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Modelo de Hubbard
1 DESCREVER A FTSICA DE BANDAS DE ORBITALS

LINHAS 3,4 5 DA TABELA PERIO DICA
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PREENCHIDAS

2 OS ORBITALS E E SIO MENORES OVE OS
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O OVERLAP ENTRE ORBITALS DE SITIOS

DIFERENTESEMENORNOSEE.UMAABORDAGEM DE BANDAS DO TIPO ELECTRONS

QUASE LIVRE É RUIN E UMA ABORDAGEM DO TIPO

TIGHT BINDING É MAIS APROPRIADA



A INTERAGAT COULOMBIA NA ENTRE Electrons
NOS ORBITALS I OU L É MAIOR OVE NOS SOU

1

INTERAGJES NEO PODEM SER DESPREZADAS

FENE MENOS IMPORTANTES DESCRITOS

i A TRANSIGAO METAL ISOLANTE DE MOTT

ii ISOLANTES DE MOTT

idi SUPERCONDUTORES DA ALTA TC



Física de um corpo: estrutura de bandas
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Teorema de Bloch:
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R SITIOS DE UMA

REDE PERIGDICA
DE BRAVAIS

INDICE QUE ROTULA AS VARIAS BANDAS DE ENERGIA

Re VETOR PERTENCENTE A 11 ZONA DE BRIOULLIN

Emt SEO AS DISPERSEES DAS BANDAS



Rede recíproca e 1a. zona da Brioullin
REDE RECIPROCA A UMA REDE DE BRAVAIS É UMA

REDE NO ESPAGO II

ÉÑ 1 R E REDE DE BRAVAIS

A REDE RECIPROCA TAMBÉM É UMA REDE DE

BRAVAIS EXEMPLO

A REDE RECIPROCA A UMA REDE CUBICA DE

PARAMETRO DE REDE É UMA REDE CUBICA DE

PAR DE REDE 2T a

A IS ZONA DE BRIDULLIN É UMA CÉLULA UNITARI
DA REDE RECIPROCA



NO PLANO

19 ZONA DE BRIOULLIN

CÉLULA DE WIGNER
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Hamiltoniano não-interagente na base 
de funções de Bloch
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E FORMAM UM CONJUNTO
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Funções de Wannier
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TRANSFORMADAS DE FOURIER DISCRETAS DAS FUNGEEBLOE

NC NUMERO DE CÉLULAS
UNITARIAS

i SFO LOCALIZADAS NAS REGIGES PRIXIMAS

A CADA SITIO R DA REDE DE BRAVAIS

ii ELAS TEM CAUDAS OSCILANTES DUE

PODEM SER LONGAS

iii Assim como As X ñ as fungoes FAR
FOR MAM UM CONJUNTO COMPLETO



Hamiltoniano não-interagente na 
base de funções de Wannier
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Primeiras descrições teóricas

magnetic insulator. This is an example of a Mott transi-
tion, i.e., of a metal-insulator transition driven by the
strength of electron-electron interactions in a homoge-
neous system. It is realized experimentally in three-
dimensional transition metal oxides, such as V2O3, and
can be driven by varying pressure, temperature, and
composition (for general references, see, e.g., Mott,
1990; Tsuda et al., 1991). Figure 23 reproduces the ex-
perimental phase diagram found for V2O3 by varying
these parameters (McWhan et al., 1973). Since the early
ideas of Mott (1949, 1956, 1961), this transition has been
the subject of numerous experimental and theoretical
investigations. From a theoretical point of view, several
ideas have been put foward that we shall briefly review.
They are rather different from one another and corre-
spond to the various possible ways of approaching the
transition in the phase diagram of Fig. 23, coming from
different phases (Fig. 24). The LISA provides for the
first time a unified framework in which the various
phases (and their relative stability) can be studied within
a single model, so that the validity of the previous ap-
proaches can be assessed and put in perspective.

