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CONS P EC TU S

L ead-based ferroelectric materials are both well-studied and widely used and have a wide
range of applications from ultrasonics to energy harvesting and beyond. However, the use

of Pb-containing materials is environmentally undesirable, due to the toxicity of lead. This is
particularly highlighted by the disposal of Pb-based devices when their lifespan is through.
Because of this large drawback, chemists have been searching for Pb-free ferroic materials that
can replace PZN (PbZn1/3Nb2/3O3), PMN (PbMg1/3Nb2/3O3), PZT (PbZr1�xTixO3), and all their
derivatives.

Underlying much of materials chemistry is the idea that function arises from structure, so if
we can determine the structure of a material, we can understand how its useful properties arise.
This understanding can then lead to the tuning of these properties and the development of new materials. However, the question
arises: What is meant by structure? Conventionally, structure is determined by X-ray or neutron diffraction, in which the Bragg peak
intensities are measured and a unit cell is determined. In many materials, local ordering, order that persists only for few unit cells or
nanometers, is important in determining the physical properties. This is verymuch the case in the relaxor ferroelectrics, an important
class of functional oxides. Indeed, disorder, randomness, and short-range order (SRO) are all invoked to help explainmany of the key
properties.

The local order in Pb-based ferroelectrics has been extensively studied, with the most definitive probe being single-crystal
diffuse scattering. In this Account, I outline the current debate on the nature of the local order and explore how this information can
inform the search for lead-free materials. Local order, as distinct from the overall average order revealed by conventional
techniques, relates more closely to the crystal chemistry of the individual ions and so appears to give a better insight into how the
crystal chemistry leads to the ferroelectric properties.

1. Introduction
The Pb-based ferroelectric materials are a well-studied

and widely used class of materials. They find applications

in ultrasonics, energy harvesting, accelerometers, and else-

where,1�5 where their combination of large polarization,

low dielectric loss, and large piezoelectric strain make them

key parts of many valuable hi-tech industries. Clearly,

however, the use of Pb-containing materials has a number

of environmental drawbacks related to the toxicity of lead.

This is particularly true in manufacturing the devices and

disposing of them when their lifespan is passed. Because

piezoelectric materials can be used to “harvest” the energy

of waste motion (for example, vibration in a walkway

or dance floor3) and convert it into electricity, they are

potentially very useful in increasing energy efficiency and

reducing carbon emissions. However, it is undesirable to

incorporate Pb-containing materials into devices and even

infrastructure such as buildings and footpaths. Hence the

search for Pb-free ferroic materials that can replace PZN

(PbZn1/3Nb2/3O3), PMN (PbMg1/3Nb2/3O3), PZT (PbZr1�xTixO3),

and all their derivatives and related materials is a major

and ongoing effort.

Ferroelectricity in oxides is generally related to displace-

ment of ions such that there is a local separation between the

center of the distribution of the positive and negative charge.

For example, in perovskite BaTiO3, where Ba is the 12-fold

coordinated A-site cation and Ti the 6-fold coordinated B-site

cation, theTi4þ ion showsa strongpositive charge, so if this ion

is displaced in parallel away from the center of its octahedral

environment (Figure 1), the crystal obtains a net polarization.

In a relaxor ferroelectric, the ferroelectric phase transi-

tion is broad and frequency dependent. This behavior is
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thought to come about through disorder in the crystal

structure, the classic examples being PZN and PMN, where

chemical disorder on the B-site results in a wide range of

environments for the polar A-site atoms, in these cases Pb.

The very existence of ferroelectricity implies that the

displacing atoms are interacting in some way. The presence

of disorder means that these interactions do not always

induce long-range order but can result in local ordering. This

also means that the global average ordering as revealed

by conventional crystallographic studies is really an average

over many local environments and so is not necessarily

highly reflective of the local crystal chemistry that is respon-

sible for the interesting and useful physical properties.

Gaining information about local structure is not simple.

The tools of conventional crystallography, and the very

idea of a single repeating unit cell that defines the structure,

are inadequate. Techniques such as X-ray absorption fine

structure (XAFS) and X-ray absorption near-edge structure

(XANES) can deliver nearest-neighbor coordination informa-

tion, but for exploring structural correlations that persist for a

significant number of unit cells, a length scale of nanometers

to tens of nanometers, the analysis of diffuse scattering of

X-rays, neutrons, and electrons is a technique of great power.

