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A comparative study on heterophase states in perovskite-type solid solutions of (1-—x)Pb
(Mg1/3Nby3)TiOs-xPbTiOs is carried out for compositions near the morphotropic phase boundary. The
conditions for mechanical stress relief at elastic matching of phases are analysed at x=const in a wide
temperature range. The heterophase states concerned with the presence of the intermediate monoclinic
phase are interpreted using the domain state-interface diagrams calculated for x=0.28, 0.32 and 0.34. It is
shown that optimum volume fraction parameters of the domains in the monoclinic phase of the B type are
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1. Introduction

In the last decade, perovskite-type relaxor-ferroelectric solid
solutions of (1 —x)Pb(Mg;;3Nby3)TiO3~-xPbTiO3 (PMN-xPT) have
been intensively studied due to their remarkable electrome-
chanical properties, intermediate monoclinic phases and various
heterophase states near the morphotropic phase boundary [1].
Experimental data show that the following phases can coexist at
0.26 <x <0.39: cubic(C,Pm3m symmetry) and tetragonal (T, PAmm
symmetry)[2-4], Cand rhombohedral (R3m symmetry)[2,5], Tand
rhombohedral [2,5-7], monoclinic Mg (Cm symmetry) and mon-
oclinic M¢ (Pm symmetry) [8,9], Mc and T [3,8], monoclinic My
(Cm symmetry) and T [10], My and Mc [3], T and orthorhombic
[4], orthorhombic and Mg [4], and Mg and T [9] phases. Some
cases of the phase coexistence on zero-field cooling were con-
sidered in recent experimental work. For example, the T and Mc
phases coexist in wide temperature ranges at x=0.32,0.36 [11] and
0.33 [12] while the T and Mg phases coexist at x=0.32 and 0.34
[9]. The T-Mg phase coexistence observed in unpoled PMN-xPT
ceramic samples in a very wide temperature range (~102K) is
the result of a local stress field and the clampdown and block-
ing effect [9]. These circumstances and the martensitic-like phase
transitions [9] in PMN-xPT stimulate the need for an analysis of
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heterophase states which would appear at different scenarios of
zero-field cooling or under different conditions for internal stress
relief. This analysis becomes important in connection with the pres-
ence of two monoclinic phases (Pm and Cm) of the ferroelectric
nature in PMN-xPT single crystals (0.30 <x <0.47) [13] and ceram-
ics (0.27 <x<0.34) [11] at room temperature. As is known from
work [14,15], the remarkable physical properties of the monoclinic
phases in PMN-xPT are attributed to adaptive phases formed by
nano-sized domains of the T phases and treated by analogy with an
adaptive martensite. The aim of the present paper is to study het-
erophase structures in PMN-xPT, containing one of the monoclinic
phases (Mg or Mc), and an evolution of these structures in wide
temperature ranges. To consider the heterophase structures, we use
experimental temperature dependences of the perovskite unit-cell
parameters of PMN-xPT ceramics [9] and powders [11] with com-
positions chosen close to the morphotropic phase boundary. We
apply the matrix method [4,6,10], which makes it possible to exam-
ine elastic matching of the coexisting phases with various domain
(twin) structures, to determine crystallographic characteristics of
interfaces separating these phases and conditions for internal stress
relief in different heterophase states.

2. Domain (twin) structures and characteristics of
interfaces between phases

It is assumed that non-180° domains of types I-IV are located
in a head-to-tail manner (Figs. 1 and 2) and form regular lam-


http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:v_topolov@yahoo.com
mailto:topolov@phys.rsu.ru
dx.doi.org/10.1016/j.jallcom.2009.01.122

V.Yu. Topolov / Journal of Alloys and Compounds 480 (2009) 568-574 569

O)(1 Ox1

Fig. 1. Schematic drawings of ferroelectric domains (mechanical twins) of the T
phase. The arrows show orientations of the spontaneous polarisation vectors Pr(™
where n=1, 2 or 3. The axes of the Cartesian coordinate system (X;X>X3) are ori-
ented parallel to the elementary translation vectors of a perovskite cell of the cubic
paraelectric phase. For the domain arrangement (a), volume fractions t3 and 1 —t3
are introduced, for the domain arrangement (b), volume fractions t; and 1 —t; are
introduced.

