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Exact-diagonalization study of electron-lattice coupling in the effective two-band-J model
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The effective two-bantJ 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 srérthree-sites particle. The model is studied by exact diagonalization in,gOgu
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. Copf‘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 d&@163-18208)01538-(

[. INTRODUCTION patterns in cuprates can be incorporated explicitly by chang-
ing the correspondingandJ values in the Hamiltonian.
A large number of experimental observations on the su-
perconducting cuprates indicate that the lattice effects in the II. HAMILTONIAN
systems with strong electron correlation are unusual, and ) ) .
may even be playing a role in the high-temperature To obtain a simple tyvo-band model we first follow the
superconductivity 29 In particular, the strong softening of Work by Ogata and_Sh@é (09 and start from the three-
longitudinal-optical(LO) phonon modes with hole dopifg ~ Pand Hubbard Hamiltonian:
is a matter of great interest, since the inelastic neutron-
scattering dath show that the dispersion of this mode
changes significantly at low temperatures leading to local
unit-cell doubling in the Cu@planes, suggesting dynamic _ _ _ A
short-range charge ordering. The numerical stddi€f the Ho SdiE,:‘r nd"'+8pj§,; np‘”+ud§i: it Naiy
Holstein-Hubbard and Holsteind models indicate the exis-
tence of a subtle mter_play b(_atween electron—eleqtron and +Upz Noi Mo, » (1)
electron-phonon(el-ph) interactions. In particular, it was j
shown that the critical el-ph coupling for the small polaron
formation is substantially reduced due to the charge carriers
“prelocalization” in the antiferromagnetic spin background. Hhop= —tpd 2 d;ipoj+ H.c.,
Systems with strong electron-electron correlation are most (i
commonly described by the Hubbard Hamiltonian that carwhered,; andp,; are hole annihilation operators for Cth
be reduced in certain limits to theJ Hamiltonian. The latter and O jth sites correspondingly. The summation is taken
is simple enough for numerical diagonalization to be carriecbver the first-neighbor Cu-O bonds anddenotes two pos-
out on sufficiently large clusters, up to 20 cites for two- sible spin orientations. On each Cu and O site there can be
doped holeg3~%°In the t-J Hamiltonian a hole in the Cd  two (opposite spins one (spin up or dowh or zero holes,
orbital and a hole in the symmetrizedorbital are treated which together with the cluster size and the number of
as a composite spin zero particle, the Zhang-Rice singlet. spin-up and spin-down holes define the Hilbert space of the
By construction, such a state is symmetric and centered omodel. Next we truncate that Hilbert space to a subspace in
Cu. However, this may be an oversimplification, since awhich copper sites are always occupied by a single hole and
doped hole primarily resides on oxygen sites in the guOall additional holes are doped on oxygen sites. In the zeroth-
unit cell and there is na priori reason to view its ground order approximationHi,,=0) this space forms the basis of
state(GS) centered around a copper ion. This is especiallya degenerate GS, while the rest of the configurations of the
true if there is more then one doped hole in the system and/ariginal Hilbert space are treated as excited states. The hop-
there exists a charge ordering on the row®xygen ionsas  ping term in the three-band Hubbard Hamiltoniaterm is
suggested in the recent restiltn order to make the-J considered as a small perturbation, so that the perturbation
model more realistic in this paper we propose its two-bandheory can be applied to obtain a simplified effective model:
version, which at the same time is compact enough to carry
out numerical studies on large clusters. Another advantage of Hey=e4Ncy+ e oM+ HE) not HE L o HEhopt HE D cur
this model is that the effect of different lattice distortion 2

Hubb=Ho+ Hhop:
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whereN¢,, is the number of Cu sites amy, is the number of
doped O holes. To the second ordet jgone obtains the Cu
charge-transfer ternlCu hole hopping to the nearest O site
and back

t2,
H (Czu)—chtr: —(4Ngy—np) % ) 3

the Cu-O exchange term:

tpp+tpd

2 2
HE =S 2 -y B g e 2y )
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and the O-hole first-nearest neighbgrk) hopping terms:

