
Correlation between non- 180 ° domain structures in ( 1 − x ) PbA 1 ∕ 3 Nb 2 ∕ 3 O 3 − x
PbTiO 3 single crystals ( A = Mg or Zn) under an applied [001] electric field
V. Yu. Topolov, Hu Cao, and D. Viehland 
 
Citation: Journal of Applied Physics 102, 024103 (2007); doi: 10.1063/1.2753585 
View online: http://dx.doi.org/10.1063/1.2753585 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/102/2?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Polarization rotation and field induced phase transition in PZN-4.5%PT single crystal 
J. Appl. Phys. 114, 084109 (2013); 10.1063/1.4819763 
 
Nanotwin domains in high-strain ferroelectric 89.5 % Pb ( Zn 1 / 3 Nb 2 / 3 ) O 3 – 10.5 % PbTiO 3 single crystal 
J. Appl. Phys. 108, 106102 (2010); 10.1063/1.3505638 
 
Correlation between number of ferroelectric variants and coercive field of lead ziconate titanate single crystals 
Appl. Phys. Lett. 91, 032902 (2007); 10.1063/1.2759274 
 
Temperature- and electric-field-dependent domain structures and phase transformations in (001)-cut tetragonal
Pb ( Mg 1 ∕ 3 Nb 2 ∕ 3 ) 1 − x Ti x O 3 ( x = 0.40 ) single crystal 
J. Appl. Phys. 97, 114112 (2005); 10.1063/1.1927288 
 
X-ray and neutron diffraction investigations of the structural phase transformation sequence under electric field in
0.7 Pb ( Mg 1 ∕ 3 Nb 2 ∕ 3 ) - 0.3 PbTiO 3 crystal 
J. Appl. Phys. 96, 1620 (2004); 10.1063/1.1766087 
 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

128.173.126.47 On: Thu, 07 May 2015 20:57:42

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1683370892/x01/AIP-PT/MIT_JAPArticleDL_042915/MIT_LL_1640x440_banner.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=V.+Yu.+Topolov&option1=author
http://scitation.aip.org/search?value1=Hu+Cao&option1=author
http://scitation.aip.org/search?value1=D.+Viehland&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.2753585
http://scitation.aip.org/content/aip/journal/jap/102/2?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/114/8/10.1063/1.4819763?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/108/10/10.1063/1.3505638?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/91/3/10.1063/1.2759274?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/11/10.1063/1.1927288?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/11/10.1063/1.1927288?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/96/3/10.1063/1.1766087?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/96/3/10.1063/1.1766087?ver=pdfcov
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This work is devoted to the study of heterophase states in �1−x�PbA1/3Nb2/3O3−xPbTiO3 or
PAN−xPT �A=Mg or Zn� single crystals under an electric field �E��001�. The possibility of
elastically matched phases in the transformational sequences of Pm3m→P4mm→Cm, Pm3m
→Cm, and P4mm→Cm are considered with regards to non-180° domains and changes in lattice
parameters. Systems of diagrams linking domain types with interfaces between coexisting
polydomain phases in PMN–0.28PT and PZN–0.045PT crystals are given. An important role of an
intermediate P4mm phase in achieving stress accommodation has been identified by analysis of
lattice parameters of PMN–0.28PT, and the elastic compatibility conditions between non-180°
domain structures in the P4mm and Cm phases have been determined for various heterophase states.
Two scenarios of changes in the lattice parameter aT in the P4mm phase of PMN–0.28PT have first
been discussed to reveal possibilities of stress accommodation in heterophase states. It has been
shown that the correlation between domain structures in different heterophase states of studied
crystals stems from coordinated unit-cell behavior under �E��001�. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2753585�

I. INTRODUCTION

Perovskite-type relaxor-ferroelectric single crystals of
�1−x�PbMg1/3Nb2/3O3−xPbTiO3 �PMN−xPT� and �1
−x�PbZn1/3Nb2/3O3−xPbTiO3 �PZN−xPT� are of interest
due to their excellent electromechanical properties. Near a
morphotropic phase boundary �MPB�, these single crystals
have high piezoelectric,1,2 dielectric,1,2 and electromechani-
cal coupling1 constants at room temperature and are known
to possess various polydomain3–5 and heterophase4,6–8 struc-
tures. The outstanding properties are related to intermediate
monoclinic phases:6–10 three monoclinic phases—MA, MB,
and MC �Ref. 11�—have been reported over various ranges
of x, temperature �T�, and electric field �E� that “bridge”
rhombohedral �R� R3m and tetragonal �T� P4mm ones.12

Following a recent report by Cao et al.,13 the x−T dia-
gram of PMN−xPT �0.20�x�0.40� for �E��001� has re-
gions of cubic or C �Pm3m�, distorted C, and three ferroelec-
tric phases—T �P4mm�, MA �Cm�, and MC �Pm�. The T
phase has been found to be intermediate13 between the C and
MA /MC ones in the field-cooled �FC� crystal sample. The
phase sequence of FC �001� PMN−xPT is C→MA for x
�0.25, C→T→MA for 0.25�x�0.30, C→T→MC for
0.30�x�0.35, and C→T for x�0.35: please note that the
stability of the intermediate T phase extends14 from x=0.30
in the zero-field-cooled �ZFC� state to x=0.25 in the FC
state. Subsequently, studies of different orientations revealed
a “fragile” phase stability that was different along different
crystallographic zones. For x=0.30, the following sequences

were observed on field cooling: C→T→MC→MA for
�E��001� �Ref. 15� and C→T→orthorhombic→MB for
�E��110� �Ref. 2� or �E��111� �Ref. 16�. The transformational
sequence of PZN−xPT is similar to that of PMN−xPT,2,13–17

except for one notable difference. This is at room tempera-
ture with increasing �E��001� that the T phase in PZN
−xPT can be induced from the MA one at lower PT contents
than that in PMN−xPT,18 that is for compositions of equal
distances from their corresponding MPBs.

It is known that both the phase stability and physical
properties of FC PMN−xPT single crystals are dramatically
different2,14,15,17 than those of the ZFC. The remarkable prop-
erties of the monoclinic phases observed in these single crys-
tals have been attributed to adaptive phases formed by nano-
sized domains of the T phase and treated in analogy to
adaptive martensite.19 General invariance conditions that
achieve stress accommodation by apparent changes in crystal
lattice parameters were shown to be fulfilled for PMN
−xPT and PZN−xPT compositions located near the MPB.
The self-adjusting lattice parameters of this adaptive phase
are the consequence of elastic compatibility of a coherent
mixture of these nanosized ferroelectric domains.19

In contrast, here, we consider how changes in the crystal
lattice parameters of coexisting ferroelectric phases can re-
sult in a metastable heterophase state. We do not consider the
case of conformal domain miniaturization, but rather that of
coexisting micron-sized domains of different point group
symmetries. Systems of diagrams linking domain types with
interfaces between coexisting phases are identified on the
basis of stress accommodation and the elastic compatibilitya�Electronic mail: topolov@phys.rsu.ru
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conditions. We then show a correlation between domain
�twin� structures and interfaces between the coexisting T and
MA phases in PMN–0.28PT and PZN–0.045PT crystals for
�E��001�.

II. ELASTICALLY MATCHED POLYDOMAIN PHASES
AND DOMAIN ORIENTATIONS THEREOF

Formation of domain �twin� structures in ferroelectric
and related single crystals has previously been described in
terms of thermodynamic20 and crystallographic21 theories. It
is known that a lowering of the energy of an internal me-
chanical stress field, associated with changes in lattice pa-
rameters and phase coexistence, can result in the formation
of equilibrium �structural or elastic� domain structures.20

Newly transformed polydomain phases can then coexist with
the parent phase, where their interfaces are planar and undis-
torted on average. As shown by Roytburd,20 the domains of
coexisting phases may act as elastic domains, vanishing their
excess elasitc energy. A crystallographic interpretation of
heterophase states that appear at martensite phase transitions
in the presence of elastic domains was previously
proposed.22,23 To name an example, a crystallographic de-
scription of two polydomain ferroelectric phases �in terms of
their distortions� has been put forward,24 where conditions
for complete stress relaxation along the interfaces were for-
mulated. In this case, Metrat’s concepts24 were modified and
subsequently applied25 to polydomain phases belonging to
different symmetry groups or regions with complicated do-
main �twin� structures.