(a) Mg phase
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Fig. 2. Schematic drawing of ferroelectric domains (mechanical twins) of the Mg (a)
and Mc (b) phases. The arrows show orientations of the spontaneous polarisation
vectors Pg™ or Pc™ in the Mg (a) or Mc (b) phase, respectively (n=1, 2, 3, or 4),
domain walls are shaded. The axes of the Cartesian coordinate system (X;X>X3) are
oriented parallel to the elementary translation vectors of a perovskite cell of the
cubic paraelectric phase. ug, ys, uc, and yc are parameters used to determine the
volume fractions of the domains (see Table 1).

Table 1
Orientations and volume fractions of non-180° domains in ferroelectric phases of
PMN-xPT.

Phases, figures Spontaneous Volume fractions of
polarisation vectors of domains
domains?

T, Pr(||[100] 1-t3

Fig. 1(a) Pr)|][001] t3

T, PrM([100] t

Fig. 1(b) P;®||[010] 1-t

Mg, P |[d11] (1—ug)(1-ys)

Fig.2(a) Pg@|[1d1] (1-up)ys
Ps®|[d11] up(1—yp)
Pg®)||[1d1] Upyp

Mc, PcMj[0g1] (1—uc)(1-yc)

Fig.2(b) Pc®|[g01] (1-uclyc
P |[0g1] uc(1-yc)
PcY|[g01] ucyc

2 All the orientations are related to the perovskite unit-cell axes. It is assumed
that inequalities 0<d <1 and 0<g<1 hold for the domains in the Mg phase and M¢
phase, respectively.

inar structures in each ferroelectric phase (T, Mg and Mc¢). The
domains being mechanical twin components are separated, accord-
ing to Fousek and Janovec [16], by planar unstrained domain walls
oriented parallel to the {110} planes in the T phase (Fig. 1)
and to the {100} planes in the Mg and M¢ phases (Fig. 2).
Different orientations of the spontaneous polarisation vectors in
the adjacent domains of the aforementioned phases are listed
in Table 1. In the T phase the following domain patterns are
considered (Fig. 1): the first domain pattern comprises the 90°
domains with the spontaneous polarisation vectors Py(3)||[001],
and the second domain pattern does not comprise the domains
with Pr3)||[001].

Distortion matrices of the polydomain (twinned) phases are
written with respect to the rectangular co-ordinate axes (0X;)
shown in Figs. 1 and 2. These axes are assumed to be parallel to
the perovskite unit-cell axes in the C phase. The distortion matrix
of the T phase with the domains shown in Fig. 1(a) is written in the
form

e 0 0
INI =(1-13)( 0 &0 ©
0 0 g
cos¢r 0 —sin @ g 0 O
+t3 0 1 0 0 & O |. (M
sing; 0 cos ¢ 0 0 e

The T phase split into the domains shown in Fig. 1(b) is described

by the distortion matrix

gqa 0 O
INPI =1 -t) 0 & ©
0 0 &
cos¢r —singr 0 e 0 0
+t;| singr cosgr O 0 ¢ 0 |. (2)
0 0 1 0 0 g

In Egs. (1) and (2) &q and & are unit-cell distortions and ¢; =
arccos[2&q6c /(€2 + €2)] is an angle that describes a rotation of the
crystallographic axes of the adjacent domains in the T phase. The
distortion matrix of the polydomain Mg phase (Fig. 2(a)) is written
as
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Ac 0 0
INGPI = =yp)| O ha  AM2ug—1)
0 A2ug-—1) Aa

cosgpp —singg O
+yp| singp cosgp O

0 0 1
Aa 0 AM2ug-1)
x 0 Ac 0 (3)
A2ug—1) 0 Aa

where X4, Ac and A are unit-cell distortions and ¢p=
arccos[2AqAc /(A2 + A2)] is the rotation angle like ¢; introduced in
Egs. (1) and (2). The distortion matrix of the polydomain Mc phase
(Fig. 2(b)) has the form

0 0
Moy, b
NGl = (1=yc) | O a n(2uc - 1)

0 n2uc-1) Ne
cos ¢oc —singc 0
+Yc | singc coseoc O
0 0 1
Na 0 n2uc-1)
X 0 up 0 (4)
n2uc-1) 0 Ne

where 7nq, 7p, Ne, and n are unit-cell distortions and @¢c =
arccos[2nany/(n2 + ni)] is the rotation angle. The C paraelectric
phase is assumed to be unstrained, and its distortion matrix equals
the unit 3 x 3 matrix.

