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We study the complete extended Hubbard-Holstein Hamiltonian on a four-site chain with equally spaced
sites, with spacing-dependent electronic interaction parameters evaluated in terms of Wannier functions built
from Gaussian atomic orbitals. By successive application of generalized displacement and squeezing transfor-
mations, an effective polaronic Hamiltonian is obtained, containing a purely phonon-induced, long-range
intersite charge interaction. The phase diagramd\ferl, 2, 3, and 4 electrons are determined by variational
minimization of the sum of the electronic and the phononic energy, paying special attention to the effects of the
above-mentioned phonon-induced long-range interaction. To characterize the physics of each ground state, we
evaluate how variations of the site spacing affect the behavior of several correlation functions of experimental
interest, with the aim of representing lattice deformation effects, either spontaneous or induced by external
pressure.
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[. INTRODUCTION LFA leads to a vanishing of a purely phonon-induced inter-
site charge interactiofthe “residual interaction” first intro-

A model describing correlated electrons in a narrow bandjuced in Ref. 2§ in principle present irH. One concludes
interacting locally with lattice deformations, the so-calledthat the physics of the system is not faithfully represented in
Holstein-Hubbard model, was studied intensively in the lasthe LFA. If, instead of infinite lattices, one considers small
years both on infinite latticés® and on small cluster®™1”  clusters'® the numerical complexity is reduced, and one can
The classes of materials to which the model is assumed ttigorously take into account thg dependence of all the
apply, such as, for instance, high-temperature superconductariational parameters. In this way the limitations of the LFA
ing cuprates or the manganites showing colossal magnetoréan be avoided, and, in particular, the intersite correlations
sistance, are characterized by rather strong electron-phondgtween charges and deformations, as well as the effects of
coupling, so that a perturbative treatment is in general unrethe purely phonon-induced interaction terms, can be satisfac-

liable. In this case, one can apply to the interacting electrontorily taken into account. _ _
phonon  Hamiltonian a unitary  “displacement” This is actually one of the pqmts on which the present
transformatio® generated by a suitably chosen anti_work.focuses. In.deed, we shall first dgrlvg the effecu_ve po-
laronic Hamiltonian from a bare Hamiltonian which, in the
=ePHe P, a nonperturbative effective Hamiltonian for electronic part, includes all the one- and two-body interac-
. tions compatible with a nondegenerate band of electrons, and

phonon-dressed electrofgolarons can be obtained by av- - .

o~ ) i has an electron-phonon coupling of the Holstein type. As far
eragingH over an appropriate phonon wave function. In re- 55 the set of electronic interactions is concerned, the present
cent years, the use of varLas'E|onaIIy optimized “squeezed”\york extends previous studies, where the only two-body
phonon states of the forra™>|0,p), with |0py) being the  glectronic coupling terms included in the bare Hamiltonian
phonon vacuum, proved to be advantagédds'® over  were the on-site and intersite Coulomb charge interactions.
methods using simple harmonic-oscillator states. HoweverThen we shall exactly solve the effective model on a four-
as the operator® andSon a lattice withL sites each contain site chain with a constant intersite distangeand closed
L undeterminea numbers, one for each phonon wave vectorboundary conditions. Considering that in this case the wave
g, such procedure requires to set all sudh displacement vector g takes four values, given by w/2a, 0, 7/2a, and
and squeezing parameters to their optimal values. A variasr/a, the independent displacement and squeezing param-
tional determination on an infinite lattice is therefore impos-eters are six in total, a8, /p,= 6— ;22 aNd ;105 = A 124 -
sible, and one has to adopt perturbative technig?i&sFor  They will be simultaneously and independently determined
this reason, the most popular approach has been to neglasy an exact diagonalization of the effective Hamiltonian, fol-
the g dependence of the displacement parameters, by assuiewed by a variational optimization of the ground-state en-
ing 64=1 for anyq. This is the standard Lang-Firsov ap- ergy, for a given, but arbitrary, site spacing and a given
proximation(LFA),?? which, however, has at least two limi- shape of the Wannier functions, as discussed below. This
tations. On the one hand, it neglects any intersite phonowill allow us, on the one hand, to discuss the interplay be-
correlation, preventing the study of how the charge on aween charges and phonons both on the same site and on
given site can also induce deformations on different sitesgifferent sites, and, on the other hand, to properly take into
possibly giving rise to extended polardffsOn the other account the effect of the phonon-induced intersite charge in-
hand, one can shd that, for nondispersive phonons, the teraction.

