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Abstract

We discuss the crystallographic and chemical basis of the perovskite family (ABX3) of oxides
that are used in different thin film applications. Starting with the original structure we extend
our scope to several modifications. Basic parameters like the ionic radii, the tolerance factor, the
occupation of the oxygen sublattice and their effect on the structural parameters will be
mentioned together with examples of relationships between structural and physical properties in

the bulk and at interfaces.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The intense and wide interest in the perovskite family
(ABX3) of oxides is based on the large variety of
physical properties and ground states that are realized.
Furthermore, the related electrical/ionic transport or dielectric
and magnetic polarizations show a large and in many cases
non-linear response to external magnetic or electric fields and
temperature. This lies behind the use of perovskites as key
materials in numerous applications based on their sensor and
switching functionalities.

With respect to chemistry this versatility has to be
searched for in the large number of combinations that the
two cation sites, A and B, give in ABXj3, leading to a
considerable freedom of ionic radii and ionic charges that
can be incorporated into the cation lattice. Indeed, the
resulting electronic configurations allow bonds with different
ionicity/covalency to be the basis for enhanced dielectric
or magnetic moments of the polarized electron densities.
The oxide anion lattice, on the other hand, promotes
large displacements and dipole moments leading in the
extreme to complex oxygen defect structures. With respect
to crystallography, an enormous variation of the original
perovskite cell as discussed below is given by a large number
of known crystallographic structures that are still assigned to
perovskite and its relatives [1].
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A search in the Inorganic Crystal Structure Database
(ICSD)* yields 2454 hits for the term ’perovskite’. Most of
those (2272) are oxides and most of the remaining compounds
are either sulfides or halides. The oxides are very numerous
because the sum of the charges on the A and B sites (4+6) may
be made of 1 + 5, 2 4+ 4, 3 4 3 and also in more complex ways
as in Pb(By 2B ;)O3 where B = Sc or Fe and B’ = Nb or Ta.

Although the perovskite family crystallographic structures
have been studied for a long time their basic physical
properties are still leading to surprising discoveries. Some
examples of bulk as well as phenomena observed at interfaces
are given in figure 1. Exceptional and intensively studied
properties associated with compounds of perovskite structure
are superconductivity with very high transition temperatures,
as in YBayCu3O; [2], and colossal magnetoresistance in
manganites, as (La, Sr)MnO; [3]. In high temperature
superconductors the role of the crystal lattice is limited to
being the geometrical basis for the two-dimensional hybridized
Cu-O states. In contrast, in manganites the interplay of local
lattice distortions with the orbital occupation of the d shell of
Mn3*/Mn** is an important constituent for understanding their
complex phase diagram and transport properties. It leads to the
formation of so-called orbital polarons.

Further important properties are related to long range
ordered states of a magnetic or polar nature. Bulk

4 For structural details of the discussed perovskites we refer to the ICSD,
Version 2007-02, FIZ Karlsruhe, Germany.
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Figure 1. Functionalities of perovskite oxides as bulk and interface phenomena. Examples for compounds or stoichiometries are given.

ferromagnetism observed in many perovskites may show
extraordinarily high transition temperatures up to 750 K [4],
as in the double perovskites [S], or a very large spin
polarization at interfaces. = Both properties are relevant
for spintronics [6] where charge degrees of freedom in
conventional semiconductor electronics are anticipated to be
partially replaced by spins and orbitals. Possible applications
as spin filters and injectors for electrons or an improvement
of existing schemes for magnetic random access memory
(MRAM) have been discussed.