In our present study, we assume that a mechanically free
crystal undergoes a first-order phase transition in certain tem-
perature T and electric field E ranges. The axes of the rect-
angular coordinate system �X1X2X3� are oriented parallel to
the crystallographic axes of the perovskite unit cell in the C
phase �i.e., �OX1��100�, �OX2��010�, and �OX3��001��. Pos-
sible orientations of non-180° elastic twin domains formed
under �E��001� are represented in Fig. 1 for �a� the tetragonal
T and �b� monoclinic MA phases. The lamellar domain struc-
tures previously reported5 in PMN−xPT and PZN−xPT
crystals are assumed to contain stress-free domain walls
oriented26 along the �110�-type planes �i.e., in the T phase� or
�100�-type planes �i.e., in the MA phase�. The distortion 3
�3 matrices of the polydomain T and MA phases—�NT�nT��
and �NMA�fMA , vMA��, respectively—can be written in terms
of the unit-cell distortions6 and volume fractions of indi-
vidual domain types �T phase� or twins �MA phase�. In the
distortion matrices nT denotes the volume fraction of the do-
mains with �PT, 1��001� in the T phase �Fig. 1�a�� and fMA

and vMA characterize the volume fractions of the domains in
the MA phase �Fig. 1�b��. The distortion matrix �NC� of the C
phase is the identity 3�3 matrix.

To obtain a more detailed analysis of the elastic match-
ing of the coexisting phases, the distortion matrices of the
phases need to be taken in pairs and simultaneously substi-
tuted into formulas to solve by an algorithm.6 In the general
case, interfaces between coexisting phases 1 �distortion ma-
trix �N�1��� and 2 �distortion matrix �N�2��� can be character-
ized as quadric surfaces: such surfaces are described by an

equation �a, b=1
3 Dabxaxb=0, when referenced to the coordi-

nate system �X1X2X3�. The coefficients Dab=� f=1
3 �Naf

�2�Nbf
�2�

−Naf
�1�Nbf

�1�� are written in terms of the elements of the �N�1��

and �N�2�� matrices, which depend on the volume fractions of
the different types of non-180° domains in phases 1 and 2,
respectively. The geometry of the interfaces between phases
1 and 2 then depends on the signs of invariant conditions,6,8

which can be given as

I = D11 + D22 + D33, D = det�Dab�,

and J = 	D11 D12

D21 D22
	 + 	D22 D23

D32 D33
	 + 	D33 D31

D13 D11
	 . �1�

From these matrices characterizing the aforementioned quad-
ric surfaces, we can identify three distinct real conical re-
gions: I, II, and III. These regions are described by the fol-
lowing pairs of inequalities: DI�0 and J�0 �region I�, DI
�0 and J�0 �region II�, and DI�0 and J�0 �region III�.
The orientation of the conical interfaces with respect to
the perovskite unit-cell axes depends on the balance of the
Dab coefficients. In one particular case,27 the cross section
of the interface by the �001� plane consisted of a pair of
intersecting lines x2�= ± fx1�, where f = �−�D11 cos2 �+D12

sin 2�+D22 sin2 �� / �D11 sin2 �−D12 sin 2�+D22 cos2 ���1/2,
where the OXj� axes are connected with the OXj ones �j=1
and 2� by a counter-clockwise rotation with respect to OX3,
and where the rotation angle is �=0.5 tan−1�2D12/ �D11

−D22��. It can also be seen that the cross-section character-
istics depend on Dkl with k, l=1 and 2 only. For comparison,
it should be mentioned that various conical surfaces pre-
dicted within the framework of the invariants �1� were first
visualized27 in PbZrO3 single crystals undergoing a first-

