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Preface
The term of Framework Structure (FWS) concerns the materials in which one can
discern some rigid polyhedra sharing edges or apexes with their neighbours. The framework
sublattice is referred as a host, and the atoms situated in the voids of the framework – as
guests. The guest atoms can move within the voids or even through the framework. This
property gives rise to various applications such as catalysts, molecular sieves or superionics,
and it is at the heart of the ferroelectric and piezoelectric properties of the framework crystal
structures, and also of elastic, magnetic, magneto-electric, and more generally multiferroic
properties.
Certainly the most known example of FWS is that of perovskites in which the units
(octahedra) share corners with their neighbours, but besides this case there exist hundreds of
materials belonging to the category of FWS materials and the total number of articles on them
is of several hundred thousand. Preparing a book on this field was therefore at first a
challenge, because such a book is necessarily incomplete, and is the result of difficult choices
among all what should be presented on this topic. We have nevertheless decided to take up the
challenge and propose this review volume constituted of 26 chapters touching the field of
perovskites, but also of derived compounds as 2D perovskites, Dion-Jacobson, RuddlesdenPopper, Aurivillius, tungsten-bronzes, and others. We have tried to focus on new trends by
leaving somewhat aside the more classical aspects which can easily be found in older
textbooks or review articles.
The volume is divided in two parts, part A entitled Fundamental aspects and general
properties, and part B entitled Elaborated materials and applied properties. Chapter 1 begins
with a general presentation and then focus on Rigid Unit Modes (RUMs), excitations that do
not demand high energy expenses and trigger structure instabilities. Such a situation occurs in
several crystalline families and the concept of RUM and the new concept of Maximally
Localized Rigid Unit Modes (MLRUM) are analyzed in perovskites, cristobalites, tetragonal
tungsten bronzes, and quartz. The MLRUM concept is very powerful as it provides us with the
tool to describe all possible tilt structures including the incommensurate ones. It is shown that
all structures are generated from the elementary objects called skeletions, playing the role of
bricks, and allowing in particular to predict the existence of new states that would be chaotic,
more disordered than usual incommensurate phases, and not periodic in one or several
directions.
In perovskites, there is only one type of skeletion, although the variety of phases and
their properties are extremely rich as shown in Chapter 2 that describes the correlations of
crystal structures of perovskite materials to their myriad of exciting physical and chemical
properties and their fascinating structure-property correlations. Some illustrative examples are
presented, with neutron and x-ray diffraction results to reveal direct correlations of several
important physical properties, such as magnetic, multiferroic, electronic, and electrodes of
solid oxide fuel cell with the crystal structures of perovskites. The applications of versatile
perovskites and the future prospective in this area are also extensively discussed.
The scheme given by RUMs is a very fruitful approximation, but the lattice dynamics
is richer than that, as shown (Chapter 3) by theoretical studies that emphasize on local lattice
anomalies which appear in the phonon mode dispersion. Above the actual phase transition
temperature, finite size polarized clusters appear at an onset temperature which marks the
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precursor formation temperature. These local anomalies appear as well experimentally and are
reviewed for various perovskite compounds.
Among all perovskites, hybrid organic-inorganic perovskites (HOIP) have played
recently a very important role. Chapter 4 recompiles well-established chemical and structural
concepts in pure inorganic perovskites (mainly oxidic perovskites), and extends them to the
young family of hybrid organic-inorganic perovskites to help understanding the relationships
among composition, crystal structure and properties in this new family of compounds for
inspiring further the design of novel materials.
In Chapter 5, a very detailed picture of the widely-stable Pnma crystallographic
structure is given, regarding the perovskite RFeO3 and RMnO3 structural distortions. It is
shown how profoundly their physical properties are associated with the structural distortions,
and hence how they can be tuned whenever distortions are subtly changed. At a microscopic
scale, it is also unraveled how the octahedra tilt and Jahn-Teller distortion can be tuned by ion
substitution at distinct lattice sites, thoroughly probed by both diffraction and spectroscopy
techniques.
Most studies of ferroelectric materials are focused on polycrystalline ceramics.
However, it is difficult to improve their properties significantly (particularly piezoelectric one)
due to grain/grain boundaries, compositional homogeneity, isotropic characteristics, and
structural defects. It is commonly accepted that single crystals often have better piezoelectric
behavior and less structural defects than ceramics. This is elucidated in Chapter 6 for lead-free
Na0.5Bi0.5TiO3 (NBT) single crystals, the processing technology and properties of which are
summarized. These crystals are good candidates to replace Pb-based materials.