Crystallography that goes beyond the average structure is

a vibrant growth area in the field.6�8 Whether making use

of single crystal or powder samples, the technique relies on

measuring diffracted intensity not just on the Bragg positions

but at a wide range of scattering vectors.

Conventional diffraction experiments work primarily by

determining the intensities of Bragg reflections. These obey

Bragg's law, nλ = 2d sin θ, where θ is half the angle through

which the radiation is diffracted, d is the spacing between

planes of atoms, n is an integer, and λ is the wavelength.

Bragg reflection will occur when Q = G, where G is a

vector of the reciprocal lattice and Q is the scattering

vector, |Q| = 4π sin θ/λ. If the desire is to synthesize the

crystal structure from Fourier components, this experiment

measures intensities associated with a small subset of the

possible Fourier components, those that lie on the reciprocal

lattice. The reciprocal lattice is calculated from the unit cell of

the long-range ordered average structure, so measuring

these intensities can tell us only about this average structure,

usually described by a conventional unit cell. This average

structure is a series of single-body averages. It can tell us that

a given site is at a particular point, shows particular atomic

displacement parameters (ADPs), and is occupied by certain

types of atoms in some ratio. It cannot tell us how a site's

behavior or occupancy influences its neighbors.

Diffuse scattering is named so because it is usually

broad in reciprocal space, that is, diffuse. It is coherently

scattered intensity not restricted to the Bragg peaks. As such,

measuring it samples Fourier components that are not solely

related to the single-body average structure, so insight can

be obtained into two-body correlations in a crystalline

material.9,10 These correlations may exist between atoms,

molecules, and, in neutrondiffraction,magneticmoments.11

Figure 2 shows an example of single-crystal diffuse scat-

tering (SCDS) measured for the layered chalcogenide NiPS3.

For this material and related ones, diffuse scattering of

X-rays was used to show how the layers in the structure

can sheer relative to each other, giving rise to the strong

vertical streaks of scattering in Figure 2a, while electron

diffuse scattering showed that when Mg is doped into the

material, it tends to cluster rather than alternate with the

Ni.12 In the first case, the diffuse scattering is sensitive to how

one bodymoves relative to another, and in the second case,

it is sensitive to the occupancy of one site compared with

another. These are two-body correlations. The diffuse scat-

tering is sensitive to the “average two-body structure”where

conventional diffraction gives the “average single-body

structure”. Even diffuse scattering is not sensitive to multi-

body correlations, unless phase can be retrieved.13

Conventional structure determination allows great insight

into the relationshipbetweenstructureand theusefulproperties

of thematerial. However, there are cases where the properties,

or even the structure itself, cannot easily be explained in terms

of the single-body average. This average may be chemically

unlikely; it may be an unphysical average over a multitude of

reasonable local configurations. An example in a molecular

system is para-terphenyl,14�16 which at room temperature

appears to consist of three coplanar phenyl rings, yet in this

configuration the H 3 3 3H bonds within the molecule, illustrated

in Figure 3, are prohibitively short. In practice, in everymolecule

the central ring is rotated relative to the plane of the outer rings,

yet when averaged across the crystal themolecules appear flat.

FIGURE 1. A parent perovskite cube, lattice parameter ap, showing the
A-site and B-site cations and oxygen atoms. The thick arrow shows a
displacement of the B-site cation (Ti4þ in BaTiO3) that would result in a
net polarization of the unit cell.
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For ferroelectric oxides founded on Pb2þ, the polarization

mechanismmay be based on the Pb environment being too

large and the ion being polar, such that it satisfies its bonding

requirements by shifting off-center.17,18 Two possible dis-

placement schemes, shifts along the 12 Æ011æc directions

and the 8 Æ111æc directions, are illustrated in Figure 4.

If the ions displace in equal numbers along each of the

Æ011æc directions, for example, then the average position is

preserved, but the site is now disordered. If these shifts are

correlated from site to site, then local ordering exists and

diffuse scattering will arise. However, in fitting diffraction

data, it may be possible to model the overall average dis-

tribution of ions by using a single site at the average posi-

tion plus anisotropic ADPs. This means that the average

single-body structure may not capture important details.

