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Exact-diagonalization study of electron-lattice coupling in the effective two-bandt-J model
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The effective two-bandt-J Hamiltonian for holes in Cu-O planes of cuprates is obtained from the three-band
Hubbard Hamiltonian. In this model a doped oxygen hole together with two neighboring copper holes is
treated as a composite spin-1

2 three-sites particle. The model is studied by exact diagonalization in a Cu16O32

square cluster. Both binding energy and hole-hole correlation function indicate that two holes bind together for
J/t.0.11 and are predominantly located on the next-nearest oxygen sites in the same Cu-O chain. Electron-
phonon interaction is studied in the adiabatic phonons approximation. Copper~p,0! ‘‘half-breathing’’ mode is
shown to couple strongly to doped holes and increase the hole-hole correlation as well as the binding energy.
These results are compared with experimental data.@S0163-1829~98!01538-0#
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I. INTRODUCTION

A large number of experimental observations on the
perconducting cuprates indicate that the lattice effects in
systems with strong electron correlation are unusual,
may even be playing a role in the high-temperatu
superconductivity.1–10 In particular, the strong softening o
longitudinal-optical~LO! phonon modes with hole doping2,3

is a matter of great interest, since the inelastic neutr
scattering data4 show that the dispersion of this mod
changes significantly at low temperatures leading to lo
unit-cell doubling in the CuO2 planes, suggesting dynam
short-range charge ordering. The numerical studies11,12of the
Holstein-Hubbard and Holsteint-J models indicate the exis
tence of a subtle interplay between electron-electron
electron-phonon~el-ph! interactions. In particular, it was
shown that the critical el-ph coupling for the small polar
formation is substantially reduced due to the charge carr
‘‘prelocalization’’ in the antiferromagnetic spin backgroun

Systems with strong electron-electron correlation are m
commonly described by the Hubbard Hamiltonian that c
be reduced in certain limits to thet-J Hamiltonian. The latter
is simple enough for numerical diagonalization to be carr
out on sufficiently large clusters, up to 20 cites for tw
doped holes.13–15 In the t-J Hamiltonian a hole in the Cud
orbital and a hole in the symmetrized Op orbital are treated
as a composite spin zero particle, the Zhang-Rice single16

By construction, such a state is symmetric and centered
Cu. However, this may be an oversimplification, since
doped hole primarily resides on oxygen sites in the Cu2
unit cell and there is noa priori reason to view its ground
state~GS! centered around a copper ion. This is especia
true if there is more then one doped hole in the system an
there exists a charge ordering on the rows ofoxygen ionsas
suggested in the recent result.4 In order to make thet-J
model more realistic in this paper we propose its two-ba
version, which at the same time is compact enough to c
out numerical studies on large clusters. Another advantag
this model is that the effect of different lattice distortio
PRB 580163-1829/98/58~14!/9485~7!/$15.00
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patterns in cuprates can be incorporated explicitly by cha
ing the correspondingt andJ values in the Hamiltonian.

II. HAMILTONIAN

To obtain a simple two-band model we first follow th
work by Ogata and Shiba17 ~OS! and start from the three
band Hubbard Hamiltonian:

HHubb5H01Hhop,

H05«d(
i ,s

nds i1«p(
j ,s

nps j1Ud(
i

ndi↑ndi↓

1Up(
j

npi↑npi↓ , ~1!

Hhop52tpd (
^ i , j &,s

ds i
1 ps j1H.c.,

whereds i andps j are hole annihilation operators for Cui th
and O j th sites correspondingly. The summation is tak
over the first-neighbor Cu-O bonds ands denotes two pos-
sible spin orientations. On each Cu and O site there can
two ~opposite spins!, one ~spin up or down! or zero holes,
which together with the cluster size and the number
spin-up and spin-down holes define the Hilbert space of
model. Next we truncate that Hilbert space to a subspac
which copper sites are always occupied by a single hole
all additional holes are doped on oxygen sites. In the zero
order approximation (Hhop50) this space forms the basis o
a degenerate GS, while the rest of the configurations of
original Hilbert space are treated as excited states. The h
ping term in the three-band Hubbard Hamiltonian~t term! is
considered as a small perturbation, so that the perturba
theory can be applied to obtain a simplified effective mod