FIG. 1. The Cu-O-Cu triad interacting with the surrounding Cu
sites are shown by filled circles, O sites by open circles. Gray lines

2 + +
H(O')hOF’:O%;)ﬁ (ty 1) dgid—6iP = okPoj represent Cu-Cu superexchange tetsblack lines indicate triad
hopping terms(t). The same picture rotated by 90° illustrates the
—(t2Ng—4i _tlndai)p;kp(,j +H.c.,, (5) part of Hamiltonian for a triad in vertical position.

wheret; =t7/A andt,=t7/(Ug—A). Out of many fourth- Considering these results by OS it seems reasonable to

order terms only the Cu-Cu superexchange: simplify H further by introducing a composite three-spin
4 4 system constructed of one hole on an O site and two holes on

H@& E 4 tpd " 2tpq (3'3'—1) the neighboring Cu sites with their spin configuration as

Cu-Cu o AUy A%(2A+U)) 4 given by Eq.(7). One can consider such a Cu-O-Cu system

(6) as an effective composite particle with sgininteracting

, , with the surrounding copper spins via the superexchange be-

plays an important role, since all the rest engage O holes andyeen the spins of two Cu in the triad and the six neighbor-

therefore give a small input if the concentration of dopeding spins, thel term in Fig. 1. In fact, such a construction has

holes is low. HereA=g,—¢4>0 is the charge-transfer en- peen proposed by Emery and Reff(ER) earlier, but to the

ergy and one of the varied parameters. _ best of our knowledge no exact numerical studies have been
After the effective Hamiltonian is obtained, OS apply it t0 -5rried out.

Cu,Oq, CsO16, and ClygOy clusters doped with 0, 1, and 2 gych a quasiparticle will have a self-energy due to the

holes, assuming),=0. The first important conclusion fol- - cy.0 exchange inside the triad. Clearly, it plays no role in

lows from the comparison of their results fl with those  the dynamics of a hole unless triads are made nonequivalent,

given by the original Hubbard model in a b cluster. It for example by distortion of the lattice. The motion of the

follows that the effective Hamiltonian reproduces the resultqyyasiparticle occurs through the O-hole hopping to the next

of the Hubbard model quite closely fak>3.5eV. For ayailable neighboring sitéhet term). In the discussion be-

lower values of A Hey becomes increasingly divergent, |ow we follow the arguments by ER. At first let us rewrite

which is natural, SinCé‘leﬁ was obtained in the a.SSUmption Eq (7) as a linear Superposition of the “left” and “right”

of t/A<1. Since the experimental value &fis in the range  singlets:

of 2—4 eV for cuprates this divergence is of concern, while it

does not stop us from proceeding carefully. The second im- leD)=(TL=IMT=TMNL=11)=S1+1Sk. (8

portant result concerns the state of doped holes in the anti-

ferromagnetic Heisenberg background. OS notice that thBY applying Eq.(5) to this expression one can easily verify

spin configuration of the three-hole Cu-O-Cu triad in the GSthatS; hops coherently to thieft, while Sz hops coherently

of Cu,QOg is almost the same as that in the ground state of ato theright, i.e.,

isolated three-site Cu-O-Cu cluster with Cu-O exchange in- s

teraction:
[TDST) —— — (t1+2ty)|1SDT),

@D =21TU1) =1 =111L), U ©
(or spin-reversg since the corresponding GS coefficients for [LOST) —— — (tu+2t)[I SRDT),
Cu,Og are: 0.1099-0.0533,—0.0533. Here] andf denote ) 9
Cu- and O-site spin correspondingly. The reason for this is .
quite clear: the Cu-O exchange term determiningitivernal 1S:21) (ti+2t)[TDS, 1),
triad spin configuration is of the ordéf, while the Cu-Cu 5)
superexchange term governing the triad interaction with the |1S:D 1) —(t1+2t)[1DS L),

background is of the ordaf* in Hs. Therefore, the intra-

triad dynamics happen on a much shorter time scale than itshere J denotes an empty oxygen site. Therefore, taking
communication with the surrounding spin system, so thainto account a factor of 1/2 due to the?)-singlet overlap,
these two processes are practicalgcoupled the quasiparticle hopping amplitude is given by
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t,+2t
t=— 12 Z. (10)

