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Ferroelectric ceramics are widely used as sensors and
actuators for their electro-mechanical properties, and
in electronic applications for their dielectric properties.
Domain switching—the phenomenon wherein the
ferroelectric material changes from one spontaneously
polarized state to another under electrical or mechanical
loads—is an important attribute of these materials.
However, this is a complex collective process in
commercially used polycrystalline ceramics that are
agglomerations of a very large number of variously
oriented grains. As the domains in one grain attempt to
switch, they are constrained by the differently oriented
neighbouring grains. Here we use a combined theoretical
and experimental approach to establish a relation between
crystallographic symmetry and the ability of a ferroelectric
polycrystalline ceramic to switch. In particular, we show
that equiaxed polycrystals of materials that are either
tetragonal or rhombohedral cannot switch; yet polycrystals
of materials where these two symmetries co-exist can in

fact switch.
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PT), lead zirconate (PbZrO; or PZ) and lead zirconate

titanate (Pb(Ti,Zr,_,)O; or PZT) are widely used for
their piezoelectric and dielectric properties’™. These materials
are nonpolar and cubic above the Curie temperature, but
become spontaneously electrically polarized and mechanically
distorted below this temperature. Owing to a reduction of
symmetry at the Curie temperature, the spontaneous polarization
can choose between several (crystallographic symmetry-related)
directions. In fact, a typical crystal consists of intricate patterns
of domains of different spontaneous polarization. The domain
pattern may be changed or switched under sufficiently large
electrical or mechanical loads. Domain switching is important in
technological exploitation of ferroelectric ceramics during poling
(a process wherein a large electric field is applied to a randomly
oriented virgin ceramic to endow it with a remnant polarization
through domain switching), in the so-called extrinsic component
of electromechanical properties, and in electronic memory
applications. Most ferroelectric materials are used in the form of
ceramics, or polycrystals made of a very large number of variously
oriented grains. Each grain contains several domains variously
oriented among the crystallographically allowable directions of
that grain. As the domains in one grain attempt to switch, they
are constrained by the differently oriented neighbouring grains.
Thus, domain switching in polycrystals is a highly correlated
collective process.

There have been significant advances in understanding the
(quantum-mechanical) origins of ferroelectricity using density
functional theory®®, crystallographic and domain-wall structure
using atomistic methods®? and the evolution of domains using
phase-field models"*™". Yet, these methods are too expensive
to address domain switching in polycrystals, and this remains
inadequately understood. This paper addresses it by developing a
rigorous multiscale framework (Fig. 1) resulting in a coarse-grained
theory validated by in situ observations. It shows that the
polarizations and strains of the different variants in the single
crystal should span a sufficiently large space to enable domain
switching in a generic polycrystal. This establishes a relation
between crystallographic symmetry and the ability of a polycrystal

Ferroelectric perovskites such as lead titanate (PbTiO; or
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Figure 1 The multiscale behaviour of a ferroelectric ceramic. At the microscale,
one has domains. This is described by an energy density W, which is zero on the set
of spontaneous states Z and grows steeply away from it. At the mesoscale, one has
grains with numerous domains. This is described by the effective energy density of a
single crystal i¥, which is zero on the effective set of spontaneous states of a single
crystal Zﬁ consisting of compatible averages of points in Z. At the macroscale of the
specimen, one has numerous grains with different domain structures. This is
described by the effective energy density of a polycrystal W, which is zero on the
effective set of spontaneous states of a polycrystal Z”. The set Z” can be estimated
with Z', which is simply the intersection of different copies of Z oriented suitably
according to the crystallographic orientation of the grains.

to switch (Table 1). It also establishes that although polycrystals of
a material that is either tetragonal or rhombohedral cannot switch,
polycrystals of a material where these two symmetries co-exist can
in fact switch. It provides quantitative estimates of the remnant
strain, polarization and the domain distribution when subjected to
electromechanical loading. It also identifies preferred textures for
domain switching, and thus can guide current efforts of developing
textured thin-film materials.

