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Effective Hamiltonian for cuprate superconductors
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We compare numerical results of 0 and Cu occupations and optical and magnetic excitations for
the three-band Hubbard model in a Cu408 cluster, with those obtained with an effective Hamiltonian
H,& in which the Cu-0 hopping t„& is eliminated by means of a canonical transformation. This
transformation up to order t„& is not quantitatively valid when the relevant energy differences are
of the order of v8 t„d, or less. However an H,s with the form of the second-order one, but which
retains all higher-order terms contained in a Cu04 (Cu20q) cluster for zero or one added hole (one
added electron) to the undoped system, leads to a very good agreement with the results using the
full Hilbert space. This H,p makes possible the numerical study of the three-band Hubbard model
for realistic parameters, using larger clusters.

I. INTRODUCTION

Experimental evidence about the symmetry of holes
in high-T, superconductors, i' as well as constrained-
density-functional calculations ' support the following
model to describe the electronic structure of supercon-
ducting Cu02 planes:

H = Ho+H&+H2,

Ho=ed) d dg~+(ed+4)) p pj~
tO' jo.

+Up ) d ldild, idil + Up ) PjlPjTPjiPjl

+U„g g d,. d, p,.+6,p,+6
i6o o''

Hi =t„g) [pt+~ d, +H.c.j,
i6o

2 —tpp I2+~~P3
O'Y ~

(4)

d,. creates a hole with spin o on the Cu 3d& y2 orbital
at site i. p creates a hole with spin cr on the 0 orbital
at site j which points towards its nearest-neighbor Cu
atoms. i+6(j +p) labels the four 0 atoms nearest to the
Cu (0) atom at site i (j). The phases of half of the d and
p orbitals have been changed in such a way that t„d, and
t„„arepositive and independent of 6 and p, respectively. 7

This model has been used to explain the pairing
mechanism 8 ~~ electronic structure, and angle re-
solved photoemission experiments in high-T, super-
conductors. The pairing mechanism has been ex-
tended to Bi03 based superconductors ' and n-type
superconductors. ii is is. The shortcoming of the three-
band Hubbard model described above is its large Hilbert

space, since at present strong-correlation effects can be
properly taken into account by numerical methods and
the largest cluster for which the ground state of H can
be obtained exactly contains only four unit cells. i" 2o

The small degree of covalency suggested by the experi-
mentally measured Cu valence and the relatively high
value of the localized magnetic moment seems to jus-
tify the perturbative treatments in H~ that can be found
in the literature, in which high-energy excited states
are projected out of the relevant Hilbert space. A further
simplification of the resulting effective Hamiltonian H, g
(including terms up to order t2& and with t» ——0) leads
to the widely studied t-J model.

In the present work we investigate to what extent such
an H,g can reproduce results obtained from H, for pa-
rameters near those calculated using constrained-density-
functional theorys s in a Cu40s cluster (2 x 2 unit cells)
with periodic boundary conditions. We find that to ob-
tain a quantitative agreement, it is necessary and suffi-
cient to include some terms beyond fourth order in t„d.
In Sec. II we discuss the form of H, tr for the undoped
system, one added hole and one added electron taking
t» ——0. In Sec. III we use H,g to calculate the photoe-
mission and inverse photoemission spectra, Cu and 0 oc-
cupations and spin correlation functions, and we compare
the results with known ones using H and the full Hilbert
space In Sec.. IV we include H2(t„„g 0) and recalcu-
late the main properties for a set of parameters which are
supported by theoretical and experimental work. Section
V contains a discussion.

