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Abstract

The perovskite structure is one of the most wonderful to exist in nature. It obeys to a quite
simple chemical formula, ABXj3, in which A and B are metallic cations and X, an anion,
usually oxygen. The anion packing is rather compact and leaves interstices for large A and
small B cations. The A cation can be mono, di or trivalent, whereas B can be a di, tri, tetra,
penta or hexavalent cation. This gives an extraordinary possibility of different combinations
and partial or total substitutions, resulting in an incredible large number of compounds. Their
physical and chemical properties strongly depend on the nature and oxidation states of
cations, on the anionic and cationic stoichiometry, on the crystalline structure and elaboration

techniques, etc.

In this work, we review the different and most usual crystalline representations of perovskites,
from high (cubic) to low (triclinic) symmetries, some well-known preparation methods,
insisting for instance, in quite novel and original techniques such as the mechanosynthesis
processing. Physical properties are reviewed, emphasizing the electrical (proton, ionic or
mixed conductors) and catalytic properties of Mn- and Co-based perovskites ; a thorough
view on the ferroelectric properties is presented, including piezoelectricity, thermistors or
pyroelectric characteristics, just to mention some of them ; relaxors, microwave and optical
features are also discussed, to end up with magnetism, superconductivity and multiferroisme.
Some materials discussed herein have already accomplished their way but others have

promising horizons in both fundamental and applied research.

To our knowledge, no much work exists to relate the crystalline nature of the different
perovskite-type compounds with their properties and synthesis procedures, in particular with
the most recent and newest processes such as the mechanosynthesis approach. Although this
is not intended to be a full review of all existing perovskite materials, this report offers a good
compilation of the main compounds, their structure and microstructure, processing and

relationships between these features.



1. Introduction

The perovskite structure is one of the most wonderful to exist. It belongs to the ternary family
of crystalline structures and has a formula ABX3. It is built from a dense packing of X anions
(oxygen preferentially), with two types of sites, one with coordination six and the other with
coordination eight or twelve. The octahedral sites can host small cations of one, two, three,
four, five or six valence oxidation states, whereas in eight or twelve coordination sites, mono-,
di- or tri-valent large-sized cations can be located. The resulting compounds have a wide
range of chemical formulae, properties and applications, as summarized in Table 1. Each A
cation is surrounded by twelve X anions in a cubic-octahedral coordination, and each B cation
is surrounded by six X anions, in an octahedral coordination. Each X anion is surrounded by
two B-site cations and four A-site cations (figure 1). Several reviews are devoted to the

different aspects of the crystalline perovskite-type compounds [1-4].

Only a few perovskite-type compounds exist in nature. Some of these compounds, their

original scientific names and their discovery sites are listed in the following :

Latrappite Ca(Fe,Nb)O; Oka, Quebec, Canada

Loparite (Na,Ce)TiO3 Khibiny, Kola Peninsula, Russia

Lueshite NaNbO; Lueshe, Democratic Republic of Congo (former Zaire)
Macedonite || PbTiOs Crni Kamen, Macedonia

Perovskite CaTiOs Zlatoust district, Ural Mountains, Russia

Tausonite SrTiOs Murun complex, Yakutia, Russia

The mineral perovskite was discovered in 1839 in the Ural Mountains, Russia, by the German
mineralogist and chemist Gustav Rose. It was named in honor of the dignitary, mineralogist

and Russian military officer Lev Alexeievitch Perovsky.

In an ideal perovskite structure, as shown in figure 2 for the cubic SrTiO; oxide, the A cation
(Sr) is coordinated to 12 oxygen anions whereas the B (Ti) cations are coordinated to 6
oxygen anions. The A cation is larger than the B cation; the oxygen anions are coordinated to
2 B cations and four A cations. In this way, there is contact between the A, B and O ions. (R4
+ Ro) should be equal to V2(Rs+Ro), where Ra, Rg and Ro correspond to the crystal radii for

cations A and B and the anion O, respectively.



The stability of a perovskite-type phase for a particular group of cations and anions is related
to the so-called “tolerance t" factor. This parameter defines the symmetry of the system and
significantly affects its dielectric properties. The tolerance is a variable factor with regard to
the limits for the cations size and allows the formation of a perovskite-type phase [1]. It is
given by the expression t = (R4 + Ro)/N2(Rp+Ro). When the t value is close to 1, the
perovskite phase is formed, although some perovskite structures can form in the range
between 0.90 and 1.10, as the cases of BaZrOs; (t =1.01, cubic) and CaTiO; (t= 0.97,
pseudo-orthorhombic monoclinic). In the case of B-type complex perovskites A(BysB 95)O3,

the above relation is modified to t = (R4 + Ro)V2[(Rp+R5)/2 + Ro].

When the tolerance factor is less than 1, the system is of low symmetry ; t larger than 1
corresponds to big A cations and small B cations, so the B cations have a larger space to

move. When t is less than 1, the B cations have a bigger size.

The properties of the perovskite-like compounds as a function of their composition and
crystalline structures and symmetries, are very wide. Many perovskite-type compounds are
considered ionic compounds, but the bond type is commonly a mixing of ionic and covalent.
With regard to the electrical and magnetic features, they may be insulators, ferroelectric
compounds, semiconductors, superconductors, metallic conductors, ionic conductors,
antiferro-, ferro- or ferrimagnetic compounds, multiferroics. Some examples are given in

Table 1.
2. Crystalline structure

Perovskites can crystallize in all possible symmetries, from cubic (high symmetry) to triclinic
(very low symmetry). The most typical and important examples are summarized in the

following.
2.1 ldeal perovskite as cubic structure

The ideal (cubic) perovskite corresponds to ¢t = 1. When t differs from 1, it gives place to
perovskites with lower symmetry. The idealized cubic structure is obtained, for instance, in
CaRbF; and SrTiO;. The latter can be described as Sr** and O® ions forming a cubic
close-packed lattice with Ti*" ions occupying the octahedral holes created by the oxygens.
The perovskite structure has a three-dimensional net of corner sharing [TiOg] octahedra with

Sr*" ions in the twelve fold cavities in between the polyhedra (figure 1). In the cubic ABX;



perovskite structure (a = 0.3905 nm, space group Pm-3m, Z = 1), the A atoms are in Wyckoff
position 1b (Y4,%,%), the B atoms in la (0,0,0) and the X atoms in 3d (!2,0,0), (0,%2,0),
(0,0,'), all special positions (figure 2).

The ideal cubic perovskite SrTiO; has ¢t = 1.00, ra = 1.44 A, 15 =0.605 A and ro = 1.40 A. If
the A ion is smaller than the ideal value, then ¢t becomes smaller than 1. As a result, the [BOg]

octahedra will tilt in order to fill the available space. However, the cubic structure occurs even

if0.89<t<1.
2.2 Tetragonal-type perovskite structures

When A is larger, t > 1, then the B-O octahedral bond is distorted and an increase along the
c-axis occurs. The most typical compound of this class is BaTiO; (figure 3). It crystallizes
with space group P4Amm, Z =1, ap=0.3994 nm and c,= 0.4038 nm. The parent compound,
PbTiOs, shows a higher distortion. In this latter compound, the increase of the volume of the
A cation is combined with the lone-pair nature of the Pb>" cation, leading to one of the largest

tetragonality values co/ag of perovskite-type structures.
2.3 Rhombohedrally distorted perovskite

There are several compounds which show a rhombohedral distortion, one of the most
commons being the LaAlO; compound. The room temperature LaAlO; structure has a
primitive lattice with Z =2 and a corresponding hexagonal cell with Z = 6. The distortion is,
however, small and sometimes it can be described as a face-centered pseudocubic cell, with
Z =8 (figure 4, [5]). Parent compounds are LnAlO; with Ln = Pr, Ce, Nd. When the ionic

radii of the rare-earth cations decrease, the aluminates crystallize with orthorhombic structure.
2.4 Orthorhombic perovskite compounds

Of all the orthorhombically distorted perovskites, the GdFeO; type is probably the most

common one. It crystallizes with space group Pbnm and Z=4. The cell parameters are related

to a pseudocubic cell of a” parameter, by ap = by = V2a’and co~2a’.

This structure is very common among ABXj; perovskite-type compounds, as summarized in
the tables of Muller and Roy ; it includes much of LnMO; compounds in which Ln is a
trivalent rare-earth and M a trivalent cation (Al, Fe, Mn, Ga, Cr, V) [1].



The orthorhombically distorted perovskite is a consequence of a low A-cation volume,
attaining values for which the 12-fold site is hard to accomplish. To accommodate these
cations, the B-X octahedral groups tilt about the pseudo-cubic axes in order to achieve the
lowest energy level for the crystal (figure 5). The largest number of distorted perovskites is
that of the orthorhombically distorted ones. There are, however, some subtle differences in
this group of crystalline structures. Thus, as a function of the change in the tolerance factor
(), the so-called O’-type structure, with c/N2 <a<b, occurs when the tolerance factor is
moderately low ; it changes to the so-called O-phase (orthorhombic O-type structure, with

a < c/N2 < b) when a further lowering of the t-factor occurs.
2.5 Monoclinic symmetry

The CaTiO; perovskite shows a distorted monoclinic structure. It exists a controversy about
the orthorhombic or monoclinic type of this natural perovskite, however its crystalline
structure seems to be rather pseudocubic. A better example of monoclinic structure is the

Sr,GdRuOg complex double-perovskite [6,7] (figure 6).

Bismuth-based ferroelectric ceramics are currently under intense investigation for their
potential as Pb-free alternatives to lead zirconate titanate-based piezoelectrics. In this respect,
one of the most widely studied compositions, Nay sBiysTiO3 (NBT), has been assumed thus
far to exhibit the rhombohedral space group R3C at room temperature. High-resolution
powder X-ray diffraction patterns reveal, however, a peak splitting at room temperature that
points toward a monoclinic structure with space group Cc. The peak splitting and Cc space
group are only revealed in sintered powders whereas the calcined powders can be equally
fitted by an R3c model because the microstructure contributes to a peak broadening which

obscures the peak splitting [8].
2.6 Triclinic perovskite compounds

The highest degree of distortion is found in compounds such as BiMnOs, in which a lone-pair
cation Bi*" is combined with a cation of strong Jahn-Teller character, such as Mn®" (figure 7).

Some ordered double-perovskite compounds show also triclinic distortion [9].

Presence of a Mn’" cation with a strong Jahn-Teller effect leads always to crystalline

structures with this high degree of distortion. Thus, in LnMnO3; compounds, when the Ln



ionic radius decreases, a hexagonal structure is formed and the perovskite structure is only

attained by high-energy procedures [1].

Figure 8 shows the structure of the A-site scandium perovskite (Sco9sMngg6)MngesNig 3503
(tilt system a'b ¢ ") synthesized at high pressure. This structure shows two types of A site:
large lighter grey (green online) spheres are pure Sc sites, whereas black spheres are mixed
Sc/Mn sites. Lighter grey (red online) octahedra represent pure Mn sites, whereas darker grey
(blue online) octahedra show mixed Mn/Ni sites. The small light grey spheres show the

oxygen positions [10].
3. Processing

Solid-state reaction from oxides, sol-gel, hydrothermal synthesis, high-pressure synthesis,
mechanically-activated synthesis and others have been used to prepare perovskite-like
compounds. It is important to notice that different procedures may lead to compounds with
the same chemical formulation but rather different crystalline symmetry and even different
structures. In addition, most of the perovskite-like compounds are polyphasic as a function of
temperature, in particular their oxygen content may be function of thermal treatments. For
these reasons, well-controlled processing techniques are essential, not only to obtain pure and
well-crystallized materials but also, to stabilize metastable phases. Needless to say that, with
the recent advances of nanotechnologies, a control of the microstructure is fundamental to

elaborate reproducible materials at less costs and lower working temperatures.