Heff5«dNCu1«pnh1HCu2chtr
~2! 1HCu-O

~2! 1HO-hop
~2! 1HCu-Cu

~4! ,
~2!
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9486 PRB 58YURY PETROV AND TAKESHI EGAMI
whereNCu is the number of Cu sites andnh is the number of
doped O holes. To the second order intpd one obtains the Cu
charge-transfer term~Cu hole hopping to the nearest O si
and back!:

HCu-chtr
~2! 52~4NCu2nh!

tpd
2

D
, ~3!

the Cu-O exchange term:

HCu-O
~2! 5(

^ i , j &
2S tpd

2

Up1D
1

tpd
2

Ud2D D S Si•Sj2
1

4
np j D ~4!

and the O-hole first-nearest neighbor (j→k) hopping terms:

HO-hop
~2! 5 (

^ i , j ,k&,s
~ t11t2!ds i

1 d2s i p2sk
1 ps j

2~ t2nd2s i2t1nds i !psk
1 ps j1H.c., ~5!

wheret15tpd
2 /D and t25tpd

2 /(Ud2D). Out of many fourth-
order terms only the Cu-Cu superexchange:

HCu-Cu
~4! 5 (

^ i ,i 8&

4S tpd
4

D2Ud
1

2tpd
4

D2~2D1Up!
D S Si•Si 82

1

4D
~6!

plays an important role, since all the rest engage O holes
therefore give a small input if the concentration of dop
holes is low. HereD5«p2«d.0 is the charge-transfer en
ergy and one of the varied parameters.

After the effective Hamiltonian is obtained, OS apply it
Cu4O8, Cu8O16, and Cu10O20 clusters doped with 0, 1, and
holes, assumingUp50. The first important conclusion fol
lows from the comparison of their results forHeff with those
given by the original Hubbard model in a Cu4O8 cluster. It
follows that the effective Hamiltonian reproduces the resu
of the Hubbard model quite closely forD.3.5 eV. For
lower values of D Heff becomes increasingly divergen
which is natural, sinceHeff was obtained in the assumptio
of t/D!1. Since the experimental value ofD is in the range
of 2–4 eV for cuprates this divergence is of concern, whil
does not stop us from proceeding carefully. The second
portant result concerns the state of doped holes in the a
ferromagnetic Heisenberg background. OS notice that
spin configuration of the three-hole Cu-O-Cu triad in the G
of Cu4O8 is almost the same as that in the ground state o
isolated three-site Cu-O-Cu cluster with Cu-O exchange
teraction:

uw↑&52u↑⇓↑&2u↓⇑↑&2u↑⇑↓&, ~7!

~or spin-reverse!, since the corresponding GS coefficients f
Cu4O8 are: 0.1099,20.0533,20.0533. Here↑ and⇑ denote
Cu- and O-site spin correspondingly. The reason for thi
quite clear: the Cu-O exchange term determining theinternal
triad spin configuration is of the ordert2, while the Cu-Cu
superexchange term governing the triad interaction with
background is of the ordert4 in Heff . Therefore, the intra-
triad dynamics happen on a much shorter time scale tha
communication with the surrounding spin system, so t
these two processes are practicallydecoupled.
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Considering these results by OS it seems reasonabl
simplify Heff further by introducing a composite three-sp
system constructed of one hole on an O site and two hole
the neighboring Cu sites with their spin configuration
given by Eq.~7!. One can consider such a Cu-O-Cu syste
as an effective composite particle with spin-1

2, interacting
with the surrounding copper spins via the superexchange
tween the spins of two Cu in the triad and the six neighb
ing spins, theJ term in Fig. 1. In fact, such a construction ha
been proposed by Emery and Reiter18 ~ER! earlier, but to the
best of our knowledge no exact numerical studies have b
carried out.