Of particular interest is the widely used PZT, a solid solution of
PT and PZ. Titanium-rich PZT is (001).-polarized and tetragonal
below the Curie temperature, whereas zirconium-rich PZT is
(111).-polarized and rhombohedral below the Curie temperature.
The exchange of stability takes place at the morphotropic phase
boundary (MPB) around 48 at.% titanium: the material can exist
in the (001).-polarized tetragonal, (111).-polarized rhombohedral
and a variety of other lower symmetry states*'®. PZT is difficult to
pole away from the MPB, but easy to pole at compositions close to
the MPB'"". This paper validates the long-standing intuition that
the availability of multiple phases at the MPB makes it possible for
the polarization to thread through the ceramic®, and demonstrates
the importance of strain compatibility that has not been fully
realized before.

These issues are similar to the Taylor rule of plasticity that states
that a crystal must have at least five slip systems for a polycrystal
to be ductile” and the related result in shape-memory alloys®.
However, the situation in ferroelectrics is more complicated with
the electromechanical coupling, and the results are more nuanced.
Further, the ferroelectric PZT system allows an experimental
investigation spanning different symmetries in a single system.
Finally, the results presented here are relevant to ferromagnetic
shape-memory alloys such as Ni,MnGa (ref. 23).
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THEORY

A coarse-grained theory that describes the overall behaviour of
a ceramic shown in Fig. 1 containing numerous grains, each
containing numerous domains, has been derived starting from a
Devonshire-Ginzburg-Landau (DGL)-type theory. Further details
have been provided online as Supplementary Information.

At the smallest length scale (micro), a ferroelectric material is
described by a DGL-type theory with an energy density W (e, p)
that depends on the state variables, strain e and polarization p. The
ferroelectric material may be spontaneously polarized and strained
in one of K crystallographically equivalent variants. Let e denote
the spontaneous strain and p®” the spontaneous polarization of the
ith variant (i=1,...,K). W has its minima (zero without loss of
generality) on the set of spontaneous states Z=UX_{(e®,p?)} and
grows quickly away from it.

The multiwell structure of W leads to the formation of domain
patterns. The overall behaviour over the scale of a domain pattern
(meso) is described by the effective energy density of a single crystal
W (e,p) defined in equation (4) of the Supplementary Information.
It implicitly accounts for the domains. It has its minima on the
set of effective spontaneous states of the single crystal ZJ that
contains the average spontaneous strains and polarizations of
domain patterns. The domain patterns cannot be arbitrary; instead
they have to be compatible. Two variants j and k can form a domain
pattern if an only if they satisfy two compatibility conditions™,

eU)_e(k)=%(a®n+n®a), @ —p*)m=0, (1)
where n is the normal to the interface. The first is the mechanical
compatibility condition that ensures the mechanical integrity of the
interface, and the second is the electrical compatibility condition
that ensures an uncharged interface. It is possible to classify domain
walls by studying the solutions of these equations*. If equation (1)
holds, the two variants can form a laminate pattern with volume
fraction A and average spontaneous strain and polarization,
e=1e?+(1—1e?, p=2p?+a—1p®.

As the number of variants increases, the domain patterns become
more complicated and it is important to generalize equation (1).
For example, if we have four variants i, j, k and [, they can form a
herring-bone (double laminate) pattern with 4, j on one side and k,
I on the other if and only if they satisfy

. . 1 . .
¢’ —e’=-@en+mea),  @E’-p’)m=0

1
e —e’=-@em+nea),  @"-p")m=0;

(ne?+(1=21)e?) — (Le® +(1—1)e?) = !

= E(as ®n;+n; Ra;),

((1p?+1=2)p") = (Lp“ + (1 = 21)p"”)) ns =0.

Note that the compatibility across the mid-plane of the herring-
bone is imposed in an average manner. Variant i does not have to
be compatible with either variants k or ; instead, an appropriate
average of variants i,j has to be compatible with an average of
variants k, I. This means that the pattern can have small mismatches
on the scale of an individual domain, but is still compatible on
a larger scale that is much smaller than the entire pattern. The
physical basis for the formation of such patterns and a sophisticated
mathematical framework to describe them has been developed*2.
In any case, computing the set Z of possible effective spontaneous
polarization and strains is a significant challenge. Yet, we have
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Table 1 Summary of results. The ability of domains to switch in ferroelectric polycrystals depends critically on the crystallographic symmetry of the ferroelectric phase.

The results in this table assume that the high-temperature nonpolar phase is cubic.