Notice that the hopping amplitude becomes negative in anal-
ogy with thet-J model® ER suggest to use

t,+2t,

rather than Eq.10), arguing that an additional factor of
~2/3 arises due the zero-point spin fluctuations in the GS of
the Heisenberg model. Finally, from E@®) one can see that
the quasiparticle is free to move to any vacant neighboring O
site and the direction of its spin after the hopping is always
the same as the spin of the Cu site newly absorbed in the
triad.

Two neighboring triads interact with each other via the
superexchange between their Cu spins. In the case of two FIG. 2. CueO; cluster with possible hole-hole correlation po-
triads sharing the same Cu site the whole system of three CHtions.
and two O spins is assumed to be in the spstaté® inter-
acting with the background via the Cu-Cu superexchangeng” the spinlessa or b hole with the second triad Cu site
The spin background is described by the Heisenberg supe(i” andi” correspondingly The parameterd, t andt’ are
exchange Hamiltoniai () . Since the on-sitey ande,  given by Eqs(6) and(11):
terms as well as the Cu charge-transfer téBnproduce a
constant input to the GS energy, they are omitted in our
model. Therefore, it becomes similar to the model, ex- t= E
cept that the Zhang-Rice singlets are substituted by the Cu- 3
O-Cu spins composite particles which can occupy theD
andy-O sites separately.

The Hamiltonian thus obtained can be written in terms of
only the Cu site operators, if one introduces two spinless
creation operators,;” andb;", for triads atx- andy-oxygen
sites correspondingly of thigh unit cell (see inset in Fig. 11 J=4(
This cell is associated with thigh copper site. The spin of
the corresponding andb triads is stored as the spin at the
next Cu site to the right and down correspondingly, and isSince the 4«4 cluster that we considered is known to have
created by the samd,” operator as the rest of the back- an unwanted hypercube symmetry, thleterm has been
ground spins. Therefore, a triad particle is represented by theodified by adding a small constant O-O hopping,,(
two neighboring Cu sites of which the first marks its orien-=0.1 for the first-nearest neighbor atg,=0 for all other
tation and the second its spin. Then one obtains the two-barkighbors—see Fig.) 1o remove this symmetry. The Hamil-
t-J Hamiltonian: tonian(12) is exact for a single hole. For the case of two and

CeOeOe

o O O

(13

. (14

_|_
AUy A%(2A+U))

quz_t( > d;idoi’ar’ai_l' > d;idoi"b;rbi)
(" ("

—t' D) dlid,i(ab+ba) (12)
(

oiaoi
i)

+H.c.

1
+J<2> (ss,+nm,ss,,+nbi,3s,,,—Z
i,i

Here thet term describes the-triad (horizonta) hopping
right or left and theb-triad (vertical) hopping up or down,
while thet’ term stands for tha triad moving up or down
and vice versdFig. 1). The first term in thel sum accounts

more holes the terms for triad-triad superexchange must be
added and also triads motion close to each other must be
considered more carefully. These terms are easy to account
for in numerical calculations, while as written analytically
they appear rather complicated in the proposed representa-
tion. So for the sake of clarity they are omitted from Eq.
(12). Since there are only four possible states on each Cu site
{d].d],a",b*}, the system configurations can be com-
pactly stored in the binary representation. One can see that
the dimension of the new Hilbert space is approximatély 2
times that of theé-J model, wheren is the number of oxygen
holes.