II. EFFECTIVE HAMILTONIAN

We keep for the moment H2 ——0 and eliminate terms
linear and cubic in H~ by means of two successive canon-
ical transformations. s As shown by Proetto and L6pez
for intermediate valence systems, the effective Hamil-
tonian including terms up to order t„d is
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' = Ho + -' 5 H ] + -' [~ l:~ [~ ]]]

e ween any two eigen-where the matrix element of S betwee t
s ates

l
n), l m) of Ho with energies E„and E is

(nlHg lm)

Finally, we eliminate the terms of order t d in H,&
which mix the degenerate ground state of Aq with ex-

the electron-doped and the hole-do d b
of the different no e i erent nature of the low-energy eigenstates of
Ho. The undoped system can be described in both ways.

crate ground state of Ho in which all eigenstates have
all holes in Cu atoms and none f th '

d b
ied: tpie: the ionic species present are Cu+ Cu+ and 0)

[we note, however, that the corrected eigenstates have
an important content of 0 th t 'll ba wi e apparent in the
photoemission spectra (Fig. 1)]. Within this subspace
,g takes a form which is also particular to the topol-

the our Cu atoms nearest-neighbour yNN)i our ~&~ to a given Cu
a om coincide for periodic boundary d't' ]. Fy con i ions]. For one
added electron we And using E ~&5~j d t' j j
for simplicity a few terms of ode t4 h'o o er „& w ich vanish for
Lied, = 0):

H'& ———C —~ ~ dt d
J

~+2b' + —) (S S '+2b 4).
i 6o. ib

4)44t„~ ( 1 2+
U, 2&+ U~

I
4+ U„g

g2

1 —4 (4+ U„g)2

/ 2 1 1
Ai =2t„d, —+ 4+ U„g

1—2tpg 3 + (6+ Upg)s

Thee constant C„which is important in determining the
charge-transfer gap can be written in the form:

C, = Ag + 2Aq —4By —4B~, 8)
where Aq contains all diagonal second- and fourth-order
processes contained in a Cu04 clusteus er 'an occupie Cu
atom with its NN 0 atoms) with its four NN Cu atoms
occu ied. A' hp' .

&
as a similar meaning for the case in which

two of these Cu atoms are occupied and two unoccu-
pie . t( I) is a fourth-order term involving two NN
occupied (one occupied and the other empt C 't

q, and B& are all positive and given by

t2 3 4B+ 2U~g

(&+ U„d, )~
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When only holes are added to the system, the ground
state of Hp contains only Cu+ 0 d, an a number of
0 ions equal to the number of added holes, for realistic
values of 4 U Us o, g, „, and U„g. The resulting effectiveive
Hamiltonian H,g is more complicated than the one for
the one-electron-doped case H' . Up t dp o or er t„d, ut in-

cluding the Cu-Cu superexchange, H,g has the form

0. 0
-10

af
FIG. I. Photoemission spectra of th d do e un ope system as

a unction of the diR'erence of ener from th Frgy rom e Fermi energy.
o i ( ashed) line is the Cu (0) electronic spectral density.

Parameters are t„& ——1, U& ——6 U = 3 d ~ ~
A-

= 2, U„p = 1. The units are arbitrary.

As before, the signs in Eq. (10) were chosen so that all pa-
rameters are positive. tq(t2) is an efFective O-O hopping
which invo ves an intermediate state containing C +one u

( u ) ion. For more than one added hole and U„g g 0,
the ti are operators which depend on the charge in the
erst coordination shell around the C ' .2 C 'e u ion. is a iag-
onal operator, J~ is a Cu-0 exchange, and J represent



EFFECTIVE HAMILTONIAN FOR CUPRATE SUPERCONDUCTORS 8931

the usual Cu-Cu superexchange as before [Eqs. (7) and
(9)].

Since as explained below, H, ff containing terms up to
t„& only is of very limited use, we shall only explain the
main features of the fourth-order terms, instead of writ-
ing the lengthy expressions.

(1) Most of the contributions retain the form of
Eq. (10). The remaining ones give rise to 0-0 hopping
at larger distances and 0-0 exchange. We neglect them.

(2) Also, most of the contributions are contained in a
Cu04 cluster composed of a Cu atom and its four NN 0
atoms. For example a correction to t2 can be represented
by a process in which an 0 hole of one of these cluster
hops to the Cu+ ion (which contains a hole with opposite
spin), then one hole of the resulting Cu+s ion hops to the
same or another NN 0 atom, comes back and finally one
Cu hole jumps to an 0 different from the original one.
For a given initial and final state there are eight ways of
choosing the second intermediate state.