Some well-known techniques are reviewed in the following, insisting in rather novel
processing such as the mechano-activation which allows preparing crystalline phases not

available by some other methods.
3.1 Solid-state synthesis from oxides and carbonates

The first developed technique of synthesis for these oxides is the so-called ceramic route : an
intimate mixture of oxides and/or carbonates subjected to heat treatments at high
temperatures. The compound is then processed by traditional ceramic powder techniques. A
large number of papers deal with the synthesis of ceramic materials by solid state reaction,
among them perovskite-type structures with all possible symmetries. However, the solid state
synthesis yields powders with poor properties compared to those needed for high-quality

ceramic materials. More sophisticated procedures were then developed for the preparation of



technologically interesting perovskites, such as BaTiO;. Some of these methods will be

shortly summarized in the following, recalling some of the different problems encountered.

3.2 Mechanosynthesis

One of the most recent procedures to obtain fine particulate compounds is the High Energy

Milling, also known as Mechanosynthesis. This technique allows not only the preparation of

very fine nanoparticulate powder but also to synthesize, at room temperature, compounds

which have been obtained only by high-temperature and/or high-pressure methods. Some

examples of this novel technique are detailed below:

The high energy transferred by the impacts during ball milling allowed single-phase
orthorhombic perovskites of ErMn; «\NixOs; (x = 0, 0.1) to be obtained, for the first time,
by a straightforward solid-state method. This avoids the application of an external
pressure, of the order of GPa, often used to transform the hexagonal stable structure of
these compounds to the orthorhombic perovskite structure. Low Ni-doping at the Mn
position, helps the perovskite-like structure to be retained, probably due to the reduction
of the Jahn-Teller effect. The metastable character of the ErMn;4NiyOs (x = 0, 0.1)
orthorhombic phase, which transforms to the stable hexagonal polymorph at relatively
low temperatures, imposes the use of spark plasma sintering (SPS) to obtain high density
ceramics (>90%) at low temperatures (~950°C), always keeping the orthorhombic phase
with Pbnm symmetry. This novel technique allowed the grain size to be maintained at the
nanoscale range [11,12].

The influence of the mechanical treatment in the processing of
Lag.80Sr0.20Ga0.85Mgo.1502.825 and Lag s0Sro.15Gag ssMgo 2002825 ceramics was studied. The
mechanosynthesis of these perovskites is achieved after 85 h of milling. When the milling
time or the Mg content are increased, the formation of a single-phase perovskite is
possible at lower temperatures than those needed by classical solid-state reaction. The
solubility of the Sr and Mg dopants at lower temperatures is increased by the effect of
prolonged milling [13].

Energetic milling of a material of nominal composition BiggSrg40FeOsg, in
stainless-steel media, produces an amorphous and highly reactive ceramic precursor
which allows the synthesis to be achieved at 50-100°C lower temperatures than those
needed through classical solid-state methods. The stability of the perovskite phase is

increased by the presence of Sr. Ceramics with high relative density (up to 98%) are



obtained at low sintering temperatures (1000—1050°C) thanks to the high reactivity of the
precursors and the eventual aid of a liquid phase. To be noted that the dielectric
permittivity increases with respect to the pure bismuth ferrite BiFeOs;, due to the
influence of the oxygen vacancies. The conductivity is also higher in Sr-doped ceramics,
due mainly to the increase of the grain boundary conductivity, a result reported for the

first time in these materials [14].
3.3 High-pressure synthesis

A series of samples of the rare-earth (R) based hexagonal RMnOj system was synthesized for
R = Y and from Ho to Lu, then transformed to the orthorhombic OP-RMnQO; perovskites
through high-pressure (HP) treatments. The same HP treatment was not adapted for the
conversion of hexagonal phases h-InMnOs and h-ScMnOs into perovskites. Thus, the stability
limit of the orthorhombic perovskite structure under HP conditions with respect to the ionic
radii, r(R™ or In™), was found to be delimited by r(In") and r(Lu™). A systematic study of
the structural evolution showed that the progressive reduction of the R" size increases the
distortion of the OP-RMnOj perovskites. The Mn-O-Mn bond angle decreases from 144.3°
for OP-DyMnO; to 140.3° for OP-LuMnOs. The density of the RMnOj; phase increases
considerably as the structure changes from hexagonal to orthorhombic, which makes easy to

understand why high pressure techniques are specially adapted to the perovskite phase.

Single-crystals of RMnO3, R =Y, Ho...Lu were grown with an infrared-heating image furnace
in flowing air. A mirror-like facet appearing on one side of the ingots was identified with
Laue back-diffraction to be the hexagonal plane normal to the ¢ axis. This feature also
indicates that the as-grown ingots (5-mm diameter, 50-mm long) are single domain. Ceramic
samples of the hexagonal phase were used as starting materials for high-pressure synthesis.
Synthesis conditions of 40 kbar and 1000 °C were sufficient to convert the hexagonal phase

of all Group II compounds into the perovskite phase [15-18].
3.4 Coprecipitation

Figure 9a shows a flow diagram that exposes briefly the general lines of a coprecipitation
process in which different types of precursors are employed : oxides, alkoxides, inorganic
salts and nitrates. Controlling the processing parameters (pH, coprecipitation rate, washing,
drying and temperature of synthesis) results in homogeneous and weakly agglomerated

nanopowders, which can be sintered at near theoretical densities at temperatures as low as
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1250 °C and for short times, 1-2 h, by using an improved coprecipitation procedure.
Homogeneous microstructures with near-micron grain sizes are obtained, figure 9b. The
hydroxide coprecipitation has been proved to be advantageous against cation oxalates
precipitation. The process presented in figure 9a precludes the use of a third cation as a
sintering aid, which in some cases could cause undesirable secondary effects. This particular
case, referred to the preparation of a modified lead titanate PbTiO; (M-PbTiO;) as
piezoelectric transducer, solves the problem associated to the sintering of strongly distorted

tetragonal perovskite [19].
3.5 Sol-gel synthesis of precursors

The Pechini method, quite general to many compounds [20,21], may be exemplified by the
particular case presented in figure 10 for the LagsSro,FeO; perovskite, as follows : the
synthesis is performed weighing all reagents at the stoichiometric ratio La:Sr:Fe of 0.8:0.2:1
under argon in a dry box. Lanthanum oxide, La;Os, and strontium carbonate, SrCOs;, are
converted to the corresponding nitrates by dissolving in concentrated nitric acid. Excess nitric
acid is removed by slow heating. Then, Fe(NO3);.9H,0 is added to the solution under stirring.
When the iron salt is completely dissolved in the solution, controlled amounts of citric acid
(CA) are incorporated and dissolved by stirring in a molar ratio (citric acid-to-total metal
ions), of CA:(La+Sr+Fe)=V4:1. The pH of the resultant metal citrate solution is kept to 1. This
solution is heated to 80°C with stirring for 2 h, followed by the addition of ethylene-glycol in
a molar ratio of citric acid:ethylene glycol=1:4. The solution is further heated to 130 °C in an
argon flow with a magnetic stirrer heating plate to obtain a viscous solution after about 10 h.
Heating and stirring continue until the solution starts to solidify, forming an amber gel-like
mass. At this stage, the temperature is raised to 150-200 °C to obtain a foamy dried mass
which is ground in a mortar, followed by overnight drying in a furnace. This precursor is
calcined at different temperatures of 600, 850 and 1000 °C in a muffle furnace to obtain the

final product.
4. Properties
4.1 Proton conductivity

4.1.1 Proton conducting Perovskites
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Nowick and Du reviewed the various perovskite-structured oxides found to be
high-temperature protonic conductors [22]. Authors classified these oxides into two groups:
the simple or ABO; types and the complex (or mixed) types of formula A,B'B"Os and
A;3B'B,"0y. Based on TEM and electron diffraction experiments, the authors pointed out some
microstructural features and forwarded a simple “first-order” model for consideration of
various fundamental aspects, in particular, the proton incorporation by exposure to water
vapor at high temperatures, the environment in which protons are located in the lattice and the
nature of proton migration. The proton incorporation was studied by water uptake
experiments whereas the proton environment was identified through spectroscopic techniques.
In their work, Nowick and Du [22] studied the proton migration through conductivity and
isotope-effect experiments, which showed that migration occurred by simple hopping of
protons from one O ion to the next. However, the classical absolute rate theory (ART)
requires modifications because of the low efficiency of energy transfer between an excited

proton and the cage of heavy ions surrounding it.

4.1.2 Proton conductivity in oxides (based on works from the Solid State Ionics Research
Group, California Institute of Technology, [23] and references therein).

The requirements for an oxide-based proton conductor can be simply stated as:

1) to possess an oxygen deficient lattice, either structurally or via doping,
2) to incorporate water at modest applied vapor pressures (~1 atm), and
3) to allow the rapid transport of protons once these have been formed.

A number of Me3+—doped perovskites (BaCeOs, BaZrOs;, SrZrO; ; with Me = Y, Gd, Nd or
La) exhibit high proton conductivity after exposure to water vapor and thus have a potential
use as electrolytes in mid-temperature fuel cells. Many works have been focused on the
relationship between microstructure, defect chemistry and proton transport. It has been
proved, for instance, that the conductivity of Gd-doped BaCeOs is highly sensitive to slight
changes in stoichiometry, which may occur as a result of extreme processing conditions.
However, glassy grain boundary phases, which were predicted to result from either excess
barium content or dopant incorporation onto the Ba rather than the Ce sites, are not relevant to
the transport mechanism. Transmission electron microscopy studies revealed the grain
boundaries in polycrystalline BaCey9Gdy ;03 and BaCessGdy 503 to be free of any
secondary phases that could influence the proton transport. In a comprehensive study of the
microstructural influence on proton transport, conductivities of samples with grain sizes

ranging from 1 to 11 pm have been measured ; it was established that neither the bulk nor the
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specific grain boundary conductivity depended on the grain size. Moreover, it was clearly
demonstrated that the grain boundary impedance is in fact higher than in the bulk. Thus, for
fuel cells and other applications, materials with large grains are preferable in order to
minimize the total grain boundary volume and maximize the overall conductivity. Normally,
when performing an impedance measurement, an “effective” grain boundary resistance is
observed, but it is not possible to convert this value to a specific grain boundary resistivity
because the grain size, and thus the number of grain boundaries contributing to the effective
resistance, is not known. Under the assumption that the bulk and grain boundary dielectric
constants are similar (and they certainly do not differ by more than one order of magnitude),
then excellent estimates of the specific grain boundary resistivity can be directly obtained
from the impedance data, in the absence of any microstructural knowledge. This has a
significant impact since the grain boundary properties of different samples, prepared by

different routes, can now be directly compared.

In general, protonic conductors of perovskite structure have attracted much attention over the
last few years due to their high applicability in electrochemical devices for energy generation
and hydrogen production (figure 11.a). Therefore, the investigation and knowledge of the
defect chemistry and proton transport properties in these ceramic electrolytes are of great

interest to transfer these possibilities to industrial scale process.

Specifically, for cerates and zirconates with barium in their general formula (BaCeO; and
BaZrO;), the high sintering temperatures typically required have been an obstacle to
guarantee the desired stoichiometry and to avoid the deleterious effects on the electrical
properties due to barium deficiency. The lack of really effective chemical synthesis and
processing techniques for ceramic powder production have become a limiting factor which
have led these materials to be so little explored. Obtaining nanoparticles of high surface
activity and good control of the morphology might be a great departure for getting ceramic

membranes of high relative density at rather low temperatures (< 1300 °C).

Current efforts aim toward improving the chemical stability of barium cerate BaCeOs in
CO,-rich atmospheres, as well as investigating related chemical systems, with a particular
emphasis on developing mixed electron and proton conductors. One example of this is the use
of barium zirconate (BaZrOs) as an alternative electrolyte for application purposes. Inserting
doping cations, mainly at the B-sites of the BaCeO; structure, has been used also as an

alternative to minimize the chemical reactivity and optimize the ionic conductivity of the
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material. Although several reports have commented about the relatively low conductivity of
zirconates in relation to barium cerates, some results show that the large electrical resistivity
due to the high grain-boundaries density can be reduced via grain growth. Thus, high
electrical conductivity (~1 x10? S.cm™) at intermediate temperatures (450 °C) have been
attained for both BaCeOs- and BaZrOs-based compounds, placing the proton conductors with

perovskite structure among the most studied ceramic solid electrolytes.