The model was studied by exact diagonalizatidfion a
square CyO3, cluster with the periodic boundary conditions
(Fig. 2. Values ofUy=12, U,=4, andt,q=1 were fixed,

for the background superexchange and the first part of thevhereasA has been varied to modify the ratio of the mag-

background-triad superexchange, since a triad occupies twaetic and kinetic terms in the Hamiltonian. The variation of

Cu sites and only one of them keeps the triad spin. The next may be considered as a chemical shift of O atomic levels
two terms describe the second part of the background-triadshich comes from the influence of the surrounding out-of-
superexchange with the second triad Cu spin by “substitutplane ions in the cuprates.
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FIG. 3. One-hole dispersion curegy(k) for various values of
t/J. Here g4(k)=En(k) —Egn(k), whereE, (k) is the lowest A
energy of the cluster at a givén Fork=(0,0) andk= (7, 7) these
values are different from the position of the quasiparticle poles in  FIG. 4. The GS hole-hole density correlation functidr®) for
the Green functioriRef. 23. For each value dff J the energy range  various values ofA. Numbers on the plot mark different possible
was normalized to thg—1,1] interval. hole-hole positions shown in Fig. 2.

Ill. RESULTS AND DISCUSSION 9
form &,,(k) = const()- (cosk,+cosk))“+const, that can be

A. Undistorted cluster obtained from an effective tight-binding Hamiltoni#hThe

We first will discuss the results for the undistorted clusterdandwidthWit calculated as the difference of energy be-
and then will see what differences appear when various pafween the maximum and minimum values ©fy(k)/t was
terns of lattice distortion are added. In the absence of dope®@- 78, 1.7, and 4.0 fad/t equal to 0.2, 0.4, and 1 correspond-
holes our model is purely magnetic and equivalent to thdngly. These values are considerably larger then those ob-
regulart-J model of which GS characteristics are well es-tained for thet-J Hamiltonian, which may be due to the fact
tablished. For one doped hole the symmetry properties of thihat in our model an oxygen hole has six nearest neighbors,
GS obtained in both models are also very similar. In thewhile in the one-band-J model it has only four.
strong correlation regim&<A,=6.9 (J/t>0.07) we ob- For a system with two doped holes we found the GS with
tained two close lowest-energy states: a doublet with the momentunk=(,0), symmetric undey reflection, and
=(m,0) and a quadruplet withk= (7/2,7/2). For A<A, antisymmetric underx reflection (or vice versa for A
=4.6 (J/t=0.18) thek= (r,0) state has a lower energy, and <5.75 (/t>0.11). The momentum changeske- (0,0) for
then they switch. Both states have the total spinl/2.  larger values ofi, and the GS space symmetry crosses over
Above A, there are several almost degenerate states, from d- to stype aroundA=7.7 (J/t=0.05). The GS total
=(m,m), S=5/2 state being the lowest, then a transition toSPIin S is zero in the whole range af. Thet-J model cal-
the completely symmetrick=(0,0) ferromagnetic $ culations on a &4 gluster give the sam@ to s-type cross-
=S, State takes place at;=7.4 (J/t=0.06). The change OVer at J/t<0.1, with the degeneratk=(7,0) and (0,0
of total spin S:1/2—5/2 at A=6.9 and 5/25S,,, at A  States as the GS below that value, and kve(0,0) GS
=7.4 is very close to what was obtained by OS for theabove?4 This degeneracy is due to an additional hypercube
Cuy Oz Square cluster. Our results are also in good agreeSymmetry of the &4 cluster mentioned above. It can be
ment with those given by the:J model for which one ob- "eémoved by using a cluster of different geometry or by add-
tains @/t);=0.2 and (/t),= (J/t)3=0.075 Also, in both  iNg extra hopping terms. Then the GS of the regular
models the GS is completely symmetric under the clusteM0del is found to be the same in the whole range ofhe
point-group operationéx-, y- reflections and <y reflec- ~ ratio. This is dllfferent from the present result. While in our
tion) in the whole range oA. Such a close similarity to the case the energies of ther,0) and (0,0 states are close to
t-J model follows from the dynamics of a single Cu-O-Cu €ach (_)ther in the whoIA range, there is a §|gn|f|caqt differ-
triad in the strong antiferromagnetic background. SinceeNce in their physical properties. In particular, this can be
bonds around one of the triad’s Cu spins become frustrate§€en by comparing their hole-hole correlation functions, de-
the best kinetic path for the O hole on the triad will be fined by
around that Cu site, thus keeping the number of frustrated
bonds to a minimum. In this way a symmetric Zhang-Rice-
type state can be formed in the strong-correlation regime.