After these chapters devoted to perovskites, the next ones deal with other FWS
materials. Thus Chapter 7 is a review on the Aurivillius phase materials, a family of naturally
layered perovskite structures, that highlights their use for the development of multiferroic
materials. The driving forces behind cation partitioning and magnetic ordering in multiferroic
systems are explored. These materials, and 2D perovskites, that present a considerable
flexibility in their structure, composition, and physical and chemical properties, will probably
reveal in future new features and attract more attention.
Then attention is driven to the tungsten bronze structures in Chapter 8. From the
structural point of view these structures involving also octahedra, are more complex than
perovskites, with the presence of pentagonal, triangular, and square channels. This results in a
more complex situation with regard to RUMs, and this family of materials is known to be
extremely rich due to numerous possibilities of filling channels with different ions. Phonons
and relaxations studied in lead-free unfilled tetragonal tungsten-bronzes SBN and CBN are
affected by cationic substitution in the different channels of the structure, as shown in IR and
Raman spectra. Below phonon frequencies the change from ferroelectric to relaxor behaviour
is detected in the characteristic frequencies of several excitations and their contributions to the
permittivity in the GHz-THz range. In all crystals the ferroelectric phase transition is triggered
by a soft central mode in the THz range together with the slowing down of a relaxation from
GHz to MHz ranges.
Raman scattering spectroscopy was also applied to investigate phase transitions in
fluorine-containing crystals with elpasolite structures, that involve octahedra of different types.
Chapter 9 presents quantitative analysis of low frequency and hard modes spectra that
confirms clearly the soft mode nature of studied transitions while the observed absence of
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restoring modes below transition points is due to strong intermode interactions in the distorted
phases. This chapter elucidates interesting aspects of dynamics in this type of materials which
bring us closer to the case of double and triple perovskites.
Another interesting family, less explored, is that of double trigonal molybdates and
tungstates, that possess a very original structural arrangement. This family, of general formula
MR(XO4)2, has an interesting layered structure built of corner-linked RO 6 octahedra and XO4
tetrahedra. Chapter 10 is a review on ferroelastic phases some of which could be combined
with an incommensurate modulation. Very peculiar features characterize this family, as a 1-q
phase with an unusual blurred ferroelastic domain structure, a rich sequence of phase
transitions not predicted by phenomenological theory with a reentrant phase, and
antiferroelasticity or ferrogyrotropy that are speculated to take place.
The cristobalite-like family, built on a framework of interconnected tetrahedra, is also
very rich from the structural point of view, a situation that can be understood (Chapter 11) by
applying the MLRUM concept. The uniqueness of the crystal structures gives rise to RUMs
localized within infinite linear chains of the linked tetrahedra. This particularity allows to
explain the large variety of the cristobalite-like crystal structures and may result in the
existence of 2D incommensurate phases, thus giving rise to predictions of new phases not yet
observed.
Finally part A finishes with a very important aspect which touches the limit of the
theme of this book that concerns crystalline materials. In recent years, the study of disordered
solids has become one of the actively developing directions in solid-state physics in general
and in the physics of polar dielectrics in particular. A special place is occupied by amorphous
dielectrics, the physical processes of which turned out to be so complex that until now most of
questions remain open. The methods of preparation, as well as the structure and most relevant
physical properties of amorphous materials based on ferroelectrics with perovskite structure
are reviewed in Chapter 12. The theoretical basis for the possibility of ferroelectricity in noncrystalline solids is also discussed. The structural relaxation in a glassy state and the
crystallization processes leading to the formation of a ferroelectric phase are considered, and
it is shown that thin-film amorphous ferroelectrics demonstrate noticeable differences from the
properties of the same materials in bulk state. This chapter is a significant scientific tool, given
the interest in such a research is primarily due to the novelty of the problem, and for the
perspectives of using unique physical properties in modern technology.
Part B concerns mainly questions related with elaboration of specific materials of
FWS type in view of applications. In Chapter 13, the physical properties of PLZT ferroelectric
ceramics have been explored for a composition which reveals excellent performance for
piezoelectric applications. In particular, the influence of the PbO excess on the structural,
microstructural and ferroelectric properties has been considered, with a particular emphasis
on the effect in the long-range order interactions.