In this context, four proton conducting oxides of perovskite structure, BaZrO;, SrZrO;,
BaCeOj3 and SrCeOs, doped with 5 mol.% of gadolinium, were studied by the Caltech group
[23], who compared the crystal structure, microstructure, sinterability, water sorption ability,
ionic transference number, electrical conductivity and stability towards CO,. The authors
discussed the relations between proton conductivity, structural and chemical parameters
(pseudo-cubic unit cell volume, lattice free volume, tolerance factor, crystal symmetry and
electronegativity). The grain boundary resistance was shown to be the limiting factor of total
proton-conductivity. The highest proton conductivity was observed for the Gd-doped BaCeOs
specimen ; however, it turned out to be prone to degradation in CO,-containing atmosphere
and reduction at high temperatures. Better results were obtained when doping Er’* in BaCeO;
and co-doping with Yb*" and Sc*”, improving the chemical stability of the perovskite phase in
CO; atmosphere. On the other hand, Ba and Sr zirconates, more chemically stable, exhibit
low electrical conductivity. Electrical conductivity relaxation upon hydration is used to
calculate proton diffusion coefficient. Selected materials were tested as electrolytes in solid

oxide fuel cells.

Acceptor-doped BaZrO; perovskites are known to exhibit high bulk proton conductivity in the
range of 300-700°C in humid atmosphere. However, grain boundaries severely lower the
overall conductivity and thus decrease the performance of devices such as solid oxide fuel
cells (SOFC). Chemically-stable high-temperature proton conductors, in particular
electrolytes based on Y-doped BaZrOs;, are extremely promising for applications in SOFCs
operating at reduced temperatures, i.e., 600 °C and below. The advances made on improving
the sinterability of powders, bringing the sintering temperatures at values similar to those
needed for yttria-stabilized zirconia (YSZ) and allowing powder-based and low-cost
fabrication technologies compatible with mass production, encourage the development of a
next generation of anode-supported SOFCs based on proton-conducting electrolytes,
operating at 600 °C with hydrogen or even hydrocarbon and alcohol fuels (figure 11.b)
[24-37].
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4.2 lonic conductors LaGaOs solid solutions [38,39]

Ceramics of La;—,Sr,Ga;-yMg,O3-5 composition are good candidates to be used as electrolytes
in SOFC applications at intermediate temperatures (700-1000°C). Doping the LaGaO;
perovskite with Sr (in La-sites) and Mg (in Ga sites) provokes oxygen vacancies, resulting in
high conductivity values (6 > 0.10 S cm™' at 800 °C). These compositions have negligible
electronic conduction at T < 1000 °C over a broad range of oxygen partial pressure, from
P(O,) =1 to ~107** atm, and stable performance over long operating times. This results in a
better performance of the cell. The highest conductivity obtained in these ceramics

corresponds to compositions x = 0.20, y = 0.17, obtaining values of 0.166 S cm ™" at 800 °C.

The new approach of combining mechanosynthesis and spark plasma sintering (SPS) allowed
the elaboration of nanostructured ceramics of LaggpSro.10GagsoMgo200285 and
Lag 80St920Gag $3Mgo 1702815 under conditions not allowed by other processing methods,
attaining a quite high densification (> 98%). Thus, the effect of prolonged milling and the
external pressure applied during the SPS process yielded single-phase ceramics with higher
bulk grain boundary and total conductivity due to the elimination of low-conducting

secondary phases, which are partially located at the grain boundaries.

Another consequence of nanostructured ceramics processing when mechanosynthesis and SPS
are combined, is the reduction of the activation energy of the conductivity, indicating that
typical defect—vacant associations are not favored in such nanostructures. In addition, the high
diffusivity of the grain boundaries results in high conductivities and low activation energies
that make possible to reduce the working temperature of these devices [40-46]. Thus, this
original approach constitutes a good alternative for processing materials as electrolytes in

SOFC applications which can successfully operate at intermediate temperatures

(600 °C-800 °C).
4.3 Mixed conductors LaMeOj solid solutions

A simple model presents a solid as a collection of weakly interacting atoms in which the
atomic forces overlap enough to require corrections to a scheme of isolated atoms, but not so
much as to discard the atomic description. This model may apply for bands from transition
metal elements, with partially-filled d-levels. The basic idea is that, when the interaction
between orbitals decreases, the bands become narrow, the conductivity decreases and finally

localized states are attained [47].
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The A cations present in oxides of perovskite structure have basic character and, in a first
approximation, do not sufficiently interact with the O* anion or with the B cation to affect the
band structure around the Fermi level. Thus, the only role of the A cations would be to donate
electrons which would be integrated in the band. However there are a number of issues to be

considered :

a) The A cations compete with the B ones to bond the p-orbital of the anion. If an A-O
bond occurs, the n* band does not exist. Experimentally, it has been observed that,

the greater the acidic nature of cation A, the narrower is the band,

b) Higher valence A cations correspond to lower valence B cations (lower A;) and tend

to further narrow the n* band,

c¢) The greater is the overlap integral, the higher is the radial extension of the d-orbitals
of cation B. This implies that bonds with oxygen lead to the formation of bands

which, in the previous model, can be not formed,

d) The B cations can be promoted to a high-spin state as a result of magnetic exchange
interaction, narrowing the c* (e,) band ; they can appear as localized states at the

atomic levels eg.

These issues are at the base of a molecular orbital model, highly simplistic but proved to be a
reasonable approximation. In this scheme, the ABOs perovskites with d'-d°> or d’-d’

configuration will present a m* or 6* (ey) band partially filled and of metallic conduction.

Taking as reference the overlap integrals, a critical value, A, was established by
Goodenough [48]. Above this value, the theory of collective electrons applies and below it,
the theory of localized electrons. On this basis, oxides can be classified into three groups, in
which the overlapping integrals are the following : A, (cation-cation bonding),
A’ (cation-anion-cation bonding by means of ¢ bonds), A™,. (by means of © and ¢ bonds),

A"ac (idem, through n bonds) :
a) Class 1 — oxides in which A°.c > At (Acac < Acrip) for all the occupied d-orbital ;
therefore, it has a d-band of states on the subnetwork of cations and is partially full,

b) Class 2a — those where A, > Acie (but Ace < A'cit); they show narrow and partially
filled band,
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c¢) Class 2b — those where A", > At (but A < A'yir) ; narrow and partially filled
bands.

One of the most important questions in SOFC processing is the nature of the cathode material.
Precious metals such as Pt, which are excellent conductors and catalyzers, are enormously
expensive. If cheaper materials are to be used, they should be stable against oxygen and
capable to work at elevated temperatures, 600-800 °C, without corrosion. Ceramic materials,
with adequate conductivity at those temperatures, proved to be a solution for this problem.
Among the cathode materials, (La,Sr)MnO; (LSM)-based perovskites are the most
extensively studied and investigated compounds for O, reduction due to their high stability
and high electrocatalytic activity at the triple point gas-electrode-electrolyte at high
temperatures. To improve their properties, significant work has been done to establish the
mechanisms and kinetics of the O, reduction and to know their electrode behavior under
fuel-cell operation conditions. A general consensus is now accepted on the O, reduction on
LSM electrodes ; the main mechanism is a surface-controlled oxygen-dissociative adsorption
process, gas-phase O, diffusion and oxygen diffusion at the LSM surface. (La,Sr)MnOjs is a
predominant electronic conductor with non-negligible oxygen-ion conductivity which favors
the catalytic process. Studies of the geometry dependence of the cathode potential on a
well-defined thin LSM microelectrode have shown that the polarization resistance varies
inversely with the area of the electrodes. It has been proved that the reaction is related to the

surface area or the electrolyte interface area of the LSM material.

A good review on the state-of-the-art was carried out by Jiang on the earliest 2000 [49], and it

is a good base to initiate in this area.

One of the most important problems found by the use of (La,Sr)MnO; materials in some
SOFC devices is the reaction at the cathode/electrolyte interface, as for instance in the LSM
electrode|Y,035—ZrO; (YSZ). At the working temperature, a reaction between Zr and La
occurs, forming lanthanum zirconium pyrochlore, which is insulator. The formation of such a
resistive lanthanum zirconate phase is closely related to the stoichiometric composition of
LSM materials. On the other hand, manganese in the (La,Sr)MnO; perovskite structure is
known to be mobile at high temperatures and under cathodic polarization potentials, with
significant effects on the interfacial properties of cathode and electrolyte. One of the

procedures to overcome these inconveniences is to use some parent rare-earth manganites,
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such as (Sm,Sr)MnO; or (Nd,Sr)MnOs; manganite perovskites. They show lower electrical

conductivities but a higher chemical stability.

Cobaltites are known to be mixed ionic—electronic conductors (MIEC). As an example, the
electronic conductivity of La; (SrxCoOs-5 is above 1000 S/cm at 800 °C, while the ionic
conductivity is between 0.1 and 1 S/cm. MIECs are very attractive candidates for cathodes of
solid oxide fuel cells (SOFCs), in which oxygen and hydrogen are converted into electrical
energy and water (2H; + O, — 2H,0 + energy) at temperatures in the range of 700-1000°C.
At the cathode side of the fuel cell, oxygen gas is adsorbed and dissociated. The oxygen takes
up two electrons from an outer current circuit ; then, the negatively charged oxygen ions
move towards and through the electrolyte to the anode. Hence, a suitable cathode should
conduct electrons as well as oxygen ions, and its surface must be capable of reacting with
oxygen gas. Cobaltites fulfill these demands. The main drawback of cobaltites as cathodes for
SOFCs is the very high coefficient of thermal expansion, about 20x10 °® K™', compared to the
current state-of-the-art electrolyte yttria stabilized zirconia, YSZ, 10.5x10°® K™', which

results in high mechanical stresses, especially during thermal cycling [50-55].
4.4 Catalytic properties

Fe-based perovskites are low-cost alternatives to partly replace noble metals in conventional
3-way catalysts. Optimization of the surface composition strongly enhances the catalytic
activity of the perovskite by increasing the accessibility of the active sites. Cu and Ca doping
increase the catalytic activity, especially CO oxidation, which can avoid the CO inhibition on
noble metals. Combination of partial substitution, non-stoichiometric formulation and low
loading with noble metals allows promising catalytic performances in 3-way catalysis (see

chapters 9 and 13 in ref. [3]).

One of their applications is the total oxidation of hydrocarbons. The perovskite-type oxides
with partly-substituted A and/or B sites can desorb or adsorb a large amount of oxygen. Thus,
several compositions with perovskite-type structure, such as LaMO; (M = Co, Mn, Fe, Cu,
Ni, Cr), show good values for oxidation of methane although lower than the Pt catalyst.
However, when La is partially substituted by Sr*", the catalytic activity strongly increases.

Co- and Mn-based perovskites are the most interesting compounds for this application.

Another possible application as catalytic materials is in heterogeneous catalysis. Thus, the

hydrogen-involving reactions, such as hydrogenation and hydrogenolysis of hydrocarbons can
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be the field of applications of some pure compounds LaMOs; (M= Co, Fe, Al).
Hydrogenolysis of some alkenes such as propene and butane, and alkanes such as the C5_Cs

ones, are well catalyzed in presence of LaCoO:s.

In 1971, W. F. Libby [56] had suggested that the LaCoOj3 perovskite might be a good catalyst
for treating auto-exhaust gases by favoring the simultaneous reactions of CO oxidation and

NO reduction.

SrTiO; has proved to be a good photocatalyst material for decomposing water in H, and O,

with a suitable yield.

