp < 300 K), and (d) high temperature (Texp > 300 K). The bandgap

energy decreases as the composition increases in (a), (b), and (d). In con-

trast, the bandgap energy increases as the composition increases in (c).
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composition is kept as the similar value. The curves show a

characteristic of quasi-parallel in this region, which can be

due to the respective low electronic active and more stable

crystal structure. In the high temperature region (beyond

400K), the cures show a similar characteristic of quasi-

parallel. When the temperature approaches Curie tempera-

ture (Tc), the ferroelectric-paraelectric phase transition

occurs. All crystals belong to a cubic phase (C) structure,

which can lead to the stability of the electronic structure.

Between 200K and 400K, the variation rate of bandgap

energy in the MPB region is smaller than these in both of

rhombohedral phase (R) and tetragonal phase (T). This

may be the main cause of the crossover point as the

bandgap of T phase (0.38PT and 0.39PT), which is caught

up with a larger decreasing rate than that of Mc phase

(0.36PT and 0.37PT). The smaller variation rate of bandgap

is due to a multiphase mixing state in the MPB region. It

should be emphasized that lattice structure is unstable and

the crystal structure is prone to be distorted in the MPB

region.

To obtain an empirical formula for the bandgap energy

of the relaxor ferroelectric PMN-xPT single crystals on the

dependence of temperature and composition, the experiment

data are fitted to a standard analytic expression

Egðx; TexpÞ ¼ E0 þ E1ðxÞ þ E2ðTexpÞ þ E0ðx; TexpÞ
þ E00ðx; TexpÞ: (1)

Here, x represents composition (0:1 � x � 0:4) and Texp rep-
resents temperature (8K � Texp � 453K). E0 is the bandgap

energy of PbTiO3. E1(x) and E2 (Texp) are the main portion

of the formula. E0(x, Texp) is the first-order correction to the

formula while E00(x, Texp) is the second-order correction. The
parameter coefficient with the unit of eV can be obtained as

follows:

E0 ¼ 2:515;

E1ðxÞ ¼ 14:343x� 69:756x2 þ 95:816x3;

E2ðTexpÞ ¼ �1:317� 10�4Texp þ 4:245� 10�6T2
exp;

E0ðx; TexpÞ ¼ ð�0:001xþ 0:015x2 � 0:031x3ÞTexp;
E00ðx; TexpÞ ¼ ½ð�9:025� 10�5Þxþ ð4:073� 10�4Þx2

� ð5:41� 10�4Þx3�T2
exp: (2)

Note that E0 fits well with the bandgap energy of

PbTiO3 single crystal with the C phase, which was calculated

by local density approximation (LDA) and generalized gra-

dient approximation suggested by Perdew, Burke and

Ernzerhof (PBE) model.20–23 It is the bandgap energy at the

temperature of 766K, where PbTiO3 takes a ferroelectric-

paraelectric phase transition [4mm (C4v) to m3m (Oh)]. It

was reported that the PT composition fluctuation results in

polarization variation of PMN-xPT.24,25 With increasing PT

composition, the birefringent macrodomains will be

destroyed, which results in a long-range symmetry break-

ing.14 The changes of domain structure imply a variation in

the polarization characteristics. When the PT composition

falls in the MPB region, the ultrahigh piezoelectric response

is attributed to polarization rotation between the T and R

phases through intermediate or monoclinic symmetries. In

this region, the proportion of Nb atoms, Mg atoms, and Pb

atoms in the crystal lattice reaches a particular value, where

the degree of disorder of the lattice becomes maximal.

Therefore, some intermediate bandgap may appear which

indicates that there is a minimum value in the MPB region.

Temperature is another factor determining polarization

characteristics of PMN-xPT crystal. Some experimental

results show that the external electric field is applied on the

PMN-xPT crystal for polarization inversion24,26 and the vol-

ume of PNR in PMN-xPT changes with the temperature.27–29

When the temperature increases, inherent electric polariza-

tion intensity of PMN-xPT crystal can break the balance of

shield charge and release the excess shield charge. Bound

charges generated by the spontaneous polarization of the

crystal are neutralized with the free electrons of the crystal

outer surface in the air. The electric moment produced by

spontaneous polarization cannot be displayed. The positive

and negative charge centers of PMN-xPT crystal take a rela-

tive displacement and crystal spontaneous polarization value,

which decreases as the temperature increases. It can result in

different spectral response behavior.

Fig. 4 shows a three-dimension diagram with two differ-

ent main perspectives for comparison. All of the fitting lines

are well consist with the actual value except for the low-

temperature region from the PMN-0.30PT crystal. Moreover,

the simulated data match the results reported previously

FIG. 4. A three-dimension comparison chart of the fitting and experimental

data with main perspective of (a) PT and (b) temperature. The dots and solid

lines show the experimental data of the bandgap energy and the fitting val-

ues calculated by the formula, respectively.
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well, especially for single crystals.16 In order to present an

intuitive distinction of the regional characteristics for the

bandgap energies, a three-dimensional map is projected on a

plane, as shown in Fig. 5. Surprisingly, it can be found that

the picture of the color distribution in the plane is very simi-

lar to the bandgap diagram proposed.7 For details, Region C

is corresponding to the high temperature quasi-parallel

region in Fig. 3(b) and the C phase of the phase diagram.

Region R is corresponding to the low temperature and low

component region in Fig. 3(a) and the R phase of the phase

diagram. Region T is corresponding to the interlaced trend

region and the T phase of the phase diagram. Region Mc is

corresponding to the anomalous temperature phenomenon

region of the MPB region at low temperature. This region is

corresponding to the quasi-parallel region of the low temper-

ature in Fig. 3(c) and the M phase of the phase diagram.