Symmetry of Non-180° domain Strain through Ratio of ceramic Requisite texture
ferroelectric phase switching in ceramics? non-180° domain to single-crystal for non-180°
switching in ceramics? remnant polarization domain switching
Tetragonal No 1/3 (001)¢
Rhombohedral Yes 1/3/2 (1),
Tetragonal-rhombohedral co-existence Yes Yes ~1 Arbitrary
Monoclinic Yes Yes ~1 Arbitrary

the following result®?: Suppose the ferroelectric material has
K wvariants, and each pair of variants satisfies equation (1).
Then, Z is given by all possible averages of spontaneous strains
and polarizations:

K K K
Zi=1(ep)ie=> xe”. p=> 4p? 2420, Y x=1t. (2)
i=1 i=1 i=1

In other words, if each pair of variants is compatible, then
compatibility poses no restriction, and it is possible to find
compatible domain patterns for any arbitrary average. This is
shown schematically in Fig. 1.

A polycrystal is a collection of perfectly bonded single crystals
with a large number of distinct orientations. Let R(x) denote the
orientation of the grain at x; that is, let R(x) be the rotation
matrix that takes the laboratory frame to the crystal frame of
the grain at x. The effective energy density of the grain at x is
W(R(x)eR" (x),R(x)p), and the sets Z(x) and Z°(x) corresponding
to this grain are given by a suitable reorientation of Z and Z}:

K
z2x) = [J{R®e"R' ), Rp")}
= {R®)eR" (x), R®)p: (e.p) €Z},
Z°(x) = {R®eR" (x),R(x)p: (e.p) € Z; }.

The properties of the polycrystal are determined by the collective
behaviour of a large number of grains. Therefore, its behaviour is
described by the effective energy density of the polycrystal W (e, p)
defined in equation (9) of the Supplementary Information that
implicitly accounts for all grains and domains. This energy density
has its minima on the set of effective spontaneous states of the
polycrystal Z°. To elaborate on this concept, note that one has a
large number of grains and the domain pattern can change from
one part of a grain to another. To capture this, we introduce
a mesoscale strain and polarization field that averages over the
domain patterns, but still varies at the scale of the grains. We say
that such a strain and polarization field can be accommodated
by the polycrystal if it is compatible and if it belongs at each
point x to the corresponding set Z°(x). Physically, the domain
patterns and the resulting locally averaged polarization and strain
have to be compatible at the scale of the grains both within
each grain and across the grain boundary; however, one can have
incompatibilities at the scale of individual domains. ZF is the set of
all strains and polarizations that can be obtained as macroscopic
averages of such accommodated mesoscale strain and polarization
fields. Therefore, ZF implicitly accounts for both the intergranular
constraints and the cooperative effects of multiple grains and
quantifies the range of polarizations and strains that one can expect
through domain switching.

It is difficult to evaluate W and, thus, the set ZF explicitly,
but they can be characterized using bounds. An upper bound on
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the energy W and an inner bound on Z* following the Hashin-
Strikhman variational principle is particularly useful, and leads to
a simple algebraic formula:

(Z°®

xef2

{(e.p): (R®)eR"(x),R(x)p) € Z°(X)Vx € 2}. (3)

7'27' =

The set Z' has the straightforward geometric interpretation shown
in Fig. 1: it is the intersection of the sets Z°(x) of all grains. So
it contains the common effective strains and polarizations of all
grains. This simple bound is a surprisingly good indicator of the
actual behaviour of the material.

RESULTS
SINGLE-PHASE TETRAGONAL MATERIALS

A material such as barium titanate (BT), PT or titanium-rich PZT
(for example 60% Ti) is cubic above the Curie temperature and
spontaneously polarized and elongated along one of the six (001),
directions below that temperature. There are six variants with
spontaneous strains and polarizations of the form