In Chapter 14, the authors conducted a systematic investigation of the nonlinear
dielectric properties of relaxors ferroelectric Pb(Mg 1/3Nb2/3)O3 ceramic as a function of the ac
electric field amplitude in wide frequency and temperature intervals. The observed dielectric
relaxation was analyzed with the Vogel-Fulcher relationship, which allows to deduce the
electric field dependences of the freezing temperature and the activation energy. A statistical
model that considers the dipolar response due to ionic disorder and inhomogeneity observed in
relaxors ferroelectrics allows to successfully fit the nonlinear response of real dielectric
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permittivity with temperature and frequency. The behavior of the diffuse phase transition in the
investigated ceramics is well described by the phenomenological model.
Because of excellent ferroelectric properties, the well-known barium titanate is widely
used for the production of multilayer ceramic capacitors. With traditional methods, the
achievable thickness of the dielectric layers is 3-5 microns. Chapter 15 demonstrates how to
engineer a suspension’s rheology by a careful choice of suspension components and how to
choose the casting conditions to shape it into a layer as thin as 300 nm with a roughness close
to the diameter of one nanoparticle. These results, important for industrial applications, may
be translated to other compounds.
Thin films technology is very important in modern applications, and several methods
and results are described in litterature concerning perovskites and their epitaxial depositions.
However the family of TTB materials, which has various promising properties, has been very
little studied as thin films so far. Chapter 16 contributes to enhancing the knowledge on the
progress made in recent years by presenting an example of study, on the growth of Potassium
Lead Niobate thin film by pulsed laser deposition.
Doping of ferroelectric crystals with magnetic ions has been foreseen to be a
promising route for obtaining multiferroic materials. Chapter 17 presents a review focusing on
PbTiO3 and Pb(Ti,Zr)O3 doped with different transition elements and rare earth ions. The
pseudo Jahn-Teller origin of multiferroicity and magnetic-ferroelectric crossover in PbTiO 3 based ceramics doped with transition elements is discussed. A review of the main achievements
reported in the literature, together with recent experimental results, is given. Moreover, some
critical processing parameters necessary to avoid phase separation and to obtain coexisting
magnetic and ferroelectric properties in a single-phase multiferroic are evidenced.
The simultaneous presence of magnetism and ferroelectricity in multiferroic
magnetoelectric materials is appealing because it enables the development of new electronic
devices where the spin of the electron is controlled by electric (instead of magnetic) fields;
conversely, magnetic fields can also be transduced directly to electromotive forces. It has to
fulfill the physical requirements for magnetism, such as unpaired electrons, and for
ferroelectricity, such as dielectric behavior. These restrictions imply that a relatively small
number of intrinsic multiferroic materials are available in nature, and the few known to date
show often weak coupling and/or relatively low critical temperatures. Artificial multiferroics
obtained by combining ferroelectric and ferromagnetic materials are a seductive route to
overcome the lack of intrinsic single phase multiferroics. Chapter 18 is a review of laminar
artificial multiferroic structures that were realized and studied in detail by depositing ferrites
CoFe2O4 spinel overlayers on ferroelectric BaTiO3 layers.
It is now well known that thin films and superlattices distinguish themselves from bulk
materials by their specific properties. This is shown and analyzed in Chapter 19, devoted to
results on dielectric and switching properties of the BaTiO 3-BaZrO3 ferroelectric superlattices.
These materials are shown to demonstrate high values of the dielectric response, behave like
materials with a second-order phase transition, and possess an internal field that can be
described by the flexoelectric effect. Numerical estimates and the presence of an activation
stage in the switching currents indicate that the switching processes in these superlattices are
carried out through the motion of domain walls. These results pave the way for the engineering
of multilayers with taylored, controlled, ferroelectric properties.
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In the last decade the interest for nanomaterials with particular structural and
physical properties has increased considerably. Step by step, materials of this type enter new
devices and are involved in different applications, and among them many are of FWS type, and
particularly of perovskite family. In Chapter 20, the very interesting example of barium titanate
is taken into account and the impact of the hydrothermal synthesis parameters on the
crystallization mechanism and formation of anisotropic 1D perovskite nanostructures are
described. The variety of different obtained structure is impressive, and the future will
determine for which particular applications these structures will be used.
Among most recent applications of FWS materials, this book focuses on applications
related with interactions with other molecules, on photovoltaics, and on memories.