Based on the algorithm [3,4,6], we approximate an interface
between the coexisting phases by a second-degree surface

3
> Dap¥axy =0 (5)

a,b=1

where matrix elements
3

) (11 1) (1
Dap = > _(NPNiP = NN (6)
f=1
are written in terms of the distortion matrices HN‘(’lf) ‘ and ’ NE‘}I)H
of the coexisting phases I and IL.! In our study the matrices ’ Ng,) ‘

and HNglfl) are chosen in pairs among those represented by Eqgs.

(1)-(4). The interfaces separating the phases are classified taking
into account signs of invariants [3,4] of Eq. (5)

I = D11 +Dyy + D33, D=det||Dgll and

D11 D12
D31 D2

Dys Do
D3; Dss3

D33 Ds;

I= D13 Dn

. (7)

Eqgs. (7) have been written in terms of the matrix elements from Eq.
(6). Conditions DI<0 and J<O (region I), DI<0 and J>O0 (region II),
and DI>0 and J<O0 (region III) are satisfied for conical interfaces.
Inequalities DI>0 and J>0 (region IV) correspond to an apex of
an imaginary cone. In the general case invariants (7) are functions
of some parameters (for example, t;, ugp and yg) which determine

1 It should be noted that notations of the coexisting phases I and II are not con-
cerned with domain types I-IV shown in Figs. 1 and 2 and regions I-IV in Figs. 3-6.

1 x=0.28, T=386K
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Fig. 3. Domain state-interface diagram for the C-Mg phase transition in
PMN-0.28PT. ug and yp are parameters that characterise volume fractions of domains
(Fig. 2(a)) in the Mg phase. Calculations have been made using the experimental
unit-cell parameters [9].

volume fractions of different domain types (Figs. 1 and 2) in the
coexisting phases.
The conditions

DI=0 and J<O, (8)

which are fulfilled on a line between regions I and III, correspond to
interfaces being zero-net-strain planes (ZNSPs). An elastic match-
ing of the coexisting phases along the ZNSP provides complete
mechanical stress relief in the heterophase structures. This means
that vanishing excessive elastic energy are a result of spontaneous
strains and jump-like changes in the unit-cell parameters at the
first-order phase transition. In the sections below we consider some
important examples of heterophase states and interfaces between
the phases coexisting in the PMN-xPT system.

3. Monoclinic phases in heterophase PMN-xPT (x=0.28,
0.32 and 0.34)

3.1. C-Mgp phase coexistence

As follows from experimental data [9], the first-order C-Mg
phase transition is observed in PMN-0.28PT at temperature
Tcg =388 £ 5 K. The corresponding domain state-interface diagram
shown in Fig. 3 suggests that a line separating regions I and Il obeys
conditions (8). It means that the interfaces being ZNSPs can appear
in the presence of either two (yg =0) or four (yg # 0) domain types
represented in Fig. 2(a). It is noteworthy that the optimum vol-
ume fraction parameters of the domains in the Mg phase obeying
conditions for complete stress relief are varied in relatively wide
ranges: 0 < yo" <1/4 and 1/4 < ul* < 3/4 (Fig. 3). Such vari-
ations would promote an effective stress accommodation in the
heterophase system. Vast regions I, Il and IIl in the same diagram
shown in Fig. 3 are related to conical C—-Mp interfaces which provide
partial stress relief only.

3.2. T-Mg phase coexistence

According to experimental results [9], zero-field cooled samples
of PMN-0.32PT undergo the first-order C-T phase transition at tem-
perature Tcr=423 4+ 5K and show the T-Mg phase coexistence in
the temperature range of 193 K < T <408 K. Based on X-ray diffrac-
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Fig. 4. Domain state-interface diagrams for the T-Mg phase transition in PMN-0.32PT with different domain patterns in the T phase. Graphs (a)-(e) correspond to the
transition from the polydomain T phase (Fig. 1(a)) at t3 =0.313, graph (f) corresponds to the transition from the polydomain T phase (Fig. 1 (a)) at t3 =0.687, and graph (g)
corresponds to the transition from the polydomain T phase (Fig. 1(b)) at t; =0.313. up and yp are parameters that characterise volume fractions of domains (Fig. 2(a)) in the
Mp phase. Calculations have been made using the experimental unit-cell parameters [9].
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Fig. 4. (Continued).

tion data, Li et al. emphasised [9] a non-equilibrium character of
this T-Mg phase coexistence.