FIG. 1. Schematic illustration of non-180° domains in ferroelectric �a� te-
tragonal T and �b� monoclinic MA phases of PMN−xPT and PZN−xPT
single crystals for �E��001�. The domains in the T phase are characterized by
spontaneous polarization vectors �PT, 1��001� �volume fraction nT� and
�PT, 2��100� �volume fraction 1−nT�, as shown in �a�. The domains in the
MA phase are characterized by spontaneous polarization vectors
�PMa, 1��dd1� �volume fraction fMAvMA�, �PMa, 2��dd 1� �volume fraction
�1− fMA�vMA�, �PMa, 3��d d 1� �volume fraction �1− fMA��1−vMA��, and
�PMa,4 ��dd1� �volume fraction fMA�1−vMA��, as shown in �b�. The axes
OXj of the Cartesian coordinate system �X1X2X3� were fixed as follows:
�OX1��100�, �OX2��010�, and �OX3��001�.
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order C−R phase transition. Moreover, a mutual arrange-
ment of the aforementioned intersecting lines and an orien-
tation of an internal bisectrix therein were in agreement with
experimental crystallographic characteristics of the conical
interfaces for PbZrO3.27 A bending of these interfaces was
observed in these crystals, wherein conditions for complete
stress relaxation were unfavorable at the C−R phase transi-
tion due to equal diagonal distortions25,27 of the non-180°
domains in the R phase.

As follows from our results, the coefficients Dab from
Eqs. �1� are regarded as polynomials of nT, fMA, and vMA �up
to sixth order in these parameters�. This does not enable one
to obtain the invariants �1� in an explicit form even for a
concrete heterophase state consisting of two polydomain
phases with two domain types in each phase. Along with the
aforementioned regions I–III, there is also a fourth region
�IV�, however, it is related to an imaginary conical apex
described by the inequalities DI�0 and J�0. This geo-
metrical feature suggests that it becomes impossible to find
proper conditions for stress accommodation at quadric inter-
faces in heterophase single crystals; accordingly, other ways
for achieving stress accommodation are necessary, such as
forming zig-zag interfaces or transition regions close to the
interfaces.

The elastic matching in the heterophase structure that
gives zero net strain planes �ZNSPs�4,6,8,10 obeys the follow-
ing compatibility conditions:

DI = 0, J � 0. �2�

These compatibility conditions must hold true on each and
every boundary separating regions I and III. The conditions
�2� dictate the planar interfaces that are capable of providing
complete stress accommodation in the crystal, vanishing the
excess elastic energy due to the heterophase state. We next
solve these conditions �1� and �2� by an algorithm, summa-
rizing various interfaces and domain types in diagrams of
heterophase states under �E��001�. In this study, we did not
consider the additional effect of dislocations or of an imper-
fect matching of the phases along interfaces.

III. DIAGRAMS OF DOMAIN TYPES AND INTERFACES
IN HETEROPHASE SINGLE CRYSTALS

Recently, Wang28 carried out a systematic analysis of the
lattice parameters and their changes at the T−MC phase tran-
sition in PMN−xPT and PZN−xPT compositions near the
MPB. This approach was based on three intrinsic relation-
ships previously derived assuming an adaptive ferroelectric
phase transformation:19 there the lattice parameters of the
intermediate MC phase were related to those of the T and C
ones. Here, we now consider features of the elastic matching
of the coexisting phases �i.e., C−T, T−MA, and C−MA�, and
put forward a series of diagrams that summarize the possible
domain types and interfaces for different heterophase struc-
tures that can be stable under �E��001�. We calculated these
diagrams by �1� and �2�, using as input experimental lattice
parameter data for FC PMN−xPT �x=0.24 and 0.28� �Ref.
13� and for PZN–0.045 crystals18 undergoing an electric-
field induced T→MA phase transition at room temperature.

Due to a lack of experimental data on the monoclinic
angle �MA�T� or the shear angle �MA�T�=90°−�MA�T� as a
function of temperature in the MA phase of PMN−xPT,13 the
values of �MA were taken to be in a range of 0.04°−0.10°.
These values are consistent with those measured14,15 at fixed
temperature T and field E.

