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High piezoelectric activity of ferroelectrics with morphotropic phase boundary (MPB) compositions

has been the focus of numerous recent investigations. The concept of a bridging low-symmetry

phase between competing phase structures of the MPB composition remains controversial due to the

compositional inhomogeneity near the MPB and the lack of appropriate experimental techniques

to delineate the complex crystal structures. We have studied a simple ferroelectric BaTiO3 by

employing a high resolution synchrotron-based technique, in which the formation of different

symmetry regions due to chemical inhomogeneity can be ruled out. We observed two types of

thermotropic phase boundaries, revealing the importance of interphase-strain in the formation of a

bridging phase between competing phases and the enhancement of functionality. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927550]

Perovskite ferroelectrics are a fascinating class of mate-

rials for their excellent piezoelectric properties, which have

been widely used in electromechanical devices (such as sen-

sors, medical transducers, underwater sonars, and memory

device), as well as for their rich physics underlying the high

functional properties involving phase transitions.1–5 For solid

solution ferroelectrics with compositions in the vicinity of

the morphotropic phase boundary (MPB), various functional-

ities, including piezoelectric activity, dielectric response, as

well as energy dissipation, are significantly enhanced.5–7 A

remarkable advance made in searching for high piezoelec-

tricity materials is the discovery of relaxor-PbTiO3 (PT)

single crystals with the MPB composition, such as Pb(Mn1/3

Nb2/3)O3-PT (PMN-PT) and PbZn1/3Nb2/3O3-PT (PZN-PT)

systems, in which piezoelectric coefficient d33 and electro-

mechanical coupling factor k33 can reach as high as 2500

pC/N and 0.9, respectively.6 At the MPB, phenomenological

calculations predicted that the free energy profile of system

is rather flat and an easy polarization rotation can be induced

through a subtle monoclinic distortion of the lattice structure,

which have also been experimentally demonstrated in

various perovskite systems, including Pb(Zr,Ti)O3 (PZT),

PMN-PT, and PZN-PT.8,9 A universal phase diagram for

high-piezoelectric perovskite systems had been proposed

based on the Landau theory,10 with emphasized the impor-

tance of high-order expansion terms in the Landau free

energy. Experiments demonstrated three types of monoclinic

phases, i.e., MA, MB, and MC phases that can bridge compet-

ing higher symmetry phases, i.e., co-existing of rhombohe-

dral (R), tetragonal (T), and/or orthorhombic (O) phases.

Those previous results suggested that a strong piezoelec-

tric effect is associated with an intermediate low-symmetry

phase, which promotes an intriguing question: what is the

physical role of the low-symmetry phase in the enhancement

of functional properties near a phase boundary?

It is well known that for complex systems, such as

relaxor-PbTiO3, chemical inhomogeneity and nano-polar

regions are inevitable, adding to the confusion between local

and average symmetries in structural investigations.11 Most

importantly, it is very difficult to conclusively identify low-

symmetry phases at the MPB because the resolution of avail-

able facilities is not high enough to fully resolve the subtle

difference in structures among all competing phases.12 On

the other hand, using a network of competing and coexisted

domains, local monoclinic phase, symmetry lowering, and

properties increasing phenomena have been observed by

synchrotron-based techniques in pure BaTiO3 at the O $ T

thermotropic phase boundary (TPB),13–15 which may be

used as a simplified model of phase boundary in the MPB

composition of solid solutions. In this study, synchrotron-

based x-ray techniques with ultrahigh d-spacing resolution,

together with Raman spectroscopy, were employed to accu-

rately resolve the two types of TPBs in BaTiO3.

In-situ synchrotron XRD experiments were performed at

the Argonne National Laboratory beam line 11-BM from

160 K to 320 K. The instrument resolution is Dd/d� 0.00017,

representing the state-of-the-art d-spacing resolution for

diffraction measurements.16 Temperature dependent Raman

spectroscopy measurements were performed using a

514.5 nm excitation laser source.

BaTiO3 undergoes a series of ferroelectric phase transi-

tions upon heating, from rhombohedral (R) to orthorhombic

(O), then from O to tetragonal (T), and finally from T to the

paraelectric cubic (C) phase.17–19 Considering that the signa-

ture of a TPB is a thermal stabilized structure balancing

between two or more competing phases,13,14 it is possible to

find TPBs around ferroelectric phase transition temperatures.

a)Authors to whom correspondence should be addressed. Electronic addresses:
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To investigate the O$ T phase transition sequence, high re-

solution XRD patterns were collected from 260 K to 320 K

and the diffraction profiles around pseudocubic {200}pc dif-

fraction peak were given in Fig. 1(a). At 280 K, multi-peak

characteristic was observed within the diffraction angle

range of 11.79�–11.84� (see the inset of Fig. 1(a)), indicating

that the obtained XRD pattern cannot be satisfied by the sin-

gle phase or mixed-phase models of the two competing

phases, namely, Amm2, P4mm, or Amm2þP4mm, because

the space group Amm2 only allows for one {200}pc peak and

there is no peak corresponding to the space group P4mm.