Applications of clays are mainly of chemical interest. Chapter 21 presents a brief
introduction to clay minerals and how they are classified according to their crystalline and
atomic structures. Their properties are at the origin of various applications due to their
interactions with other molecules, such as water, ions, carbon dioxide, or drugs. A review of
the most used characterization and modeling techniques is also discussed. Finally, a focus is
given to the fluorohectorite, a synthetic clay mineral system, which is used to demonstrate
some of the mentioned smectite properties.
Photovoltaics is certainly the field that has attracted the most attention of researchers
in recent years, in relation precisely with the drastic progresses accomplished thanks to
perovskites. Perovskites have opened up extremely promising routes because they allowed
rapidly to reach efficiencies higher than for silicium solar cells, with the hope to generalize
production of panels with simpler processes that do not cost so much energy and are
environment friendly. We present selected aspects in this volume. Chapter 22 is a review of
perovskite solar cells, it gives first an introduction to photovoltaics, with a presentation of
operating principles and the basic knowledge as the current-voltage characteristic, the notion
of solar spectrum, Shockley-Queisser theory, the evolution of solar cell performances and
technologies. The second part of the chapter focuses on 3D perovskites and their involvement
in photovoltaic cells of different structures. It gives a review of the present state of the art in the
field. Using a material in a photovoltaic device requires certain constraints on electronic
properties and band structures. Chapter 23 presents how to compute the electronic properties,
band structures densities of states (DOS) and optical properties of perovskites, on the example
of Ba1-xCaxTiO3 and Ba1-xSrxTiO3 mixed crystals, using density-functional theory (DFT). Direct
and indirect transitions are taken into account, and it is shown that an increase in the band gap
occurs with a change of Ca and Sr concentrations.
Although perovskite solar cells are top efficiency emerging photovoltaics, it is still not
clear how to stabilize durably their optimal performance. For that, understanding their charge
carrier recombination pathways is essential. In Chapter 24 it is discussed
whether recombination is predominantly radiative or trap-assisted, placed along the bulk or at
the interfaces, and what the connection is with the ionic conductivity. These questions are
crucial in the understanding of solar cells. Then Chapter 25 presents results on undoped and
Mn-doped Pb(Zn1/3Nb2/3)O3-PbTiO3 nanoparticles dispersed in biopolymer and in mixed
biopolymer with pentacene as active layer and deposited by spin coating. Morphological,
electrical, and optical characterization by transmittance and absorbance measurements
allowed to observe the influence on absorption and optical gap of the different deposited
layers. These results elucidate the very important role of the pentacene layer in improving
photovoltaic properties of assemblies of these nanoparticles.
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Ferroelectric memories (FeRAMs) developed in last decades have mainly involved
FWS materials, as ferroelectric perovskites and layer derived materials like SBT. Multiferroic
devices seem to be the next target on the horizon for such applications, combining very fast
(ns) electrical WRITE operations, very low power consumption (voltage-driven rather than
current-driven), with magnetic non-destructive READ operations as thought by our late
colleague Professor JF Scott1 (peace to his soul). Besides perovskites, the tungsten bronze
family exhibits remarkable physical properties and was shown recently to present the resistive
switching phenomenon (Chapter 26). The memory effect in these materials is based on the
existence of two resistor states that are controllable under the application of an electric field,
which opens the way to their potential use in resistive memory technologies (ReRAM). In the
case of the material GdK2Nb5O15, the resistance ratio reaches 140. Future Multiferroic
memory devices may combine all these physical properties.
In conclusion, this book presents a collection of texts elucidating various aspects of
framework structure crystalline materials, written by about 70 authors; it proposes a
reasonable balance between experimental and theoretical results, and between fundamental
aspects and applications.
This volume can be approached on several levels; it is accessible to master or
doctoral students, as well as to researchers, who will find excellent detailed introductions,
reviews, and articles on hot subjects. It may also be used by undergraduate students who could
have to approach specific aspects. It naturally also covers important recent developments.
Each chapter initially assumes that the readers are not specialists in the subject, and
is presented in a pedagogical way. This results in some repetitions between certain chapters,
that we have limited, but which we have somewhat maintained because they allow the chapters
to be read somewhat independently of each other, and by readers of different levels.

We hope you will enjoy reading it.
Pierre SAINT-GRÉGOIRE and Mikhail B. SMIRNOV
Editors
and all authors who participated in this volume
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