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Superconductivity, phase separation and charge transfer instability in the U = oo limit

of the three band model of the CuQ; planes
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The three band Hubbatd model with neatest neighbour repulsion is studied in the I/ = oo lunit using the slave bosan
technique and the large N expansion. A dmrgc hunsfnr (CT) justability is found like in weak coupling theory. The

CT instability is always iated with ad

bility leading to a phase separation. The total density

and CT susceptibilities are analyzed in both the static and dynamic limit to gain insight on the stroug mixing hetween

the deasity fluctuations and the excitonic modes. The evaluation to arder 7 of the effective scattering amplitude in
the Cooper channel shows the presence of superconducting instabilities in the s and d wave chanuel year the plase

separation,

1. INTRODUCTION

The three band Hubbard model contains the esseu-
tial ingredients in order to describe the CuO; planes of
the sup ducting oxides: an Lopping term t depicts
 the strong hybridization between copper dga_ s and oxy-
gen px and py orbitals and a local repulsion U mod-
“els’ the strong repulsion between koles on copper sites.
"This model can be reduced to an effective single band

:t] model* which snitably describes the magnetic excita-
tions. This reduction, however, Is not ullowcd when a
_sisable nearest neighb V bet
0ivs on copper and oxygen is present {extended Hub-
ard inodel). In fact the interaction V can soften the
Large excitations leading to a physics different from the
ingle band tJ model*3.

The three band extended Hubbatd model has been an-
alysed both in the weak (small V and U)? and in the
trong coupling (small V and large U)? regimes, showing
:the following featuzes: i) when V exceeds ¢ the system uu-
ergoes & Charge-Trausfer Instability (CTI); i) because
f the coupling of density fluctuations with the CT wmode
he presence of this CT instability, drives the system to-
ards phase separation; i) superconductivity (SC) can
ccur In the proximity of the unstable region.

However, whereas the SC instabilities in weak coupling
1 sather sensitive to the presence of U, in the stmng
oupling regime the Cooper chanuel instabilities survive
he U = oo liwit. Moreover, the strong coupling limit can
aptire some interesting pliysics related to the presence
f & Metal-Tnsulator Transition {MIT). Tlis transition is
Prlescm in"the real materials and could play a relevant

nitllc pxcscm work we focus our attention on the
ong coupling regime by id the it U = oo
the e band exteuded Hubbard model. We use
hc slave boson trick aud we carry out a controlied
Xpaasion using the functional mtcgml teclinique,
hF Physical copper hole creation operator is written as

o0 and, as usual, a Lagrange multiplier J; is

introduced to enforce the single occupancy constraint ox
copper. At wmean field level (N = oo} one cau sel the 5;
aud A; fields to their mean field values b = Nr and A
respectively. It should be noted that, while b multiplica-
tively renonmalizes the lopping integral t, leading to a
reduction of the bandwidth, X shifts the atomic d level:
ey =g+ A

We d ple the copper-oxygen Ision int
two Hubbard-Stratonovich real fields X and Y. X is cnu~
pled to the difference in charge between a copper atom
and its surrounding four oxygen orbitals and Y is coupled
to the total cliarge of this cluster,

d

2, CHARGE TRANSFER INSTABILITY AND PHASE
SEPARATION

The selfconsistent detenmination of the mean field val-
ues of the fields &, A, X and Y leads to an effective band
structure describing the col wotion of quesip
cles forming a Fermi liquid with an effective optical p-d
gap of the order A = ¢, — ¢4 and au effective bandwidth
~ r. r vanishes at half-filling (one hole per unit cell)
when the bare gap o+ 2V = ¢, — €§ is larger than a
critical value. There is a critical value ¥, such that for
V > V, this metal-charge transfer insulator trausition be-
comes of the first order. In this case even at finite doping
there is a line of first order transition between two metal-
lic phoses witlt dominant d character {(at smaller doping)
or dowinant p character (at larger doping). This line
ends with a critical point where the compressibility van-
ishes. However, this picture is only valid in the canonical
ensamble (fixed doping). In the gran canonical ensamble
a phase separation takes place (sec below), which renders
physically unaccessible the region around the above first
order transition line.

