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Abstract

With a focus on local symmetry, the microstructural basis for high piezoelectric performance in PbMg;/3Nb,/305;-xPbTiO5; (PMN-
PT) ceramics at the morphotropic phase boundary (MPB) composition was investigated by means of convergent-beam electron diffrac-
tion analysis and twin diffraction pattern analysis. The local structure was found to consist of coexisting (10 1)-type tetragonal nanotwins
and (00 1)-type rhombohedral nanotwins. A phenomenological theory based on crystallography is proposed to show that such nanoscale
coexistence can give rise to an average monoclinic structure through strain accommodation. The average monoclinic structures (Ma and
Mc) vary with temperature and composition due to the dependence on temperature and composition of the lattice parameters. Based on
in situ X-ray diffraction data, we demonstrate how the polarization rotates across the MPB region in PMN-PT ceramics with varying

temperatures and compositions.

© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The most useful piezoelectric materials, such as PbZr; _,
Ti, O3 (PZT) [1-3], PbMg;/3Nb,/305-xPbTiO; (PMN-PT)
[4-7] and PbZn;/3Nb,;305;-xPbTiO; (PZN-PT) [8], display
a transition region, referred to as the morphotropic phase
boundary (MPB), in their composition—temperature phase
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diagrams. This has served as the basis for understanding
the remarkable electromechanical response in applications
[9-11]. In general, the MPB separates the phase of tetrago-
nal (T) symmetry from rhombohedral (R) symmetry
[12,13]. It therefore raises the question: how is it possible
to smoothly transform from one phase to the other when
there is no group-subgroup relationship between T and
R? [14]. Probing the microstructure of such a transition
from symmetry R to T can be considered to be an effective
way to understand the non-group—subgroup transition [15].

We know from symmetry that a non-group-subgroup
transition can be mediated by a common subgroup of both
T and R [13,14]. Neutron diffraction and X-ray diffraction
(XRD) investigations on PMN-PT, PZN-PT and PZT
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single crystals and ceramics have shown the presence of a
monoclinic (M) phase linking T and R in the MPB region
[16,17]. The single M phase is considered a reasonable
intermediate phase because the M symmetry (Cm or Pm)
is the subgroup of both T symmetry (P4mm) and R sym-
metry (R3m) [13]. A key feature of this structure is that
the polarization vector is no longer constrained to lie along
a symmetry axis, as in the R and T structures, but instead
can rotate within the monoclinic plane [18]. However, the
heterogeneous microstructure in the vicinity of the MPB
has been investigated over the last 20 years [19,20] and a
number of recent studies have shown that such nanoscaled
heterogeneity consists of either R or T symmetry rather
than M symmetry [15,21-23]. The evidence for a single M
phase, i.e. the appearance of M intensities in diffraction
patterns, can also be considered a result of coherence
effects amongst the nanoscaled structures [19-24]. The
MPB region is thus regarded as inhomogeneous at the
nanoscale (with R or T symmetry) but homogeneous at lar-
ger scales (with M symmetry) [19,20,23-26].

An adaptive state, formed via strain accomodation, has
been proposed to show that the average M symmetry found
for the MPB could be considered a result of coherence effects
of R (or T) nanodomains [21,25-29]. Three types of adaptive
states with M symmetry are known, namely, Ma, Mb and
Mc [30]. The former two Ma, Mb (Cm) states are obtained
by shearing primitive unit cells along the pseudo-cubic
(110)pe plane, the polarization [uuv] of which is confined
to the pseudo-cubic (1 —10),. plane with u>v and u <uv,
respectively, as schematically shown in Fig. 1a [30,31]. The
other Mc (Pm) phase results from shearing primitive unit
cells along the pseudo-cubic (100),. plane. The polarization
along [10v]is thus constrained to lie within the (010),. plane,
as shown in the schematic in Fig. 1a [30,31]. Transmission
electron microscopy (TEM) experiments and lattice
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parameter analysis based on XRD in PMN-PT and
PZN-PT have identified that the average symmetries of
(001)-type R nanotwins [27,29], (110)-type R nanotwins
[27,29] and (101)-type T nanotwins [21,24-26,32.33] are
Ma, Mb and Mc symmetries, respectively.