Fig. 5 presents a phase diagram, which is based on the

bandgap derived from temperature-dependent transmittance.

Interestingly, it reveals an intrinsic relationship between op-

tical bandgap and phase transition. There are two types of

phase transition from the phase diagram. One is a T-C phase

transition and a R-C phase transition at high temperature.

Another is an R-M-T transition, which occurs at low temper-

ature. In general, the phase diagram presents a negative

bandgap narrowing trend with both the temperature and

composition. There are two explanations for the negative

bandgap narrowing trend with the temperature: thermal

expansion of the lattice, and renormalization of the band

structure by electron-phonon interaction.30 However, there

are two exceptions, where it shows a positive bandgap nar-

rowing trend. A positive bandgap narrowing trend with the

temperature appears near the PT composition of about 0.30.

Another positive bandgap narrowing trend with the composi-

tion appears near PMN-0.39PT crystal. It can be inferred

from the present results that the B-O hybridization of PMN

is weakly relative to PT as its bandgap energy is larger.31

For ABO3 perovskite structure, chemical disorder leads to

strong displacive disorder in the oxygen sublattice driven by

B-O hybridization. Consequently, it is commonly believed

that the BO6 octahedron building block determines the basic

energy level of PMN-xPT single crystals. The B-cation d
orbitals associated with its octahedron govern the lower

lying conduction bands (CBs) while the O-anion 2p orbitals

and its octahedron determine the upper valence bands (VBs).

Other ions in the structure contribute to the higher-lying con-

duction band, which have tiny effects on the fundamental

absorption edge.19 Therefore, the bandgap energy is reduced

when the B-O hybridization occurs. In most of the regions,

the phase diagram shows a negative bandgap narrowing

trend with the composition.

The abnormal temperature dependence of PMN-0.30PT

crystal has been recently reported.19,32 In this region, the tran-

sition phase just appears and there is an coexistence of the R

and Mc phases. The Mc phase can be considered as a transi-

tional phase near the MPB region. This area is often referred

to a PT-poor region. When the composition x is near 0.39, the
transition phase has not completely converted to the T phase

and there is a mixed state of the T and Mc phases. This area

is frequently referred to a PT-rich region. Relatively low ther-

mal stability of PMN-xPT crystal has been found in the PT-

poor region. This is caused by the stress-relaxation effect,

which has been observed for Pb(Zn1=3Nb2=3)O3-xPbTiO3

(PZN-xPT) crystals in the PT-poor region near the MPB

region.33 However, the PMN-xPT crystal has a relatively

good thermal stability in the PT-rich region. It can be seen

that the bandgap energy is lower in pure Mc phase region at

the same temperature, as compared to other phase region.

With increasing PT composition, the influence from the T

phase is enhanced. The positive bandgap narrowing trend in

the PT-rich region can be attributed to the rapid increment of

T domains at the expense of Mc domains, which may lead to

the improvement of the total bandgap.

Generally, ferroelectricity is caused by atomic off-

center displacements, which results from a delicate balance

between long-range Coulomb interaction and short-range

covalent interaction.23 The spontaneous polarization direc-

tion and potentials of each phase are closely related to the

structural symmetry. Therefore, phase transition of the ferro-

electric material is always accompanied by occurrence of the

polarization process. When the polarization reaches a thresh-

old, the rotation occurs. For example, external direct-current

electric field, pressure, thermal and PT composition will

result in changes of domain and dielectric permittivity.34

The transmittance spectra can be used suitably to observe the

variations in the structure of PMN-xPT internal polarization.

As we know, the photons and energy are exchanged with in-

ternal particles in the material studied during the light

absorbing. When the light frequency reaches the same order

of magnitude with the reciprocal of polarization time, the

light absorption can approach a high level. Thus, the trans-

mittance spectra show a corresponding response to the inter-

nal polarization of PMN-xPT induced by the PT composition

and temperature. When the polarization process occurs in

PMN-xPT single crystals, the phase transition process

accompanied with a gradient transition or a jumping transi-

tion of birefringence corresponds to the fact that optical

properties take a gradient transition or a jumping transition,

respectively.14,35 It is acceptable to investigate phases with

the polarization characteristics and the analysis of phases is

based on the empirical formula in the present work. The

FIG. 5. A phase diagram based on the bandgap energy variation with the

temperature and PT composition. The fitting values of Fig. 4 are projected

with a color bar, which shows the bandgap variation on temperature and

composition. The solid lines distinctly separate the different regions. Note

that there are significant differences for the fundamental absorption edge

among various phases.
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regional characteristic of bandgap energy is essentially a

way to distinguish different phases when the optical proper-

ties change after the charge polarization.

To summarize, temperature-dependent spectral transmit-

tance have been investigated for a series of PMN-xPT single

crystals (0:1 � x � 0:4). The interesting formula for

bandgap energy is presented and expresses the fundamental

absorption behavior well. The negative bandgap narrowing

trend with the temperature comes from thermal expansion of

the lattice and renormalization of the band structure by

electron-phonon interaction. However, the positive bandgap

narrowing trend comes from the stress-relaxation effect in

the PT-poor region and the relative decrement of the M

domains. Distinguishing phase is possible through the char-

acteristics of bandgap energy related to the electronic bands.

It can be confirmed that spectral transmittance/reflectance is

an effective tool to study ferroelectric material.
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