B 1
e(l) — o , p(l) :pt 0]), (4)
o 0

and their symmetric permutations. Each pair of variants is
compatible and one can use equation (2) to calculate Z. Carrying
out the algebra, the effective spontaneous strains of single crystals
are found to have fixed trace (2o 4 f) and zero off-diagonal
elements and the effective spontaneous polarizations are contained
in a parallopiped |p;| < ((¢ —e;) /(@ — B))p'. So, these strains lie in
a two-dimensional subspace of the five-dimensional linear space
of deviatoric (shear-like) strains, but the polarizations span the
entire three-dimensional linear space of polarizations. Substituting
Z5 in equation (3) to calculate Z' leads to two conclusions. First,
the set Z' contains only a single point in strain space unless the
orientations of the grains are limited to having a common (001).
axis. In other words, unless the polycrystal has a (001). texture,
the intergranular mechanical constraints prevent any macroscopic
spontaneous strain. If the polycrystal has (001). texture, the
intergranular mechanical constraints allow uniaxial strain along
the (001). axis. Second, the set Z' contains at least a small ball
in the polarization space. Therefore a polycrystal can have non-
zero effective spontaneous polarization irrespective of texture.
For an equiaxed (random) polycrystal, the effective spontaneous
polarization is equal to p /3. These calculations also show that given
any effective spontaneous strain and polarization in the set Z*, there
is a unique proportion of the different variants that can attain it.
Thus, there is a one-to-one correlation between volume fractions
and macroscopic properties.

It follows that an equiaxed tetragonal polycrystal will show no
90° domain switching, no macroscopic strains through domain
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Figure 2 The evolution under uniaxial compressive stress of the tetragonal
domains and the associated strain for two different specimens of PZT, 40/60
(tetragonal-SP) and 49/51 (tetragonal-M), measured in situ using neutron
diffraction. a,b, March coefficient (a) and longitudinal lattice strains (b) referenced
to the zero-load state. The 40/60 specimen that contains only tetragonal domains
shows no 90° domain switching and only linear strain, whereas the morphotropic
49/51 specimen that contains both tetragonal and rhombohedral domains shows
significant 90° domain switching and nonlinear strain. Fitting errors are of the order
of the data point symbol size and have been omitted for clarity.

switching and only limited poling through 180° domain switching
with macroscopic spontaneous polarization limited to a third of
the single-crystal value. A (001), fibre-texture is necessary for 90°
domain switching.

The first two predictions are consistent with the results of
neutron diffraction experiments on titanium-rich (60% Ti) PZT
shown in Fig. 2 as tetragonal-SP. Details of the experiment and the
representation of the results using a March coefficient are given in
the Methods section. Briefly, a March coefficient of one indicates
random or equiaxed texture, values less than unity indicate
alignment of the polarizations along a fibre direction, and values
greater than unity indicate distribution of the polarizations normal
to a fibre direction. Figure 2a shows that the March coefficient
of the specimen is close to one before, during and after loading
indicating equiaxed texture and no 90° switching during either
electrical poling or mechanical loading. Figure 2b shows that the
elastic strains are essentially linear and show no permanent change
on unloading. The third prediction clears up a long-standing open
issue. The single-crystal spontaneous polarization value of BaTiO;
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is 26 uC cm™? and the polycrystal value is 8 uC cm™? in agreement
with the current prediction of 8.67 uC cm™ (and in contrast to
the classical prediction of 21.6 wC cm™2, which does not take the
compatibility between the grains into account)*®. In PZT", the
ceramic spontaneous polarization at 48%-Zr is 17 pC cm™, and
this is about a third of the MPB value of 48 uC cm™ consistent with
the prediction (we show below that the MPB ceramic and single-
crystal values are comparable). The prediction is also consistent
with the observed sharp drop of spontaneous polarization of PZT
for Zr content below MPB™.

SINGI E-PHASE RHOMBOHEDRAL MATFRIALS

A material such as Zr-rich PZT (for example, 60% Zr) or lead-
zirconate-niobate/lead-titanate (PZN-PT) is cubic above the Curie
temperature and spontaneously polarized and elongated along one
of the eight (111). directions below this temperature. Thus, one
has eight variants with spontaneous strains and polarizations of

the form
e(l) = 6 n 6 ) p(l) =—|1 ) (5)
5 8 1 NEAW

and its symmetric permutations. Each pair of variants is compatible
and one can use equation (2) to calculate ZJ. Carrying out the
algebra, the average spontaneous strains of a single crystal span only
a three-dimensional subspace of five-dimensional deviatoric strain
space whereas the polarization spans the full three-dimensional
polarization space. Therefore, as in the tetragonal case, Z' contains
only a single point in strain space unless the orientations of
the grains are limited to having a common (111). axis, and it
contains at least a sphere in polarization space irrespective of
texture. For an equiaxed polycrystal, the spontaneous polarization
of a polycrystal is p’ /+/2. Further, unlike the tetragonal case, there
are numerous proportions of variants that can attain any given
average spontaneous strain and polarization in the set Z°. Thus,
there is no one-to-one correlation between volume fractions and
macroscopic properties.