Therefore, there must be a low-symmetry phase contributing

to the {200}pc peak splitting, which can be further supported

by crystallographic refinement results, as shown in Fig. 1(b).

It was found that the Amm2 structure persisted up to 260 K,

above which monoclinic symmetry Pm began to emerge,

associated with mixed-phase models of PmþAmm2,

PmþAmm2þP4mm, and PmþP4mm at 270 K, 280 K, and

290 K, respectively, then followed by a Pm ! P4mm phase

transition above 320 K. This temperature-driven structural

evolution demonstrated a thermodynamically stabilized

structure among various competing phases over a broad tem-

perature range (�50 K), agreeing well with the results of

phase field modeling,14 and confirmed the existence of TPBs

with a bridging MC phase. Furthermore, based on the results

shown in Fig. 1(b), detailed structural parameters as a func-

tion of temperature were obtained and listed in Table I, with

emphasis on the mixed-phase and competing symmetry char-

acteristics compared to the previous neutron results that only

fitted to a single phase model.

To investigate another ferroelectric phase transition

R$O, XRD pattern from 180 K to 220 K was collected.

Selected profiles at 200 K are shown in Fig. 2(a), in which

one can see that peaks belong to both R and O were resolved

clearly, revealing a mixed-phase phenomenon. Based on the

refinement results as shown in Fig. 2(b), ferroelectric phase

transition sequence of R3m ! R3mþAmm2 ! Amm2 was

concluded and the temperature dependent lattice parameters

are listed in Table II. In contrast to the O $ T phase transi-

tion, there is no symmetry lowering intermediate phase

between the R and O phases when crossing the phase bound-

ary, which provides further support to the results of Raman

spectroscopy shown in Fig. 2(c), in which no new peaks

were observed.

Fig. 3(a) shows the {200}pc Bragg reflections of BaTiO3

measured every 3 K throughout the temperature range of

160 K–211 K for both heating and cooling processes. One

can see an obvious thermal hysteresis of �20 K by compar-

ing heating and cooling processes in the same temperature

range. Such a phenomenon means that R $ O phase

FIG. 1. Observation of TPB with a

bridging phase: (a) High resolution

synchrotron XRD profile for {200}pc

reflections of BaTiO3 from 260 K to

320 K. Inset: at 280 K, three resolved

peaks in the diffraction angle range of

11.79�–11.84� are highlighted by red

lines and (b) Rietveld refinements of

the XRD pattern measured at 270 K,

280 K, and 290 K using PmþAmm2,

P4mmþPmþAmm2, and P4mm
þPm models, respectively.

TABLE I. Structural parameters of BaTiO3 at the orthorhombic-tetragonal thermotropic phase boundary.

Orthorhombic (space group: Amm2) Monoclinic (space group: Pm) Tetragonal (space group: P4mm)

Temperature

(K) Lattice parameters (Å)

Phase

(%) Lattice parameters (Å)

Phase

(%) Lattice parameters (Å)

Phase

(%)

270a a¼ 3.9929; b¼ 5.6734; c¼ 5.6886 42.2 a¼ 4.0170; b¼ 3.9884; c¼ 4.0168; b¼ 90.125� 57.8 … …

270b a¼ 3.9874; b¼ 5.6751; c¼ 5.6901 100 … … … …

280a a¼ 4.0038; b¼ 5.6748; c¼ 5.6892 14.0 a¼ 4.0218; b¼ 3.9904; c¼ 4.0142; b¼ 90.121� 60.1 a¼ 3.9940; b¼ 4.0354 25.9

280b … … … … a¼ 3.9970; b¼ 4.0314 100

290a … … a¼ 4.0290; b¼ 3.9936; c¼ 4.0096; b¼ 90.117� 27.3 a¼ 3.9941; b¼ 4.0365 72.7

290b … … … … a¼ 3.9925; b¼ 4.0365 100

aThis work.
bData from Ref. 19.
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transition in BaTiO3 depends not only on temperature but

also on the preceding thermal history, which can be under-

stood from the fact that the initial developments of the O

phase on heating and the R phase on cooling are hindered by

the interphase-surface free energy and the strain to which the

growing nuclei are subject to. Therefore, an additional ther-

mal driving force is required to outweigh the surface, inter-

face, and strain effects. In addition, it is well known that

phonons are very sensitive to defects and interface/surface

conditions.20 Therefore, thermal barriers induced by the rich

R/O interphase boundaries and/or particle surfaces could

lead a difference in transition temperature among various

parts of the whole system and also play an important role in

thermal hysteresis. As shown in Figs. 3(a) and 3(b), although

there is no symmetry lowering, the R3mþAmm2 mixed-

phase structure can be thermodynamically stabilized over a

relative broad temperature range of �20 K, demonstrating

another type of TPBs without a bridging phase.