A single hole dispersion spectrum is shown in Fig. 3. In a
whole it is very similar to the one obtained for theJ  which gives the probability that there is a holeRatgiven
model? though the(0,0) point is slightly higher in our case. there is one at the origin. In Fig. 4 one can see that up to
The curve shown in Fig. 3 by a dashed line has a functional =5 the maximum of the hole-hole correlation density is in

1
C<R>=<§2i Mn(r)n(ri+R) ), (15
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2 4 6 8 breathing mode(b) O(r,0) half-breathing mode(c) O(,7) breath-

ing mode,(d) O(r,7) “quadrupole” mode.

overall background frustration. In order to obtain the correct
§air-binding energy, Eq:16) must be applied to a cluster of
a much larger size.

FIG. 5. Two-hole binding energ§, , as a function ofA for
undistorted and distorted clusters, compared to the result by O
The distortion assumed for the O and Cu modes is 2%.

the configuration where two holes are located at the second- B. Effect of lattice distortion

nearest oxygen sites in the same Cu-O chi@iee No. 6 in We now discuss the effect of various phonon modes
Fig. 2), therefore we assume that in this regiah<{5) two  shown in Fig. 6 as different patterns of static lattice distor-

holes are bound in a pair. Analysis of spin-spin correlationtion, studied in the adiabatic approximation. The parameters
functions shows that the paired holes in this Conflguratlortpd andt,, in Eq. (13) are replaced by

have opposite spins. The next favored configurations are

those with holes facing each other in the neighboring chains N 7
(No. 3) and also Nos. 2 and 5. It is interesting to note that the tgd:tpd( 1-5 ng),
loss of pairing correlation coincides with the crossover of the

true GS from the(7r,0) to (0,00 symmetry(at A=5.75, J/t i i
=0.11). Therefore, we may conclude that the0) GS mo- tpp=tpp(1=2Dypp),
mentum obtained in this work is of physical mportance.whereDIl andD’pJF; are the relative changes in eaptd and

These results agree with OS, who also obtained the maxi- pd - : ;
mum of the hole-hole correlation in the Nos. 6, 3, and 5P-P Pondlengths. Coefficients 7/2 and 2 in H47) imply

configurations, which are degenerate for th square porresponding power _Iaws fop-d and p-p transfer
clustgr geometry, and a bougd state Jm>0%(é)é° d integrals?* This modulation of the set by a phonon repre-