Finally, reduction of SO, to avoid poisoning of other catalytic systems has been studied by
using LagsStosCoOs perovskite and other parent compounds under the form of solid

solutions.

Among all the studied perovskites, LaNiO; exhibit high activity and selectivity without coke
formation. Among Fe-substituted catalysts, the following order of activity was observed :
LaNiOs;> LaNig4Feo O3> LaNiggFeqsO3> LaNiggFeq»,03> LaNig,FeqsO3;> LaFeO;
[2, 57-67].

As an example of catalytic perovskites, the calcium-doped lanthanum cobaltite
(La; xCayCoOs3) with different concentrations (x =0, 0.2, 0.4, 0.6, 0.8), was prepared by a
modified Pechini-type polymerizable method. Their X-ray diffraction patterns showed the
formation of a cubic structure. Scanning electron and transmission electron microscopies
showed the porous nature of the prepared material. Conductance spectra revealed a frequency-
independent behavior and a conductivity related to the particle size. A sample doped with
0.6% of calcium is found to show high conductivity. The conductivity indicated an Arrhenius

type behavior [65].
4.5 Ferroelectricity

Ferroelectricity is a property of certain materials to have a spontaneous polarization which can
be reversed by the application of an external electric field. Ferroelectricity was discovered in
1920 in Rochelle Salts by J. Valasek [68]. The term is used by analogy to ferromagnetism in
which a material exhibits a permanent magnetic moment. Thus, the prefix ferro, meaning

iron, was used despite the fact that most ferroelectric materials do not contain iron.
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Ferroelectric materials show a spontaneous nonzero polarization even when the applied field
E is zero. The outstanding feature of ferroelectrics is that the spontaneous polarization can be
reversed by a strong applied electric field in the opposite direction ; the polarization is
therefore dependent not only on the current electric field but also on its history, yielding

hysteresis loops.

As a consequence of ferroelectricity, many polycrystalline (ceramic) materials show a series
of derivative properties making very interesting their development and applications. BaTiO;
is the most widely used ferroelectric material being the first oxide compound with
ferroelectric behavior. Its structure, first studied by Megaw [69] and others [70,71], is of
perovskite-type.

A great controversy exists, even in more recent times, about the origin of ferroelectricity in
oxide compounds. Several mechanisms have been forwarded to explain the ferroelectric
behavior : presence of lone-pair cations (Pb** Bi*"), shift from the equilibrium site (Ti*") and
others. Bussmann-Holder compiled a comprehensive review in 2012 [72]. The author
concluded that “unconventional polarizability of the oxygen ion and its homologues is
certainly not only playing an essential role for perovskite ferroelectrics but should also be

taken into account when physics of other oxides are considered”.
Table 2 lists some of the properties and applications associated to ferroelectricity.
4.5.1 Piezoelectric perovskites [73]

In ferroelectric materials the polar axes also have a random orientation after synthesis and
sintering ; however, these polar axes can be reoriented under the influence of an electric field

and, as a consequence, an overall orientation remains after polarization.

Piezoelectric ceramics are ferroelectric materials in which the ferroelectric behavior is not
observed above a certain temperature called the Curie temperature (Tc). Below that
temperature, a ferroelectric transition takes place, inducing a polar axis leading to
spontaneous polarization. Therefore the ferroelectric state is at the same time a piezoelectric

state.

Barium titanate was the first ferroelectric ceramics used as a piezoelectric material [74,75].
One of the most notorious characteristics of perovskite materials of lower symmetry than the

ideal cubic structure is their polymorphism as a function of temperature. Thus, BaTiO;
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transforms upon cooling from cubic to tetragonal, then to orthorhombic and finally to a
rhombohedral phase (figure 12). At high temperature, BaTiO; crystallizes in the cubic
perovskite-type structure, with Curie temperature of 120 °C. Then, a first transition takes
place and a tetragonal distortion occurs, with the elongated c-axis as polarization axis. Two
other transitions take place, the second one at approximately 5 °C, and the third one at -70 °C

with the (011) and (111) directions as new polarization axes.

At the first transition, T¢ ~120°C, the six-cubic directions have equal chances to become the
polar axis. Below the Curie temperature T¢, a domain structure is formed which can be
changed by an external force. For example, by applying an electric field along one of the
original cubic axes, all domains can be rotated to form a one-domain single crystal. By
changing the sense of the electric field, the polarization switches to the opposite direction. In
this way, in an alternating field, the polarization will describe a hysteresis loop (figure 13).
Contrary to what occurs in ferromagnetic ceramics, complete saturation of the polarization
cannot be achieved in piezoelectric ceramics due to a high distortion of the crystal lattice. In
this way, only 30% of saturation polarization can be obtained in BaTiOj; associated with 180°
switching only. Its coupling factor is relatively high (K, =0.40) and very sensitive to the
ceramic microstructure (density, grain size, etc). Other disadvantages of BaTiO; are the
presence of the disturbing second transition temperature at 5°C, and a high temperature
coefficient of resonance frequency. In any case, BaTiOs is a very good piezoelectric ceramic
and has been used in many applications. However, the discovery of better piezoelectric
properties in the more complex PbO-ZrO,-TiO, system bypasses the disadvantages of the

BaTiO; ceramic materials.
4.5.1.1. Lanthanide-containing piezoelectric PbTiO; [76]

The piezoelectric characteristics of pure PbTiO; are very promising and therefore of great
interest. Nevertheless, the large tetragonal distortion of its crystalline structure makes almost
impossible to prepare ceramic bulks with adequate microstructure. Incorporation of other

cations allows overcoming this inconvenience and leads to good piezoelectric materials.

The ferroelectric properties of lead titanates modified by rare earths (La,Nd,Sm,Gd) at the
A-site and MnO at the B-site (Pbgg:Lag 03(Tip.0sMng2)O3) and/or by CaO at the A-site and
(CO+W) at the B-site (Pbo_76Cao_24((C00,5W0_5)0.04Ti()_96)03) were investigated by Duran et

al [76]. Their experimental results lead to the following conclusions :
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a) The substitution of lead (A site) by rare earths or CaO strongly influences the
crystallographic, dielectric and piezoelectric properties of lead titanate ceramic. Thus the
addition of 8 mol% lanthanide oxide diminishes the tetragonality of the PbTiO; perovskite
structure, changing monotonically when the rare-earth goes from Gd to La. Such decrease in
tetragonality allows the normal sintering of PbTiO;. In the case of the CaO additive,
addition of at least 24 mol% was necessary to avoid macrocracking in the sintered samples,

b) Both the Curie temperature (Tc) and the dielectric constant er”

of PbTiO; strongly
decrease after addition of 8 mol% La;Os or 24 mol% CaO, such a decrease being more

pronounced in the case of the CaO addition,

¢) The combined addition of (La,O3+MnO) or (CaO+(Co+W)) facilitates the poling process
of the modified lead titanates. In this way, the calcium-modified lead titanate was
sufficiently poled at 35kVem™, Sm-lead titanate at 40 to 50kVem™, and still higher than

60kVem™! for the other members of the lanthanide series,

d) The electromechanical coupling factors and the frequency constants are also influenced by
these substitutions, changing gradually with increasing tetragonality (c/a). In all cases, the
longitudinal coupling factor K; increases with increasing poling field, whereas the planar
coupling factor K, decreases. In the case of the calcium titanate, K, was negligible at
approximately 50kVem™ while K; was as high as 60%. Therefore, the K¢/Kp ratio is probably
the largest value reported to date. In the lanthanide oxide series, only Sm-lead titanate
showed a reasonably high K¢/Kj, ratio, of approximately 20 ; in the other cases, such a ratio

was never higher than 5,

e) The large electromechanical anisotropy present in these piezoelectric ceramics makes d3;
and gz, almost negligible and, therefore, the hydrostatic constant d, can be considered equal
to ds;. In this way, the figure of merit dng, was as high as 2200 in the case of the
calcium-modified lead titanate, comparable to that of PbNb,Og. In the La-PT ceramics,

dngn was always smaller than 1500,

f) The high remnant polarization P, evaluated to 32 pC cm™ in the titanate and the relatively
high coercive field E; found in the La-PT series, suggest that the microstructure (grain
size ~1um) may have a clamping effect on the polarization reversal process. The higher
grain size present in the Ca-PT microstructure contributes to both a larger total domain

alignment and to a 90° domain rotation,
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g) Both tetragonality and grain size are responsible for the appearance of macro- and
micro-crackings in the modified lead titanate ceramics and, therefore, for its mechanical
behavior. In that sense, the fracture toughness, K~c, increases with increasing tetragonality
as a consequence of more compressively stressed microstructure. The hardness decreases
with increasing tetragonality, probably as a consequence of a higher microcracking present
in the ceramic materials. In both cases a higher grain size produced a decrease in these two

mechanical parameters [73].
4.5.1.2. PZT (PbTiO3-PbZrO; solid solution)

Lead zirconate titanate (PZT) ceramics are widely used as piezoelectrics in different
applications. The ceramic materials possess several advantages over single crystals : they are
easy to produce and can be machined in different shapes, with tailored properties thanks to
chemical modifications introduced by dopants. The highest piezoelectric coupling coefficients
have been found near the morphotropic phase boundary (MPB) where coexistence of the
Ti-rich tetragonal and Zr-rich rhombohedral phases appears (figures 14a and 14b). The
morphotropic phase boundary (MPB) region has been believed to be a sharp transition, but in
practice it has a finite range of compositions over which the tetragonal and rhombohedral
phases coexist. The width of the MPB has been investigated by many authors and found to be
related to the heterogeneous distribution of Zr*" and Ti** cations on the B site [77-80]. Perfect
chemical homogeneity is often assumed in these systems, but local segregation of Ti and Zr
could result in changes in symmetry and have dramatic influence on the overall properties.
Atom-probe-tomography was shown to be an excellent technique for establishing the correct
composition in the MPB region [81]. The compositional fluctuations were smaller for
coprecipitated or sol-gel ceramics [82]. Even, the monophasic perovskite ceramics of the
MPB composition, or near the MPB region, become two-phase materials within a lapse of
time after poling. Strict conditions with regard to the nature environment have led to
developing a series of new piezoelectric ceramic materials known as lead-free piezoelectric

ceramics [83-87].
4.5.2 PTC (positive-temperature-coefficient) thermistors

Barium titanate BaTiO;-based ceramics are largely used in the electronics industry. At
present, their most important application is as dielectric layers in multilayer ceramic

capacitors (MLCC) (figure 15a). The research on the miniaturization of electric and electronic
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parts has been widely carried out, together with materials processing. The miniaturization of
multilayer ceramic chip capacitors among passive components is remarkable, as the MLCC
manufacturers have focused on the development of products with smaller size and higher
capacitance. The manufacturing of thinner dielectric films is absolutely necessary for higher
capacitance. At present, dielectric sheets of MLCCs have been elaborated by dip coating and
slip coating ; their thickness has been decreased to about 1 um (figure 15b). The thicknesses
of the dielectric layers in MLCC are expected to become less than 0.3 — 0.5 um within the
next 10 years. Consequently, the particle size of the BaTiO; raw materials will decrease to a
few ten units of nm. Thus, composition and processing must be carefully controlled to provide
the highest permittivity values possible, a homogeneous fine-grained microstructure and to
allow the reduction of the sintering temperature [88-90]. A review was recently published by

Chen and Yang [91].

The electrical resistivity of n-type semiconducting barium titanate increases by several orders
of magnitude near the ferroelectric Curie temperature (120 °C). At the Curie temperature,
BaTiO; undergoes a ferroelectric-to-paraelectric transition. Polycrystalline n-type
semiconducting barium titanate (BaTiO;) exhibits a behavior known as the positive
temperature coefficient of resistivity (PTCR) effect, although it has been also reported that
single crystals exhibit a negative coefficient (NTCR), as shown in figure 16.a [92-97]. The
resistance increase is predominantly associated with an increase in the grain-boundary barrier
height, therefore it is important to gain information about the grain boundary character in
these devices. Figures 16.b and 16.c present some additional features of such devices,

respectively the multilayer structure and a flow sheet of its processing.