Ferroelectric phase transitions are believed to occur at

an extremely short time-scale of 10�12–10�6 s,21,22 much

faster than the heating or cooling speed in the present study,

which is �2 �C/min, indicating a time-independent behav-

ior. However, a significant difference was found in meas-

ured {200}pc Bragg reflections between heating (II) and

heating (III) (waiting for half hour after heating (II)) proc-

esses completed, as shown in Fig. 3(b), showing a time

dependent characteristic. Such an anomaly can be explained

by the theory of phase transition kinetics, in which the rate

of nucleation for the new phase, r, can be described as

follows:

r / exp � DF

kBT

� �
; (1)

where DF is the energy barrier for the phase transition; and

kB and T denote the Boltzmann constant and temperature,

respectively. Thus, the rate of nucleation will be delayed by

increased energy barrier from additional interphase/surface

energy and local strain fields, which has been observed in

La-PZT systems.22 Note that for heating (III) process, each

Bragg reflection was collected half hour (�1800 s) after

completing the respective test assigned to heating (II). Thus,

as shown in Fig. 3(b), the slowing down in phase transition

to 103 s time scale provides an opportunity to investigate the

details on the kinetics and time-dependent properties in

BaTiO3-based ferroelectrics. Based on the XRD refinement

results, the O phase fractions for the four thermal processes,

including heating, cooling, heating (II), and heating (III), are

summarized in Fig. 3(c) with emphasis on the effects of ther-

mal hysteresis and kinetic characteristics.

To explore the origin of the MC symmetry occurred at

O-T TPBs and the absence of such a bridging phase at R-O

FIG. 2. Observation of TPB without a

bridging phase: (a) High resolution

synchrotron XRD profile for {200}pc

reflections of BaTiO3 from 180 K to

220 K; (b) Rietveld refinements of the

XRD pattern measured at 180 K,

200 K, and 220 K using R3m,

R3mþAmm2, and Amm2 models,

respectively; and (c) temperature-

dependent Raman spectra from 164 K

to 220 K. All vibration modes are well

resolved and consistent with the results

reported in Ref. 20.

TABLE II. Structural parameters of BaTiO3 at the rhombohedral-orthorhombic thermotropic phase boundary.

Rhombohedral (space group: R3m) Orthorhombic (space group: Amm2)

Temperature (K) Lattice parameters (Å) Phase (%) Lattice parameters (Å) Phase (%)

180a a¼ 4.0062; a¼ 89.876� 100 … …

180b a¼ 4.0043; a¼ 89.855� 100 … …

190b … … a¼ 3.9828; b¼ 5.6745; c¼ 5.6916 100

200a a¼ 4.0082; a¼ 89.907� 50.6 a¼ 3.9830; b¼ 5.6750; c¼ 5.6909 49.4

210b … … a¼ 3.9806; b¼ 5.6710; c¼ 5.6904 100

220a … … a¼ 3.9838; b¼ 5.6727; c¼ 5.6905 100

aThis work.
bData from Ref. 19.
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TPBs, the Gibbs free energy changes for R! O and O! T

phase transitions can be expressed as follows:

DGR!O ¼ DUR!O � TR!ODSR!O; (2)

and

DGO!T ¼ DUO!T � TO!TDSO!T: (3)

Here, DU and DS denote the internal energy and entropy

changes, respectively. Then, based on thermodynamic pa-

rameters (for R ! O: DU¼ 196.74 J/mol, DS¼ 0.266 J/

mol�K, and TR!O¼ 200 K; for O ! T: DU¼ 422.41 J/mol,

DS¼ 0.378 J/mol�K, and TO!T¼ 280 K),1,23 changes of the

Gibbs free energy for both ferroelectric phase transitions

were calculated. It was found that DGR!O (�249.91 J/mol)

is much less than DGO!T (�528.25 J/mol), indicating an

easier phase transition process at a small energy cost for the

R ! O phase transition, while for O ! T transition, the

potential barrier between the two competing phases is rela-

tively high, thus a bridging phase is thermodynamically nec-

essary to flatten the energy profile.