(3) The corrections to ti and t2 are (roughly) propor-
tional to two times the coordination of the Cu atom.
Thus, when the parameters are such that the system is
approaching a charge-transfer instability of the Cu va-
lence to Cu+ or Cu+, H, ff becomes rapidly meaning-
less. For example, the corrections to t2 mentioned in (2)
amount to -8 [t„g/(Ud, —6 —2U„g)] times the second-
order value of t2. If we take Ug = 6, 6 = 4 in units to
t„d, , as in Refs. 10, 13, and 19, t2 becomes negative and
the energy levels have nothing to do with those of the
original Hamiltonian [Eqs. (1) to (3)].

(2) and (3) are also valid for the electron-doped case,
as can be seen by inspection of Eqs. (7) to (9). By
comparison with the photoemission spectra calculated in
Ref. 19, we find that near a charge-transfer instability
against Cu+ (small 6) or against Cu+ (small Ug - 6-
2U„~), H,"& and H;& up to t2& only, are better than the
fourth-order ones, in the sense that the energy levels of H
can be rather well reproduced by the former if the origin
and energy scale and adjusted. However, without such
an adjustment, the energy gap calculated using the sec-
ond order H;& and H,"& turns out to be negative (instead
of near 2t„d) for both sets of parameters studied in Ref.
19.

In spite of the above-mentioned failure of the fourth-
order corrections, the form of these corrections suggested
to us the procedure that we finally adopted to construct
H,"ff and H;ff. We begin explaining first H,"ff.. we adopt
for it the form of Eq. (10). However, ti, t2, JK, and
part of the diagonal corrections are calculated fitting ex-
actly all the levels of H,"ff with the corresponding ones
of H within a Cu04 cluster (with one or two holes). In
this way the most important corrections of order t„"d are
summed up to n —+ oo. J and a "bond" diagonal cor-
rection are calculated from the energy difference between
two singly occupied Cu04 clusters and a Cu~07 cluster,
solving the latter in second-order perturbation theory,
starting from a state built from eigenfunction of Cu04
clusters as explained below. The procedure is similar to
a recently used cell-perturbation method. 27

Specifically if n = 0, 1 is the total number of added
holes we obtain

C = (N —2n)Ai + 2nA2 —
2 ) (1 —ni+q)Bi,

where A, is the part of the diagonal correction due to
a single Cu04 cluster with i holes and B~ is due to the
overlap between two neighboring, singly occupied Cu04
clusters. Equating the ground state energies of H and
H ff for a singly occupied Cu04 cluster one gets:

Ai = (4 + Upd, ) /4 + 4t„„—(6 + Upd, ) /2 (12)

Both H and H,"ff in a Cu04 cluster are invariant under
any permutation of the 0 atoms. For two holes and total
spin 1, the ground state of H,"ff belongs to the three-fold
degenerate irreducible representation (3,1) of S4. This
degeneracy is lifted by Hs (Sec. IV). The excited states
are totally symmetric. Fitting all these levels to the cor-
responding ones of H we get

For the singlet states the ordering in energy of the irre-
ducible representations is the opposite. The ground state
of H is a mixture of four totally symmetric states: the
first with one hole in the Cu atom, the second with two
holes in the Cu ion, the third with two holes in differ-
ent 0 atoms and the last with both holes in the same 0
atoms. In this basis the matrix of H has the form:

0 8tpd, 6tpg 2tpd
v 8t„g Ug —6 —2U„d 0 0~6t„„0 4 0

2t d, 0 0 +U„

(14)

The first excited energies (three-fold degenerate) for S=O
are given by the lowest eigenvalue of the matrix

( 0 ~2t„d, ~2t„d, )
0

(y 2t„d, 0 6+ U„)
(15)

Calling E~ and E, the lowest eigenvalues of these two
matrices, the fitting procedure gives

—ti/2, J~ =2(t2 —ti) —&..
E, —Eg

8 (16)

An analytical approximation for tq and J~ can be ob-
tained solving the matrices given by Eqs. (13) and (14)
in an adequately chosen 2 x 2 sector and treating the rest
in perturbation theory. This approximation is very good
for realistic values of Up and if the fluctuations of the Cu
valence towards +1 and +3 are not both simultaneously
important. It also allows an analytical expression for all
the parameters of H@ff.