P : sents the adiabatic limit of a nonlocal el-ph interaction de-
The two-hole binding energlzy,, defined as scribed by the Su-Shrieffer-Heeg@@SH model?® Also the
Ep.»=(Eon—Eon) — 2(E1n—Eon), (16) self-energy. of a .Cu—O—glu c_omposite particle must be
changed if it occupies a site with distorted Cu-O bonds. The
where E,;, is the GS energy for the system withdoped corresponding formulas were obtained by solving the Hub-
holes is shown in Fig. 5. The binding energy obtained forbard Hamiltonian for the Cu-O-Cu spin triad distorted in
Hes model by OS for an undistorted D, cluster and accordance with the patterns in Fig. 6. Since the change of
Uy4=20 is shown for comparison. Our result and the resulthe triad self-energy is local and proportional to the O-site
by OS tend to diverge at smal, which may be a size effect, hole density, it is appropriate to associate it with the Holstein
since we used different clusters. If we consider this point thenodel?® We found that the energy input of this term is a
agreement between the two models is reasonably goodow-varying function ofA that decreases the total energy
which proves that the Cu-O-Cu particle approximation is in-approximately by the same amount for all phonon modes.
deed valid in a broad range of parameters. From Fig. 5 onklowever, for the C(mr,0) and Q,0) modes that were found
can see that in the strong-correlation regifg, has very to produce the strongest energy decrease, the major part of it
large absolute values, as in thed model, and becomes posi- was found to be due to the change of the kinetic energy of a
tive (no binding only aroundA =7.2. On the other hand, the hole, i.e., due to the nonlocal SSH part of the el-ph interac-
correlation function(Fig. 4) shows that the bound state dis- tion.
appears at a smalléx value (somewhere between 5 angl 6 Out of four phonon modes shown in Fig. 6 those wdth
Clearly, Eq.(16) overestimates the true binding energy pre-=(,7) (c) and (d) were found to produce no significant
sumably due to the size effect. Indeed, in the 4 cluster effect on the system with one- and two-doped holes as com-
two doped holes have a large probability of crossing eaclpared with the undoped cluster. In other words, they couple
other’s path even without binding, reducing in this way themostly to the spin background. On the other hand, ghe

(17)
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0.08 diffuse. Therefore the cell doubling must be dynamic and
short range. Simple spring model calculations reproduce the

0079 ¢ observed dispersion quite well if one assumes that there ex-
c 11 ists a dynamic charge ordering on every other row of oxygen
2 0.06 in the CuQ plane that could be produced by the Cu half-
© - breathing mode. This discontinuity is limited to low tempera-
g 0057 3 = tures, and was not observed at room temperature in the ear-
o lier work by Pintschoviug. This suggests that the dynamic
8 0.04 7 cell doubling may be a consequence of the Cu breathing
e mode coupling to hole pairs, confirming our present conclu-
£ 0037 sion.

% 0.02 The origin of this coupling may come from the tendency
&S of doped holes to segregate from the antiferromagnetic back-
0.01 ground, which is well known for the-J model?® The charge
: stripes on every other row of oxygens created by the Cu
0.00 | | | | | (7,00 mode are characterized by larger values of transfer

integral(t). Since the stripes are broad enough to accommo-
date the hole pair, it lowers the GS energy by increasing the
Relative distortion (%) kinetic motion of the pair. At the same time, the valueg of
between the stripes are diminished, which reduces the corre-
sponding superexchange interaction and induces the dimer-
ization of Cu-Cu bonds in the direction perpendicular to the
stripes. In their recent wo?R White and Scalapino explicitly

= (’77,0) modeda) and(b) show a Strong influence on doped showed that such dimerization is favorable when a hole pair
holes. Specifically, O “half-breathing” modgb) lowers the is present in a cluster, therefore the dimerization induced by
GS energy of one-hole system quite strongly in agreemerif?® Cu(m,0) mode is expected to lower the GS energy fur-

with the study of one-dimensional Hubbard Hamiltonfan. ther. The O “half-breathing” mode, on the other hand, cre-
This strong coupling may be due to the fact that for this@tes almost one-dimensional Cu-O chains which may be too

distortion pattern the G8 vector is ¢, /2), and is located narrow” for the pair to move effectively. This is confirmed

on the boundary of the new Brillouin zone, and therefore th?Y @nalyzing the direction of hole hopping, which can be
quasiparticle wave function actively interferes with the lat-Carried out by dividing the kinetic paft term) of the Hamil-
tice. This is in agreement with the experimental results fof@nian into two parts: along the distortion and across it. Then
YBa,CwO, 5 La,_,SrCuO,2 and Ba_,K,BiOs,® which ~ One can see that in the case of the O distortion the paired