The average structure can be any, or some combination,
of the states Ma, Mb and Mc depending on temperature
[34-36], composition [37,38], electric [8,36,39] and stress
[31,36,40] fields. However, the local structure has so far
been shown to be either nanoscaled R or T twins in the
vicinity of the MPB in PMN-PT, PZN-PT and PZT piezo-
electric materials [15,21,22,24]. Thus, it is still unclear how
the M adaptive states (Ma, Mb or Mc) with distinct local
structures transform from one structure to the other. This
is especially the case for transformations between Ma and
Mb with local R symmetry and Mc with local T symmetry.

A number of studies have indicated that local R and T
structures can coexist within the microstructure. For exam-
ple, the thermodynamics of coexistence of T and R hetero-
phase polydomains at the MPB in ferroelectric films has
been considered within the theory of elastic domains
[41,42]. The volume fractions of the phases and different
twin components have been obtained as functions of misfit
strain and film orientation by applying an external field
[41,42]. Recent high resolution XRD and TEM observa-
tions on epitaxial BiFeO; films have shown that R and T
twins can coexist in the MPB region of BiFeO; [43.,44].
In the case of very low domain wall energy and fine
domains, the average symmetry of BiFeOj; is monoclinic
[31,45]. The large electromechanical response may be
understood on the basis of electric field or strain-driven
inter-conversion between R and T coexisting phases near
the MPB [43,44]. These results imply that the microscopic
origin of high electromechanical response in PZT, PMN-
PT and PZN-PT near the MPB may be attributed to phase
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Fig. 1. (a and b) Phase diagram of PMN-xPT near the MPB composition. (¢ and d) Dielectric permittivity (¢) vs. temperature (7) curves for PMN-32PT.
Three kinds of adaptive states with M symmetry, namely, Ma, Mb and Mc, can be found around the MPB region.
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coexistence of nanoscale R and T regions [46-49]. Further-
more, the presence of two different local symmetries that
can give rise to one average structure also occurs in ferro-
elastic/martensite systems [50].

In this study we performed TEM observation on PMN-
PT ceramics at the MPB composition. We find local coex-
istence and ordering of T and R nanotwins at the MPB
from detailed convergent-beam electron diffraction
(CBED) analysis and twin diffraction pattern analysis.
Based on our experimental observations, we propose a phe-
nomenological model in which the M average symmetry
can be viewed as a result of strain accomodation involving
coherent matching of both the nanoscaled R twins and T
twins. The monoclinic structure, as a function of the vol-
ume fraction of R (or T) nanodomains, hence represents
a bridge between the R and T phases. The lattice parame-
ters of R and T phases vary with temperature and compo-
sition, thereby influencing the volume fraction of R (or T)
nanodomains. We also demonstrate how the polarization
vector rotates across the MPB region in PMN-PT ceramics
on varying the temperature and composition.

2. Experimental procedures

PMN-xPT ceramics with 20 < x < 40 were synthesized
by a modified “columbite-type” route using PbO (>99%),
MgO (>99.5%), Nby,Os (>99.95%) and TiO, (>99.9%)
powders [51]. The sintered samples were polished to obtain
the parallel sides and painted with silver electrodes for
dielectric measurements. Average structural information
was collected by in situ XRD measurements with a temper-
ature accuracy of +5 °C. The samples for the XRD mea-
surements were annealed at 250 °C for 8 h to release
possible internal stresses due to polishing. TEM sample
preparation was performed by subsequent cutting, polish-
ing, dimpling and ion milling. High-resolution electron
microscopy and convergent-beam electron diffraction
(CBED) were carried out using a JEM-2100F microscope.

3. Experimental results
3.1. Transition behavior of PMN-32PT ceramics

The phase diagram of the PMN—xPT system is shown in
Fig. 1b. It was determined by measuring dielectric permit-
tivity (¢) vs. temperature (7)) curves and is consistent with
that found by Noheda et al. [4] and Ye et al. [52], and these
are also plotted in Fig. 1b. The MPB is located in the tran-
sition region between R and T phases, where the average
structure Ma/Mb/Mc can be found. We chose the MPB
composition PMN-32PT ceramic for our TEM observa-
tions. The temperature dependence of the dielectric permit-
tivity and dielectric loss for PMN-32PT shown in Fig. Ic
reveals a broadening dielectric anomaly between 0 °C and
75 °C. Such an anomaly indicates a sluggish phase transi-
tion over a wide temperature range, conventionally linked
to MPB phenomena [4,52]. At a room temperature of

20 °C and in the MPB state, the XRD peak profiles are
consistent with a superposition of T and R profiles, as
shown in Fig. 1d. Thus, the microstructure of MPB can
be obtained at room temperature and the ferroelectric—
ferroelectric transition across the MPB can be achieved
by two approaches: by varying the composition (along
the horizontal line in Fig. 1b), as well as by varying the
temperature (along the vertical line in Fig. 1b).