Donor dopant incorporation is achieved by either electronic compensation at low
concentration of dopants, or by vacancy compensation at high concentration. The electronic
compensation explains the high conductivity of materials when donors are at low
concentrations, whereas at high concentrations, grain boundaries inhibit the grain growth. As
the dopant concentration increases, the local donor concentration at the grain boundary
increases rapidly due to segregation, changing from electronic to vacancy compensation and

resulting in the formation of highly resistive layers.

4.5.3 Pyroelectric and electrothermal characteristics.
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The electrothermal (electrocaloric and pyroelectric) properties stem from the coupling
between the electrical and thermal properties of a polar dielectric solid. The electrocaloric
effect is an adiabatic change in temperature (AT) in response to an applied electric field,
whereas the pyroelectric effect is the change in the charge density (polarization) in response
to a change in temperature T. Both electrocaloric and pyroelectric effects are described by the
same coefficient, p = (6S/0E)T = (0P/0T)E, where S is the entropy, T is the temperature, E is
the electric field and P is the electric polarization. The property coefficient p is non-zero only
for crystals belonging to one of the ten polar point groups, in which there exists a unique polar
axis. Ferroelectric crystals represent a sub-group where the spontaneous polarization may be

reoriented among symmetry-equivalent directions under the application of an electric field.

The electrothermal properties of ferroelectric materials have recently attracted considerable
interest for their use in a variety of applications such as solid-state cooling systems and infra-
red (IR) devices (Table 3). Such devices may find applications, for example, in thin film
micro-coolers used as thermal management systems for next-generation integrated circuits
(IC) or other high-power density microelectronic components. Applications in infra-red
devices include intruder alarms, fire detection, environmental monitoring, gas analysis,
radiometers, laser detectors and 2D arrays for uncooled thermal imaging. Ferroelectric
materials are important for these applications due to their ability to be used at ambient
temperatures (thereby eliminating the need for expensive cooling systems), their relatively
low cost, low power consumption and wide operating range of temperature compared to
photoconductive detectors. Furthermore, they are eco-friendly compared with conventional
domestic and industrial refrigeration which produces greenhouse gases heavily. The
temperature change resulting from the electrocaloric effect is analogous to the adiabatic
demagnetization, which has long been used to cool cryogenic systems to temperatures
approaching absolute zero. Like magnetocaloric materials, solid-state coolers based on
electrocaloric materials may provide efficiency, size, weight and device integration benefits
relative to conventional vapor compression systems. Electrocaloric materials based on
ferroelectrics are known to have high electrothermal conversion factors (~0.95) and a
maximum in response that can be varied over a wide temperature range (~100K to 800K)
according to the temperature of the ferroelectric Curie point. The easiness of applying electric
fields, as opposed to magnetic, makes electrocaloric coolers especially attractive for cooling

device applications.
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There are essentially two modes of operation for pyroelectric IR sensors. One mode operates
at a temperature below (but typically near) the Curie temperature T of the ferroelectric where
the variation in the spontaneous polarization as a function of temperature is large. In the
dielectric bolometer mode, one works slightly above Tc in the paraelectric state of the
ferroelectric and with an applied bias field to induce polarization [98-102]. In either case, it is
required that the ferroelectric is deposited in a thin film form on a substrate compatible with

the integrated circuits technology.
4.5.4 Optical devices.

Ferroelectrics will also play a major role in the next generation of optical devices. They have
the potential to be the backbone of wireless laser communication systems or ground-based
fiber optics, capable of carrying large amounts of information at ultrafast speeds. Even though
their industrial and technological uses are very promising, ferroelectric materials will also
continue to provide consumers with accessories and gadgets that will pleasure and simplify
the everyday life. With the recent push on miniaturization of practical devices and the
advancement of nanotechnology, ferroelectric materials may be fabricated to exhibit

transducer effects at a scale small enough to be useful at the nanometer resolution.

Lead lanthanum zirconate titanate (PLZT) perovskite ceramics of chemical formula
Pbl-xLaX(ZryTil_y)l_o,zsxVBo,25xO3 (where V are oxygen vacancies), are typically known as
PLZT(100x/100y/100(1-y)). Compositional changes within this quaternary ferroelectric
system, especially along the morphotropic phase boundaries (figure 17), can significantly alter
the material’s properties and behavior under applied electric fields or temperature variations.
This allows such a system to be tailored to a variety of transducer applications. For instance,
PLZT ceramics have been suggested for use in optical devices because of their good
transparency from the visible to the near-infrared and because of their high refractive index
(n=2.5), which is advantageous in optical waveguide applications [103-105]. PLZT
compositions near the tetragonal and rhombohedral ferroelectric phases and cubic
antiferroelectric phases, typically with compositions (8/65/35), with 7<a<12, are known as
relaxor ferroelectrics, since they exhibit a frequency-dependent diffuse ferroelectric-
paraelectric phase transition in their complex dielectric permittivity [106]. Relaxor
ferroelectrics are particularly attractive in transducer applications because they can be
electrically or thermally induced into a ferroelectric phase possessing a large dipole moment

accompanied by a large mechanical strain, and revert back to a non-ferroelectric state upon
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the removal of the field or temperature. They also exhibit a slim hysteretic behavior in the
transition region upon the application of an electric field, making them ideal for precise

control actuator applications [107,108].

Modification of the lead zirconate titanate (PZT) system by the addition of lanthanum
sesquioxide (PLZT) has a beneficial effect on several other basic properties of the material,
such as increased squareness of the hysteresis loop, decreased coercive field, increased
dielectric constant, maximum coupling coefficients, increased mechanical compliance and
enhanced optical transparency. Many possibilities of uses of the PLZT system have been
reported, such as thin films for capacitors in ultra-high density dynamic random access
memories (DRAMs) [109], new types of actuators as wireless remote control photo-actuators,
high-speed optical shutters, modulators, photo-acoustic devices for the optical communication
systems, etc. (figure 18.a). The PLZT ceramic materials are presently used in our daily life as
electronics, optics, medicine, communication and new possibilities still waiting for discovery
(figure 18.b). Recently, other systems have proved to be suitable for fabricating transparent
ferroelectric ceramics, such as Pb(Mg;,3Nb,/3)O3—PbTiO; when doping with small amounts of

La [110] (figure 18.c).

For the same reasons of safety that led to the search of Pb-free piezoelectric and relaxor
compounds, Pb-free transparent ferroelectric ceramics have been developed. For example,
Ko.sNay sNbOs, with good piezoelectric behavior, can be prepared as transparent ceramics by
pressureless sintering. For these ceramics, the optical transmittance reaches a high value of
60%—70% in the near-infrared region. The ceramics also exhibit a good linear EO response,
giving an effective EO coefficient of 30—40 pm/V, which are comparable to those found in the
PLZT ceramics [111-113].

4.5.5 Pb-based and Pb-free ceramic relaxors [114]

Lead-based relaxor ferroelectrics are compounds with the general formula PbBO; in which
the B-site is disordered. They exhibit exceptionally large piezoelectric coefficients
ds3 =2500 pC/N and dielectric constants above 25 000, making them attractive for device
applications. PbMg;sNb,30; (PMN) and PbZn,;3Nb,;303; (PZN) are prototypical relaxor
ferroelectrics and the most studied ones ; both display a broad and unusually
frequency-dependent zero-field dielectric response (figure 19) that contrasts with the sharp

and comparatively frequency-independent peaks observed in conventional ferroelectrics such
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as PbTiO3 (PTO) and BaTiO; (BTO). This anomalous dielectric behavior is matched by the
odd structural properties of the lead-based relaxors, as represented by PMN and PZN. Instead
of a well-defined structural transition to a long-range ordered ferroelectric ground state, which
normally characterizes a typical ferroelectric, lead-based relaxors develop short-range
ferroelectric correlations on cooling that are consistent with tiny domains of ferroelectric
order embedded within a paraelectric matrix, while the average structural unit cell remains
cubic. On doping with PbTiO;, these domains coexist with a long-range ferroelectric
structural distortion. These local regions of ferroelectric order, known as Polar nanoregions or
PNRs, were first postulated to explain the temperature dependence of the optical index of
refraction of a variety of disordered ferroelectric materials. The existence of PNRs has since
been confirmed by numerous X-ray and neutron-scattering studies, which report the presence
of strong diffuse scattering at low temperatures. The diffuse scattering in PMN, for example,

was recently investigated in great detail and shown to vanish above ~420 K [115-123].

Lead iron niobate Pb(Fe;»Nb;,)O3; (PFN), a single-phase multiferroic, is a site and charge
disordered relaxor ferroelectric. It undergoes a paraelectric to ferroelectric phase transition at
a Curie temperature T¢ = 385 K, below which the tetragonal phase (P4mm) is stable down to
355K. The room-temperature crystal structure has been proposed to be either monoclinic
(Cm) or rhombohedral (R3m). There is a paramagnetic to antiferromagnetic (AF) transition at
a Néel temperature Ty = 145 K. Other parent compounds of PFN are Pb(Sc;,Nb;»)Os or
Pb(In;2Nb,2)0s.

Unlike the Pb(B;;3B’,/3)O5 relaxor, the Pb(B,B’12)O3 compound does not undergo a typical
diffuse phase transition without lead vacancies on A-site which enhances random fields

(figure 20).

Relaxors based on Pb(Zn;3Nb,3)05-PbTiO; (PZN-PT) and Pb(Mg;/3Nb,/3)03-PbTiO; (PMN-
PT) exhibit much better electromechanical properties compared to the conventional PZT
ceramics which have been dominating piezoelectric applications for more than 40 years. The
theoretical studies for the physical mechanism of this multi-domain system have generated a
great deal of interest in the scientific community. From both fundamental study and device
design purposes, it is necessary to get the complete set of matrix properties for those crystals.
A complete set of elastic, piezoelectric and dielectric constants has been recently reported for
0.95Pb(Zn;3Nby3)03-0.045PbTi0O3 (PZN-4.5%PT) and 0.92Pb(Zn;;3Nb,3)03-0.08PbTiO;
(PZN-8.0%PT) single crystals. It is known that the PZN-4.5%PT single crystal system is
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fairly far away from the morphotropic phase boundary (MPB) composition, therefore it does
not represent the maximum electromechanical capability of this solid solution. It has been
shown that the PZN-8.0%PT single crystal possesses much larger piezoelectric strain constant
d3; than that of PZN-4.5%PT. The electromechanical coupling coefficient k33 of PZN-8.0%PT
could reach 0.94, which is higher than that of PZN-4.5%PT [124].

The strain induced by the electrostrictive effect is generally small when compared with that
induced by piezoelectricity, so a limited attention has been focused on it [124]. In the 1980’s,
a systematic study on electrostriction was carried out on relaxor ferroelectrics with perovskite
structure, such as Pb(Mgi;3Nby;3)0;, Pb(Zn;;3Nb,3)05 and 0.9Pb(Mg;3Nb,3)03-0.1PbTi0;
(PMN-0.1PT) single crystals/ceramics, in which a high electrostrictive strain was observed
because of the high dielectric response of the relaxors [125-127]. Relaxors offer several
advantages over ferroelectric materials, including low hysteresis in the strain-field response
(excellent displacement accuracy), no remnant strain, reduced aging effects and they do not
require poling [128-132]. Compared with classical ferroelectric ceramics, these materials are
believed to have potentials for their use in actuator applications such as inchworms, micro-
angle adjusting devices and bi-stable optical devices, where reproducible and non-hysteretic

deformation responses are required.

