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Abstract—The effective Hamiltonian for arealistic multiband p—d model is devel oped. In the case of electron
doping, the Hamiltonian coincides with that for the standard t—J model. For hole doping, the singlet-triplet t—
J model takes place. © 2001 MAIK “ Nauka/Interperiodica” .

In recent years, more and more attention has been
paid to investigations of the electronic structure and
properties of systems with strong electron correlations
(SEC), as an understanding of the processes occurring
inthese systemsisthe key in the explanation of the phe-
nomenon of high-temperature superconductivity
(HTSC). It iswidely believed that the most interesting
in this respect is the consideration of a CuO, layer, as
such high values of the critical temperatures T, of com-
pounds containing this layer are most likely to be due
to the presence of this layer and to the transformation
of the electronic structure in it caused by doping. One
of the problems appearing here is to construct an ade-
guate model which will makeit possible to describe the
main HTSC properties completely enough.

The aim of thiswork isto find the effective Hamil-
tonian for the multiband p—d model [1] in the case of
the presence of two-particle singlet and triplet statesin
the system in addition to the one-particle states. It is
shown that this singlet-triplet model is asymmetric
with respect to electron and hole doping.

The single-band Hubbard model [2] is one of the
simplest models describing, at the same time, the main
low-energy properties of the systems with SEC. How-
ever, the chemical composition of copper oxides canin
no way be taken into account in this model. This draw-
back was partly eliminated in the three-band p-d
model, which is a generalization of the Hubbard model
for the CuO, layer [3]. A lot of spectra methods with
high excitation energies, such as x-ray spectroscopy
and x-ray el ectron spectroscopy, have been describedin
the framework of this model.

There are some essential points that still remain
unclear. One point isthe difference in behavior between
the electron- and hole-doped systems. The issueis that

aspin exciton, associated with singlet—triplet excitation
of the two-hole term, is created in the hole-doped sys-
tems. This excitation is absent in the electron-doped
systems [4]. Another fact which isignored by the three-

band model is the nonzero occupancy of d . orbitals,
which is evident from experiments on the polarization
dependence of Cul; x-ray absorption spectra [5]. The
correlation between the T. and the occupancy of d .
orbitals was also detected there. Taking this into
account, it can be stated that a more realistic model of
the CuO, layer must involve dxz_yz and d . orbitals of
copper, aswell as p, and p, orbitals of each oxygenion.
When considering the systems which involve the apical
oxygen, it is necessary to account for the p, orbital of

oxygen. A similar model was proposed in [1], the
Hamiltonian of which has the form

Hp—d = ZHd(r) + ZHp(I)
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Here, r and i are sites of copper and oxygen; A =
{dxz_yz, d.} anda ={p,, p,, p} areorbital indicesfor

agiven site of copper and oxygen, respectively; € and
€P arethe energies of dxz_yz and d> holeson copper and

of the p,, p,, p, States of oxygen, measured from the
level of the chemical potential p; U® and UP are the on-
site Coulomb interactions; t™ is the transfer integral
between the nearest neighbors of copper and oxygen;
tPP isthe oxygen—oxygen transfer integral; V94, VPP, and
VP are the interatomic Coulomb interactions; and J%
and J®? are the exchange interaction integrals.

As can be seen, the Hamiltonian (1) accountsfor all
the main types of the relevant interactions in copper
oxides. The simplest calculation in thismodel has been
donefor CuQ, [4] and CuO, clusters[6] by the precise-
diagonalization method. It has been shown that the
energy difference between the two-particle singlet *Ay4
and triplet *B,g is intimately related to the involvement

of the dzz orbitals. With this orbital neglected, it turns

out that the triplet with energy €, lies above the singlet
with energy €,5 by an amount of the order of 2 €V and,
therefore, can be ignored in a low-energy description,
which leads to the three-band model. However, as the
energy of the d . orbitals approaches the energy of the

dxz_yz orbitals, the singlettriplet splitting decreases,

and, at certain values of the parameters, the crossover
of the singlet and triplet occurs. A similar result was
obtained for the CuQg cluster by the self-consistent-
field method [ 7] and also by the perturbation theory [8].
This gives reason for a thorough investigation of the
processes associated with the presence of not only the
two-particle singlet in the system but also the triplet.