3.2. Convergent-beam electron diffraction analysis

The bright field (BF) TEM image in Fig. 2a shows two
types of miniaturized nanodomains along [001] and [101]
directions with a width of 10-50 nm in PMN-32PT. This
was taken at room temperature (20 °C) with the electron-
beam incident in the direction of pseudo-cubic [010]. In
order to further verify the local coexisting crystal symmetry
in the MPB region, we employed the CBED technique. The
CBED method, with a probe size of a few nanometers (0.5-
2.4 nm), can detect symmetry information within each nan-
odomain [15,53-57]. The two sides of the MPB show R and
T symmetry, with a space group of R3m and P4mm,
respectively. It is easy to differentiate them in the CBED
pattern along the [010] zone axis: the R structure has a
(10—1) or (101) mirror plane, whereas the T structure
has a (100) or (001) mirror plane. Fig. 2bl and 2b2, taken
from the adjacent nanodomains (marked R in Fig. 2a),
show (10—1) and (101) mirror planes, respectively, indi-
cating a local R symmetry. With the nanodomain wall
direction along [001], the polarization direction in each
nanodomain can be identified along [111] and [—1—11],
which is a typical (001) type 109° R nanotwin. In contrast,
Fig. 2cl and c2, taken from adjacent nanodomains
(marked as T in Fig. 2a), show (100) and (001) mirror
planes, respectively, indicating a local T symmetry. The
polarization direction in each nanodomain must be along
[001] and [100], which is typical of (101) type 90° T
nanotwins [58]. Thus, our results show that the microstruc-
ture at the MPB in PMN-32PT is composed of (101)-type
tetragonal (T) nanotwins and (001)-type rhombohedral
(R) nanotwins.

3.3. Twin diffraction pattern analysis

Fig. 3 provides additional evidence of the nanoscale
coexistence of R and T twins from twin diffraction pattern
analysis. Two types of nanodomains along [101]and [001]
for the [010] zone axis can be found in Fig. 3a. Fig. 3bl
and b2 show the simulated twin diffraction pattern for
the (001)-type R twin and (101)-type T twin for [010] zone
axis, including two key structural features: the un-split row
of reflection spots (USR) and the split spots (Ag). The for-
mer (USR), contributed by two twin variants with coinci-
dent lattices in reciprocal space, corresponds to the twin
plane shared between two twin variants in real space. The
Ag (the difference of g vectors Ag = g; — g») is caused by
a slight discrepancy in simultaneously reflecting g vectors
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Fig. 2. (a) Bright-field (BF) image of MPB domains on [010] zone axis. In order to probe the nanodomains clearly, the morphology was imaged several
degrees off the [010] zone axis. (bl and b2) The CBED patterns obtained from two adjacent nanodomains along [001]. (c1 and ¢2) The CBED patterns

obtained from two adjacent nanodomains along [101].
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Fig. 3. (a) BF image of MPB domains on [010] zone axis. In order to probe the nanodomains clearly, the morphology was imaged several degrees off the
[010] zone axis. (bl and b2) simulated twin diffraction pattern for (101)-type T twin and (001)-type R twin on [010] zone axis. The symbols “Ag” and
“USR” stand for spot split and unsplit row of reflection spots in the twin diffraction pattern. (cl and c2) HREM images of nanodomains along [101] and
[001]. (d1 and d2) Fourier-filtered transformation (FFT) images of (c1) and (c2). The FFT images are slightly tilted for clarity.

