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Introduction: Mot-t Insulators, Correlated Metals, High-Temperature 
Superconductors 

The physics of transition-metal com- 
pounds comprises three specific classes 
of solids: magnetic (Mott) insulators, 
(strongly) correlated metals, and high-tem- 
perature superconductors. Below we sup- 
ply the principal definitions and list some of 
the basic questions pertinent to these three 
classes of solids. These definitions provide 
a perspective of specialized articles in- 
cluded in this volume. 

1. Mott Insulators 

The magnetic insulators are the systems 
which are insulating (or semiconducting) 
and which order magnetically below a cer- 
tain critical temperature. They can be di- 
vided into two classes: Mott insulators and 
Heisenberg magnets. The Mott insulators 
order antiferromagnetically below the NCel 
temperature and undergo a transition to the 
metallic phase at TN. The Heisenberg mag- 
nets are insulating in both the antiferromag- 
netic and the paramagnetic temperature re- 
gimes. Sometimes the Heisenberg magnets 
are regarded as being in the Mott insulating 
state in the whole physical range of temper- 
atures; examples of the latter are NiO, 
COO, MnO, Cr203, and many other com- 
pounds. 

The Mott insulators are not diamagnetic; 
this feature distinguishes them from the 
band (Bloch-Wilson) insulators. The anti- 
ferromagnetic and paramagnetic properties 
below and above TN cannot be explained by 
orbital effects; this is why those systems 
must contain uncompensated (unpaired) 
spin moments. The presence of the mo- 
ments is rationalized by Hund’s rules, 
which in present-day language are ex- 
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pressed in terms of ferromagnetic, intra- 
atomic direct exchange interaction among 
the electrons located on different orbitals 
and belonging to the same 3d shell. 

Although most of the thermal, transport, 
and magnetic properties of the Mott insula- 
tors have been studied extensively (for a 
review, see Ref. (Z)), the fundamental ques- 
tion concerning the nature of the wave 
function of the 3d electrons has not as yet 
been answered adequately. The wave func- 
tion cannot be of the Bloch type because 
such an approximation would invariably 
lead to a stable metallic ground state for 
systems with an odd number of electrons 
(MnO, COO), if antiferromagnetic ordering 
is disregarded. Since this is not so, we must 
find a better way of expressing the electron 
correlations, i.e., the circumstance that the 
dynamics of a single electron is influenced 
by the degree of occupancy of the state in- 
volved. 

To illustrate the last point let us note that 
the system containing N sites and one elec- 
tron per site has 2N available atomic config- 
urations, and the number of single-particle 
states is N if the electrons are simply in 
configurations of localized moments (i.e., if 
no doubly occupied or empty site configu- 
rations are allowed). On the other hand, if 
the electrons with spin (+ = t are regarded 
as being independent of those with (+ = J 
(the assumption commonly made when 
Fermi-Dirac statistics is applied), then the 
number of available configurations is 22N, 
and the number of available single-particle 
states is 2N. In other words, if the system 
containing N orbitals and N electrons is go- 
ing to be a magnetic insulator, then half of 
the total number of magnetic single-particle 
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states available for the electron gas configu- 
ration must become inaccessible for elec- 
trons constituting a Mott insulator. The ex- 
clusion of N states from the total 2N states 
exhibits the simplest form of strong elec- 
tron correlations. In other words, in a cor- 
related electron system a single-particle 
wave function must incorporate the condi- 
tional probability which expresses the dy- 
namics in the presence of other electrons in 
the same shell. 

In the actual situation of 3d compounds 
we usually cannot neglect the hybridization 
of 3d states with the states of anions (e.g., 
2p or 3p oxygen states in the case of ox- 
ides). In this connection a distinction must 
be made between two types of magnetic in- 
sulators, namely charge-transfer (C-T) and 
Mott-Hubbard (M-H) insulators. In the C- 
T case the bandgap originates from cation- 
anion electronic (charge-transfer) transi- 
tions; in the M-H case the gap is 
determined by the d-d transitions. The na- 
ture of the electronic states in, e.g., 3d ox- 
ides is influenced by a combination of fac- 
tors: intra-atomic (d-4 interactions, 
crystal-field splitting of the 3d levels, and 
3d-2p hybridization. Models incorporating 
these three factors do not lead to unique 
conclusions, as can be seen from the dis- 
cussions of the two papers included in this 
volume (2). 