Such a quasiparticle will have a self-energy due to
Cu-O exchange inside the triad. Clearly, it plays no role
the dynamics of a hole unless triads are made nonequiva
for example by distortion of the lattice. The motion of th
quasiparticle occurs through the O-hole hopping to the n
available neighboring site~the t term!. In the discussion be-
low we follow the arguments by ER. At first let us rewrit
Eq. ~7! as a linear superposition of the ‘‘left’’ and ‘‘right’’
singlets:

uw↑&5~↑⇓2↓⇑ !↑2↑~⇑↓2⇓↑ !5SL↑1↑SR . ~8!

By applying Eq.~5! to this expression one can easily veri
thatSL hops coherently to theleft, while SR hops coherently
to the right, i.e.,

u↑BSL↑& ——→
~5!

2~ t112t2!u↑SRB↑&,

u↓BSL↑& ——→
~5!

2~ t112t2!u↓SRB↑&,
~9!

u↑SRB↑& ——→
~5!

2~ t112t2!u↑BSL↑&,

u↑SRB↓& ——→
~5!

2~ t112t2!u↑BSL↓&,

where B denotes an empty oxygen site. Therefore, tak
into account a factor of 1/2 due to theuw↑&-singlet overlap,
the quasiparticle hopping amplitude is given by

FIG. 1. The Cu-O-Cu triad interacting with the surrounding C
sites are shown by filled circles, O sites by open circles. Gray li
represent Cu-Cu superexchange terms~J!, black lines indicate triad
hopping terms~t!. The same picture rotated by 90° illustrates t
part of Hamiltonian for a triad in vertical position.
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t52
t112t2

2
. ~10!

Notice that the hopping amplitude becomes negative in a
ogy with thet-J model.16 ER suggest to use

t52
t112t2

3
, ~11!

rather than Eq.~10!, arguing that an additional factor o
'2/3 arises due the zero-point spin fluctuations in the GS
the Heisenberg model. Finally, from Eq.~9! one can see tha
the quasiparticle is free to move to any vacant neighborin
site and the direction of its spin after the hopping is alwa
the same as the spin of the Cu site newly absorbed in
triad.

Two neighboring triads interact with each other via t
superexchange between their Cu spins. In the case of
triads sharing the same Cu site the whole system of three
and two O spins is assumed to be in the spin-1

2 state18 inter-
acting with the background via the Cu-Cu superexchan
The spin background is described by the Heisenberg su
exchange HamiltonianHCu-Cu

(4) . Since the on-site«d and «p

terms as well as the Cu charge-transfer term~3! produce a
constant input to the GS energy, they are omitted in
model. Therefore, it becomes similar to thet-J model, ex-
cept that the Zhang-Rice singlets are substituted by the
O-Cu spin-12 composite particles which can occupy thex-O
andy-O sites separately.

The Hamiltonian thus obtained can be written in terms
only the Cu site operators, if one introduces two spinl
creation operators,ai

1 andbi
1 , for triads atx- andy-oxygen

sites correspondingly of thei th unit cell ~see inset in Fig. 1!.
This cell is associated with thei th copper site. The spin o
the correspondinga andb triads is stored as the spin at th
next Cu site to the right and down correspondingly, and
created by the samedi

1 operator as the rest of the bac
ground spins. Therefore, a triad particle is represented by
two neighboring Cu sites of which the first marks its orie
tation and the second its spin. Then one obtains the two-b
t-J Hamiltonian:

H2tJ52tS (
^ i ,i 8&

ds i
1 ds i 8ai 8

1ai1 (
^ i ,i 9&

ds i
1 ds i 9bi 9

1bi D
2t8 (

^ i ,i 8&

ds i
1 ds i 8~ai 8

1bi1bi
1ai 8! ~12!

1J (
^ i ,i 8&

S SiSi 81nni8SiSi 91nbi8SiSi-2
1

4D1H.c.

Here thet term describes thea-triad ~horizontal! hopping
right or left and theb-triad ~vertical! hopping up or down,
while the t8 term stands for thea triad moving up or down
and vice versa~Fig. 1!. The first term in theJ sum accounts
for the background superexchange and the first part of
background-triad superexchange, since a triad occupies
Cu sites and only one of them keeps the triad spin. The n
two terms describe the second part of the background-t
superexchange with the second triad Cu spin by ‘‘substi
l-
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ing’’ the spinlessa or b hole with the second triad Cu sit
( i 9 and i- correspondingly!. The parametersJ, t and t8 are
given by Eqs.~6! and ~11!:

t5
1

3 S tpd
2

D
12

tpd
2

Ud2D D , ~13!

t85t1tpp ,

J54S tpd
4

D2Ud
1

2tpd
4

D2~2D1Up!
D . ~14!