Bi was calculated as the difference between the ground
state energy of a doubly occupied Cu207 cluster for to-
tal spin S=l and the corresponding one for two sepa-
rated Cu04 singly occupied clusters. J is the difference
between the ground state energies of the Cu~07 cluster
for S = 1 and S = 0. To obtain analytical expressions
for Bi and J retaining the most important corrections of
order beyond t4&, we have calculated the energy of thePG)
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Cu20r cluster for given S starting from the state
~ P) con-

structed from the ground state of two neighboring Cu04
clusters, but projecting out the double occupation of the
common 0 atom28 and normalizing. The action of the
Hamiltonian on this state can be written in the form:

H
~ P) = 2Er

~ P) + ) c,
~ @,),

the procedure used is analogous as before and contrary
to H,"&, the form of H,& is specific of the cluster chosen,
we do not write here the expressions of the parameters
of H,~.

Bq is positive for small U„~. All other parameters of
H,"& and H,& are positive for all reasonable parameters
of H.

where the
~

Q, ) are eigenstates of Ho Ei is the ground
state energy of a singly occupied Cu04 cluster and the
c; are coefficients of order t„d for t„g —+ 0. (P ~ @,) is also
of order t„d. In leading order in perturbation theory, the
ground state energy becomes

E=2E +). ,(41@.)

)-
(4 /

Ho
[ 0') —2E1

(18)

Using this for both values of S we obtain

4

R'(2R+ 4 + U„~)

6' g]1+ U~a/(4 + 2R]]
j2R+ 6+ U~g

(19)

J R2 Ug + 2R —4 —U„g

2 2&+ 2U d

U„+2R+4 —U„& ],2R+4+U„&p

where
- 1/2

R = (4+ U„d, ) /4+4t„d (21)

This completes the specification of H,"&. The first term
of Bq and J coincide with the fourth-order pertubative
results given by Eqs. (9) for t„~ ~ 0 as it should be.
The other parameters of H,g also can be checked to co-
incide with the result of the canonical transformation up
to second order t„d, (Ref. 24) when t„d, is small enough.
However, the present treatment is free from the diver-
gences of the canonical treatment near a charge-transfer
instability.

Similarly, for one electron added to the Cu408 cluster
with periodic boundary conditions, we take the form of
Eqs. (7) and (8), but instead of using Eq. (9), —Aq is de-
termined by the ground state energy of a singly occupied
Cu04 with its four NN Cu atoms occupied [Eq. (12)].
—Az is the ground state energy of the cluster with only
two opposite Cu NN atoms occupied. We take Bq and
J given by Eqs. (19) and (20) (although there is a small
difference with the correct result for Uzg g 0). Finally t,
and Bz are determined from the two lowest eigenvalues of
a Cu206 singly occupied cluster with periodic boundary
conditions. t, equals the difference of these eigenvalues
and 2B& is given by the average energy plus Az. Since

III. RESULTS FOR H2 ——0

'6+ 60

nb p+-(~-1)
4

+ + —(q+ 1)
nb p

8

) p,+,.n.
) "pt di d

b

Td, Tt =nd, , Tp, Tt = —— ) (22)

where n, P, p, b are all positive,

1 4+Up
2 4R

(23)

2 4[4 /4+ 8t ]'~ '

One of the most severe tests for H, ff is to reproduce si-
multaneously both the photoemission and inverse phtoe-
mission spectra of the undoped system, calculated with
H and the full Hilbert space. The Cu and 0 spectral
weights for single-particle excitations, defined for exam-
ple in Sec. III of Ref. 19, depend on the energies and
structure of the ground state and all excited states of
total spin 2 with one added hole and one added elec-
tron. To compare with the results of Ref. 19 we take
tp(g = 1, Up ——3, Uz = 6 and (a) 4 = 4, U„z = 0 or
(b) 4 = 2, U~g = l. Using the procedure of Sec. II the
parameters of H,"ff and H;ff become (a) tq 0.20, t2————

0.15, J~ = 0.58, Ag ——0.83, Bg = 0.012, t, = 0.35, C, =
2.38 and J=0.030; (b) tq ——0.31, t2 = 0.10, J~
0.58, Aq = 0.83, Bq = 0.0031, t, = 0.50, C, = 3.1, and
J=0.040.