from two individual crystal variants [51,59]. For the [010]
zone axis, the unique situation of USR//Ag for (101)-type
T twin is along [10—1] and that for (001)-type R twin is
along [001], as shown in Fig. 3bl and b2. One can thus uti-
lize such twin diffraction analysis to distinguish R and T
twins. However, the difference in lattice constants between
R and T in PMN-PT is too small to be identified in selected
area electron diffraction patterns, especially for the nano-
scaled domains. We thus chose to perform fast Fourier
transforms (FFTs) on high-resolution electron microscopy
(HREM) images to differentiate the R nanotwins from T

nanotwins. HREM images of [101]-type and [001]-type
nanodomains in Fig. 3a are shown in Fig. 3cl and c2
and their corresponding FFT images are shown in
Fig. 3d1 and d2. The enlarged 100 reflection spot shown
in the inset of Fig. 3d1 undergoes an obvious change in
Ag along [10—1], which is parallel with USR, indicating
a (101)-type T twin. The (100) reflection spot in Fig. 3d2
satisfies the situation USR//Ag along the [001] direction,
indicating a (001)-type R twin. Thus, combining the
CBED analysis, the local structure of MPB can be inferred
to consist of a coexistence of nanotwinned R and T phases.
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We note that at the MPB composition the average struc-
ture has been known to be monoclinic and consists of nano-
scaled inhomogeneous microstructures. However, the
average monolcinic structure was obtained by considering
either local R nanotwins or local T nanotwins, but not both.
We have observed a mixture of R nanotwins and T nanotw-
ins in the MPB region. We thus propose a phenomenological
model of the adaptive, strain accommodated state by consid-
ering coexisting local phases of R and T nanotwins and show
how they lead to the average structure (monoclinic).

4. Model
4.1. Adaptive phase model for coexisting R and T twins

We consider a strain-accommodated phase, which is a
coherent mixture of nanoscale R and T twins. Such an
adaptive phase can be achieved by adjusting the volume
fraction of each phase and the thickness of each variant
within the phase to establish macroscopic strain invariance
at the habit plane. Doing so eliminates long range stress
fields generated by crystal lattice misfits. The condition
for a stress-free adaptive state requires the transformation
strain averaged over several variants to be an invariant
plane strain (IPS), where the invariant plane is parallel to
the habit plane [25,60].

During transformation, the pure distortions of the two
product-phase twin variants with respect to the parent-
phase lattice can be described by two deformation gradient
matrixes F; and F,. For convenience, we set the principal
axes of F; to coincide with that of the untransformed par-
ent phase. Then the relative rotation matrix @ is given by
the product of the coordinate transformation matrix, A,
required to align the principal axes of F, with Fj, and the
rotation matrix B which uses the twin plane normal of each
twin variant before rotation, i.e.

®=4"-B-4 (1)
cos f§ COS 0 Ccosy cos 0

where 4= | —cosod cos ffcosy cos f§ is the
0 —c0s’3 —cos’ B cosy

coordinate transformation matrix, which changes the rota-
tion axis to one of the principal axes (z axis here) and
[cosd,cos ff,cosy] is the rotation axis. The matrix

cosf —sinf O
B= | sinf cosf O is the rotation matrix about
0 0 1

the principal z axis and 6 is the rotation angle.
The total distortion F can be then written as

F=xF +(1-x)®F, 2)

where x is the volume fraction of one orientational variant
of the product-phase twin crystal. The deformation, F, is
then a function of the volume ratio x and the lattice param-
eters of the parent and product phases [25].

In order to provide a stress-free boundary between the
product-phase twins and parent-phase matrix along the

IPS plane, the necessary and sufficient condition is that
one of the principal distortions be unity, i.e. one of the
principle strains vanishes. From WLR theory [61,62], such
a condition can be satisfied by

det(F-F* —1) =0 (3)

where F” is the transpose of F and 7 is a unit matrix and det
is the determinant of the square matrix F*F* — I. Combin-
ing Egs. (1)—(3), we can obtain a polynomial equation in
terms of x, and obtain a suitable solution for x after
neglecting the higher order terms with small coefficients.