The single-body average structure of PbZr1�xTixO3 (PZT)

has been heavily studied,19�23 and at room temperature,

powder diffraction data can be extremely well-fitted by a

dual-phase model with a rhombohedral R3c and a mono-

clinic Cm component, with the fraction of Cm increasing with

Ti concentration.23 Other results show that on driving the

system into the cubic phase at elevated temperatures the

Pb atoms showdisorder.24 The presence of structured diffuse

scattering at room temperature in electron diffraction25�28

definitively shows that the correct single-body average

model must allow for disorder. Therefore, it seems that the

powder diffraction is insensitive to the disorder; the dual-

phase fits are extremely impressive23 yet must be omitting

important structural information.

2. Modeling Diffuse Scattering
When relatively few modulations can describe the diffuse

distribution, it is possible to use a modulation wave

approach29 or, in real space, short-range order (SRO) param-

eters such as Cowley parameters30 to describe the diffuse

scattering and SRO. If the diffuse scattering is the result of

some modulation in composition or displacement that can

be described analytically, then it may be possible to derive

an analytical expression for the locus of diffuse intensity.31

Similarly, some insight may be gained by Fourier trans-

forming a representation of a defect or a domain or some

other structuralmotif. For example, a one-dimensional chain

of correlated atoms will give rise to sheets of diffuse scatter-

ing, while two-dimensional domains will give rise to rods.

This is an important tool in qualitatively determining what

structural features may be present in the material. However

useful, such approaches can be misleading. While it is true

that the Fourier transform of a planar domain is indeed a

rod of scattering, mathematically that does not necessarily

imply that a model containing well-defined static domains

is the only one that can produce such features.32,33 In such

cases, it is necessary to bring in additional information

beyond that provided by the diffuse scattering.

When one considers large two-dimensional (2D) sections

and even large 3D volumes of reciprocal space (which can

be collected using modern facilities such as synchrotrons

FIGURE 3. A single molecule of para-terphenyl, showing the H 3 3 3H
contact vectors that are too short when the phenyl rings are coplanar
and that drive the molecule into a twisted conformation even though
the average appears flat.

FIGURE 2. Diffuse scattering from NiPS3,
12 showing strong thermal diffuse scattering around Bragg positions plus streaks due to stacking fault-like

structures. hkls are given for somepeaks to indicate directions and scales in reciprocal space. Images are false-colormapswherewhite is high intensity
(includingoverexposedpixels) andblack is low (or pixels absent fromdatadue to experimental coverageor data correction). Panel a shows the0kl cut,
while panel b shows a slice in which b* is vertical and 2a*�c* is horizontal.
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and pulsed neutron sources), the modeling of diffuse

scattering is not a routine task. Some toolbox programs

are available for modeling diffuse scattering,34�37 but the

wide variety of types of local ordering, from simple chemical

substitution to complexities of molecular conformations,

militates against the development of an easy-to-use soft-

ware package that can be rapidly learned by a nonexpert.

Such a development is to be desired, and steps continue to

be taken in that direction.34,36,38

Diffuse scattering can be interpreted in a number ofways.

A heuristic approach can often be used by an experienced

researcher39�41 to isolate the key disorder mechanisms,

qualitatively at least. Thismay be buttressed byMonte Carlo

(MC) modeling, which is a very flexible numerical modeling

approach.42

MC modeling in this context comes in two varieties,

conventional MC and “reverse MC” (RMC).43 In both cases,

a model crystal many unit cells in size is constructed, usually

based on a known average structure, and atoms or mole-

cules are shifted or swapped.

InMC, a systemenergy is defined in termsof theatomic or

molecular coordinates and occupancies or quantities ab-

stracted from these. The MC energy is calculated, and the

system is perturbed (two site occupanciesmaybeexchanged,

an atom may be displaced, or two displacements may be

exchanged, and so on) and the energy is recalculated. If

the new configuration is of lower energy than the initial, the

move is accepted. If not, the move may be accepted or

rejected according to some probability that depends on

the change in energy and the temperature, T.40,44 Aftermany

thousands of such steps, the system can be brought

into thermal equilibrium. The model interactions will cause

correlations to propagate through the model, resulting in

short-range order and, if the model is Fourier transformed

appropriately,45 producing diffuse scattering that can be

comparedwith observations. This processmaybeembedded

within an automated refinement procedure. This adjusts

the parameters of the energy functions by quantitatively

comparing the calculated diffuse scattering to the data and

using some algorithm (for example, least-squares or genetic

algorithms46,47) to obtain a fit to the diffuse scattering48,49

(example diffuse scattering sections are shown in Figure 2).