However, the presence of lead oxides poses serious environmental and health concerns,
especially during manufacturing and disposal after usage ; therefore, the research community
is actively engaged in developing Pb-free alternatives [128,129]. In particular,
(Bi12Na2)TiO3 (BNT)-based relaxors have attracted a lot of attention during the last decade.
Upon application of an electric field, these systems exhibit large electromechanical strains as
they undergo a field-induced phase transformation to a polar ferroelectric phase with
metastable domains. This transformation is irreversible in non-ergodic compositions and
reversible in ergodic compositions. A temperature-dependent transition from an ergodic to a
non-ergodic state is also observed around 100-200 °C [130-132] ; above the transition
temperature, the polarization loops are pinched and electromechanical strain data show no
negative values, characteristic of a reversible field-induced phase transformation in ergodic

relaxors.

4.5.6 Ultra-low loss in ordered perovskites



29

Mobile phone networks allow communication from cell to cell via antennas located on masts
and associated base stations. Within a cellular network, the average base station coverage is a
diameter of 35 and 18 km at 900 and 1800 MHz, respectively. Each base station houses
microwave (MW) resonators that are used to carry signals of a specific frequency and filter
spurious signals and sidebands that interfere with the quality of the transmitted/received

frequency band [133].

Ceramic resonators are simple in concept, but controlling their dimensions and precise phase
assemblage during processing is difficult. Any slight differences from batch to batch or within
a batch may alter their resonant frequency and temperature stability. Ceramic resonators of
differing geometries, with single mode pucks and multimode functions are manufactured,
often with unusual geometries to induce several resonant MW modes within their body at any
one time. In service, the ceramic conventionally rests within a silver-coated square cavity.
Typically, many hundreds of these cavities will reside in the base stations of a cellular

network [134].

With the current worldwide explosion in the development of microwave-based
communications technologies, the production of dielectric resonators has emerged as one of
the most rapid growth areas in electronic ceramic manufacturing. Nowadays, with the
development of wireless communication, especially the third-generation telecommunication
(3G), the complex perovskite ceramics such as Ba(B';3B",3)03; (B’ = Zn2+, Mg2+, C02+, Ni2+;
B” = Ta, Nb), with excellent microwave dielectric properties, have attracted much scientific

and commercial attention.

An explosive increase of microwave communications occurred in the 1950-60s. As a
consequence, several oxides were developed to fulfill the electronic requirements for a
commercial microwave resonator system, being at the same time cheap and reproducible.
These materials should combine high relative permittivities (g, > 25), low dielectric losses and
high Q (Q = 1/tand > 5000), together with a near zero-temperature coefficient of resonant
frequency (ty = 40 £ 10 ppm), for use in variable climates. Microwave resonator ceramics in
the BaO-TiO, system (Ba;Ti90,, BaTisO9), in zirconia-modified systems ZrO,—SnO,-TiO,
(Zr; xSnyTiO4) and in the BaO-PbO-RE,0;-TiO, systems, have found widespread
commercial applications as filters and oscillators in wireless communication technologies.
These ceramics proved to be adequate for current applications, but needs for further

miniaturization and improved filtering capabilities led to the development of new oxides with
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even higher dielectric constants and lower losses. An understanding of the critical chemical
and structural requirements for a successful ceramic resonator was progressively attained.
Also in this field, some perovskite-type compounds have proved to be a suitable solution to
attain more complex requirements. This progress has been carried out by studying the
complex crystal chemistry of many of the existing oxide dielectric perovskites, whose

structures are strongly ordered on the B-sites [135,136].

In the early 1980s, a series of complex perovskites, in which the B-sites are occupied by a
mixture of M*" and M*" cations, showed dielectric properties suitable for use in resonators.
The most interesting perovskites were based in the formula Ba(M2+1/3Ta5+2/3)O3, where
M =Zn, Mg. For the Zn-compound, a permittivity value & ~ 30 was measured and for the
Mg-compound, & ~ 25. Both attained Q values higher than 10 000 at 10 GHz. Previously
studied complex perovskites, with large A cations, such as Ba and Sr, and a 1:2 mixture of
divalent and pentavalent cations in B-sites, showed that these cations can be ordered in the
<111> crystalline planes. This long-range ordering leads to a subsequent displacement of
oxygen anions between the cation planes. The crystalline structure is then trigonal, with a
sequence (MMM along the {111} direction of the parent cubic disordered

perovskite, coincident with the c-direction of a superlattice (figure 21).

The perovskite systems based on Ta,Os and divalent cations M**, in which a certain B-site
cation-ordering degree exists, revealed that this ordering is fundamental for lowering the
dielectric losses in the microwave region. Inducing a long-range cation order by means of
high-temperature annealing, allowed to increase the Q factor from 500 to <35 000, for a
microwave window of 10 GHz. This effect could be increased by controlling the volatilization
of Zn in the case of Ba(Zn;;Ta,;3)0;3, but it has been well established that the long-range
cation ordering is the main parameter for controlling the dielectric features of these

perovskite-type compounds, particularly the dielectric losses [138-140].

The dielectric loss tangent at microwave frequencies for the complex perovskite
Ba(Zn;;3Ta,y;3)0;5 was calculated with respect to the degree of structural disorder on B-sites.
Starting out from the equations of ion motion, the dielectric loss is expressed in terms of the
pair-correlation functions corresponding to the ordering of Zn and Ta ions on B-sites. The
characteristic length included in the pair-correlation functions corresponds to the average size
of the region containing disorder in the ion arrangements at the B-sites ; thus the relation

between the structural disorder on the B-site and the dielectric loss tangent at microwave
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frequencies was clarified theoretically. The numerical results show that the microwave loss
tangent values change their power from —3 to —6 with increasing degree of order on the B-site,
which agrees well with the experimental observations. Results confirm the physical origin of

the microwave loss of complex perovskite Ba(Zn;3Tay3)O5 [141,142].

Ba(B’1,B’’12)Os-type microwave dielectric ceramics are also promising material components
in resonators and filters because of their suitable permittivity (g), near-zero temperature
coefficients at resonant frequencies (t7) and high quality factors (Qxf). In recent years,
numerous investigations of materials with excellent microwave dielectric properties were
focused on the complex perovskite ceramics Ba(Mg;,W;,)O3 (BMW), which is one of the
better microwave ceramics in this group with & = 17, 1=-33.6x10°°C", and

Qxf=42 000 GHz [137,143].
4.6. Metallic conduction and superconductors
4.6.1 Metallic conductors

LaNiOs is a conductive oxide with a perovskite-type structure, which can be used as an
electrode for fatigue-free ferroelectric random access memories, in solid oxide fuel cells, as an
absorber of oxygen or in oxidation catalyst. However, LaNiOs is the only one in the LnNiO;
series (Ln: lanthanides) exhibiting a metallic character down to 4.2 K. Other LnNiO;3 have a
metal—insulator transition temperature (Ty) which increases as the size of the rare-ecarth
decreases. For example, SmNiO;, with a smaller rare-earth ionic radius, presents a Ty of
400 K and is insulator at room temperature. The metal-insulator phase diagram for LnNiOj; as
a function of the tolerance factor or the ionic radius of the rare-earth, was determined. For
small rare-earths, the structure has a smaller electronic transfer parameter, presents bent
Ni-O-Ni bonds and a lower bandwidth ; they are insulators at T < Ty with a charge-transfer
gap between the occupied O valence band and the unoccupied Ni*! conduction band due to

electron localization [144] (figure 22).
4.6.2 Superconductors, YBaCuO

The cubic perovskite BaBi.xPbxO; is distorted depending upon composition. The tetragonal
x = 0.75 compound is a superconductor ; x< 0.65 results in an orthorhombic semiconductor ;

BaBiOj; is monoclinic. The valence of Bi has been a matter of dispute [145]. This perovskite
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was the first oxide compound showing a superconducting transition at a relatively high

temperature.

The compound YBa,Cu3;O7, also of perovskite structure, was the first superconductor
attaining a transition temperature above liquid nitrogen temperatures [146]. It has a
perovskite-type structure with a high oxygen deficiency in their cell lattice (figure 23). The
superconducting behavior of this compound is much influenced by the degree of oxygen
deficiency : only those materials with 0 <8 <0.65 are superconducting. For & ~0.07, the
material is a superconductor at the highest transition temperature Tc of 95 K, with very high
critical magnetic fields : 120T for B perpendicular and 250 T for B parallel to the CuO,
planes. For values above 0.65, the compound is insulating. The &-value also has a strong
influence on the crystalline structure : for values near 0, YBa,Cu3;O; crystallizes with

orthorhombic symmetry while increasing J leads to a tetragonal-like structure.

The understanding of the superconducting properties in oxides has greatly improved over the
last years and new ways to change their properties are constantly being found. Old problems
are being overcome and, with such a large amount of experimental and theoretical work, it
can be expected that in the near future it would be possible to fabricate samples with optimal
compositional and microstructural properties [147-149]. An excellent review on different

types of superconducting oxides can be found in ref. [150].
4.7. Multiferroics

The term multiferroic is applied to materials presenting simultaneously two or three ferroic
behaviors : ferroelectricity, ferromagnetism and ferroelasticity, i.e., the electrical charges can
be controlled by an applied magnetic field, and magnetic order can be controlled by applied
voltages. A major issue that makes difficult the study of such materials is the scarce number

of phases presenting these properties at the same time.

Magnetic and ferroelectric materials are found in many fields of modern science and
technology. For example, ferromagnetic materials with switchable spontaneous magnetization
driven by an external magnetic field are widely used in data-storage. The discovery of the
giant magnetoresistance effect (to be discussed later on) significantly promoted
magnetic-memory technology in connection with areas of magnetoelectronics and spintronics.
The fundamental and applicative issues associated with magnetic random-access memories

(MRAMSs) and related devices, have been deeply studied in order to achieve high-density
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integration and also to improve the relatively high writing energy. A good review on the

multiferroics is given by Wang et al. [151].

Ferroelectricity appears in perovskite structures where the B-site is occupied by transition
metals with empty d-shells. On the contrary, partially filled d-shells are required for
magnetism to occur. These are mutually exclusive phenomena and, therefore, it is difficult to
attain a multiferroic state in such oxides. Even more scarce are the phases where simultaneous

properties appear at room temperature [152,153].

Among the few materials presenting this possibility there is the bismuth ferrite BiFeOs, where
the polarization is mostly caused by the lone pair (s* orbital) of Bi’", so that the polarization
comes mostly from the A-site, while the magnetization comes from the B-site (Fe’"), with a
Néel temperature corresponding to its antiferromagnetic order at 370 °C and a ferroelectric
Curie temperature at 820-830 °C. Theoretical values of spontaneous polarization have been
proposed to be close to 90pC/cm?, while the experimental values are as high as 40pC/cm? in
polycrystalline ceramics. The antiferromagnetic character is due to a spatially modulated spin
structure which does not allow net magnetization and inhibits the observation of a notable
linear magnetoelectric coupling between polarization (P) and magnetization (M). With the
purpose to induce a net magnetic signal in BiFeOs, substitution of Bi in the A position by an
alkaline-earth element such as Sr has been successfully tested, and a weak ferromagnetism
has been obtained. Important magnetoelectric effects, as the increase of the spontaneous
polarization at increasing applied magnetic fields, have been observed in Sr-doped BiFeO;
ceramics. In addition, doping with Sr helps to stabilize the perovskite phase, inhibiting the
formation of other phases (e.g., BixFesOo), this being one of the major issues in the

development of these materials [154,155].

Also regarded as a true multiferroic material is the bismuth manganite BiMnOj, with both
ferromagnetic and ferroelectric properties. BiMnOj; possesses a distorted perovskite structure
with monoclinic symmetry due to highly polarizable bismuth ions and Jahn-Teller (JT) active
manganese ions. Its magnetic moment certainly arises from the 3d* electrons of the Mn®" ion,
while the ferroelectric polarization comes from the Bi6s® lone pair. The saturation
magnetization for a BiMnO; polycrystalline sample was reported to be 3.6 ug by Mn®", with a
ferromagnetic transition temperature at 105 K. No noticeable structural change associated
with the ferromagnetic transition was observed. The ferroelectric remanent polarization at

200-K for a polycrystalline sample is about 0.043 I.LC/sz ; however, there is no consensus on
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the ferroelectric transition temperature Tpg. Some authors reported Tpp=450 K as the
reversible structural transition temperature without symmetry change, but others suggested
Tre~750-770 K, at which a centrosymmetric-noncentrosymmetric structural transition

occurs.