A. Polydomain/heterophase PMN−xPT „x=0.28, 0.27,
and 0.24…

Jumps in lattice parameters13 at the C−T phase transition
in PMN–0.28PT �TC
382 K, �E��001�, and E=0.5
kV/cm� promote the formation of ZNSPs along the inter-
faces between the two phases. As a consequence, the T phase
splits into 90° domains that are illustrated in Fig. 1�a�, with
optimal volume fractions nT

opt and 1−nT
opt, where nT

opt=0.545.
The nT

opt value is approximately equal to that recently
reported30 for related FC PMN−xPT �x=0.30 or 0.32� crys-
tals. Please note in the present case and this prior one that
nT

opt
1/2 and that the lattice parameters of the coexisting
C �aC� and T �aT and cT� phases obey the equality cT−aC


aC−aT. However, due to the fact that �E��001�, the value
of nT whose domains have its polarization oriented in the
direction of the applied field ��PT, 1�E, see Fig. 1�a�� is ex-
pected to be slightly greater than 1/2.

On field-cooling �E=0.5 kV/cm�, the T phase of �001�
PMN–0.28PT transforms to MA over a temperature transition
window of about 10 K. The temperature dependence of aT

and cT in this transition window of about 382−362 K was
continuous with that in the C phase. However, on cooling
�E=0.5 kV/cm� between 362 and 358 K, aT exhibited a
jump in value13 of �aT�358 K�−aT�362 K�� /aT�362 K�

0.06%, whereas cT�T� exhibited only a slight continuous
decrease. However, under a lower field of 0.25 kV/cm, FC
�001� PMN–0.28PT did not exhibit any anomaly in aT over
the same vicinity of the T−MA phase transition.14 Changes in
the lattice parameter aT can influence the coexistence of T
and MA phases, via relaxation of the excess elastic energy by
achieving elastic compatibility. Accordingly, the difference
in lattice parameters for PMN–0.28PT cooled under different
electric fields can affect the metastable two phase T−MA

equilibrium. Thus, we consider the two different scenarios
described later.

In the first scenario, we used the lattice parameters13 of
the T phase at TI=358 K and of the MA phase at TII

=356 K, and evaluated invariants �1� for the domain types
given in Fig. 1. This resulted in unfavorable conditions for
forming ZNSPs in heterophase PMN–0.28PT crystals. The
interfaces between polydomain T and MA phases would be
ZNSPs at fairly small nT values �0�nT�0.260�; however,
cooling under �E��001� promoted nT to be greater than 1/2.
For nT�1/2, there were no fMA and vMA values that satisfy
the conditions given in Eq. �2�; consequently, relaxation of
the mechanical stress was problematic. It should also be
mentioned that regions of polydomain T phase in the tem-
perature range of 362–358 K cannot be separated by ZNSPs,
due to the aforementioned jump in aT that results in an in-
equality �aT�358 K�−aT�362 K�� /aT�362 K���cT�358 K�
−cT�362 K�� /cT�362 K�. The lack of ZNSPs between elas-
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tically matched polydomain T phase regions would also in-
crease TI toward that of TC=382 K. Moreover, elastic
clamping in a bulk crystal sample may result in the forma-
tion of a new low-symmetry phase, inducing additional
structural phase transitions providing the conditions for fur-
ther stress relaxation. Details for such behavior in ferroelec-
tric and related single crystals �in the presence of the internal
stress fields� were considered previously by Pertsev and
Salje.29

In the second scenario, we used the experimental lattice
parameters at 362 and 356 K. These lattice parameters are
accurate to within 2% of measured ones14 for PMN–0.28PT
crystals at the T−MA phase transition under E
=0.25 kV/cm. Upon using these values, we obtained favor-
able conditions for forming ZNSPs. According to our calcu-
lations, T−MA interfaces oriented along the ZNSPs would
appear for 0.648�nT�0.991, with 0.103�nT−nT

opt�0.446.
This implies that slight changes in the domain structure of
Fig. 1 caused by 90° domain-wall displacements under
E��001� would promote effective stress relaxation, allowing
for stable heterophase states.