It follows that an equiaxed rhombohedral polycrystal will
not show macroscopic strains due to domain switching despite
showing 70 and 109° switching and a limited ability for poling with
macroscopic spontaneous polarization limited to 1/4/2 of the
single crystal value. A polycrystal with (111). fibre-texture
is necessary for macroscopic strains through 70 and 109°
domain switching.

The first two predictions are consistent with the results of
neutron scattering experiments on zirconium-rich (60% Zr) PZT
shown in Fig. 3 as rhombohedral-SP. Note from Fig. 3a that the
March coefficient of the initial specimen is less than one indicating
significant electrical poling through 70 and 109° domain switching.
As the sample is compressed, the March coefficient easily traverses
unity, corresponding to extensive 70 and 109° domain switching.
Despite this large-scale domain switching during loading, Fig. 3b
shows that the strains are essentially elastic (linear). Unfortunately,
the high load data are unreliable owing to the large stress involved
that eventually leads to the mechanical failure of the specimen near
the last data point, meaning that unloading data are unavailable.
The third prediction is also consistent with observations: the single
crystal spontaneous polarization value for PZN-PT is 43 uC cm™
and the polycrystal value is 30 nC cm™ in agreement with the
current prediction of 30.4 uC cm™ (and in contrast to the classical
prediction of 37.4 uC cm™2, which does not take the compatibility
between the grains into account)*®. Similarly, the macroscopic
strain in the polycrystal is 0.025% (ref. 29), an order of magnitude
smaller than the single-crystal value of more than 1% (ref. 30).
Finally, the ceramic spontaneous polarization of PZT" at 60%
Zr is 32 uC cm™2, and this is almost 70% of the MPB value of
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Figure 3 The evolution under uniaxial compressive stress of the rhombodedral
domains and the associated strain for two different specimens of PZT, 60/40
(rhombohedral-SP) and 49/51 (rhombohedral-M), measured in situ using
neutron diffraction. a,b, March coefficient (a) and longitudinal lattice strains (b)
referenced to the zero-load state. Both specimens show 70 and 109° domain
switching. However, this domain switching causes only linear strain in the 60/40
specimen that contains only rhombohedral domains (the nonlinearity at high loads is
due to mechanical failure), but significant nonlinear strains in the morphotropic
49/51 specimen with both tetragonal and rhombohedral domains. Fitting errors are
on the order of the data point symbol size and have been omitted for clarity.

48 uC cm™? consistent with the prediction (we show below that the
MPB ceramic and single-crystal values are comparable).

A material such as PZT at the MPB is cubic above the Curie
temperature and can exist either as (100), tetragonal or as (111),
rhombohedral below it (see discussion later). Thus, one has 14
variants with spontaneous strains and polarizations of the form
in equations (4) and (5) and their symmetric permutations.
Although the tetragonal variants are all pairwise compatible
among themselves and the rhombohedral variants are all pairwise
compatible among themselves, a tetragonal variant may not be
compatible with a rhombohedral variant. Thus, it is not possible
to apply equation (2). It is possible, however, to estimate the
set Z5 from inside, and use this inner (conservative) estimate to
show that Z5 spans the five-dimensional deviatoric strain space
and three-dimensional polarization space. Thus, crystals with
tetragonal-rhombohedral co-existence have a full dimensional set
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Z5. Consequently the polycrystal, irrespective of texture, has a
significant set of macroscopic average strains and polarizations due
to domain switching.

It follows that a polycrystal of this material would show
significant amounts of 70, 90, 109 and 180° domain switching with
limited inter-granular constraints, will be easy to pole and will show
significant (nonlinear) macroscopic strain.