The detailed structure of BiMnO; at room temperature was investigated by neutron powder
diffraction. A compatible orbital order was proposed although some unresolved issues still
remain, such as the temperature dependence of the degree of ordering at high temperatures
and the determination of the transition temperature itself, To. A better knowledge of the
relationship between ferroelectricity and orbital order in this multiferroic compound is clearly
an issue of interest [9,156]. Potential applications for this material mainly concern some
alternative ways to encode and store data using both electric polarization and magnetization.
Magnetoelectric coupling between these properties involve huge potential applications in the

sensor industry, spintronics and others.
4.8. Magnetic properties of some perovskites

The compound LaMnOs is an insulator of perovskite structure, composed of ferromagnetic
planes of Mn®" spins oriented in the basal plane, antiferromagnetically coupled along the
c-axis. Substitution of the trivalent rare-earth cation by a divalent ion oxidizes the MnOg
array, creating Mn'" ions. This fact makes that the solid solutions develop interesting
semiconducting features. At the same time, the antiferromagnetic phase is progressively
destroyed with varying content of dopant and transforms first, into a canted structure before
becoming fully ferromagnetic. The electrical and magnetic properties of these mixed valence
perovskites are closely related to the ratio Mn’"/Mn*', which depends on the degree of
substitution of the trivalent rare-earth element by divalent cations and therefore, on the overall
stoichiometry of both the cationic sites and the oxygen amount. As a consequence of the
ferromagnetic response, an interaction between electrical conduction and magnetic order
occurs. The discovery of giant and colossal magneto-resistance phenomena in doped
perovskite manganites of formula RE; \MxMnOs (RE = rare-earth element, M = divalent
cation) (figure 24) was followed by an enormous work during the past years [157-159]. Of
particular interest was the observation of a very strong magneto-resistance behaviour, named
colossal magneto-resistance CMR [160,161] in some solid solutions La’|, Me*",MnOs, or
the experimental observation of large CMR effects in Ndy sPbysMnO; by Kusters et al. [162]

and in Lay;Ba;sMnO; by von Helmolt et al. [163]. In a pioneer work, Searle and Wang were
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the first to report CMR features in La; PbyMnOs; manganites prepared as single crystals
[164].

The nature and size of the modifying cation play an important role in the electrical behavior
of the doped manganites, giving place to different conduction mechanisms : large-bandwidth
manganites {La;Sr(Ba)yMnQO;}, intermediate-bandwidth manganites, {La; Ca,MnOs} and
low-bandwidth manganites {Pr;,Ca,MnO;} [165-167]. Besides, the magneto-resistance
coefficient also varies, increasing when the ionic size of the divalent cation decreases, in a

sequence Ba, Pb, Sr, Ca [168,169].

The magnetic behaviour of these solid solutions, with general formula {Lal_xMe2+anO3}, is
explained by double-exchange mechanisms between the Mn®" and Mn"*" ions situated in the B
sublattice, that is, in the unique magnetic sublattice of the crystalline structure. Indeed, in this
type of solid solutions, the RE cation is usually a diamagnetic (La*") or a weakly
paramagnetic (Pr3+, Nd3+, Sm’ +) cation. Therefore, interactions between sublattices A and B
or in the A sublattice are expected to be null or very weak. In other groups of REMnO;
perovskites compounds, the presence of a Mn*" cation can be achieved by substituting part of
the Mn®" cations in the B sublattice by divalent cations of adequate size. These cations, Ni*',
Cu®" or Co*", are paramagnetic. Cobalt can adopt the +2 and the +3 valence states under
special conditions of synthesis [170-173]. A large amount of work concerning this type of
substitutions has been achieved on rare-earth manganites with both primitive orthorhombic
perovskite and Mn-hexagonal-type derived structures, in which the cations situated in the

A sublattice have large or very large magnetic moments, e.g., Gd, Dy or Er.

The complexity of forming magnetic sublattices when Mn is partially substituted by other
paramagnetic ions, combined with the presence of strong paramagnetic rare-earth cations in
the A sublattice, are at the origin of a series of features appearing in several of these solid

solutions ; some of them, discussed hereafter, can be described as :

Spin reversal as a function of temperature (thermal spin reversal), fig. 25,
Crossing branches in the hysteresis loops at low applied fields, fig. 26,
Abrupt jumps in step-like magnetic hysteresis cycles, figs. 26 and 27,
Exchange bias displacement, fig. 28.

Thermal spin reversal appears in manganite perovskites in which the large A cation is a

paramagnetic ion, such as Pr’*, Ce’", Gd’*, independently of the magnitude of the magnetic
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moment of the A cation. Spin reversal behavior at high temperatures has been also observed
in ferro-chromites of perovskite structure, such as {La;—x»Bix»} {FesCros} O3, in which the A
cation is diamagnetic and the magnetic ions, Fe and Cr, occupy only one and the same
sublattice ; in this case, an unusual zero-magnetization phenomenon was observed at a
compensation temperature Tcomp under relatively high external magnetic fields
(~ 0.1-0.3 Tesla). It is remarkable that this zero-magnetization phenomenon does not originate
from a ferrimagnetic ordering of the Fe’” and Cr’* cations, but is due to the canting of pure

‘La;xBixFeOs’ and ‘La;«BixCrOs’ domains or clusters, antiferromagnetically coupled [174].
4.8.1 Crossing branches in the hysteresis loops

The phenomenon of a spin reversal in perovskites (as shown in figure 25), in which the Mn
cation is substituted by divalent cations and with an A-cation possessing a strong
paramagnetic moment, can be reasonably predicted due to the existence of double-exchange
interactions in the B-sublattice between Mn’" and Mn*" cations and an antiferromagnetic
mechanism between the A and the B sublattices. Other phenomena are, however, less
predictable. Perovskites of composition ErCo,Mn; O3 showed magnetic loops in which the
two branches, corresponding to the decreasing and increasing magnetic fields, intersect at low
magnetic applied fields (figure 26) [175-177]. From these results, it is quite evident that two
contributions are superposed : a ferromagnetic component, characterized by an irreversible
behavior and rather low coercive fields, and an antiferromagnetic component, characterized
by an almost linear variation of M versus H at low fields. The partial substitution of
manganese by cobalt, in a disordered fashion, has an incidence on the ferromagnetic
component, lowering the coercive field. The coercive fields Heoere are extremely low and tend
to be zero at x(Co)= 0.30 and for x(Co) > 0.60, in spite of the strong ferromagnetic
interactions deduced from the ZFC/FC (zero-field-cooling/field-cooling) cycles and the
compositional dependence of Tc. The antiferromagnetic interaction between A and B
sublattices seems to be enhanced at a composition ErCogsoMngs0Os, for which the
spin-reversal effects are observed (figure 25). The crossing of the magnetic branches (fig. 26,
main panel) is only observed at temperatures below that of the spin reversal (fig. 26, insert).
This fact points to the existence of two exchange coupling mechanisms. In addition to this, the
magnetization loop performed on the ErCogs5oMngsO3 sample at T < Tcomp shows a second
anomaly at high fields, which corresponds to a sudden increase of the magnetization when the

applied magnetic field increases. Both anomalies are also seen, although less pronounced, in
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some other compositions, all of them situated close to the 50/50 = Mn/Co substitution rate.

These anomalies are not found in the near parent ErNixMn; O3 system.
4.8.2 Step-shaped magnetic hysteresis cycles

The step changes observed at high fields in some samples deserve much attention, and current
works aim toward a better characterization [176-179]. This is a dynamical phenomenon which
depends on the sweep rate of the applying magnetic field. Such time dependence has been
noticed in several magnetic systems, and it has been thoroughly described in the works of
Hardy et al. concerning (Pr,Ca)MnO; [178], Tang et al. in Prg ¢Nag4MnO3 [179] and others. In
some cases, slow changes of the magnetic field lead to a smooth variation of the
magnetization curve at high fields, while sudden changes of the applied field (typically,
0.2 T/min) provoke a sudden jump of the magnetization. Higher fields and a better control of
the magnetic-field sweep rate will give a much better understanding of this phenomenon. The
step-like loops are basically associated to the presence of both Mn and Co cations when the
B-site substitution is carried out. Dy- and Eu-based solid solutions, RECog sMng 5O, which
do not show spin reversal, present loops with more than one step (figure 27, left panels) [177].
For the same compositions, with Ni instead of Co, no step-like magnetization cycles have
been seen (figure 27, right panels). In the case of Eu, up to five steps have been observed at
2.5 K. Eu is a Van Vleck ion and this fact could explain the unusual multiple-step behavior.
The multiple valence state of cobalt is probably the reason for which solid solutions
containing Co show a more complex behavior than those containing a more stable valence
state, such as Ni in B-sites or Ca in A-sites. In the case of Co cations, the possible cationic
configuration RE’"{Co®"|,Mn*"|,Co*"5.1}0; leads to the existence of new magnetic

exchange pairs, such as Co**-Co’".
4.8.3 Exchange bias displacement [180]

The discovery of exchange bias (EB) effect by Meiklejohn and Bean [180] has gathered
enormous interest from the scientific community for its intriguing fundamental and
technological aspects. Recent impetus on EB have opened numerous and various aspects of
research, such as electronics and their usages in spin valves, magnetic recording read-heads,
giant magnetoresistive sensors, etc. The EB is usually characterized by an asymmetric shift in
the magnetic hysteresis loop along the field axis when a ferromagnetic

(FM)-antiferromagnetic (AFM) layered or composite system is cooled in a static magnetic



38

field through the Néel temperature (Ty) of the AFM phase (figure 28). The magnitude of the
loop shift (HEB) depends on various factors, such as the interfacial roughness, the
characteristics of the involved FM and AFM layers, the complex spin structure at the
interface, the uncompensated moments at the interface, etc. Rana et al [181] studied the
heterostructure (AFM)Lay 3Sry7FeOs/(FM)SrRuO; and found that unusual low-field positive
exchange bias, cooling-field-driven reversal of positive to negative exchange-bias and layer
thicknesses, optimized the unusual vertical magnetization shift, all these being novel facets of
exchange bias being explored for the first time in magnetic oxides. The successive magnetic
training induced a transition from positive to negative exchange bias regime with changes in
domain configurations. These observations were well corroborated by the hysteresis loop
asymmetries which displayed modifications in the AFM spin correlations. These exotic
features emphasized the key role of : i) mosaic disorder inducing subtle interplay of
competing AFM-superexchange and FM double exchange at the exchange biased interface

and, ii) training inducing irrecoverable alterations in the AFM spin structure.

Gibert et al [182] have studied the EB developed in LaNiOs—LaMnO; (LNO-LMO)
superlattices in which one of the components is paramagnetic, LaNiOs, whereas the other,
LaMnOs, is weakly ferromagnetic. The observation of exchange bias in (111)-oriented
LNO-LMO super-lattices, manifested as a shift of the magnetization field loop, not only
implies the development of interface-induced magnetism in the paramagnetic LNO layers, but
also provides a very subtle tool for probing the interfacial coupling between the LNO and
LMO layers. First-principles calculations made by those authors [182] seemed to indicate that
this interfacial interaction may give rise to an unusual spin order, resembling a spin-density
wave, within the LNO layers. The observation of exchange bias phenomena at the interfaces
between a paramagnet and a ferromagnet, highlights once more the potential of interface
engineering for tailoring the properties of complex oxides and extending their functionalities

towards new technological applications.