The obtained analytical expressions for t2 and JIr,
treating exactly the Quctuations via Cu+ and perturba-
tively the rest of the matrices (13) and (14), give values

10' higher. The gap is 1.96 and 1.69 in cases (a) and
(b), respectively. The value of the gap is extremely sen-
sitive to the values of the parameters. For example, an
increase in tq(t2) by a small amount b reduces the gap
in M (8b). As a consequence the value of the gap using
H ff in fourth-order perturbation theory is unreasonable
for the above-mentioned parameters of H. To calculate
the on-site Cu and 0 spectral weights with H, ff we have
to transform the on-site creation (or annihilation) oper-
ators. To obtain analytical expressions, we assume that
Buctuatlons via Cu are mole important for' H g and
the effect of Cu+ and Oo states is calculated perturba-
tively. Following a similar procedure as in Sec. II we
obtain for operators acting on the undoped system:
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and R is given by Eq. (21). These transformed operators
were obtained requiring that the matrix elements of the
operator between eigenstates of H in the Cu04 cluster be
the same as matrix element of the transformed operator
between the corresponding eigenstates of H,g. To linear
order in t„d, , these expressions coincide with the canonical
transformation using T = exp(S) with S given by Eq. (6).
For simplicity, for the transformed operator of pf acting
on the undoped system we used

~3
N I

V)
N~
V)

I04 - ~

(a)

(J 0.4

0.1

0.2

&O&' = O+ (S Oj + 2(S (S Ojj (24)

with 0 = pf. , and we retained in the second member

only terms proportional to p and S is given by Eq. (6),f

but with the energies E, renormalized in such a way that
the second member of Eq. (24) for 0 = H reproduces

H,"& for Bq = J = 0. S differs from S in terms of order
ts&. For the parameters mentioned above we obtain (a)
Tp Tt = 0.80pt, (b) Tpt Tt = 0.60pI

The resulting photoemission spectra are shown in
Fig. 1. The agreement with Fig. 8 of Ref. 19 is notice-
able. The broadening of the peaks is the same as that
used in Ref. 19. In general, the positions and intensities
of all peaks are quantitatively reproduced, particularly
in the hole doped region (w & 0), except for the great-
est and lowest u. H, rr left out the lower Hubbard band
(states with a large amount of Cu+ ) and states with
a large amount of 0 holes for electron-doped systems.
The position of the peak of highest energy w is shifted
to higher energy with respect to the result of the origi-
nal Hamiltonian. ~ This is due to a near degeneracy of
the corresponding eigenstates with others containing im-
portant amounts of 0 holes (rightmost peak of Fig. 8,
Ref. 19), which we have considered only as virtual states
and not in high enough order in perturbation theory. Al-
though the overall shape of the spectra is well repro-
duced, the agreement with the exact results improves if
higher values of J are used.

The value of J and the low-energy excitations of the
undoped system are probed by the Fourier-transform of
the spin-spin correlation function. Using the same pro-
cedure that leads to Eqs. (22) to (24), we obtain for the
transformed Cu site occupation number n, = d,. d, for
the undoped or electron-doped systems:

FIG. 2. Time and space Fourier transform of the spin-
spin correlation function as a function of frequency for wave
vectors q = (7r/a, 7r/a) (solid line) and q = (m/a, 0) (dashed
line). Parameters are t„d = 1, Uq = 8, U„= 4, U„q = 1, and
(a) B = 4, (b) b, = 2. The units are arbitrary.