In the present case there are (00 1)-type R twins with two
variants along[111)/[-1—11]R axis and (10 1)-type T twins
with two variants along [100]/[001] T axis, as shown in
Fig.4al and a2 and 4b1 and b2. The total distortion matrices
for (001) R and (101) T twins can be described by
R= ,LtRl + (1 — ,Lt)(DRRz and T= l)Tl + (1 — l))(DT'Tz,
respectively. The volume fractions p and v are for the [111]
variants of R twins and [100] variants of T twins, respec-
tively. For PMN-32PT (MPB composition at room temper-
ature), the lattice parameters are (o,a,) = (89.91566°,
0.4012426 nm), (a;c;) =(0.4001348 nm, 0.4036841) and
a.=0.4012414 nm. By applying the zero distortion condi-
tion to the IPS plane (Eq. (3)), we obtain the volume frac-
tions py = 0.522304, and vy = 0.687248.

We now consider the coexistence of two types of
nanotwins, the (001)-type R twins and the (101)-T twins,
as shown in Figs. 2 and 3. Fig. 4c and d provide a sche-
matic illustration if we look along the [010] zone axis.
Fig. 4c shows how the two types of twin lattices are
adjoined with a coherent interface along (101),.. One T
variant cannot match with two R variants along the
(101) plane simultaneously, thus the interface is not strictly
a plane, but a layer. Accordingly, in order to minimize the
total energy, there must exist other distortions in the R-T
interfaces, not present in pure R or T twin planes. This dis-
tortions can lead to curvature and blurring the interface
[53], as shown in Figs. 2 and 3. Fig. 4d shows the coexis-
tence of R twins, T twins and R-T coherent interfaces.
The R-T interface is parallel to the T twin plane along
(101)pc, whereas the R twin plane is along (00 1),,c. Accord-
ingly, in Figs. 2 and 3, the projection traces of the nanod-
omain walls are directed along approximately [101] and
[001], and these two types of nanodomains intersect along
the [101] direction. In order to make R nanotwins coinci-
dent with T nanotwins along (101),, ¥ and ¥ are used
to describe the rotations of the principal axes of R nanotw-
ins and T nanotwins relative to the axis of untransformed
parent cubic phase. Since the distortion of R
(0g =0.12646°) is quite small compared to that of T
(07 =0.505983°) in PMN-PT (0g and Ot are the rotation
angles of R twin and T twin variants, respectively), Wz
can be neglected here. The matrix W4 describes rotations

cosp 0 —sing
along the [100] axis. That is, ¥7 = 0 1 0 ,
sing 0 cose
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The coexistence of (001) R twin and (101) T twin, where the shearing planes marked with blue lines are along [101]. (d) Full picture of the coexistence of
(001) R and (101) T twins. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

where ¢ = 0r — (45o — arctan%). Thus, the total distor-

tion matrix for the coexistence of (001) R twin and
(101) T twins can be written as

E=o¥Y: R+(1—-0)¥Yr ToR+(1-0)¥r-T (4)

where w and 1 — w are volume fractions of R nanotwins
and T nanotwins, respectively. By applying the zero distor-
tion condition to the IPS plane (Eq. (3)), we can obtain the
values of volume fractions: wg = 0.676829. Thus the micro-
structure of PMN-32PT at 20 °C is composed of 2/3 R
nanotwins and 1/3 T nanotwins approximately.

For ferroelectrics, each variant has a spontaneous polar-
ization, with the same geometrical arrangement as the
strain distortion in each variant. The average polarization

of (001)-type R nanotwins is P = Py + (1 — p)
®,-P_;_;; and that of (101)-type T nanotwins is
PAT:UP10()+(1—U)(I)T'P001, where P]]]/P,],” and

Pioo/Poo1  are spontaneous polarizations along [111)/
[-1—-11] of R twins and along [100]/[001] of T twins in
the cubic axes. For the coexistence of these two types of
nanotwins, the average polarization in general can be
written as:

PA:Q)PAR+(1—Q))\IIT'PAT (5)

By substituting g, vy and w, for the given composition
(PMN-32PT) at room temperature 20 °C and Pz =0.33 -
Cm 2 P;=037Cm 2 (measured from the R composi-
tion PMN-29PT and T composition PMN-35PT) into
Eq. (5), we get: P, = [0.0922659,0.260719,0.00997815].
The polarization P, is the special adaptive polarization
of the coexisting R nanotwins and T nanotwins, which cor-
responds to the condition of complete stress accommoda-
tion. We can see that P, corresponds roughly to Mc
(polarization along [uv0], u # v), which is the widely
reported average structure at MPB, especially in unpoled
ceramics [4,25,26,38].