We summarize our findings in diagrams �Fig. 2� for
polydomain heterophase states in PMN–0.28PT, following
the second scenario of lattice parameter changes. These dia-
grams are given in Fig. 2 for the following volume fractions
of the 90° domains with �PT, 1��001�: �a� nT=0.65, �b� nT

=0.80, and �c� nT=0.95. The results show that conditions �2�
hold, and non-180° domain structures of the T and MA

phases can coexist over wide ranges of nT, fMA, and vMA.
However, for nT→1, our results show a shift in the ZNSP
boundaries �see Figs. 2�b� and 2�c�� that favors the stability
of a single-domain MA state.

Certain tendencies toward stress relaxation were also re-
vealed for PMN–0.27PT, where the phase sequence C→T
→MA is observed for �E��001�. Based on experimental
data,14 we obtained nT

opt=0.675 for the C−T transition. Dia-
grams for the T−MA interfaces and related heterophase do-
main states are similar to those given in Fig. 2, and thus are
not shown. These interfaces are ZNSPs for 0�nT�0.930;
and therefore, no additional 90° domain-wall displacements
are required. The similarity between the diagrams for PMN–
0.28PT �second scenario� and PMN–0.27PT was due to
analogous interrelations between lattice parameters of the T
and MA phases: bMA−aT�cT−cMA�aMA−aT. However, for
PMN–0.28PT, the lattice parameters from the first scenario
do not obey this condition, owing to a decrease in the differ-
ence aMA−aT after taking into account the earlier-described
jump in aT.

Contrary to PMN–0.28PT, the lattice parameter changes
in the vicinity of the C−MA phase transition13 for PMN–
0.24PT do not allow for the formation of ZNSPs and for the
stress relaxation required for stable heterophase states to ex-
ist. For each pair �fMA, vMA� from ranges of 0� fMA�1 and
0�vMA�1, our calculations revealed that the interfaces be-
tween C and polydomain MA phases are conical: all pairs
�fMA, vMA� in this diagram are related to region III only.

These features of region III associated with lattice param-
eters jumps13 in FC PMN–0.24PT are not required to follow
conditions �1� and �2� for existence of ZNSPs. Possibly, the
distorted C phase that exists over a narrow temperature range
between the C and MA ones �as shown in the x−T diagram�13

could promote stress relaxation: either by changes in the bal-
ance of diagonal distortions or by forming a metastable
three-phase equilibrium between C, distorted C, and MA

phases. However, this problem is independent of the ap-

FIG. 2. Diagrams of heterophase domain types and interfaces at the T
−MA transition in FC PMN–0.28PT crystals with a field of 0.5 kV/cm ap-
plied parallel to �001� for �a� nT=0.65, �b� nT=0.80, and �c� and nT=0.95.
The parameters nT, fMA, and vMA which describe volume fractions of differ-
ent domain types are defined in Fig. 1. The boundaries between regions I
and III correspond to ZNSPs.
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proach we summarize in Fig. 2, although it might be inter-
esting to consider as a special scenario in detail at a latter
time.

Finally, we varied the shear angle �MA of the perovskite
unit cell over the range of 0.04°−0.10°. However, this re-
sulted in small changes ��3%� in �fMA, vMA� values related
to the ZNSPs in the diagrams given in Fig. 2. Moreover,
ZNSPs were not predicted to appear at the C−MA phase
transition in PMN–0.24PT as a consequence of varying �MA.