S(q) 4) iQ Ri(SzSz) (26)

is a process of fourth order in t„d, by which two Cu holes
can be interchanged without involving double occupancy
in any intermediate state. In addition, in Refs. 18 and 19,
the ratio between the energies of both peaks is not 2, but
is larger for low values of b, .~s This is likely to be due
to four-spin cyclic exchange processes (eighth order in

t„q), which we have neglected. The intensities of the
peaks in Fig. 2 are in good agreement with those obtained
in Ref. 18. The differences of order of 20% might be due
to different criteria for the broadening of the peaks.

Exact results for the Cu site occupation number n, =
n, for the undoped system, t~g = 1, Ug = 10, U„= 0

and several values of 6 and U„g were represented in Ref.
20. For 6 + U„g = 3 the result .is nc„= 0.72, while
Eqs. (25), (23), and (21) give nc„= 0.80. For larger
values of 4 + U„g both results approach that of second-
order perturbation theory. For the 25% hole-doped sys-
tem, the expression of the operator Tn, Tf is very lengthy
and we do not reproduce it here. For this system and
t„d, = 1, U~ = 6, U„= 0, 4 = 2 and U„g = 1, the exact
result is n, = 0.75.2O We obtain n, = 0.73. The total
0 occupation is 5-4 n, . Increasing the value of 6 to 4,
one of the denominators of ordinary perturbation theory
diverges. In this case we obtain n, =0.93 whereas the ex-
act result is 0.96. For the parameters used in Ref. 10,
we obtain less than 7% of the hole added to the undoped
system that goes to Cu atoms in agreement with Ref. 10.

For the Cu antiferromagnetic structure factor:

Tnq~T = o! ng~
2 (25)

In Fig. 2, we represent the z-z component of the above-
mentioned correlation function, for comparison with the
exact results of Ref. 18. With H,g the position of the
peak at wave vector q = (vr/a, vr/a) is 2J (the factor 2 is
due to the periodic boundary conditions) and for (vr/a, 0)
the energy is 4J. Comparison of our result with those of
Refs. 18 and 19 suggests that our value of J is nearly two
times smaller. We have found that Eq. (20) gives a value
of J which is reduced in 25% with respect to the exact
triplet-singlet energy difference in a Cu207 cluster with
two holes. However the main reason for the difFerence is a
finite-size eIIIect that we have avoided in our treatment: in
a Cu408 cluster with periodic boundary conditions there

where S, = (n, t
—n, i)/2 and Q = (vr/a, vr/a) we obtain

the simple result S(Q) = 8n /3 for the undoped system,
and the agreement with the exact results of Ref. 20 is
similar to that of the Cu occupation n, .

IV. INCLUSION OF DIRECT O-O HOPPING

Constrained-density-functional calculations predict a
ratio t„„/t„g between 0.4 and 0.5.s 4 However, a compar-
ison with values found for other oxides and assuming a
d 2 distance dependence of t„~ suggests 0.15 ( t„„/t„g (
0.2. These values are also suggested by a fit of the shape
of the Fermi surface.
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The effect of t„„is included adding TH2Tt to H,g, us-
ing Eqs. (4) and (24). The leading term of the second
member of Eq. (24) with 0 = Hz is H2. The main cor-
rection term is of order t„&t„„and includes effective hop-
ping and spin-flip-hopping processes, some of which con-
nect 0 sites at a distance of (5/2) ~ lattice parameters.
Since near a charge-transfer instability and particularly
for t„„/t„d, ( 0.2, the terms of order t„& are more impor-
tant than those of order t„dt,„~, we adopt for simplicity
the form H,'& ——H,g + H2 for the effective Hamiltonian
for H2 g 0. The parameters are determined as in Sec.
II fitting the energy of the levels of H,'& and H in ade-
quately chosen small clusters. However in this case for a
Cu04 cluster with two holes the fitting is no more perfect
due to the lowering of symmetry: the three-fold degener-
ate irreducible representation (3,1) of S4 splits into two
in the group C4„. For the sake of brevity we do not repro-
duce the expressions of the parameters of H,'& in terms
of those of H here.