Our analysis of conditions (8) for the C-T phase transition shows
that the interfaces separating the C paraelectric phase and the T
ferroelectric phase split into domains (see Fig. 1) can be ZNSPs at
the optimum volume fraction of these domains tjf’pt =E5/(& - &),
where & =&, — 1 and & = e; — 1 are spontaneous strains of the
perovskite unit cell, &, and &. are unit-cell distortion from Eqgs.
(1) and (2) and j=1, 2 or 3. Changes in the unit-cell parame-
ters of PMN-0.32PT at the C-T phase transition [9] lead to t]f”" =
0.313 or 0.687.

It is assumed that a further cooling of the sample in the sta-
bility region of the T phase does not give rise to changes in the
volume fractions of the domains which have been formed at the
C-T phase transition. This means that distortions from Eqs. (1) and
(2) are written at t; = tjf’pt. The Mg phase separation into domains,
as shown in Fig. 2(a), is described by the distortion matrix from Eq.
(3). Examples of the domain state-interface diagrams calculated

for the T-Mp phase coexistence at t; = tjf’pt are shown in Fig. 4. The

diagrams shown in Fig. 4(a), (f) and (g) correspond to the highest
temperature (T=408 K) at which the unit-cell parameters of the
coexisting T and Mg phases have been measured [9]. It is seen from
these diagrams (Fig. 4(a), (f)and (g)) that, irrespective of the domain
pattern in the high-temperature T phase, the almost single-domain
Mg phase would appear to satisfy conditions (8) and, therefore, to
provide complete stress relief. This Mg phase is characterised by the
parameters yg=0 and ug — 0 or yg=0 and ug — 1 (see the curves
separating regions I and III in Fig. 4(a) and (f)), yg — 0 and ug=1
(see the curve separating regions I and III in Fig. 4(f)), and yg=0
and ug — 1 (see the curve separating regions I and III in Fig. 4(g)).
Moreover, the diagram shown in Fig. 4(a) suggests an interesting
possibility of forming the polydomain Mg phase with the parame-
ters yg — t3 =0.313 and ug = 1/2. In this case the ZNSP would appear
in the heterophase structure with almost constant relative thick-
ness of the domains or twins along the OX; axis (compare the
domain patterns shown in Figs. 1(a) and 2(a)).

Itis alsoimportant to compare the diagrams (Fig.4(a)-(e)) which
are related to the fixed orientation of the domains in the T and
Mg phases coexisting in the wide temperature range on cooling. It
turns out that each single-domain state of the My phase expected
at T=408K can give rise to excessive mechanical stress at the
interfaces on cooling. For example, the corresponding T-Mjg inter-
faces are to be conical (region I or II) at T=373 K (Fig. 4(b)), 323K
(Fig. 4(c)), 273K (Fig. 4(d)), or 193K (Fig. 4(e)). This stress-relief

path needs additional changes in volume fractions of the domains
in the T phase (Fig. 1(a)) that has been thermodynamically stable
at higher temperatures.

The aforementioned polydomain Mg phase with the parameters
yp— t3=0.313 and ug = 1/2 (Fig. 4(a)) also promote the formation of
stressed conical interfaces on cooling. The curve separating regions
I and III in the left part of the diagram (Fig. 4(a)) shifts to larger
yp values (Fig. 4(b) and (c)) and then shows small displacements
(Fig. 4(d) and (e)). The corresponding scenario means that an addi-
tional rearrangement of the domain structure shown in Fig. 2(a) can
be appreciable down to T~ 320K at the constant volume fractions
t]?‘” and 1 — t;’pt of the domains in the T phase.

It is probable that the samples of PMN-0.32PT [9] cooled
below T=408 K remain heterophase in the wide temperature range
without effective stress relief and accommodation of the domain
structure in both the polydomain phases, T and Mg. Additional
reasons of the T-Mg phase coexistence in the wide temperature
range [9] may be due to compositional fluctuations close to the
morphotropic phase boundary and with a presence of different ori-
entation states of domain (twins) in different parts of a sample. It
seems probable that complicated domain structures formed inde-
pendently in different parts of the sample on cooling need “more
individual” conditions for stress relief when mechanical stress fields
of neighbouring regions are to be taken into account.