B. Polydomain/heterophase PZN–0.045PT

The T−MA phase transition in PZN–0.045PT occurs
with increasing field near E
11 kV/cm at room
temperature.18 It is reasonable to assume that the T phase
being stable at higher fields is either a single-domain state or
splits into 90° polydomains with a significant prevalence for
variants having their spontaneous polarization vectors
PT, 1�E��001� �Fig. 1�a��. We designate this prevalent variant
as that with volume fraction nT. Figure 3 shows the summary
of diagrams for �a� nT=0.90, �b� nT=0.95, and �c� nT=0.99.
The diagrams show that as nT→1 that ZNSPs appear only in
narrow ranges of �fMA, vMA�. For lower values of nT, the MA

phase is split into polydomains; however, with increasing nT,
there is a distinct prevalence of one domain type over others,
in particular over the range of 0.95�nT�1 �compare Figs.
3�b� and 3�c��. The largest volume fraction of the domains in
the MA phase are those with PMA, 2 or PMA, 4 �Fig. 1�b��, as
described by conditions

fMA → 0 and vMA → 1; fMA → 1 and vMA → 0, �3�

respectively. The possibility of the coexistence of single-
domain T and MA phases is energetically close to the re-
quired conditions �1� and �2� for ZNSPs:22 according to these
conditions, relationships between diagonal elements of dis-
tortion matrices �NT� and �NA� can be given as

NT,11 � NMA,11, NT,22 = NMA,22, NT,33 � NMA,33. �4�

Relationships �4� are in agreement with conditions of the
perovskite lattice parameters �aT, cT� and �aMA, bMA, cMA� for
coexisting phases. At the T−MA phase transition in PZN–
0.045PT, these conditions are

aT � aMA, aT = bMA, cT � cMA. �5�

Please note that the monoclinic distortion ��MA�0� can
slightly affect the domain �twin� structure of the MA phase,
but cannot violate the balance of the diagonal elements given
by formulas �4�.

It should be mentioned for comparisons that the coexist-
ence of two untwined phases is to this date unique to a prior
study of PbHfO3 crystals,31 in which antiferroelectric P2221

and Pba2 phases are separated by a ZNSP interface at E
=0. However, contrary to conditions �5�, the perovskite lat-
tice parameter b of PbHfO3 undergoes a jump at a first-order
P2221→Pba2 transition.

IV. CONCLUSION

The features of the elastically matched polydomain
�twinned� coexisting T and MA phases have been determined

in PMN–0.28PT and PZN–0.045PT crystals at first-order
phase transitions under electric field. For an applied
�E��001�, we have found T−MA interfaces and correspond-
ing non-180° domain structures. These domain structures
promote phase coexistence via complete stress accommoda-
tion that achieves elastic compatibility at planar interfaces
�i.e., the ZNSPs�. The relationships between possible ZNSPs
and the related non-180° domain structures in the T and MA

phases were then summarized by systems of diagrams for FC
PMN–0.28PT �Fig. 2� and PZN–0.045PT �Fig. 3�. Generic
tendencies in these diagrams were apparent, enabling us to

FIG. 3. Diagrams of heterophase domain types and interfaces at the field-
induced T−MA phase transition in PZN–0.045PT crystals with �E��001� for
�a� nT=0.90, �b� nT=0.95, and �c� nT=0.99.
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conclude a correlation between metastable heterophase do-
main structures and the volume fractions of some domain
types �see Fig. 1� over wide ranges of x, E, and T. This
correlation stems from coordinated unit-cell behavior begin-
ning with lattice parameter adaptations at the C−T phase
transition: it is valid when E is modest,13,14 making it pos-
sible to consider a restricted number of domain types in the T
and MA phases.

Our results show that the T phase plays an important role
as an intermediate phase in PMN–0.28PT. The conditions for
achieving complete stress accommodation are strongly de-
pendent on the lattice parameter aT�T�, in particular in the
vicinity of the T−MA transition, and to a lesser extend in
PMN–0.27PT. The lack of an intermediate T phase in the
transformational sequence of FC PMN–0.24PT, and the sub-
sequent failing of the C−MA interfaces to be ZNSPs results
in the development of inhomogeneous internal stress fields
inside of the crystal. We hope that our heterophase model
and domain stability diagrams for elastically matched poly-
domain phases will stimulate new studies of phase transfor-
mational sequences in perovskite-type solid solutions. It of-
fers an approach to understand how a metastable two-phase
field can be stabilized by elastic interactions between do-
mains and to how this metastability can be altered by
changes in domain configurations with crystal history and by
changes in parameters such as x, E, and T.
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