The origin of the phase separation is the presence in
the gran canonical ensawmble of a CT justability coupled
to a density instability,. The CT iustability correspouds
to diverging p-d charge fluctuations and is described by
the CT susceptibility x = ﬂ(u =84} je. by the correla-

ofe§-ct

ti-

tion function {{n, — ny)(n, — m)) at zero frequency and
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and charge transfer instability
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momentum, A divergent x is always accompanied by o
divergent compressibility ;’f”- =< (ny + na)(ng + ng) >,
Because of this one can localize the CT instability by sim-
ply looking at the beltavieur of the mean field solution for
the chemical polential 4 = u(5) as 2 function of doping.
Since o divergent compressibility implies phase separa-
tion, the evaluation of 4 vs § is in any case necessary in
order to carry out the standard Maxwell constrnction.

A typical result for the phase separation is shown in
Fig. 1. The curve al which x and 5—; diverge is also
shown. Phase separalion always occurs before the CT
instability is reached. The continous line is the first or-
der transition curve joining the MIT to the critical point
(shown by thie dot}. In Fig. 1 we have fixed V=23 t and
lot Ag vary. All energies are given in units of 1.
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FIGURE 1

Pig. 1 Phase diagram Ag vs § for a value of V=2.3t.
and in the presence of o O-O hopping 2, = 0.2t and of
a 0-O local repulsion Uy = 2. The diamond indicates
the Brinkman-Rice transition point. The dashed line in-
dicates the points at which x and ;‘ﬁ diverge; thie con-
tiauons curve is the first order transition line between p
and d metals.

Recently experimental evidence! has been reported of

phase separation in Lag..pSrzCuOy between the super-

ducting ond the large-doping metallic phases. Such

an occurrence could be explained by the here considered
madel,

3. DYNAMICS OF THE CT MODE IN LARGE U

Within the joint slave boson-1/N expansion approach
the extended Hubbard model Is described by a Permi lig-
uid of interacting quasiparticles. In pasticular it is possi-
bie to define a scattering amplitude Nw, g) (of order 1/N)
and its usnal dynamic and static limits Iy and T, which
are related to the Landau Feri lignid Ff factor, by the
standard relations F§ = Npoly and Py = T /(1 + Ff)
(o is the density of states at the Fermi level). Whereas
I, describes the effective interaction between the quasi-
particles in the lowest (the only occupled) band resulting
fium bure Interactions and interband processes, I'y is the
static interaction once also the intraband screening is in-
cinded. The diverging compressibility (with finite pg and
F§ = —1) at the CT instability signals a negative, i.c. an
attractive, Dy

Near the CT instability the static analysis revealed a
strong coupling in the fluctuations of the conserved field
naAny and the non-conserved one ng—np. The dynamic

ivity, phase sep

analysis in the q=0 limit singles out the purely CT mode
so that the pole of the amplitude I{w,q = 9) gives the
energy of this mode at g=0. Close to the insnlating re-
gion an analitic approach is possible expanding for small
values of r. In this case it is possible to show that the
CT mode has a large mass botl in the absence and in the
presence of V. The effect of V is to reduce slightly this
mass, without sisably softening, however, the CT mode.
The instability, instead, occurs as a consequence of the
strong coupling (of order 1/r? close to the insulating re-
génn) of this wode with the zero-sound (density-densily)
Node. The small reduction of the CT mass due to V re-
sults in o modification of the zero-sound velocity leading
to damping first and then lo instability with jucreasing
V. Increasing r makes the softening of the CT mode more
sizable in analogy with the weak coupling analysis,

1t must be emphasized that the instability occurs with-
out the vanishing of the CT mede mass.

4. SUPERCONDUCTIVITY

Tl effective total static interaction between the quasi-
particles has also been studied in the particle-particle
chaunel in order to establish the possibility of Cooper in-
stabilities in the model. Its Permi surface average (pro-
jected on s or d waves) gives the superconducting cou-
pling constants A, 4. Negative values of the A's aze found
in stable regions close to the phase separation.

The Coulomb interaction will rule out the phase sepa-
ration favouring the presence of incommensurate charge-
density waves. However the short range physics discussed
above will be affected only at small momenta and fre-
quencies. While it is possible that the intermediate q's
behaviour will lead to sizable pairing within the static
imit, o full analysis of the long range case requires the
introduction of a dynamical screening and a subsequent
solution of the Elushberg equations.
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