Hermitian operatoD. From the displaced Hamiltoniak
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Another aspect of the present work is that, as we model .
the dependence on the site spacing of all the electronic inter- Hon= 2 11 Qq(bghg+1/2) 3
action parameters, we can study the phase diagram and cor- d

relation functions at any given filling as functions of the completes the model Hamiltonian. The general procedure to
intersite distance. Our results can therefore give qualitativgptain the effective polaronic Hamiltonian and to identify its
indications relevant both to measurements under mechanicglound state consists in the following stéfs.
or chemical pressure, and to materials showing “strifs” ~ (i) A unitary transformation generated by a suitably cho-
or other forms of spontaneously coupled charge and strucsen anti-Hermitian operataD is used to map the model
tural inhomogeneitie$’ where regions with different lattice Hamiltonian H onto the “displaced” Hamiltonian Fi
parameters, and different electronic character, have been re- o, -0 18 \ne choose P
ported to coexist. '

The paper is organized as follows. In Sec. Il, we define
the model and derive the effective polaronic Hamiltonian. D=, qi(qu—bq)nq, (4)
The results of the numerical analysis on a four-site closed q Qg
chain for different fillingsN=1, 2, 3, and 4 are discussed in

Sec. IIl. Sec. IV is devoted to conclusions. where the parametei&,, defined on thd. wave vectors of

the first Brillouin zone, measure the degree of “displace-
ment” of the corresponding phonon mode. Their real-space
Il. MODEL AND THE EFFECTIVE HAMILTONIAN expressions §;,, associated with the coupling between

charge on sitg and phonons on sité are given byé;

Our model Hamiltoniamd =Hg+Hepp+ Hpp consists of -~ . r . . ;
a generalized Hubbard Hamiltonian for correlated electrons_(lll‘)Eqﬁq exflig(R—R)]. It is evident that assuming,

. =1 for anyq (as it is done in the LFAimplies thats,, =0 if
coupled to phonons of frequendy,. The bare electronic . o . ]
Hamiltonian reads R;#R,, forcing the effective interactions to be strictly local.

(i) By averagingH over the squeezed phonon state

|¥ o), the phononic degrees of freedom are eliminated,

He= 2 €nje— X [ti—X(nj —p+n _,)]cl i, yielding an effective polaronic Hamiltonian. The squeezed
o state is defined da ) =€~ 50,,),*****®where|0,) is the
harmonic-oscillator vacuum state, such thgf0,,) =0, and
+U njny+ 2 Vi 35S0 S the squeezing generat8r expressed in terms of tHevaria-
i il il tional parameters a, (or, in real space, «;

=(1L)Zqaqexdiq(R—R)]), reads

Jo

+; Pi(clicl e e+ H.c), (1)

S=2 aq(bib’ (—bgb_g)=2 a;(b/b/—bib). (5)
WherechU(cj ») creategannihilateg an electron with spirr 4 Il
on sitej, andS; andn; are the total spin and charge on gite
respectively. Following the procedure reported in Ref. 16
the bare electronic interactions t, U, V, J, and X are pa-
rametrized by means of a Wannier function built from
Gaussian functions ¢;(r)=(2I'% 7)¥*exd —I'%(r—R)?]

This procedure leads to an effective Hamiltonidli de-
'scribing phonon-dressed electramghich we shall generally
designate as polaronkaving the form

modeling the atomic orbitals on theh site in the position  H* =2 #Qf sinff(ay,)+5|+ 2 €',

R;. The Wannier functions, and by consequence the interac- q 2] 7o

tions, depend on the intersite distaracand the width™ ~* of

the orbitals. The explicit expressions&ft, U, V, J, P, andX _,Eg [t =X (nj o+ n,',o)]c]-‘:,c,o+ U*; njN;j,

that we use in this paper have been evaluated in the case of a
dimer, and are given in Ref. 16. This allows us to estimate all
the electronic parameters in ab initio type scheme. +E Vﬁ njn,+2 JJ-*| SRR
The interactionHg,.,, between the electrons and the i it
phonons is assumed to be of the Holstein tyide pn
=GX,,u;n;,, whereu; is the lattice deformation at sife +> Ph(clicl e 0 +H.c), (6)
By introducing the characteristic length,= y#/2M ), and it
the renormah;ed_ electron-phonon coupligg=GLy, In \\ith the renormalized interactions
second quantizatiohl ., takes the form