Since the 434 cluster that we considered is known to ha
an unwanted hypercube symmetry, thet8 term has been
modified by adding a small constant O-O hopping (tpp
50.1 for the first-nearest neighbor andtpp50 for all other
neighbors—see Fig. 1! to remove this symmetry. The Hamil
tonian~12! is exact for a single hole. For the case of two a
more holes the terms for triad-triad superexchange mus
added and also triads motion close to each other mus
considered more carefully. These terms are easy to acc
for in numerical calculations, while as written analytical
they appear rather complicated in the proposed represe
tion. So for the sake of clarity they are omitted from E
~12!. Since there are only four possible states on each Cu
$d↑

1 ,d↓
1 ,a1,b1%, the system configurations can be com

pactly stored in the binary representation. One can see
the dimension of the new Hilbert space is approximatelyn

times that of thet-J model, wheren is the number of oxygen
holes.

The model was studied by exact diagonalization19,20 on a
square Cu16O32 cluster with the periodic boundary condition
~Fig. 2!. Values ofUd512, Up54, andtpd51 were fixed,
whereasD has been varied to modify the ratio of the ma
netic and kinetic terms in the Hamiltonian. The variation
D may be considered as a chemical shift of O atomic lev
which comes from the influence of the surrounding out-
plane ions in the cuprates.

FIG. 2. Cu16O32 cluster with possible hole-hole correlation po
sitions.
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III. RESULTS AND DISCUSSION

A. Undistorted cluster

We first will discuss the results for the undistorted clus
and then will see what differences appear when various
terns of lattice distortion are added. In the absence of do
holes our model is purely magnetic and equivalent to
regular t-J model of which GS characteristics are well e
tablished. For one doped hole the symmetry properties of
GS obtained in both models are also very similar. In
strong correlation regimeD,D256.9 (J/t.0.07) we ob-
tained two close lowest-energy states: a doublet withk
5(p,0) and a quadruplet withk5(p/2,p/2). For D,D1
54.6 (J/t50.18) thek5(p,0) state has a lower energy, an
then they switch. Both states have the total spinS51/2.
Above D2 there are several almost degenerate statesk
5(p,p), S55/2 state being the lowest, then a transition
the completely symmetrick5(0,0) ferromagnetic (S
5Smax) state takes place atD357.4 (J/t50.06). The change
of total spin S:1/2→5/2 at D56.9 and 5/2→Smax at D
57.4 is very close to what was obtained by OS for t
Cu10O20 square cluster. Our results are also in good agr
ment with those given by thet-J model for which one ob-
tains (J/t)150.2 and (J/t)25(J/t)350.075.14 Also, in both
models the GS is completely symmetric under the clus
point-group operations~x-, y- reflections and ax↔y reflec-
tion! in the whole range ofD. Such a close similarity to the
t-J model follows from the dynamics of a single Cu-O-C
triad in the strong antiferromagnetic background. Sin
bonds around one of the triad’s Cu spins become frustra
the best kinetic path for the O hole on the triad will b
around that Cu site, thus keeping the number of frustra
bonds to a minimum. In this way a symmetric Zhang-Ric
type state can be formed in the strong-correlation regime

A single hole dispersion spectrum is shown in Fig. 3. In
whole it is very similar to the one obtained for thet-J
model,21 though the~0,0! point is slightly higher in our case
The curve shown in Fig. 3 by a dashed line has a functio

FIG. 3. One-hole dispersion curve«1h(k) for various values of
t/J. Here «1h(k)5E1h(k)2E0h(k), where Enh(k) is the lowest
energy of the cluster at a givenk. Fork5(0,0) andk5(p,p) these
values are different from the position of the quasiparticle poles
the Green function~Ref. 23!. For each value oft/J the energy range
was normalized to the@21,1# interval.
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form «1h(k)5const(J)•(coskx1cosky)
21const, that can be

obtained from an effective tight-binding Hamiltonian.22 The
bandwidthW/t calculated as the difference of energy b
tween the maximum and minimum values of«1h(k)/t was
0.78, 1.7, and 4.0 forJ/t equal to 0.2, 0.4, and 1 correspon
ingly. These values are considerably larger then those
tained for thet-J Hamiltonian, which may be due to the fac
that in our model an oxygen hole has six nearest neighb
while in the one-bandt-J model it has only four.