Early work of Hubbard (1964) provided a description
of the transition rather close in spirit to Mott’s original
views. He attempted to give an effective band descrip-
tion of the correlated system (Fig. 25), and proposed
that the original density of states (of half-width D) gets

split for large U into a lower Hubbard band (corre-
sponding to holes, or empty sites) and an upper Hub-
bard band (corresponding to doubly occupied sites). For
large U these bands are separated by a gap of order
U�2D . As U is reduced there is a critical value of U
where the two bands merge again and a metal is recov-
ered. Hence, the Hubbard picture of the metal-insulator
transition is associated with the closure of a gap. This
description obviously relies on the large U insulating
limit as a starting point, and as we shall see is actually
qualitatively valid there. It fails however to provide a
description of the metal consistent with Fermi-liquid
properties.

On the other hand, Brinkman and Rice (1970), build-
ing on the work of Gutzwiller (1965), started from the
metallic phase which they described as a strongly renor-
malized Fermi liquid with a reduced low-energy scale
(or effective Fermi energy). This scale is of the order of
ZD , where Z is the quasiparticule residue, related to the
quasiparticle effective mass in this approach by
m*/m�1/Z . As the interaction strength increases, this
energy scale vanishes at a critical value of the interaction
UBR , with Z�(UBR−U). In this framework, the metal
insulator transition is driven by the localization of the
Fermi-liquid quasiparticles, m*/m�1/(UBR−U)→�, and
their disappearance in the insulator. This approach is a
consistent low-energy description of the strongly corre-
lated metal, but does not account for the high-energy
excitations forming the Hubbard bands, which should be
present already in the metallic state. Furthermore, it
gives an oversimplified picture of the insulator, which is
caricatured as a collection of independent local moment
with no residual antiferromagnetic exchange and an in-
finite susceptibility at T=0. The Brinkman-Rice ap-
proach can be justified formally using slave bosons
methods (Kotliar and Ruckenstein, 1986). In that case,
the Hubbard bands and incoherent features, absent at
the saddle point level, are reintroduced by the fluctua-
tions around the slave-boson condensate, and the disap-
pearance of the resonance coincides with the closing of
the gap (Castellani et al. 1992; Raimondi and Castellani,
1993; see also Kotliar, 1993a).

Finally, early arguments by Slater (1951) focus on the
possibility of long-range antiferromagnetic order at low
enough temperature. At weak coupling, this possibility
is confirmed (on bipartite lattices) by a simple Hartree-
Fock approximation. In this picture, the driving force
behind the metal-insulator transition is the doubling of
the unit cell which makes the band structure of the sys-

FIG. 24. Classic theories for the description of the various
phases.

FIG. 25. Schematic evolution of the density
of states with U in the Hubbard picture.

60 A. Georges et al.: Dynamical mean-field theory of . . .

Rev. Mod. Phys., Vol. 68, No. 1, January 1996

• A descrição de Hubbard III: do isolante para o metal; duas bandas (de 
Hubbard) separadas que se tocam na transição (J. Hubbard, Proc. R. 
Soc. (London) A 281, 401 (1964))

• A descrição de Brinkman e Rice: do metal para o isolante; 
desaparecimento das quasi-partículas, m* → ∞ ; não há bandas de 
Hubbard (W. F. Brinkman and T. M. Rice, Phys. Rev. B 2, 4302 (1970))



Teoria dinâmica de campo médio 
(Dynamical mean field theory)

U = t

U = 2t

U = 2.5t

U = 3t

U = 4t

Density of states

X.Y.Zhang, M. Rozenberg G. Kotliar (PRL 1993)

Bandas de Hubbard (Hubbard III)

Unificação de Brinkman-Rice + Hubbard III

Pico de quasi-partículas (Brinkman-Rice)



Kotliar, Vollhardt, Phys. Today (2004)
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Diagrama de fases (DMFT)