4.2. Polarization rotation with temperature and composition

We note that the volume fractions py, vy and wq are
dependent only on the crystal lattice parameters of the par-
ent cubic phase and product R or T phases. The lattice
parameters are functions of composition and temperature
[25]. Thus, by changing temperature or composition, the
rotation of the total adaptive polarization may be
captured.

The lattice parameters of R and T can be calculated
from in situ XRD measurements by fitting the profiles with
R and T symmetry. The lattice parameters vs. temperature
curves are shown in Fig. 5a. According to our model, the
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volume fractions g, vg and wq as a function of temperature
are shown in Fig. 5b. We find that the volume fraction of T
nanotwins increases at the expense of R twins on heating
from R-side MPB to T-side MPB. Fig. 5c shows that the
adaptive polarization vector in the MPB region rotates
gradually from a vector in the (001) plane (corresponding
to Ma) to a vector in the (110) plane (corresponding to
Mc) with increasing temperature [8,39]. The X-Y projec-
tion of the adaptive polarization vector in Fig. 5d shows
the rotation process more clearly. Changing composition
is similar to changing temperature. The lattice parameters
and volume fractions pg, vy and wq as a function of compo-
sition are shown in Fig. 6a and b, respectively. The volume
fraction of T nanotwins will increase at the expense of the
R twin from the R-side MPB to the T-side MPB. The rota-
tion of the adaptive polarization vector in the MPB region
between (1 11)g and (100)t as a function of composition is
shown in Fig. 6¢ and d [8,39].

We also found that most of the MPB region consists of
the Mc (P4 =~ [uv0],u#v)) phase, whereas the Ma
(P4o = [uuv],u < v) phase occurs only close to the ferroelec-
tric R region. During the phase transformation from the
T-side ferroelectric to the R-side ferroelectric (with temper-
ature decrease or concentration of PT decrease), the
polarization rotates along the [100—{uv0\e{uuwpa—{111]r
path gradually, in a similar manner to the polarization

rotation in BiFeO; near the MPB with varying strain
field [31,45].

The exact structure in the MPB region has been under
controversy for decades. Recently, an adaptive ferroelectric
state theory was proposed by Jin and Wang [25,26], Wang
[27,28], showing that the average M symmetry could be
regarded as a result of coherence effects amongst R (or
T) nanotwins. Two strain variants of the R phase (or T
phase) can be adaptively considered to have monoclinic
symmetry on average. (110) T nanotwins can be consid-
ered as Mc (or orthorhombic [21], which is a special case
of Mc) on average [21,25,26,28,53], whereas (001) R
nanotwins or (110) R nanotwins can mimic Ma and Mb
on average [27,29], respectively. This theory involves the
single phase with various local structures. Our model, on
the contrary, supports the phase coexistence assumption.
The adaptive ferroelectric state in the present study is a
mixed phase state, not only mixed strain state. We show
that R nanotwins and T nanotwins coexisting together
locally can have M symmetry on average. There are two
situations for phase coexistence between R twins and T
twins: (1) (101) R twin + (101) T twin, which has been
shown in our previous paper [51]; (2) (101) T twins +
(001) R twins, which is the case in the present study.
Furthermore, the present model can predict how the
polarization rotates across the MPB region with changing
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Fig. 6. (a) The lattice parameter vs. composition curves. The lattice parameters of R and T can be calculated from in situ XRD measurements by fitting
the profiles with R and T symmetry using the Lorentz function. (b) The volume fractions p, vy and w, as a function of composition. (c¢) The adaptive
polarization vector in the MPB region as a function of composition. (d) The X-Y projection of the adaptive polarization vector.

temperature and composition, based on microstructural
features (coexistence of R and T nanotwins).

5. Conclusions

We have proposed a phenomenological model to cap-
ture the gradual rotation of polarization as a function of
temperature and composition in PMN-PT ceramics. Our
TEM observations indicate that the local structure near
the MPB region consists of the nanoscale coexistence of
R and T twins, probably as a means to alleviate the
transformation strain. Loading an external electric field
or mechanical stress will result in a redistribution of the
nanodomain variants, thus the nanodomain-averaged
polarization will rotate with a gradual change of the
nanodomain volume fractions p, v and ®. As a result,
high electromechanical properties should be possible at
the MPB.
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