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Complex Behavior Near the Metal-Insulator Transition

I. OVERVIEW

The metal-insulator transition (MIT) [1] is one of the oldest, yet one of the fundamentally
least understood problems in condensed matter physics. Materials which we understand well
include good insulators such as silicon and germanium, and good metals such as silver and
gold. Remarkably simple theories [2] have been successful in describing these limiting situa-
tions: in both cases low temperature dynamics can be well described through a dilute set of
elementary excitations. Unfortunately, this simplicity comes at a price: the physical prop-
erties of such materials are extremely stable. They prove to be very difficult to manipulate
or modify in order to meet the needs of modern technology, or simply to explore novel and
interesting phenomena.

The situation is more promising in more complex materials, where relatively few charge
carriers are introduced in an otherwise insulating host. Several such systems have been
fabricated even years ago, and some have, in fact, served as basic building blocks of modern
information technology. The most familiar are, of course, the doped semiconductors [3] which
led to the discovery of the transistor. More recent efforts drifted to structures of reduced



A. MIT in the strong correlation era

The subject of MITs came to a renewed focus in the last eighteen years, with the discovery
of high temperature superconductivity, which triggered much activity in the study of “bad
metals”. Many of the materials in this family consist of transition metal or even rare earth
elements, corresponding to compounds which are essentially on the brink of magnetism.
Here, conventional approaches proved of little help, but recent research has lead to a veri-
table avalanche of new and exciting ideas and techniques both on the experimental and the
theoretical front. In many ways, these developments have changed our perspective on the
general problem of the metal-insulator transition, emphasizing the deep significance of the
physics of strong correlation. A common theme for many of these systems seems to involve
the transmutation of conduction electrons into localized magnetic moments [8], a feature
deeply connected to the modification of the fundamental nature of elementary excitations
as the metal-insulator transition is crossed.

B. Disorder and complexity

After more than fifty years of study [1], the subject of metal-insulator transitions has
become a very wide and complicated field of research. Somewhat surprisingly, the situation
is, in some sense, simpler in presence of sufficient amounts of disorder [9, 10], where first order
(discontinuous) transitions associated with a variety of magnetic or structural orderings can
often be suppressed. In such cases, strong evidence exists indicating that the MIT is a
quantum critical point [11-13] of a fundamentally new variety, with properties that most
likely dominate the behavior of many materials.
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FIG. 2: Phase diagram of an itinerant system with disorder, dose to a quantum critical point
[following V. Dobrosavljevc and E. Miranda, Phys. Rev. Lett. 94, 187203 (2005)]. Here, a
guantum Griths phase forms due to the dynamics of rare disorder con gurations (droplets).
In itinerant systems, additional (non-Ohmic) quantum dissipation is caused by the long-ranged
RKKY interactions between the droplets. This leads to the freezing of droplets and the emergence
of an intermediate \cluster-glass" phase. Such inhomogenes phases are common in correlated
electronic systems with disorder.



In many cases, fascinating new evidence is currently emerging, revealing that genuinely
new phenomena arise in presence of disorder and impurities. Put quite simply, a given
configuration of impurities may locally favor one or another of several competing phases of
matter. In many instances this gives rise to strongly inhomogeneous states that feature an
enormous number of low-lying metastable configurations - producing qualitatively new exci-
tations, slow relaxation, and glassy fluctuations and response. These phenomena seem
to dominates the observable properties in many systems, ranging from CMR manganites
and high T¢ cuprates, to diluted magnetic semiconductors, and even the Kondo alloys. Even
more surprisingly, recent work suggests that a plethora of intermediate heterogenous phases
may emerge between the metal and the insulator, possibly even in absence of disorder. Such
complexity emerges as a new paradigm of the metal-insulator transition region,
most likely requiring a description in terms of probability distribution function, rather then
conventional order parameters.

C. Theoretical description of the MIT region is becoming possible

In the last twelve years, a systematic new approach to strong correlations has been
developed, based on dynamical mean-field theory (DMFT) methods [14]. From the very
beginning, the PI has played [15-22] a leading role incorporating the effects of disorder,
complexity (glassiness), and localization within this framework. This direction of work is
important, since many systems of current interest have both strong correlations and disorder,
while there are very few alternative theoretical approaches that can address these issues.

References [23-47] contain the results the PI has obtained in the previous funding period
(1999-2005) following this direction. Our results have demonstrated that all the basic local-
ization mechanisms and processes can be described in such an extended DMFT formulation,
and have produced a number of results of direct experimental relevance. These include:

e Theory for Anderson localization effects in presence of strong correlations.

e Description of localization-induced Griffiths phases leading to non-Fermi liquid
(and/or spin liquid) metallic behavior.

e Theory describing how glassy behavior of electrons emerges in the vicinity of disorder-
driven metal-insulator transitions.

Some of the subjects that we have introduced have, in the last few years, become topics
of central interest and much activity. This is especially true for glassy phenomena that
emerge in many electronic systems with disorder. Topics related to non-equilibrium quantum
dynamics are subjects of several upcoming major international workshops and meetings. For
example, the PI is the principal organizer of the workshop “Complex Behavior in Correlated
FElectron Systems” to be held at the Lorentz Center in Leiden (the Netherlands) in August
2005. I believe that this direction for research offers a great deal of promise and will continue
to attract increased attention in the coming years.

Materials where these phenomena are of central importance are surprisingly numerous,
ranging from two dimensional electron gases in MOSFETSs, diluted magnetic semiconductors,
to CMR manganites and high T; cuprates. Our theoretical approaches are very flexible and
useful tools that should play a central role in this emerging field.
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