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Preface 

Interest in the transition-metal oxides with perovskite-related structures goes 
back to the 1950s when the sodium tungsten bronzes NaxWO3 were shown to 
be metallic [1 ], the system Lal_xSr~MnO3 was found to contain a ferromagnetic 
conductive phase [2], and La0.sSr0.sCoO3 was reported to be a ferromagnetic 
metal, but with a peculiar magnetization of 1.5 #a/Co atom [3]. 

Stoichiometric oxide perovskites have the generic formula AMO3 in which 
the A site is at the center of a simple-cubic array of M sites; the oxide ions form 
(180 ° - 4)) M--O--M bridges to give an MO3 array of corner-shared MO6/2 
octahedra and the larger A cations have twelvefold oxygen coordination. 
Mismatch between the A--O and M--O equilibrium bond lengths introduces 
internal stresses. A compressive stress on the MO3 array is accommodated by 
a lowering of the M--O--M bond angle from 180 ° to (180 ° - 4)); a tensile 
stress on the M--O--M bonds is accommodated by the formation of hexagonal 
polytypes [4]. 

In the early 1950s, it was assumed that the transition-metal oxides would be 
sufficiently ionic that their d-state manifolds could be described by crystal- 
field theory and the interatomic spin-spin interactions by superexchange 
perturbation theory [5]. Early neutron-diffraction studies showed an antici- 
pated antiferromagnetic order of the MO3 array in the insulators LnCrO3 and 
LnFeO3, where Ln is a lanthanide [6]. However, the anisotropic magnetic order 
in antiferromagnetic LaMnO3 and the complex magnetic order found [7] 
in La0.sCa0.sMnO3 remained unreported until it was pointed out [8] that 
cooperative orbital ordering that removed the twofold a-bonding e-orbital 
degeneracy at the high-spin Mn(III) ions could account for the magnetic order 
if the superexchange interactions were reexamined; this reexamination led to 
the first formulation of the rules for the sign of the superexchange interactions 
[8]. These predictions have since been fully corroborated [9-11]. 

The concept of a cooperative Jahn-Teller orbital ordering associated with 
localized e ~ and e 3 configurations, in which the orbital angular momentum L is 
quenched by the crystalline (ligand) fields, was rapidly extended to include the 
threefold-degenerate zr-bonding manifolds where the cubic crystalline fields do 
not quench L completely [12]. In this case, two types of cooperative orbital 
ordering may occur: one quenches the residual L and the other maximizes L. 
Spin-orbit coupling prevents cooperativity in the paramagnetic state unless the 
cooperative distortions quench L; but where long-range collinear ordering of 
the spins occurs, spin-orbit coupling orders the orbital momenta even where 
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there is only a small concentration of Jahn-Teller ions [13]. The cooperativity 
in this case gives rise to a giant single-ion magnetocrystalline anisotropy and 
magnetostriction. 

The ferromagnetic coupling in conductive Lal_xSrxMnO3 led to the concept 
of double exchange, but the original formulation by Zener [14] was restricted 
to a two-manganese polaron that was assumed to move diffusively without an 
activation energy to give a global ferromagnetism. The latter assumption was 
not borne out experimentally and de Gennes [15], borrowing a spin-dependent 
transfer integral from Anderson and Hasegawa [16], made a more realistic 
double-exchange model for itinerant electrons in the presence of localized 
spins; but how itinerant electrons and localized spins from the same d 
manifold could coexist on an atom was not addressed until some years later 
[17] when it was also pointed out that the unusual magnetization of 
ferromagnetic, metallic Lao.5Sr0.5CoO3 could be understood as an intermediate 
spin state on the cobalt stabilized by itinerant rr* electrons coexisting with a 
localized spin. 

Meanwhile, the origin of the metallic conductivity of the NaxWO3 bronzes 
remained puzzling until it was pointed out [18] that strong W--O covalent 
bonding allowed the 180 ° W--O--W interactions across a bridging oxygen 
atom to be strong enough to transform the n-bonding d states from localized 
configurations into itinerant-electron states of a W--O antibonding n* band. 
Recognition that the d electrons on the MO3 array of an AMO3 perovskite 
could be either localized or itinerant led to an early mapping of localized 
versus itinerant electronic behavior in the AMO3 perovskites [19]. Moreover, 
it was found that narrow itinerant-electron rr* bands containing a single e 
electron per atom did not undergo a cooperative Jahn-Teller ordering of 
localized orbitals; instead the cooperative oxygen displacements introduce a 
disproportionation reaction 2o -.1 = e 2 + e ° in which the e 2 configurations are 
localized and the e ° configurations form molecular orbitals of an MO6 complex 
[20]. This disproportionation reaction can be considered a segregation into an 
electron-rich, localized e 2 phase and an electron-poor, delocalized e ° phase. 
This latter view of the disproportionation reaction makes it a special case of a 
more general phenomenon that is only now becoming recognized. 