These predictions are confirmed through the neutron diffraction
experiments on morphotropic PZT shown in Figs 2 and 3 as
tetragonal-M and rhombohedral-M. Both of these figures contain
information from the same specimen. However, as whole-pattern
Rietveld analysis can be used to probe individual phases in a
multiphase solid, Fig. 2 shows the March coefficient and lattice
strain associated with only the tetragonal phase, whereas Fig. 3
shows those associated with only the rhombohedral phase. Note
from Figs 2a and 3a that the March coefficient of the initial
specimen is less than one, indicating significant domain switching
during electrical poling. As the sample is compressed, the March
coefficient easily traverses unity, corresponding to extensive 90,
70 and 109° domain switching. Further, this large-scale domain
switching is accompanied by significant nonlinear evolution of the
spontaneous strain in Figs 2b and 3b. The texture does not fully
recover on unloading, and neither does the strain.

SINGI E-PHASE MONOCLINIC MATERIALS

In a material that is cubic above the Curie temperature and
monoclinic below it as reported in some PZT specimens, one has
24 variants. Not all pairs of variants are compatible in general
and it is not possible to use equation (2). It is possible, however,
to estimate the set Z5 from inside. Briefly, pairs of monoclinic
variants that satisfy equation (1) can be combined to obtain
average spontaneous strain and polarization corresponding to
orthorhombic symmetry. These 12 internally laminated variants
now satisfy equation (1) pairwise and yields an estimate of the set Z}
from inside. This inner estimate can be used to show that Z} spans
the five-dimensional deviatoric strain space and three-dimensional
polarization space. Consequently the polycrystal, irrespective of
texture, has a significant set of macroscopic average strains and
polarizations. Thus, a polycrystal of this material would show
significant amounts of domain switching with only limited inter-
granular constraints, will be easy to pole and will show significant
macroscopic strain. In other words, the effective behaviour of such
a material would be very similar to that of the materials with
tetragonal-rhombohedral co-existence.

DISCUSSION

The classical view of PZT held that at the MPB composition,
the (001), tetragonal and (111). rhombohedral phases co-exist
below the Curie temperature. However, since the discovery of the
monoclinic phase'®, it has been recognized a variety of phases
can be found whose symmetry is contained in those of the
tetragonal or rhombohedral phases. The discussion above limited
itself to the traditional view because the neutron diffraction data
showed an excellent fit to tetragonal and rhombohedral structures,
but a poor fit to the monoclinic structure. So the specimens
used in this study consisted predominantly of the tetragonal and
rhombohedral structures. However, it is important to note that the
main theoretical conclusions about the MPB PZT material would
remain unchanged if one included the other phases: the sets Z" and
Z' would increase slightly, but remain qualitatively unchanged.

METHODS

Neutron diffraction is an ideal probe for bulk crystallographic structure, texture and internal strain
owing to the significant penetration of neutrons. Further, a careful whole-pattern Rietveld analysis
enables quantitative and simultaneous extraction of both lattice strains and domain distribution®"*?,
and also the ability to probe individual phases in a multiphase material. Finally, it is insensitive to

purely electrical 180° domain switching and thus isolates it from electro-mechanical domain switching.
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Pressed, sintered ceramic samples of 40/60 tetragonal, 60/40 rhombohedral and 49/51 MPB PZT
compositions were studied**. The samples were electrically poled and their diffraction pattern was
recorded in situ at the ISIS Neutron Scattering Facility (Rutherford Appleton Laboratory, UK) while
being subjected to sequentially increasing uniaxial compressive loads along the poling direction. The
crystallographic data were refined using the Rietveld analysis using the GSAS software package®.

The distribution of domains was quantified using the March—-Dollase texture coefficient. In a
material with a cylindrical (or fibre) texture, the probability Pyy of finding the (hkl) lattice plane
depends only on the angle o with respect to the axis of symmetry. In the March—Dollase model, this is
assumed to be proportional to the function,

Py (er) = (r’ cos’a+ 1" sin’ ) 2
where r is called the March—Dollase texture coefficient or simply the March coefficient. Thus, the entire
fibre texture is described by a single coefficient r. This can be easily fitted to the diffraction data
because the intensity of a diffraction peak is given by I,y = Py F},, where Fy is the structure factor.
The March coefficient is also impervious to 180° switching. A March coefficient of one indicates
random or equiaxed texture, values less than unity indicate alignment of the polarizations along the
fibre direction and values greater than unity indicate distribution of the polarizations normal to the
fibre direction. Further details of the texture analysis are described elsewhere®.

Received 7 February 2005; accepted 25 July 2005; published 18 September 2005.
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