For a system with two doped holes we found the GS w
the momentumk5(p,0), symmetric undery reflection, and
antisymmetric underx reflection ~or vice versa! for D
,5.75 (J/t.0.11). The momentum changes tok5(0,0) for
larger values ofD, and the GS space symmetry crosses o
from d- to s-type aroundD57.7 (J/t50.05). The GS total
spin S is zero in the whole range ofD. The t-J model cal-
culations on a 434 cluster give the samed- to s-type cross-
over at J/t,0.1, with the degeneratek5(p,0) and ~0,0!
states as the GS below that value, and thek5(0,0) GS
above.14 This degeneracy is due to an additional hypercu
symmetry of the 434 cluster mentioned above. It can b
removed by using a cluster of different geometry or by ad
ing extra hopping terms. Then the GS of the regulart-J
model is found to be the same in the whole range of theJ/t
ratio.15 This is different from the present result. While in ou
case the energies of the~p,0! and ~0,0! states are close to
each other in the wholeD range, there is a significant differ
ence in their physical properties. In particular, this can
seen by comparing their hole-hole correlation functions,
fined by

C~R!5K 1

2 (
i

nh~r i !nk~r i1R!L , ~15!

which gives the probability that there is a hole atR given
there is one at the origin. In Fig. 4 one can see that up
D55 the maximum of the hole-hole correlation density is

n FIG. 4. The GS hole-hole density correlation function~15! for
various values ofD. Numbers on the plot mark different possib
hole-hole positions shown in Fig. 2.
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the configuration where two holes are located at the seco
nearest oxygen sites in the same Cu-O chain~See No. 6 in
Fig. 2!, therefore we assume that in this region (D,5) two
holes are bound in a pair. Analysis of spin-spin correlat
functions shows that the paired holes in this configurat
have opposite spins. The next favored configurations
those with holes facing each other in the neighboring cha
~No. 3! and also Nos. 2 and 5. It is interesting to note that
loss of pairing correlation coincides with the crossover of
true GS from the~p,0! to ~0,0! symmetry~at D55.75, J/t
50.11). Therefore, we may conclude that the~p,0! GS mo-
mentum obtained in this work is of physical importanc
These results agree with OS, who also obtained the m
mum of the hole-hole correlation in the Nos. 6, 3, and
configurations, which are degenerate for the Cu10O20 square
cluster geometry, and a bound state forJ/t.0.08.

The two-hole binding energyEb,2 defined as

Eb,25~E2h2E0h!22~E1h2E0h!, ~16!

where Enh is the GS energy for the system withn doped
holes is shown in Fig. 5. The binding energy obtained
Heff model by OS for an undistorted Cu10O20 cluster and
Ud520 is shown for comparison. Our result and the res
by OS tend to diverge at smallD, which may be a size effect
since we used different clusters. If we consider this point
agreement between the two models is reasonably g
which proves that the Cu-O-Cu particle approximation is
deed valid in a broad range of parameters. From Fig. 5
can see that in the strong-correlation regimeEb,2 has very
large absolute values, as in thet-J model, and becomes pos
tive ~no binding! only aroundD57.2. On the other hand, th
correlation function~Fig. 4! shows that the bound state di
appears at a smallerD value ~somewhere between 5 and 6!.
Clearly, Eq.~16! overestimates the true binding energy p
sumably due to the size effect. Indeed, in the 434 cluster
two doped holes have a large probability of crossing e
other’s path even without binding, reducing in this way t

FIG. 5. Two-hole binding energyEb,2 as a function ofD for
undistorted and distorted clusters, compared to the result by
The distortion assumed for the O and Cu modes is 2%.
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overall background frustration. In order to obtain the corr
pair-binding energy, Eq.~16! must be applied to a cluster o
a much larger size.