An extensive reexamination of the oxide perovskites was stimulated in 1986 
by the discovery of high-temperature superconductivity in the perovskite- 
related system La2_~Sr~CuO4 [21, 22] and the subsequent observation [23] of 
a colossal negative magnetoresistance (CMR) in the ferromagnetic system 
(Lal_yPry)o.TCao.3Mn03. 

The ideal perovskite structure may be viewed as MO2 planes alternating 
with AO rock-salt planes, which allows the formation of Ruddlesden-Popper 
[24] layered structures AOe(AMO3)n; the original high-To copper-oxide 
superconductors had the A2MO4 structure with M made a mixed-valent 
Cu(III)/Cu(II) ion by 10 to 22% substitution of Sr 2+ or Ba 2+ for La 3+ on the A 
sites of the parent compound La2CuO4. The antibonding x z - y2 orbitals of the 
Cu(III)/Cu(II) redox band are strongly hybridized with the O:2px, 2py orbitals, 
so the Cu(III) ion is low-spin with fully occupied 3z 2 -  r 2 orbitals. Conse- 
quently, the Cu(III)/Cu(II) valence state is stable in square-coplanar oxygen 
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coordination, which allows the introduction of c-axis oxygen vacancies in the 
CuO3_ 6 array to give eightfold oxygen coordination at smaller A cations. 
Moreover, AO-(I)-AO layers in which (I) is another oxide layer can be stabilized 
between the superconductive CuO2 layers, all of which gives a rich chemistry 
to the superconductive copper oxides [25]. However, the essential features of 
the high-temperature-superconductor phenomenon are illustrated by the 
La2_xSrxCuO4 system. 

High-To superconductivity in the layered copper oxides and the CMR 
phenomenon in the manganese oxide perovskites both occur at a transition 
from localized to itinerant electronic behavior, which has now focussed 
attention on the evolution of the electronic/structural properties at this cross- 
over in these mixed-valent oxide perovskites and at the Mott-Hubbard 
transition between strongly and weakly correlated electrons in the single- 
valent oxide perovskites. In perovskite-related structures, the study of the 
evolution of physical properties on crossing these transitions is made possible 
by a bandwidth that varies sensitively with the bending angle ~b of the 
(180 ° -  (~) M--O--M bond angle of the MO3 array. This angle can be 
modulated by isovalent substitutions of smaller A-site cations without 
changing the valence state of the M O  3 array. The bandwidth is a measure of 
the strength of the M--O--M interactions, and this strength depends 
sensitively on the frequency ~o(~) of the locally cooperative oxygen vibrations 
that couple strongly to the M-d electrons at cross-over. 

The cross-over from localized to itinerant electronic behavior and the Mott- 
Hubbard transition cannot be described by the homogeneous theories of 
electronic states in solids that existed in 1986. Extensive experimental stu- 
dies on these and related systems reveal the presence of dynamic phase 
segregations at lower temperatures that are associated with strong electron 
coupling to locally cooperative oxygen displacements. The phase segregations 
are driven by the appearance of a double-well potential at the equilibrium 
M--O bond length at cross-over. Locally cooperative, dynamic oxygen 
displacements are not revealed by conventional diffraction experiments; 
faster, local probes are required to observe them directly. These probes include 
the pair-density-function analysis of neutron-diffraction data from a synchro- 
tron source as discussed in this volume by Egami as well as M6ssbauer, NMR, 
NQR, and XAFS spectroscopies referred to in the other chapters. Indirect 
evidence for their existence is provided by transport and magnetic measure- 
ments, especially where these measurements can be correlated with observa- 
tions of fast, local probes and with neutron-scattering data or the evidence 
from photoemission spectroscopy (PES) for spectral-weight transfer between 
itinerant and localized or vibronic electronic states. Evidence for strong 
electron coupling to cooperative, dynamic oxygen vibrations and its intro- 
duction of a variety of unconventional vibronic properties continues to 
accumulate rapidly as do the theoretical attempts to account for the data. This 
volume represents a progress report. 

October 2000 John B. Goodenough 
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