Based on theoretical calculations and experimental
datas2zi which suggest that fluctuations via Cu+ are
more favorable than those via Cu+, we study here the
following sets of parameters: Ud, =10 eV, U„=5 eV, K=3
eV, U„g=l eV and (a) t„~=1.6 eV, t„„=0.2t„g, (b)
t„d=1.3 eV, t„„=04t„q. .

The value of t„d, was chosen to result in a gap of nearly
2 eV (Refs. 33 and 34) (a) 2.05 eV, (b) 2.03 eV. The re-
sulting parameters of H,'& in eV are (a) ti = 0.51, t2 =
0.12, JR. = 1.02, Ai = 1.93, Bi = 0.025, t, = 0.92, C, =
5.56; (b) tg = 0.37, t2 = 0.12) J~ = 0.89) Ai = 1.51, Bi ——

0.019,t, = 0.82, |,= 4.27; and in both cases we replaced
J by the experimental value 0.12 eV. » The resulting
photoemission spectra of the undoped system are shown
in Fig. 3. Comparison with Fig. 1 shows that as t» in-
creases, the main change is that the second peak nearer to
the Fermi energy for hole injection (u ( 0) moves closer
to the Fermi energy. The separation of the main peaks
for u & 0 increases for these sets of parameters. The
peak nearest to the Fermi energy for ~ & 0, correponds
to a Zhang-Rice singlet. ~s The next one corresponds to
a state of some local triplet character of M4 symmetry.
The rapid decrease of the difference between the energy
of these peaks with increasing t„might reflect a limit
in the validity of the t Jmodel. s Th-is point deserves
further study.

The average Cu on-site occupancies for the undoped
and 25%%uo hole-doped systems for the parameters used
are, respectively, (a) 0.73 and 0.84, (b) 0.75 and 0.88.
The added hole has (a) 58%%uo or (b) 47%%uo 0 character.
Since a larger amount of 0 character of the added hole
is expected, i 2 the value of t„q is probably too large.

V'. DISCU SSION

Based on results of a standard canonical transforma-
tion, but renormalizing adequately the relevant energies,
we have derived an effective Hamiltonian H,g which re-
produces results obtained from the three-band Hubbard
model H for realistic values of the parameters. For the
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FIG. 3. Same as Fig. 1 for t„~ g 0. Parameters are Up=10
eV, U~=5 eV, b,=3 eV, U„q=l eV and (a) t„q=1.6 eV, t~„=
0.2t„z, (b) t„&=1.3 eV, tJ,„=0.4t„z. The value of J in H ff

has been increased to 0.12 eV.

electron-doped system and t» ——0, H;& has the form of
the t Jmodel, ~s -while for hole-doped systems H,"& con-
tains two 0 bands interacting with Cu spins. The con-
troversial question of whether this model can be further
reduced to a one-band model 5 " will be studied
elsewhere. Results for small t„~ (Ref. 24) suggest that
the dispersion for one-added hole is different in H & and
the t Jmodel. Also-the wave function of the Zhang-Rice
singlet state derived by Schiittler and Fedro 7 contains a
larger amount of neutral 0 atoms than our corresponding
results for the Cu04 cluster with two holes.

Although similar H, ff have been derived
previously, 3 this is the erst time that an H,g repro-
duces several results obtained with H for realistic pa-
rameters on a quantitative level. Except for the value
of J analytical expressions for the parameters of H,"z
are accurate enough. The photoemission spectra were
also calculated using inhomogeneous Hartree-Fock and
the random-phase approximation, 8 obtaining results in
good agreement with the exact ones. However, our re-
sults are better and for the size of the cluster studied
(Cu40s) require less computational effort.

Recently, a finite-size scaling approach has been em-
ployed to study the energy and the spectral density
of the t-J model with one added hole. Since for the single-
hole doped situation the Hilbert space of H,& is only eight
times larger than that of the t-J model, a similar study
of H,"& should be possible.
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