B. Effect of lattice distortion

We now discuss the effect of various phonon mod
shown in Fig. 6 as different patterns of static lattice dist
tion, studied in the adiabatic approximation. The parame
tpd and tpp in Eq. ~13! are replaced by

tpd
i j 5tpdS 12

7

2
Dpd

i j D ,

~17!
tpp

j j 85tpp~122Dpp
j j 8!,

whereDpd
i j andDpp

j j 8 are the relative changes in eachp-d and
p-p bondlengths. Coefficients 7/2 and 2 in Eq.~17! imply
corresponding power laws forp-d and p-p transfer
integrals.24 This modulation of thet set by a phonon repre
sents the adiabatic limit of a nonlocal el-ph interaction d
scribed by the Su-Shrieffer-Heeger~SSH! model.25 Also the
self-energy of a Cu-O-Cu composite particle must
changed if it occupies a site with distorted Cu-O bonds. T
corresponding formulas were obtained by solving the H
bard Hamiltonian for the Cu-O-Cu spin triad distorted
accordance with the patterns in Fig. 6. Since the chang
the triad self-energy is local and proportional to the O-s
hole density, it is appropriate to associate it with the Holst
model.26 We found that the energy input of this term is
slow-varying function ofD that decreases the total energ
approximately by the same amount for all phonon mod
However, for the Cu~p,0! and O~p,0! modes that were found
to produce the strongest energy decrease, the major part
was found to be due to the change of the kinetic energy o
hole, i.e., due to the nonlocal SSH part of the el-ph inter
tion.

Out of four phonon modes shown in Fig. 6 those withq
5(p,p) ~c! and ~d! were found to produce no significan
effect on the system with one- and two-doped holes as c
pared with the undoped cluster. In other words, they cou
mostly to the spin background. On the other hand, theq

S.

FIG. 6. Patterns of phonon distortion studied.~a! Cu~p,0! half-
breathing mode,~b! O~p,0! half-breathing mode,~c! O~p,p! breath-
ing mode,~d! O~p,p! ‘‘quadrupole’’ mode.
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9490 PRB 58YURY PETROV AND TAKESHI EGAMI
5(p,0) modes~a! and~b! show a strong influence on dope
holes. Specifically, O ‘‘half-breathing’’ mode~b! lowers the
GS energy of one-hole system quite strongly in agreem
with the study of one-dimensional Hubbard Hamiltonian27

This strong coupling may be due to the fact that for t
distortion pattern the GSk vector is (p,p/2), and is located
on the boundary of the new Brillouin zone, and therefore
quasiparticle wave function actively interferes with the l
tice. This is in agreement with the experimental results
YBa2Cu3O72d, La22xSrxCuO4,

2 and Ba12xKxBiO3,
3 which

show strong softening for the branch with O half-breath
distortion at theq5(p,0) point. At the same time, the mod
produces no significant energy decrease as the second h
added. As a result,Eb,2 was found to decrease with increa
ing distortion~Fig. 5!.

On the other hand, the effect of the Cu half-breath
mode turned out to be the most prominent in the sys
when two doped holes are present. Figure 7 showsC(R)
calculated for this mode. One can see that now the maxim
of the hole-hole correlation density shifts into position 3,
that the pair becomes more localized. It is remarkable
this shift happens when distortion is still very small~0.25%!,
even though the GS symmetry remains unchanged
distortion.28 In addition, a robust decrease in the two-ho
GS energy takes place, which strongly increases the
binding energy, up to 50% forD54.5, as can be seen in Fig
5. This unusual feature may be viewed as a sign of a re
nance of different hole pair configurations instigated by
discussed lattice distortion. These results show that the
half-breathing mode produces a major effect onpairedholes
in the antiferromagnetic background. This is supported
the experimental data obtained by inelastic neutron scatte
for La1.85Sr0.15CuO4.