Oxide interfaces and heterostructures from, e.g. SrTiOs/
LaTiOs, LaAlO3/StTiO; or the strongly polar interface
ZnO/Mg,Zn;_,0, have recently been a focus of interest due to
the exceptional electronic properties that are not present in the
bulk of the materials [7]. The observed enhanced mobility [8],
quantum Hall effect [9], and even superconductivity [10] are
related to a proposed electronic reconstruction (e.g. charge
transfer, change of orbital occupation) [11] at the interface
that sensitively depends on its termination and polarity. On
the other hand it has also been shown that deviations from
stoichiometry, e.g. due to oxygen defects within the interface
and the substrate, play a decisive role [12]. Finally we mention
multiferroic behaviour, the mutual coupling of dielectric and
magnetic polarization, as another interesting phenomenon
where structural properties and interfaces of perovskites are
decisive. Multiferroic behaviour is a rare bulk phenomenon
as non-filled d-shells contributing to the magnetic moment and
completed shells for large spontaneous dielectric polarization
are exclusive. Interfaces between two different compounds
release these restrictions and further symmetry constraints
and allow an application-relevant coupling with switching
functionality.

The above mentioned aspects can be summarized in
the sense that perovskites and related oxides with electronic
correlations are expected to contribute to advanced oxide-
based electronic materials and spintronics. Review articles
by Bibes and Barthémély [6], Fiebig [13], Ramesh and

(a)

(b)

Figure 2. (a) The cubic ReOj; structure consists of corner sharing
octahedra. (b) The ideal cubic perovskite structure ABXj is derived
from the ReOjs structure by adding a 12-coordinated ion at the
cuboctahedral hole in the centre of the unit cell. SrTiO; has this
structure.

Spaldin [14] describe these respective developments. The
interplay of electronic correlations and orbital degrees of
freedom with crystals structure and chemistry has been
reviewed in [15].

2. The perovskite crystal structure

Perovskites are a large family of compounds; however, the
ideal cubic structure (space group Fm3m) is rare and the
mineral perovskite itself, CaTiOs3, is actually slightly distorted.
The ideal cubic perovskite structure can be derived from the
ReO; structure that is formed from corner sharing octahedra
(see figure 2(a)). The perovskite structure is subsequently
formed by adding a 12-coordinated ion at the body centre of the
unit cell in the middle of the cube of eight such octahedra (see
figure 2(b)). The A and X atoms in the idealized cubic ABXj3
structure, that is realized for example in CaRbF3 and SrTiOs,
form cubic close packed layers of A + 3X corresponding to the
atomic packing in the ordered alloy AuCuj (see figure 3).
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(a) (b)

Figure 3. (a) Cubic close packed (111) layers in the ordered alloy AuCus. (b) The Sr and O atoms in the perovskite SrTiOs jointly form cubic
closest packing. The Ti atoms occupy one-quarter of the octahedral voids, i.e. those that are surrounded by only O atoms.

(@) (e)

Figure 4. The degree of space filling of the ReOj3 type structure can be increased by rotating the corner sharing octahedra: (a) ReOs, cubic
Pm3m along [111]; (b) VF; trigonal R3c; (c) RhF; trigonal R3c. Filling the octahedral voids in the RhF; type structure yields the ilmenite,
FeTiOs, structure type (trigonal R3) consisting of two types of octahedra: (d) view along [010]; (e) view along [001]. The octahedra within a
layer are connected by edge sharing and the octahedra in between different layers are connected by face sharing.
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Figure 5. (a) Tetragonal BaTiOs. The shifts of Ti and Ba relative to
the Og octahedra around the original Ti position: Ti and Ba both shift
by 0.30 A in the same direction. (b) In tetragonal PbTiO; Ti and Pb
are shifted by 0.44 A.

The A and B ions in the perovskite structure can be
varied, leading to a large number of compounds with related
structures. Most compounds in the perovskite family have the
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[BXs] octahedra tilted in various ways to give other types of
coordination of the A atoms than the cuboctahedral in the ideal
cubic structure. For example in GdFeO3 the coordination of Gd
is reduced to 8. The reduced symmetry in distorted perovskites
is important for their magnetic and electric properties. There
are three main factors responsible for the distortions: (i) size
effects, (ii) deviations from the ideal composition, and (iii) the
Jahn-Teller effect.

The oxygen atoms in ReO; occupy three-quarters of the
positions for cubic close packing and the structure type can be
transformed to a denser packing by rotating the corner sharing
octahedra until a hexagonal close packing of the RhF; type
is obtained. The void in the centre then has an octahedral
surrounding. If this octahedral hole is occupied we have the
ilmenite structure type, FeTiO;3 (see figure 4).