The above examples of EB were studied on heterostructures combining two different
perovskite compounds. Some double perovskites have also shown EB behavior [183]. For
instance, Sr,FeCoOg, which is a spin glass compound, develop antiphase boundaries between
the ferromagnetic and antiferromagnetic regions in the disordered glassy phase ; it is assumed
that these boundaries are responsible for the observed effect, which is reflected in the cooling
field dependence and temperature evolution of the exchange bias field and training effect

(figure 29).
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5. Conclusions

Oxides with perovskite-type structure have shown a great potential in a wide range of
applications. Their versatility with regard to the crystalline symmetry and their ability to
incorporate many modifying cations, lead to a series of new properties ; the facility for
tailoring composition, properties and shaping (bulk, thick and thin films, nanoparticles)

allows to think that their future will be as important as their splendid past.

Some of the compounds and materials exposed in this review, such as PZT-based
piezoelectric materials, BaTiOs as capacitor, bulk or multilayer, PbTiOs-based pyroelectrics,
PLZT as optoelectronic, etc., have accomplished their scientific way, and their future aims
toward technological improvements to enhance their applications. However, in the case of Pb-
based compounds, environmental requirements and health considerations are presently
retarding their use in the future. Lead-free piezoelectric compounds have a more promising

future for their use in advanced technologies.

Magnetic perovskites have a wide field of research and applications since new types of
magnetic features appear, thus opening significant opportunities for devices in electronics and
informatics. The strong advances in nanotechnologies, along with the developing of new
multiferroics compounds and heterostructures, open some of the most promising horizons for
researches in the field of materials science, heading towards the study of materials based on

perovskite-type structures.
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Table 1

Properties and applications of perovskites.

Property

Application

Material

Proton conductivity

SOFC electrolyte

BaCeOs3, SrCeO3, BaZrOs

lonic conductivity

Solid electrolyte
Hydrogen sensor
H, production/extraction

(La’ Sr)(GaaMg)O3—6

Mixed conductivity

SOFC electrode

Piezoelectric transducer

La(Sr,Ca)MnOs.5, LaCoOs

(La,Sr)(Co,Fe)Os.5

BaTiOs, Pb(Zr,Ti)O;
Pb(Mg,Nb)O5

Catalytic

Catalyst

LaFeO3;, La(Ce,C0)O3

Electrical / dielectric

Multilayer capacitor
Dielectric resonator
Thin film resistor

BaTiOs;, BaZrO;

Ferroelectric / piezoelectric

Thermistor, actuator
Thin film resistor

Magnetic Magnetic memory GdFeOs, LaMnO3
Ferromagnetism

Optical Electrooptical modulator (Pb,La)(Zr,Ti)O3
Laser YAlO;, KNbO;

Superconductivity Superconductor Ba(Pb,Bi)0;, BaKBiO3

YBaQCu307_5

47



Table 2

Some compounds and their properties as ferroelectric materials

Material Properties Applications
BaTiO3 Dielectric Capacitors, Sensors
(Ba,Sr)TiOs Pyroelectric Pyroelectric sensors
PbTiO3 Pyroelectric Pyroelectric sensors

Piezoelectric Electromechanical transducers
Pb(Zr,Ti)Os Dielectric Non-volatile memories
Pyroelectric Pyroelectric sensors
Piezoelectric Electromechanical transducers
(Pb,La)(Zr,Ti)O3 Pyroelectric Pyroelectric sensors
Electrooptic Waveguides, optical displays
LiNbO3 Piezoelectric Surface acoustic waves
(LiNbO3/Ti) Electrooptic Optical modulators
K(Ta,Nb)Os Pyroelectric Pyroelectric sensors
Electrooptic Waveguide devices
Pb(Mg;sNby;3Ti)O3 |  Dielectric Capacitors, Memories
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Table 3

Polar oxides with pyroelectric / pyroelectric-electrocaloric properties

Polar Dielectric

Crystal Structure

Crystal Symmetry

Poled Ceramics

BTO : BaTiOs Perovskite Tetragonal, 4mm/com
PZT : Pb(Zr95Tig5)O3 | Perovskite Trigonal, 3m /oom

BST : Ba,Sr;4T10; Perovskite Tetragonal 4mm/oom
STO : SrTiOs Perovskite Cubic, Pm3m (Ohl)
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Figures captions.

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9a.

Figure 9b.

Figure 10.

Ideal (cubic) perovskite structure. Cation B is surrounded by 6 oxygen anions in
octahedral configuration. A is surrounded by 12 oxygen anions (from

http://www.kek.jp/en/NewsRoom/Release/20140516150000/#06)

SrTiOs, an  example of an  ideal cubic  perovskite  (from

http://www .princeton.edu/~cavalab/tutorials/public/structures/perovskites.html)

BaTiO:s, tetragonal-type perovskite structure (from

http://commons.wikimedia.org/wiki/File:BaTiO3_oxygen_coordination.png)
LaAlO3, thombohedrally distorted perovskite structure (from Ref. [5])

Distorted orthorhombic perovskite: (a) GdFeO; type structure, (b) ideal cubic
perovskite (from http://cheminfo2011.wikispaces.com/XiangLiu-Final)

Double perovskite Sr,GdRuQOg, with monoclinic-type distortion and P2,/n space
group (from Ref. [7])

Fragments of the crystal structure of BiMnO; viewed along the a-axis at (a) 300 K
and (b) 550 K; only MnOg octahedra are shown. The black solid lines present the
longest Mn-O bond lengths. Space group C2 (from Ref. [9])

Structure of the A-site scandium perovskite (Sco.94Mng gs)Mng ¢sNig3503. (a) view
down [001] (pseudocubic a-axis). (b) view along [110] (pseudocubic b-axis). (c)
view down [11°0] (pseudocubic c-axis). (d) A site ions, only shown in a projection

close to the view down the a-axis (from Ref. [10])

Flow diagram for the preparation of modified lead titanates (top) and XRD
patterns of washed, co-precipitated and calcined oxalates (bottom) (from

Ref. [19])

Microstructure of modified lead titanates M-PbTiO; (M = La, Nd, Sm, Ca)
sintered at 1150 °C (M = rare-earths) and 1100 °C (M = Ca). (a) La-PbTiOs3, (b)
Nd-PbTiOs3, (¢) Sm-PbTiOs3, and (d) Ca-PbTiO; (from Ref. [19])

Flow diagram of Pechini-type synthesis (examples : Me = Ba, Sr, Ca ; Ln = La,
Nd, Sm; M = Mn, Fe, Cr)
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Figure 11a.  Schemes for a solid oxide fuel cell (SOFC) with proton-conductive electrolyte

(from Refs. [24], left-hand side, and [25], right-hand side)

Figure 11b.  Scanning electron microscopy image (SEM) of the fractured cross section of a
BZPY10-based (BaZry7Pro1Y02035) single cell after fuel-cell testing (from
Ref. [25])

Figure 12. Temperature evolution of the lattice parameters (bottom) of the different
crystallographic phases of BaTiOs and the different crystalline structures (top)
from rhombohedral (low temperature phase) to cubic (high temperature phase)

(from Refs. [70,75])
Figure 13. Hysteresis loop and electric polarization of piezoelectric ceramics (from Ref. [73])

Figure 14. Pseudobinary PbZrO;-PbTiO; system. a) phase diagram showing the
morphotropic phase boundary, MPB (from
http://electronicstructure.wikidot.com/first-principles-study-of-piezoelectricity-in-
pzt), b) Revised phase diagram showing the crystalline symmetry of the different
phases (from Ref. [79])

Figure 15. (a) Transversal cross section of a multilayer ceramic capacitor (MLCC) device ;
(b) SEM image of a cross section of a BaTiO3; multilayer ceramic capacitor (from
“History of the first ferroelectric oxide, BaTiO;” ; http://ceramics.org/wp-
content/uploads/2009/03/elec_division member papersl.pdf)

Figure 16a.  Conductivity anomaly in semiconducting (Sm-doped) BaTiOs ceramic (from

Ref. 75)

Figure 16.b  Cross section of a BaTiOs-based positive-temperature-coefficient (PTC) device

(from Ref. 94])
Figure 16¢c.  Fabrication process of a PTC multilayer chip (from Ref. 94])

Figure 17. Quaternary phase diagram of the PLZT system (from “Structure having light
modulating film and optical controlling device using same”, Patent EP-1662298-

Al ; fig.8 / see http://www.google.com/patents/EP1662298A1)

Figure 18.a) Schematic diagram of a PLZT modulator (PLZT : lead lanthanum zirconium
titanate) (from

http://www.marekczerwiec.com/artykuly/ TRANSPARENT PLZT CERAMICS.
pdf)
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Figure 18.b) An example of applications for transparent PLZT, the visor anti-flash (from

http://www.flightgear.dk/flash.htm)

Figure 18.c) La-undoped (left) and 3 mol% La-doped (right) 0.9PMN-0.1PT ceramics

Figure 19.

Figure 20

Figure 21 :

Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

(PMN : Pb(Mg;3Nby3)Os ; PT : PbTiO;) (from Ref. [110])

Temperature dependence of real and imaginary parts of the relative dielectric
permittivity in a crystal of Pb(Mg;;3Nb,3)Os (PMN). Insert : universal relaxor
dispersion (from Ref. [120])

Comparative schemes of the relaxor and normal ferroelectric compounds (from

http://guava.physics.uiuc.edu/~nigel/courses/563/Essays 2005/PDF/delgado.pdf)

(a) Schematic illustration of a 1:2 cation-ordering in Ba(Zn,;3Tay3)Os3. Upper left
shows two of the possible {111} directions for the ordering of Zn and Ta. Center
image shows a 1:2 ordering for one of the orientational variants (oxygen anions
omitted for clarity). Bottom shows an idealized [110]sucen projection of the
ordered structure : open circles, oxygen anions; shaded circles, Ba cations; the
anions that project onto the A-site positions are omitted for clarity (from Ref.
[136]). (b) Double perovskite structure of Ba(Mg;»,W1,2)O3 (BMW); primitive cell

in the unit cell (only cations are shown) (from Ref. [137])

a) Unit cell of RNiO; with distorted NiOg octahedra. b) The Ni-O-Ni bond angle
as a measure of the lattice distortion ; for different rare-earths the lattice distortion
(described by 7y) changes. c¢) Phase diagram of RNiOs; as a function of the
tolerance factor (from http://physics.unifr.ch/de/page/547/)

Crystalline structure of superconducting YBa,Cu;O;5 (see, for instance,

J.D. Jorgensen et al, Phys. Rev. B, 41 (1990) 1863)

Temperature dependence of the resistivity of La; «SryMnO; with x=0.3, at various
magnetic fields (from http://www2.lbl.gov/Science-Articles/Archive/colossal-

magnetoresistance.html)

Temperature dependence of the ZFC (a) and FC (b) magnetizations, under given

applied fields, for composition ErCog soMng 50O (from Ref. [175])

Magnetization loop at 2 K for ErCog s50Mng 5003 while increasing (open symbols)
and decreasing the magnetic field (solid symbols). The inset shows the

temperature (Tcomp) Of reverse magnetization (from Ref. [176])



Figure 27.

Figure 28.

Figure 29.
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Top: Magnetization loops at 2.5 K for (a) EuCopsoMngs00; and (b)
EuNij 50Mng 5003. Bottom : Magnetization loops at 2.5 K for (a) DyCog so0Mng 5003
and (b) DyNig 50Mng 5003 (from Ref. [177])

Maximum Manife (~35%) for the optimized bilayer
[Lag3Sro7FeO3(110 nm)/SrRuO3(10 nm)] (from Ref. [181])

Exchange bias and memory effects in the double perovskite Sr,FeCoOg. The
field-cooled hysteresis curves at different cooling fields Hpc display vertical

displacement that signify FM clusters present in the system (from Ref. [183])
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YBa,Cu,0,

Figure 23

Crystalline structure of superconducting YBa,Cu;0;.5
(see, for instance, J.D. Jorgensen et al, Phys. Rev. B, 41 (1990) 1863)
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