4 In that work authors studied the dis
persion of optical phonons at low temperatures~10 K! and
obtained a spectrum that has a discontinuous step at one
of the Brillouin zone along~100! indicating cell doubling.
However, no superlattice peaks suggesting cell doubling
observed and the discontinuity in the phonon dispersion

FIG. 7. C(R) for the cluster with Cu~p,0! distortion andD
52.7 eV.
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diffuse. Therefore the cell doubling must be dynamic a
short range. Simple spring model calculations reproduce
observed dispersion quite well if one assumes that there
ists a dynamic charge ordering on every other row of oxyg
in the CuO2 plane that could be produced by the Cu ha
breathing mode. This discontinuity is limited to low temper
tures, and was not observed at room temperature in the
lier work by Pintschovius.2 This suggests that the dynam
cell doubling may be a consequence of the Cu breath
mode coupling to hole pairs, confirming our present conc
sion.

The origin of this coupling may come from the tenden
of doped holes to segregate from the antiferromagnetic ba
ground, which is well known for thet-J model.29 The charge
stripes on every other row of oxygens created by the
~p,0! mode are characterized by larger values of trans
integral~t!. Since the stripes are broad enough to accomm
date the hole pair, it lowers the GS energy by increasing
kinetic motion of the pair. At the same time, the values ot
between the stripes are diminished, which reduces the co
sponding superexchange interaction and induces the dim
ization of Cu-Cu bonds in the direction perpendicular to t
stripes. In their recent work30 White and Scalapino explicitly
showed that such dimerization is favorable when a hole p
is present in a cluster, therefore the dimerization induced
the Cu~p,0! mode is expected to lower the GS energy fu
ther. The O ‘‘half-breathing’’ mode, on the other hand, cr
ates almost one-dimensional Cu-O chains which may be
‘‘narrow’’ for the pair to move effectively. This is confirmed
by analyzing the direction of hole hopping, which can
carried out by dividing the kinetic part~t term! of the Hamil-
tonian into two parts: along the distortion and across it. Th
one can see that in the case of the O distortion the pa
holes actually prefer to moveacrossthe stripes, while for Cu
mode they rather move along. As mentioned in the beginn
of this section, the strong effect of Cu~p,0! mode is prima-
rily due to the nonlocal part of electron-lattice couplin
Since this coupling represents the Su-Schrieffer-Hee
model, our results show that this model can produce imp
tant differences as compared to the more widely studied H
stein model. The substantial increase in the hole pair
force obtained in the presence of Cu half-breathing distort
also conforms with the idea of singular quasiparticle inter
tions arising in the proximity of charge-density-wave ins
bility proposed by Castellani, Di Castro, and Grilli.31 These
authors argue that the presence of a quantum critical p
due to formation of incommensurate charge-density wa
accounts for basic features of the high-temperature super
ductivity.

IV. CONCLUSION

In this paper we proposed an effective two-band Ham
tonian suited to describe strongly correlated electrons
their interaction with phonons in the CuO2 planes of cu-
prates. The Hamiltonian was studied by exact diagonal
tion on the square Cu16O32 cluster. Our results can be sum
marized as follows:
~1! For the one-doped hole the GS properties are in gen
in close agreement with those obtained in the regulart-J
model.
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~2! For two-doped holes the GS was found to be a dou
with k5(p,0) in the strong-correlation regime (J/t.0.11)
and a single state withk5(0,0) for J/t,0.11. This is differ-
ent from the results of thet-J model where the GS momen
tum isk5(0,0) in the whole range ofJ/t ratio. In the strong-
correlation regime a two-hole bound state is formed with
maximum of the hole-hole correlation density in the config
ration where the two holes are in the second-nearest oxy
sites along the same Cu-O chain.
~3! Some phonon modes studied in the adiabatic approxi
tion are shown to couple strongly to the doped holes. S
cifically, the O half-breathing mode is shown to couple to
single doped hole GS. On the other hand, the Cu h
e

H.

H.

Z.

-

S
nd

ian
t

e
-
en

a-
e-

f-

breathing mode couples strongly to hole pairs, increasing
hole-hole correlation and binding energy. The dynamic d
bling of a unit cell in La1.85Sr0.15CuO4 that has been recentl
observed at low temperatures can be a manifestation of
phenomenon.
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