Animportant feature of the diagrams calculated for PMN-0.34PT
(Fig. 5) is the presence of almost vertical lines which separate
regions I and IIl and correspond to ZNSPs. In both cases at ug =0, the
lower volume fraction parameter yp (Fig. 5) approximately equals
the optimal volume fraction t;** (Fig. 1) as determined for the pre-
vious C-T phase transition. This promotes a coexistence of the T
and Mg phases, each separated into two domain types, with almost
equal relative widths of the domains in these phases. Such con-
ditions for complete stress relief have no analogues among those
considered [3,6] in PMN-xPT near the morphotropic phase bound-
ary.

3.3. T-Mc phase coexistence

A temperature dependence of the perovskite unit-cell param-
eters of PMN-0.32PT has also been determined in the powder
neutron diffraction study [11]. This temperature dependence pre-
determines another scenario of stress reliefin comparison with that
described in Section 3.2. Based on the unit-cell parameters from
work [11], the C-T interfaces are determined to be ZNSPs at the
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Fig. 5. Domain state-interface diagrams for the T-Mg phase transition in
PMN-0.34PT. Graph (a) corresponds to the transition from the polydomain T phase
(Fig. 1(b)) at t3 =0.423, graph (b) corresponds to the transition from the polydomain
T phase (Fig. 1(a)) at t3 =0.577. ug and yp are parameters that characterise volume
fractions of domains (Fig. 2(a)) in the Mg phase. Calculations have been made using
the experimental unit-cell parameters [9].

volume fractions of the 90° domains (Fig. 1) t;’p[ =0.4050r0.595.
The polydomain M¢ phase (Fig. 2(b)) that appears on further cool-
ing is characterised by the distortion matrix from Eq. (4). The
domain state-interface diagrams (Fig. 6) calculated using the unit-
cell parameters [11] at the T-M¢ phase transition suggest that
conditions (8) are fulfilled in the presence of the M¢ phase being
either single-domain or polydomain.

Of specific interest are lines AB and CD (Fig. 6(a)) and AD
(Fig. 6(b)) which correspond to the ZNSPs. The single-domain Mc
phase is related to points A and D in Fig. 6. The M¢ phase split into
two domain types is described by lines AB and CD (Fig. 6(a)) and
AD (Fig. 6(b)) with the exception of points A (yc=1 and uc=0) and
D (yc=uc=1) in both the diagrams. Moreover, the curve separat-
ing regions I and III in Fig. 6(b) corresponds to the ZNSPs which
take place in the presence of the Mc¢ phase split into either two
(atyc=0) or four (at yc > 0) domain types. Undoubtedly, these vari-
ants of the T-M¢ phase coexistence in PMN-0.32PT are related to
similar stress-relief trends at different domain patterns of the T
phase with the optimum volume fractions t]‘,”” and 1-— t]‘,”” of the
domains.
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Fig. 6. Domain state-interface diagrams for the T-Mc phase transition in
PMN-0.32PT. Graph (a) corresponds to the transition from the polydomain T phase
(Fig. 1(b)) at t3 =0.595, graph (b) corresponds to the transition from the polydomain
T phase (Fig. 1(b)) at t; =0.405. uc and yc are parameters that characterise volume
fractions of domains (Fig. 2(b)) in the Mc phase. Calculations have been made using
the experimental unit-cell parameters [11].

4. Conclusions

The present study on heterophase states in PMN-xPT and the
domain state-interface diagrams proposed for this system have
provided insight into the intermediate monoclinic (Mg or Mc)
phases and understanding of stress-relief conditions at phase coex-
istence near the morphotropic phase boundary. Two variants of the
temperature dependence of the unit-cell parameters determined in
experimental work by Li et al. [9] and Singh et al. [11] enabled us to
predict different scenarios of stress relief in heterophase samples
wherein different non-180° domain types (twins) play the active
role. Domain structures corresponding to complete stress relief for
different compositions suggest that there is a correlation between
the unit-cell parameters of the adjacent phases (i.e. C, T, Mg, and M¢)
in certain temperature ranges. This correlation causes, for example,
possibilities of forming the single-domain monoclinic phase (either
Mg or Mc) at the first-order phase transition from the T phase
that has been split into domains in accordance with conditions for
ZNSPs at the high-temperature C-T phase transition. It is believed
that such and like causal relationships can be taken into account
by studying different sequences of phase transitions in solid solu-
tions near the morphotropic phase boundary:. It is also believed that
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behaviour of the unit-cell parameters near the morphotropic phase
boundary provides not only favourable stress-relief conditions in
the vast x and T ranges, but also leads to important electromechan-
ical properties in the heterophase PMN-xPT solid solutions.
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