2.1. Distorted perovskites—size effects

The cell axis, a, in the ideal cubic unit cell depends on the ionic
radii (ra, rg, and rx) as described by equation (1):

a=2(ra+rx) =20rs + rx). (D

The ratio of the two expressions for the cell length is called the
Goldschmidt tolerance factor t and allows us to estimate the
degree of distortion as described in equation (2):

_ (ra +rx)
V2(rs +rx)

The cubic perovskite SrTiO3 has ¢t = 1.00. If the size of the
A cation decrease then ¢ becomes smaller than 1. As a result

2
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LaMnO;
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Pnma

Figure 6. Low values of the tolerance factor ¢ will lower the symmetry of the crystal structure. GdFeO3 have tilted [FeOg] octahedra and
crystallize in the orthorhombic system. If the tolerance factor r > 1 as for BaNiO; due to a large A or a small B ion then hexagonal variants of
the perovskite structure form. In LnMnOj3 the octahedra around Mn are Jahn—Teller distorted.
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Figure 7. (a) The double perovskites A;BB’X¢ can be described by doubling the perovskite unit cell. When the unit cell edges are doubled it
is possible to occupy equivalent positions with atoms of different elements. The one-to-one relation can be recognized by comparing with the
doubled formula of perovskite. In reality there exist many distorted forms of the idealized cubic cell (space group Fm3m) with lower
symmetry, e.g. tetragonal or monoclinic. (b) Tetragonal (/4/mmm) form of Sr,FeMoOg. The unit cell is smaller than for the cubic form
having the a-axis and b-axis along the pseudocubic [110] and [110] directions.

the [BOg] octahedra will tilt in order to fill space. However,
the cubic structure occurs if 0.89 < ¢ < 1 [16, 17]. Lower
values of ¢ will lower the symmetry of the crystal structure (see
figure 5).

GdFeO; (see footnote 4) with r = 0.81 is orthorhombic
(see figure 6). The mineral perovskite itself, CaTiOs3, also has
this structure. With values less than 0.8 finally the ilmenite
structure (cf figure 5) is more stable. On the other hand
if ¢ is larger than 1 due to a large A or a small B ion
then hexagonal variants of the perovskite structure are stable,
e.g. BaNiO; type structures. In this case the close packed
layers are stacked in a hexagonal manner in contrast to the
cubic one found for SrTiOs;, leading to face sharing of the
[NiOg] octahedra (see figure 6). The ¢ value for BaNiOs is
1.13. The tolerance factor is only a rough estimate and also
the nature of the A and B ions influences the structure. For
example LnFeO3 (Ln = lanthanide ion) have all-perovskite-
type structures, this is true for LnMn3TO; only if Ln is La or
Ce-Dy. The compounds in which Ln =Y or Ho-Lu adopt
a different hexagonal structure, with 5- and 7-coordination of
Mn and A, respectively [16].

2.2. Distorted perovskites—oxygen vacancies

The family of compounds SrFeO, (2.5 < x < 3) is an example
of how oxygen vacancies influence the crystal structure. The
valency of the Fe ions can be changed by heating a sample in
either an oxidizing or a reducing environment, and as a result
the oxygen content can vary between 2.5 and 3. In SrFeO; g75,

for example, some Fe ions can be assigned to the oxidation
state +3 and others to +4. The oxygen vacancies order so that
FeOs square pyramids are formed. The SrFeO, compounds
are examples of defect perovskites. Their chemistry can be
described according to the homologous series A,B,O3,_1,
n = 2-00.

2.3. Distorted perovskites—Jahn—Teller effects

In some perovskites the distortion of the structure can be
assigned to Jahn-Teller active ions at the B position. For
example in LnMnO; (Ln = La, Pr or Nd) with Mn?t ions the
3d* electrons divide up into 3 ty, electrons and 1 e, electron.
The odd number of electrons in the e, orbital causes an
elongation of the [MnQOg] octahedron (see figure 6).