If the model energy is a reasonable facsimile of the real

interactions in the material, the resulting model crystal is

likely to be physically and chemically reasonable.

RMC uses the quality of the fit of the calculated pattern to

the observed directly as an MC “energy”. The great advan-

tage of this is that the model is refined directly against the

data, the disadvantage is that the relatively time-consuming

calculation of diffuse scattering must be undertaken quite

frequently, and care must be taken to ensure that themodel

is chemically reasonable.50�52 RMC has found wide use

in modeling pair distribution function data (PDF), where

the need to calculate the PDF at every RMC step is far less

computationally demanding than the need to calculate

large reciprocal space cuts or volumes.

PDF is widely used to interpret diffuse scattering from

powders. In such an experiment, the 3D distribution of

diffuse scattering is projected onto a single axis as a function

of scattering vector magnitude, that is, a powder diffraction

pattern. These data are carefully corrected and then trans-

formed to give the PDF.

This is an extremely valuable technique and highly

complementary to SCDS, especially when single crystals

are not available, a common situation. It is also extremely

useful in undertaking parametric studies, because data sets

can be acquired very rapidly as a function of some variable,

such as temperature. This Account focuses on SCDS, but

there are many examples of the use of PDF in similar

studies.53,54

More recently, with the increasing power of computers,

it has become possible to calculate local ordering using

FIGURE 4. Displacement schemes in PbZr1�xTixO3 showing (a) the 12 Æ011æc sites and (b) the 8 Æ111æc sites across which the Pb2þ ions are thought to
be split, depending on composition, at 850 K (see Figure 6). Subscript c indicates indexing based on the parent cubic perovskite cell.
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ab initio methods. Comprehensive methods such as density

functional theory (DFT) are at present generally unable

to determine local structure on a large enough sample of

atoms; when correlations can persist for perhaps ten unit

cells, a model must be at least 10� 10� 10 unit cells in size

and preferably much larger. DFT can provide insight into

the average structure55 and the need for disorder, but small

models are prone to problems due to periodic boundary

conditions. Molecular dynamics (MD) and similar ap-

proaches, perhaps using parametrized versions of potentials

calculated using DFT, offer the possibility of calculating the

SRO and therefore the diffuse scattering (and other physical

quantities) from first principles.52,56

3. Local Order in the Pb-Based Ferroelectrics
In the early 1980s, it was put forward that structure contain-

ing a population of small polarized regions of several unit

cells in size could explain index of refraction measurements

on PLZT (Pb1�3x/2Lax)(ZryTi1�y)O3), as well as an apparent

phase transition at a temperature, denoted Td (the Burns

temperature), considerably higher than that of the ferro-

electric to paraelectric phase transition.57

This idea of small domains, referred to as polar nano-

regions (PNRs), has become the dominant one in describing

the SRO in these lead-based materials.17,20,27,58�62 These

are then related to the strong ferro- and piezoelectric effects

seen in these materials.63 A subtly different conception

invokes “ferroelectric nanodomains” (FNDs).64�66 PNRs are

seen as embedded in a paraelectric matrix, while for FNDs,

the domains occupy essentially the full volumeof the crystal,

and their growth is halted when FNDs of different orienta-

tions interact,65 meaning that the geometry of domain

walls becomes very important, because they occupy a large

fraction of the crystal volume. Chemically, the advantage of

the FNDpicture over the PNR is that it is difficult to justifywhy

some fraction of the crystal should be nonpolar and some

fraction polar when the chemistry is the same; the only

chemical inhomogeneity is the B-site randomness, which

is extremely localized, even on the size-scale of a typical

domain. In the FND picture, essentially all the crystal is

behaving identically, in that all Pb2þ are part of a domain

or a wall, and it is the independent nucleation of domains of

different orientations, which possibly does relate to B-site

inhomogeneity, since nucleationmay be a very local pheno-

menon, that prevents the polar ordering from becoming

long-ranged.