For copper oxides and, particularly, a CuO, layer, the
CuQq cluster is the unit cdl they have in common. This
cell was considered in [9], where by using the cluster
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perturbation theory first stated in [10] the following
Hamiltonian was obtained on the basis of Eq. (1):
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Here, the energies €4, €, and €, arerelated to the level
of the chemical potential P and superscripts 0, & and b
onthetransfer integral t;, indicate the appearance of the
quasiparticleinthe Iower (0), the upper singlet (b), and
in the upper triplet (a) Hubbard bands.

In this case, the local basis is constituted by the
functions which correspond to the no-hole and one-
holeterms, namely, |0Cfor n,=0and [cCE{|10 |1 [ for
n, = 1, and also to the two-hole terms with the singlet
state (S) |2C= |1, tOand thetriplet state (t) [tMC= { |tOC)
[t200]|t20 3.

For this basis, the condition of its completeness is
written as

X+ S X7 XS XM = ©)
M

Using the Hamiltonian (2) as the original one, we can
obtain an effective Hamiltonian of the singlet—triplet
model by excluding the interband (between the lower
and upper Hubbard bands) transitions from it. For this
purpose, we use the method proposed in [11].

First, we define projection operators P; and P,

4
P, = PEyYXn @
= 0

0 N
O¢° + 5 XX
0 £ m

The operator P, can be determined from the condition
for completeness of the basis of the projection opera-
tors

P2 = 1_P1 (5)

Itisclear that P, and P, follow the rule for multiplica-
tion of projection operators

Pm = 6mnPn- (6)
L eft and right multiplications of the Hamiltonian (2) by
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the operators P, yield the following four relationships:
PHP, = &3 X7+ tX7OX5°, )

i,o 0,j0o
PHP, = 5 [20t)° X7 °X°
D,jDG (8)
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As can be seen from the above relationships, P,HP, and
P,HP, describe the processes in the lower and upper
Hubbard bands, respectively. The interband transitions
are described by the terms P;HP, and P,HP;.

The interband transitions may be further excluded
by using an operator method of the perturbation theory.
We present the Hamiltonian in the form

H, = H' +nH", (12)

where H' = P;HP, + P,HP,, H" = P;HP, + P,HP,, and
n isaforma parameter (we ultimately put it equal to
unity). The essence of this method is in the following:
applying the canonical transformation

H = exp(-inF)Hexp(inF), (12)
we can choose the operator F such that the terms of the

Hamiltonian H that are linear in n, namely, the terms
responsible for the interband transitions, will be equal
to zero.

As can be readily shown, the requirement imposed
brings about the following equation for the operator F:

H"+i[H' F] = 0. (13)
Then, H isdefined as
A= A =1) = H+3i[H", F. (14)

Omitting the solutions of Egs. (13) and (14) pre-
sented in [11], we obtain as a result

A = P,HP, + P,HP, = —[P,HP,, P,HP,], (15
Ect
Cl

where E, = [P,HP,[ - [P;HP;[Jis the charge-transfer
energy between the lower and upper Hubbard bands.
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When studying the low-energy processes, one can
consider the processes in the lower and upper Hubbard
bands separately, because there is an appreciable
energy gap (24 eV) between them.

For the systems with electron doping (n-type sys-
tems), the Fermi level €. is situated in the lower Hub-
bard band. In this case, the influence of the upper band
can beignored resulting in the common t—J model (see,
e.g., [11, 12]). The corresponding Hamiltonian has the
form

Ho = SeX+ § rxx°
g D,JZDO'

(16)
1 .0
0,j0o
with J;; being the exchange integral
)’
Ji = 4—=L=. 17
] ECt ( )

It has also been accounted for that

SS, -%ninj = %Z(x?"’x?"—x?"x?"’).
o

For the systems with hole doping (p-type systems), the
€ isSituated in the upper band. In this case, we have a
model which takes into account the transitions involv-
ing the two-particle singlet and triplet. We shall further
refer to this model as the singlet—triplet model.

By applying the commutation relations for the Hub-
bard operators and omitting the three-center terms, we
find the Hamiltonian of the singlet—triplet model in the
form

H = Ho+H, +H,, (18)

where H; is the kinetic part of the Hamiltonian and H,
is the term involving all processes associated with the
exchange interaction.

In an explicit form, these terms are written as

H. = Z% ZXGG"'E XSS+£ ZXtM’[M%
0o~ i 2SN 2 i

i Dl 4 1 1 t C I D

bb\,SG+,0S
H, = z XX
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0,j0o
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