2.4. Superstructures

Doubling the unit cell edges of the ideal cubic perovskite
structure makes it possible to occupy equivalent positions
with atoms of different elements (see figure 7(a)). If the
B position is partly replaced by a second metal a double
perovskite of the general formula A;BB’Xg may form where
the BOg and the B’O¢ octahedra are alternatively arranged
(see figure 7(b)). A number of double perovskites exist
where the A site is occupied with an alkaline or rare earth
atom and the B and B’ sites are occupied by transition
metals (B =Cr, Mn, Fe, Co; B’ = Mo, Re, W, several
of those compounds express ferromagnetism above room
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temperature and are extensively studied, e.g. Sr,FeMoOg
and CaFeReOg). The double perovskites frequently exhibit
distortions, e.g. when small cations occupy the A site and
the octahedra are then tilted resulting in a lowering of the
symmetry. A tolerance factor can be defined in the same way
as for perovskites [5].

Acknowledgments

We acknowledge support from the Swedish Research Council
(VR), the German Science Foundation (DFG), and the
European Science Foundation (ESF).

References

[1] Bhalla A S, Guo R and Roy R 2000 The perovskite structure—a
review of its role in ceramic science and technology Mater.
Res. Innovat. 4 3-26 and references therein

[2] Orenstein J and Millis A J 2000 Science 288 468

[3] Salamon M B and Jaime M 2001 Rev. Mod. Phys. 73 583

[4] Krockenberger Y et al 2007 Phys. Rev. B 75 020404(R)

(5]
(6]
(71
(8]
(9]
[10]
[11]
[12]
[13]

[14]
[15]

[16]

(171

Serrate D, De Teresa J M and Ibarra M R 2007 J. Phys.:
Condens. Matter 19 023201

Bibes M and Barthémély A 2007 Oxide spintronics [EEE
Trans. Electron Devices 54 1003 (Preprint abs/0706 3015v1)

Mannhart J 2005 Interfaces in materials with correlated
electron systems Thin Films and Heterostructures for Oxide
Electronics ed S Ogale (Berlin: Springer) pp 251-78

Ohtomo A and Wang H Y 2004 Nature 427 423

Tsukazaki A, Ohtomo A, Kita T, Ohno Y, Ohno H and
Kawasaki M 2007 Science 315 1388

Reyren N et al 2007 Science 317 1196

Takizawa M er al 2006 Phys. Rev. Lett. 97 057601

Herranz G et al 2007 Phys. Rev. Lett. at press

(Herranz G et al 2007 Preprint cond-mat/07042523)

Fiebig M 2005 J. Phys. D: Appl. Phys. 38 1

Ramesh R and Spaldin N A 2007 Nat. Mater. 6 21

Lemmens P and Millet P 2004 Spin—orbit-topology, a triptych
Quantum Magnetism (Springer Lecture Notes in Physics) ed
U Schollwock, J Richter, B J J Farell and R F Bishop
(Heidelberg: Springer)

Wells A F 1984 Structural Inorganic Chemsitry 5th edn
(New York: Oxford Science)

Miiller U 2007 Inorganic Structural Chemistry 2nd edn
(New York: Wiley)


http://dx.doi.org/10.1007/s100190000062
http://dx.doi.org/10.1126/science.288.5465.468
http://dx.doi.org/10.1103/RevModPhys.73.583
http://dx.doi.org/10.1088/0953-8984/19/2/023201
http://dx.doi.org/10.1109/TED.2007.894366
http://arxiv.org/abs/abs/0706 3015v1
http://dx.doi.org/10.1038/nature02308
http://dx.doi.org/10.1126/science.1137430
http://dx.doi.org/10.1126/science.1146006
http://dx.doi.org/10.1103/PhysRevLett.97.057601
http://arxiv.org/abs/cond-mat/07042523
http://dx.doi.org/10.1088/0022-3727/38/8/R01
http://dx.doi.org/10.1038/nmat1805

	1. Introduction
	2. The perovskite crystal structure
	2.1. Distorted perovskites---size effects
	2.2. Distorted perovskites---oxygen vacancies
	2.3. Distorted perovskites---Jahn--Teller effects
	2.4. Superstructures

	Acknowledgments
	References