Many of the materials show evidence of a morpho-

tropic phase boundary67 (MPB) as a function of doping, often

doping with PbTiO3. For example, PZN-PT shows an MPB at

x ≈ 0.09,68 PMN-PT at x ≈ 0.3,69 and PbZr1�xTixO3 at x ≈
0.47.70 At the MPB, the system is on the cusp between

phases, and this results in increased ferro- and piezoelectric

response. Because they are generally induced by doping,

the MPB and the relaxor properties are frequently linked to

chemical disorder.71 However, an MPB has been discovered

in pure PbTiO3 as a function of pressure rather than doping.

This suggests that the MPB may not really be related to the

randomness linked to the doping but to the chemical pressure

of differing ionic sizes. However, if we consider PZN-PT as PT

dopedwith PZN, it is clear that substitutingNb and Znonto the

B-site results in a negative pressure on the A-site, since Nb5þ

and Zn2þ are both larger than Ti4þ. Thus, doping PT with PZN

acts to expand the unit cell, while applying pressure to PT will

contract the structure. This agrees that anMPBmay result from

chemical pressure but shows that the pressure and chemically

induced phase transitions are quite separate in the pressure

manifold. It alsodoesnotpreclude the chemical disorderbeing

of significance in determining the properties of the system.

A number of ideas have been used to explain diffuse

scattering in the Pb-based materials. In terms of interpreta-

tion, there are some commonalities between materials.

Figure 5 shows two different reciprocal space cuts, from

different compositions of PbZr1�xTixO3, measured using

electron diffraction. Both show streaks through reciprocal

space. By comparing different zones it is possible to deduce

that the streaks are in fact sections through planes of

scattering.25,26 Onemodel for these planes is to assume that

the Pb2þ ions assemble into 1D domains.

Using high temperature powder diffraction at a synchro-

tron, it has been shown that for x = 0 (PbZrO3), the Pb
2þ ions

are on average split across the 12 Æ110æc directions, where

c indicates indexing based on the parent cubic structure.24

This is noted on Figure 6 and illustrated by a cartoon in

Figure 4. At other compositions, the disorder is across the

8 Æ111æc directions, in accord with neutron diffraction.72

The diffuse scattering can be modeled with this in mind25,26

by disordering the Pb2þ across the appropriate sites then

using an MC simulation to induce the suspected correlation

structure, in this case, 1D domains of aligned displacements.

The diffuse scattering can be calculated and compared with

the data. Allowing that these data were collected using

electron diffraction and are thus more qualitative than

quantitative, it appears that the model does indeed repro-

duce many of the observed details (Figure 5c).

Why should the Pb2þ displace? For the x = 0.3 composi-

tion (Figure 5a), the preferred lattice parameter according to



2602 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 2597–2606 ’ 2013 ’ Vol. 46, No. 11

Local Ordering in Lead-Based Relaxor Ferroelectrics Goossens

the B-site occupancy, aB, based on bond-valence considera-

tions,73,74 is∼4.1 Å. This is derived from aweighted average

of the Zr�O and Ti�O distances for 4þ ions in 6-fold

coordination environments, such that each bond is expected

to possess 4/6 valence units. The same calculation, using

Pb2þ in a 12-fold environment gives aA ≈ 3.92 Å (observed

lattice parameters for tetragonal x = 0.3 at room tempera-

ture are a = 4.081 Å and c = 4.100 Å,75 showing

how the B-site chemistry dominates). The Pb2þ is in an

environment larger than desirable but the Pb2þ�O bond

is “softer” than the B�O bonds,74 meaning that the B�O

preferred distance has a greater influence on the final

lattice parameter, in agreement with observation.23

The Pb2þ then moves off center to satisfy its bonding

requirements. Hence, there is a relatively straightforward

chemical reason as to why the Pb2þ is not at the center of its

coordination volume. The same argument holds in PZN,

PMN, and so on.

Figure 7 shows several cuts of diffuse scattering for PZN.

