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Approximate treatment of t lae three-band Hubbard model 
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Abstract 

An approximate treatment of the three-band Hubb~,d ~ode i  is developed which allows the calculation of spectral 
functions on the CuO~ planes of superconducting cuprat.es. The lattice is divided into CuO2 clusters ~trimers), on which 
the Hamiltonian can be diagonalized. The hole conce~lrati,0~s on both orbitals and the amplitude of the staggered 
magnetization are obtained as a function of the total ~nunnloer of holes through a linear interpolation of the Green 
functions. The stoichiometric compound is a charge tmm~fer insulator in the antiferromagnetic phase. Magnetic order is 
destroyed at different concentrations for electron and lh~le doping. 

The CuO2 planes of superconducting cuprates are 
considered to be responsible for most of their peculiar 
electronic properties. These oxides are insulating in tl~e 
stoichiometric phase, where the copper sublattice shov~ 
an antiferromagnetic (AF) order [ i ,  2]. It is widely agrecdt 
that high-T~ superconductivity is induced in these oxide~ 
as carriers are introduced into the planes. 

A realistic description of these compounds is given bk' 
the three-band Hubbard Hamiltonian, which takes intc~ 
account both local electronic correlations and covalence 
[3, 4]. In this communication we develop an approxir~ 
ate solution of the three-band Hubbard model whid~ 
accounts for the essential features of the electronic stat,e~ 
of superconducting oxides. In the paramagnetic phase, 
*h~ c ta ;nh ;am~t r ;n  systam (nn~ h n l .  nor ¢ ' t , ( " l _  ~ n l t l  i~ 

metallic, whereas in the AF phase a narrowing is c~- 
served in some bands and the Fermi level falls into t[~¢ 
charge transfer (CT) gap. 

The present approximation takes advantage of ~the 
exact diagonalization of the Hami]tonian on the bas.i¢ 
CuO2 trimer. The two-dimensional lattice is built up--i,s 

*Corresponding author. 

the trimers are linked together via the hopping between 
copper and oxygen in different trimers, which is treated 
as a perturbation. The energy levels of the isolated trimer 
give rise to narrow bands. As carriers are added, a redis- 
tribation of spectral weight occurs, as expected by Eskes 
et aL [5]. 

We write the three-band Hubbard Hamiltonian as 

where the trimer Hamiltonian is 

-4- ~ ! a a c c 

t ~ C[aada ° i t  

and the inter-trimer hopping term is 

k;:~, = -- t(ci~adi 1 . . . .  -- czi,~rdi.~ 1,~  

t ÷ 
-']- d i : ~ a ( ' i -  i . . . .  - d i a a c / i . ~  - 1.,~ ~- (3) 
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In Eqs. (2) and (3), b~,, (b,,,,) is the operator that creates 
(annihilates) a hole with spin a on a b-site of the trimer 
(ia) (b = a, d or c, where d stands for copper states and 
a and c for the oxygen p-states). A is the energy difference 
between p and d orbitals, Up and Ua are the Coulomb 
repulsive interactions on copper and oxygen ions, respec- 
tively, and t is the hopping between neighboring p and 
d orbitals. 

The analytical evaluation of all the eigenvalues and 
eigenvectors of the Hamiltonian act'° is greatly simplified 
if one makes the simple assumption that Ua = U~ + 2A, 
which is not far from realistic parameter values. We have 
considered A -- 2.6t and U~, = 4.6t. 

The trimer's Green functions ~"~ g~.(to) for a fixed number 
of particles n ( = 0, 1 or 2) per unit cell are obtained by 
the spectral representation, after evaluation of all matrix 
elements involving the corresponding ground state. The 
ground state degeneracy for n = 1 is resolved by the 
presence of an infinitesimal magnetic field h. 

The unperturbed Green functions ggb. must be defined 
in the whole range of concentrations n. A linear interpo- 
lation is the simplest choice and we write 

o ( ( l  (o~ (tk, - n)gb~. + ngs~. ifO < n < 1, 
O~b' = J,(2 ~t~,, , ,  ~ (4) 

n)gbb. + (n --  t),qbb, i f  l < n -_Z 2, 
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Fig. I. The CuO2 lattice. Black circles are O sites; white and 
gre3, circles are Cu sites with up and down magnetic moments, 
respectively. 

with b, b' = a, d or c. 
The remaining one-particle term /~0 in Eq. (I) is 

included by assuming Dyson-like equations for the lat- 
tice Green functions Gbb,(i=;jfl ) describing the propaga- 
tion of an electron from site b' of a given trimer (jfl) to 
site b of trimer (i~). The details of the calculation will be 
presented elsewhere [6]. Here, we restrict ourseh,es to the 
discussion of the main results. 

The local densities of states (LDOS) on Cu and O sites 
exhibit a number of bands that originate from the one- 
particle energy levels of the CuO2 trimer. By comparing 
with the spectral functions obtained from exact diagonal- 
ization on a Cu,tOa3 cluster I-8], we find good agreement 
in the position of the bands, considering the differences in 
the parameter values employed in both methods. We 
observe ,he presence of a narrow band, with pre- 
dominant O character, that might correspond to the 
Zhang Rice singlet band [7, 8]. 

In order to study the AF phase, we eliminate the 
"'down spin" trimers {marked by grey circles in Fig. I~ by 
using the Green function equations, in the new lattice all 
trimers are equivalent and each one is cc, nneeted to eight 
neighbors fits nearest-neighbor and next-nearest-neigh- 
bor trimers) through renormalizcd hopping matrices. 

The LDOS determine (nao), (n~)  and also the 
Fermi energy that corresponds to the given n 
( = ~ , ( ( n ~ ) + 2 ( n ~ ) ) ) .  The Cu[3d) and O(2d) hole 
densities and the magnetization on the Cu sites are 
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shown m Fig. 2 as a function of the total number of holes 
per trimer. 

There is an intrinsic asymmetry between electron and 
hole doping. [-or n < 1. the A[- ~dotted) curves n a and n ~' 
in Fig. 2 are ,,cry close k) the corresponding paramag- 
netic solutmns Isolid lines~. The magnetization curve 
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exhibits a typical second-order transition at n ~-0.60. 
For  n > i, when t~ .~ 1.40 is attained, the dotted and solid 
curves are very far apart, so that the transition to the 
nonmagnetic state is abrupt. Doped holes go mostly to 
O sites, whereas added electrons prefer the Cu ions. If the 
paramagnetic phase could be stabilized, for low doping 
levels, one would get a completely different situation 
where practically all added holes would go to the Cu 
sites. The critical carrier concentrations are expected to 
be reduced if one includes the direct hopping tpp between 
O orbitals [9]. 
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