The appearance of low symmetry bridging phase is also

strongly associated with strain accommodation between the

two competing phases.24 Fig. 4(a) shows the unit cells of

BaTiO3 in tetragonal, orthorhombic, and rhombohedral

phases. One can see that if we treat every elementary cell as

a parallelepiped, there are two types of planes for tetragonal

(rectangle and square) and orthorhombic (rectangle and

rhombus) phases, but only one type of rhombus plane for the

rhombohedral phase. Thus, the coexistence of two phases

forms four types of O/T interface but only two R/O interfa-

ces, so that the corresponding lattice strain states can be

qualitatively obtained, as illustrated in Figs. 4(b) and 4(c).

Note that only the interface involving polarization rotation

could induce symmetry lowering bridging phases. For all

possible interfaces, only two types formed by rectangle and

rhombus lattice planes satisfy such requirements, as depicted

in Figs. 4(b4) and 4(c2). Considering the O/T interface

shown in Fig. 4(b4), due to the large spontaneous strain c/a
(�1.01) of the tetragonal phase, there must be an obvious

difference between shear stresses along adjacent sides of

rhombus lattice plane of orthorhombic cell, leading to

FIG. 3. Hysteresis and time dependent properties of R$ O TPB: (a) Collected {200}pc reflections between 160 K and 211 K during heating and cooling proc-

esses; (b) collected {200}pc reflections from 175 K to 215 K during heating (II) and heating (III) processes; and (c) temperature dependence of the O phase frac-

tions for four thermal processes.

FIG. 4. Schematic of the formation of

the bridging phase and its role in free

energy profiles of a ferroelectric solid

solution system: (a) Unit cells of

BaTiO3 in tetragonal, orthorhombic,

and rhombohedral phases. For tetrago-

nal and orthorhombic phases, two dis-

tinct crystallographic planes in a

parallelepiped elementary cell are dif-

ferentiated by light and dark colors.

The directions of spontaneous strain

for all three ferroelectric phases are

denoted by respective arrows; (b) and

(c) all possible O/T and R/O interfaces;

and (d) difference in free energy pro-

file with and without the bridging

phase. Please note that in (b) and (c),

T1 and T2 denote the stresses applied

on the elementary cells, while the

rhombohedral, orthorhombic, and tet-

ragonal phases are indicated by “R,”

“O,” and “T,” respectively, and high-

lighted by red, green, and blue.
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inhomogeneous transformations and an obvious difference in

local stains for the two types of cells, giving rise to the low-

symmetry distortion and a bridging phase at O $ T inter-

phase boundaries. On the other hand, the spontaneous strain

in the rectangle lattice plane of the orthorhombic unit cell is

very small (�1.003), which means that the shear stresses

along adjacent sides of a rhombohedral unit cell are almost

the same so that nearly synchronous transformations occur,

as shown in Fig. 4(c2). Thus, the spontaneous polarization in

the phase transition can occur along a discontinuous path

through a “jump” between potential wells. For this case,

bridging phases are not necessary for the R $ O phase

transition.

Based on the results of BaTiO3, the dielectric response

and piezoelectric activity were significantly improved as the

system approaching both O$ T and R$ O TPBs, no matter

if there is a bridging monoclinic phase, such as in the O$T

transition, or without a bridging phase, like the R$O transi-

tion. In other words, an individual low-symmetry phase is not

necessary for the enhanced properties. Moreover, ultrahigh

piezoelectric activity (�2300 pC/N) was observed in PMN-

0.31PT single crystals with R/M MPB composition, while

much lower value of 1200 pC/N was found in PMN-0.34PT

crystals with individual monoclinic structure.25

On the other hand, when the potential barrier between

two competing phases is high, bridging phase may be gener-

ated to form complex phase boundaries. As illustrated in Fig.

4(d), these phase boundaries are strongly associated with the

flattened energy profile by the introduction of a shallow

potential well due to the addition of a bridging phase, thus

enhanced properties are found in the vicinity with structur-

ally less-stable characteristics.

In summary, by employing ultrahigh d-spacing resolu-

tion synchrotron-based technique, two types of TPBs in clas-

sic ferroelectrics BaTiO3 were experimentally demonstrated

to have a general characteristic of the coexistence of compet-

ing phases over a broad temperature range. Our observations

of the presence of a monoclinic phase at the O $ T transi-

tion and the absence of such a monoclinic phase at the

R$O phase strongly support the notion that structural

uncertainty between competing phases is the key factor for

the functional property enhancement behavior of ferroelec-

trics, while the presence of a bridging phase is not necessary.

Generally speaking, in the vicinity of structural transitions,

spontaneous polarizations and unit cell structures are less

stable so that they can be easily altered by applying external

fields, which cause the enhancement of various functional

properties. This fundamental insight gained from our study

suggested that realizing a thermodynamically strong compet-

ing pair phases at the micro scale is critical to create

enhanced functional properties in ferroic systems.
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