Again, there are strong streaks of scattering, in this case rods

rather than sections through planes, running in Æ110æc
directions. As rods, they can be generated by 2D domains,

again of Pb2þ displacements,76 each domain a single layer

of atoms thick and oriented perpendicular to one of the

Æ110æc directions. PMN shows similar scattering.77 Analysis

often centers on the diffuse scattering around the Bragg

positions (the so-called “butterfly” scattering) and tends to

ignore the fact that the scattering is extended in reciprocal

space. The rods are weaker in PMN but present. Similar

scattering has been seen in PbSc0.5Nb0.5O3 (PSN) and

PbSc0.5Ta0.5O3 (PST) and is interpreted with reference to

PNRs.78 Unlike PMN and PZN, in PSN and PST, the two B-site

cations are in equal proportions, allowing strong B-site

order. In these materials, unlike PZN and PMN, the Æ110æc
rods sharpen markedly on cooling and virtually disappear,

presumably as any thermally induced disorder among

Pb displacements weakens. In doped PSN, the diffuse rods

are more strongly maintained on cooling.79 Hence, in the

systems where the disorder is chemically fixed and cannot

vary with T, the diffuse rods are maintained. This suggests

strongly thatwhile the rodsare indeed the result of correlated

Pb displacements, the range of these correlations is limited

by chemical disorder, in the case of PZN, PMN, and doped

PST and PSN, whereas in undoped PSN and PST, the range

of correlations depends on thermal agitation and so more

strongly depends on temperature. Chemical disorder will

result in small scale inhomogeneity in electric field due to

the different charges on Zn2þ and Nb5þ or Mg2þ and Nb5þ,

for example, and local strains due to differing atomic sizes.

FIGURE 6. A schematic phase diagram for PbTiO3, showing the main
phases. The band across the top notes the x values for which different
types of disordered arrangement of Pb2þ ions have been deduced at
850 K, well into the cubic phase.24

FIGURE 5. TEM images of electron diffuse scattering from PZTwith streaks of scattering (really sections through planes) highlighted by dashed lines.
(a) PbZr1�xTixO3 with x = 0.3 (rhombohedral phase), viewed down the [531]c zone axis (c means relative to the cubic parent structure).
(b) x = 0.46 (monoclinic) viewed down [731]c. (c) Calculated pattern for the section in panel a, based on the MC model described in the text.25,26
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Thus, it is tempting to describe the local order in the Pb-

based relaxors as the result of the need for the Pb to displace

off-center, coupled with chemical disorder that prevents the

ferroelectric order from extending beyond the nanoscale.

Why the ferroelectric correlations should form into plate-like

domains has been tackled using ab initio calculations, which

shed light not only on the drivers for the ordering but also on

the interpretability of diffuse scattering data.

MC modeling had initially suggested that the Pb2þ dis-

placements should be in Æ110æc directions to account for the

lack of streak intensity at the origin.62 It has since been

shown that the diffuse scattering can be modeled without

assuming Æ110æc atomic shifts, as long as the “relative inter-

domain displacement vector” is “perpendicular to Æ110æc”.56

Molecular dynamics modeling of PMN suggests that at

∼10 K the Pb2þ prefer to displace onto Æ111æc positions, a
distribution that becomes less well-defined as the system is

warmedup.80 A recent PDF study of PZN suggests that Æ110æc
displacements are most likely,81 while the Bragg average

structures of both PZT and PZN-PT show changes in the

disorder (Æ110æc or Æ111æc) as a function of doping.24,82 This

suggests that while it may be possible to model the diffuse

scattering with a wide range of displacement distributions,

the real distribution will be sensitive to the crystal chemistry

such that one choice of displacement type (combined with

conventional ADPs) will provide the best approximation.

Diffuse scattering “depends on spatially and temporally

averaged pair correlations only”,65 which means that the

presence of Æ110æc rods need not imply static domains of

displacedatoms. Key features of thediffuse scattering canbe

modeled using a thermal-like picture,32,83,84 which works

well for the “butterfly”-like motifs around some Bragg posi-

tions (an example butterfly is shown in the boxed area

in Figure 7b). The model makes use of parameters that

are analogous to elastic constants without being such.

The resulting fit uses only a handful of parameters and is

impressive in someaspects. It is a powerful indicationof how

the intuitive approach can at times be misleading.