show strong softening for the branch with O half-breathing0!€s actually prefer to mowecrossthe stripes, while for Cu.
distortion at theg= (r,0) point. At the same time, the mode modg they rather move along. As mentioned in the bgglnnmg
produces no significant energy decrease as the second holedsthiS section, the strong effect of Gur,0) mode is prima-

added. As a resul€, , was found to decrease with increas- nIy due to the npnlocal part of electron-lattice coupling.
ing distortion (Fig. 5)_’ Since this coupling represents the Su-Schrieffer-Heeger

On the other hand. the effect of the Cu haIf-breathinngdel* our results show that this model can produce impor-
mode turned out to b,e the most prominent in the Systerﬁantdifferences as compared to the more widely studied Hol-

when two doped holes are present. Figure 7 shG(®) stein model. The substantial increase in the hole pairing
calculated for this mode. One can see that now the maximuriPrce obtained in the presence of Cu half-breathing distortion
of the hole-hole correlation density shifts into position 3, so"’.IISO confprmg with the "?'e?‘ of singular qua5|part|cle m_terac—
that the pair becomes more localized. It is remarkable thf{f)ons arising in the proximity of charge-density-wave insta-

this shift happens when distortion is still very sm@i25%, ility proposed by Castellani, Di Castro, and Gr?ﬂi.‘_l’hese .
even though the GS symmetry remains unchanged b uthors argue that the presence of a quantum critical point

distortion?® In addition, a robust decrease in the two-holedu€ to formation of incommensurate charge-density waves
GS energy takes place, which strongly increases the pal ccounts for basic features of the high-temperature supercon-

0 2 4 6 8 10

FIG. 7. C(R) for the cluster with C(m,0) distortion andA
=2.7¢eV.

binding energy, up to 50% fak = 4.5, as can be seen in Fig. ductivity.

5. This unusual feature may be viewed as a sign of a reso-

nance of d|ﬁerent hole pair configurations instigated by the IV. CONCLUSION

discussed lattice distortion. These results show that the Cu

half-breathing mode produces a major effectpaired holes In this paper we proposed an effective two-band Hamil-

in the antiferromagnetic background. This is supported bytonian suited to describe strongly correlated electrons and
the experimental data obtained by inelastic neutron scatterintpeir interaction with phonons in the Cy®lanes of cu-

for Lay gSr1:Cu0,.* In that work authors studied the dis- prates. The Hamiltonian was studied by exact diagonaliza-
persion of optical phonons at low temperatuf@® K) and tion on the square GgOs, cluster. Our results can be sum-
obtained a spectrum that has a discontinuous step at one hatfarized as follows:

of the Brillouin zone along100) indicating cell doubling. (1) For the one-doped hole the GS properties are in general
However, no superlattice peaks suggesting cell doubling wam close agreement with those obtained in the regtdar
observed and the discontinuity in the phonon dispersion isnodel.
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(2) For two-doped holes the GS was found to be a doublebreathing mode couples strongly to hole pairs, increasing the
with k= (7,0) in the strong-correlation regime/¢>0.11)  hole-hole correlation and binding energy. The dynamic dou-
and a single state witk=(0,0) forJ/t<<0.11. This is differ-  bling of a unit cell in La gSr, ;CuQ, that has been recently
ent from the results of the-J model where the GS momen- observed at low temperatures can be a manifestation of this
tum isk=(0,0) in the whole range af/t ratio. In the strong-  phenomenon.

correlation regime a two-hole bound state is formed with the

maximum of the hole-hole correlation density in the configu-

ration where the two holes are in the second-nearest oxygen ACKNOWLEDGMENTS

sites along the same Cu-O chain.

(3) Some phonon modes studied in the adiabatic approxima- The authors are grateful to E. Mele, A. R. Bishop, I.
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