2. Metallic Phase of Correlated Electrons 
and the Metal-Insulator Transition 

The description of the regime intermedi- 
ate between simple metals and magnetic in- 
sulators constitutes a major challenge to 
solid state theorists, because in these sys- 
tems the Coulomb interactions between 
electrons are comparable to their kinetic 
energies in the solid. This is also the regime 
in which spectacular metal-insulator tran- 
sitions take place (see the two contributions 
on V203 (3)). The metallic phase, which un- 
der relatively small changes in either tem- 

perature, alloy composition, or pressure 
transforms into a Mott insulator, is called 
an almost-localized Fermi liquid. This elec- 
tron liquid is characterized by a large effec- 
tive mass (with the mass enhancement in 
the range 2-lo), by a large T2 term in resis- 
tivity at low temperatures, and by antiferro- 
magnetic ordering with a small magnetic 
moment. The large effective mass will lead 
to the enhancement of the electronic spe- 
cific heat and of Pauli paramagnetism. 

The Mott transition is associated with a 
transformation of itinerant electrons com- 
posing an almost localized Fermi liquid into 
a lattice of localized magnetic moments. On 
the metallic side the concepts such as the 
Fermi surface or quasi-momentum are still 
applicable. On the insulating side they lose 
meaning. Also, the metal-insulator bound- 
ary represents the borderline for applicabil- 
ity of the Fermi-Dirac distribution since no 
double occupancies of the same orbital 
state are allowed in the Mott insulating 
phase. Thus, the Mott transition specifies a 
dividing line: On the metallic side the con- 
cept of Bloch (itinerant) states is applicable 
to the 3d electrons, while on the insulating 
side atomiclike (soliton?) 3d states are real- 
ized in the solid state. 

One of the principal problems concerning 
this metal-insulator transition is envisaging 
how a thermal stimulus of 150 K (in the 
range of 10 meV) could induce radical 
changes in the nature of electronic states on 
the scale of electronvolts. It turns out that 
in systems like V203 the positive Coulomb 
repulsion and the negative band energies 
are of comparable magnitude and therefore 
almost compensate each other. Hence, 
much smaller exchange energy, or entropic 
(thermal) or atomic disorder contributions 
to the total free energy produce qualitative 
changes in the nature of the many-electron 
states. The detailed calculations (4) allow 
one to theoretically construct the full dia- 
gram for systems like V203. A more com- 
plete theory requires the inclusion of the 



4 INTRODUCTION 

lattice effects in these electronic phase 
transitions. A simple workable approach in- 
cluding lattice effects has not yet been con- 
structed. 

3. High-Temperature Superconductors 

The study of the entire area of transition 
metal compounds (mainly oxides) has 
gained enormous interest since the discov- 
ery of high-temperature superconductivity. 
Three basic properties of these systems 
should be mentioned: (i) the close connec- 
tion between antiferromagnetism and su- 
perconductivity; (ii) the metal-insulator 
transition as a function of stoichiometry 
(e.g., for La,-,Sr,CuO, for x = 0.05); and 
(iii) the onset and subsequent disappear- 
ance of the superconducting phase as a 
function of the nonstoichiometric parame- 
ter x (0.05 5 x 5 0.30 for La,-.,Sr,CuOJ. 

The crucial point for these systems is that 
the parent compounds are antiferromag- 
netic insulators (cf., e.g., La$ZuOd, Nd2 
Cu04, and YBa2Cu06), and can be regarded 
as Mott insulators. The presence of antifer- 
romagnetic ordering may prove to be as im- 
portant as the isotope effect in classic su- 
perconductors. Namely, this circumstance 
points to the antiferromagnetic interaction 
(5) and spin fluctuations as a mechanism for 
the singlet pairing that produces the super- 
conducting state in the liquid-nitrogen (and 
above) temperature range. The principal at- 
tractive feature of this mechanism is that 
one can treat antiferromagnetism, metal- 
insulator transitions, and superconductivity 
on the same footing and within a single the- 
oretical framework of the theory ofcorrel- 
ated electrons in narrow-band systems. 
The field of high-temperature superconduc- 
tivity forces us to unify such concepts as 
superconductivity, antiferromagnetism, 
Hubbard subbands, and correlated electron 

states, which have been regarded as com- 
pletely disparate so far. 

The fundamental difficulty in understand- 
ing the high-temperature superconductors 
arises from the fact that we do not know the 
exact nature of the metallic phase in the 
normal state. Is it a correlated Fermi liquid 
or is it a new type of spin liquid in which the 
energy associated with exchange interac- 
tions among electrons is comparable to, or 
even larger than, their kinetic energy? Does 
this mean that the localization we encoun- 
ter in Laz-,Sr,CuO, for x I 0.05 is induced 
by antiferromagnetic interactions? What is 
the role of disorder introduced by Sr atoms 
or oxygen nonstoichiometry? These types 
of basic questions must be answered if we 
are to be able to synthetize new systems 
with improved characteristics such as a 
higher value of the transition temperature 
or high critical currents. 

We hope that the present volume summa- 
rizes at least some aspects of research of the 
rapidly developing field of correlated elec- 
tron systems and in particular high-tempera- 
ture superconductors. 

JOZEF SPA~EK 
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