Atomistic molecular dynamics (MD) simulations also do not

imply static plate-like layers of atoms but show that strongly

anisotropic cooperative displacement behavior can reproduce

the observed diffuse scattering. This behavior is revealed by

examining conditional probabilities (related topair correlations).

The local strain due to different sizes of the B-site cations is

integral to thismodel,moreso than randomelectric fields,which

is interesting information in the search for new compounds.80

The conventional “domain” view can be thought of as a

snapshot of these more dynamic models, which is why it

FIGURE 7. Synchrotron X-ray diffuse scattering images from PZN,
PbZn1/3Nb2/3O3, at 100 K, showing the strong streaks of diffuse
scattering (an example is marked with an arrow in panel b), plus spots
due to short-rangeNb5þ/Zn2þordering (an example is circled in panel a;
other spots are due to the intersection of diffuse rods). Axes are labeled
and some diffraction positions noted for scale.
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also can be used to fit the data and why it is still valid in

obtaining chemical insight. These insights include the need

for the inherent polarity of the Pb2þ ion, the size of the Pb2þ

environment relative to its preferred environment (one in

which it could remain centered), the degree of order of the

B-site cations, and the relative sizes of the B-site cations.

As temperatures increase, the role of thermal vibrations

(phonons) becomes significant. Long-range, dispersive lat-

tice modes will relate to the average structure and must be

allowed forwhen trying to determinewhat effects are due to

the local chemistry. Temperature-dependent studies aid in

this,85 as do studies of lattice dynamics and energy-analyzed

diffuse scattering using neutrons.86

4. Conclusions
The Pb2þ-based ferroelectrics, particularly the relaxors,

show a wide range of complex behavior. This relates to

the wide variety of local structures, including chemical

short-range order, correlated atomic displacements, and

the atomic size effect.85 Some of these local orderings

can be captured by a phonon-like picture, others through

a real-space, empirical, atomistic simulation. These ap-

proaches deliver descriptions of the local ordering, and from

these some important attributes of the chemistry can be

inferred. However, it is clear that there are aspects both of

order�disorder and of phonon-related behavior in these

materials. Hence, detailed modeling of the local order and

the “domain” structure requires the precision of a quantum

mechanical technique like density functional theory yet also

requires studyof a sufficiently large system that a statistically

valid population of local configurations can be generated,

a model much too large for a DFT calculation. Molecular

dynamics based on parametrization of potentials derived

from detailed calculations offers a powerful way to work

around these issues and delivers detailed insights.

It is also apparent that the diffuse scattering alone cannot

constrain themodel sufficiently, for example, in determining

the absolute displacement direction of the Pb2þ ions. Other

data, including high-quality long-range average structure

determinations and the principles of crystal chemistry

(whether bond valence sums and tolerance factors or quan-

tum chemical calculations), must be employed.

A great benefit of the development of more chemically

and physically reasonable models is that many quantities

can be sensibly calculated from them. This leads to a model

crystal being “refined” against multiple data sets, diffuse

scattering, Bragg scattering, XAFS, thermodynamicmeasure-

ments, phonon dispersion, Raman, M€ossbauer, and so on,

resulting in a potentially unprecedented level of structural

detail.When structure and functionarebeingcalculated from

the samemodel, the ability to understandmaterials and then

design new ones is greatly enhanced. And, clearly, in many

materials, it is not adequate to base such modeling on the

long-range average structure. Detailed modeling of the local

order is essential if we are to understand the mechanisms at

work in these useful and interesting materials.

The most common ion used as a replacement for Pb2þ

is Bi3þ, a similarly heavy ion with a lone pair. Sn2þ also

possesses the lone pair, though its chemistry is difficult.

When we better understand how the average and local

chemistry combine to drive the Pb2þ behavior, from rela-

tively simple effects like the size of the ion site relative to its

“preferred” bond length through to random field effects due

to B-site substitution and on to subtle quantum mechanical

effects,87 we will be able to design a perovskite, including

“designing the disorder”, such that Bi3þ (or Sn2þ) will be

induced to behave as we require. This will herald a powerful

new tool not just in the study of ferroic materials but in

materials science more broadly.
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