1 g2
E*:E___E q5(2_5), @
Hel—ph:%: gq(bT g +bg)ng, @) PTET L4 a0 %
2
where ng:L*1I/22j,(,nj,(,exqiqu], L being the number of U}‘=U,——2(E)E 9q 3q(2—8,), )
lattice sites. Finally, the free-phonon term L) 7Qy,
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92 . equal to 0.8, 1, and 1.2 A", We find thatI'"* roughly
Vi=Vi— T > m5q(2—5q)e'q(Ri_R'), (9 scales asa in determining the main features of the phase
q 4 diagram. The differences in the phase diagram for different
. . . 4 . I" values at giverN are only quantitative, and correspond to
Gi=rty, Xji=7Xp, Pi=7Py, Ji=J (10 slight variations of the border lines between the different
phases. In particular, we have found that for increaslrige
_ 1 E 9q 2 > ou effects induced by variations df tend to become less and
s 7\ hQ, dl1-cogqa)le . less significant. Therefore, we will limit ourselves to the dis-
(11 cussion of the results obtained in the cdse1 A1 A
study of the half-filled case for fixed and varyingl" was
(iii) The eigenstates and eigenvalues of the polaronialready publishea(.’
Hamiltonian are determined by using an exact diagonaliza- Given the operatord; andB;, defined at sitesandj, we
tion method proposed in Ref. 29. evaluate the correlation functidi€F) (A;B;) in the ground
(iv) The optimal values of the displacement and squeezingtate|G) of the effective HamiltoniatH* according to
parameters are determined variationally by minimizing the
total energy of the electron-phonon system. (AiB;))=(G|(0,|e%ePA;Bje Pe 50,)|G). (12
A detailed derivation of Eqg7)—(11) is given in Ref. 24. o ) )
We see that all the parameters blare renormalized to The nature of the_ ground state is investigated for different
some extent by the phonons. The one- and two-particle hOF{LIImgs by evaluating the d’ependence on the lattice constant
ping amplitudes (f , XY , andP}; , respectively depend on of the spin and charge CF's,
the hopping reduction factor, whose value, once the opti- 1
mal §, and a, are given, follows from Eq(11). The charge s_— )
mobil?ty is t?ms controlled simultaneously, and competi- XnTL EI (S-S+) 13
tively, by the displacement and the squeezing parameters.
In the following, all the bare intersite coupling constants 1
will be assumed to be nonvanishing only between nearest- XrSm:[ > (S'Su2), (14
neighbor sites. We stress that, even under this assumption, '
the effective intersite density-density interactiéf [Eq. (9)]
acquires a phonon-dependent long-range contribution gener- czi .
. . . . . Xn 2 <n|n|+l>a (15)
ally extending beyond nearest-neighbor sites. If dispersion- LS
less phonons of frequendy are assumed, then this phonon-
induced long-range part of the Coulomb interaction remains 1
nonvanishing only if theg dependence of the displacement chm:E > (MiNisa), (16)
parameters is explicitly accounted for. This interaction was '
first discussed within the LFA, for dispersive phonons, in
Ref. 25, but with no attempt of estimating its value. A more
recent variational study, employing a nonfactorized

with x5'¢ and x5S indicating the nearest and next-nearest

neighbor CF's for the spiits) and charggc) channels, re-

fermion-b function in th text of a simole H bspectively. In addition, we have analyzed the behavior of the
ermion-boson wave function in the context ora simple Rub-q, gjte "~ nearest- and next-nearest neighbor charge-

bard electronic Hamiltoniarti.e., such thatX;;=V;;=J;; deformation CF’s, given by
=P;;=0), also found an analogous effective interaction. '

1 T
Ill. RESULTS Proc=1 2 (nj(bj+by)), 17)

The general procedure illustrated in Sec. Il has been ap-
plied to the case of a four-site chain with dispersionless 1 +
phonons of frequencyi{)=0.1 eV, a value appropriate to ‘ba:[ E <nj(bjta+ bj-a)), (18
cuprates and manganites. The eigenvalues and eigenvectors .
of the effective Hamiltonian have been exactly calculated
using the method outlined in Ref. 29. The knowledge of all P, :E > (ni(b!, 4.y ) (19
the eigenvalues for givea andI" allows one to identify the e
ground state by the independent and simultaneous optimiza- ] )
tion of the wave-vector-dependent variational parameters ddespectively. It is easy to show that the above charge-
fining, for each phonon modg the degree of displacement deformatlor) CF’_s can be expressed as weighted sums of the
(8, and squeezingdg). Once the optimal values of the cha_lrge CF s, with the real-space_ dlspl_acement parameter_s
parameters are identified, the full eigenvalue spectrum can RFting as weights. In the case of dispersionless phonons their
obtained. The value of' might also have been obtained €XPressions are
variationally, as in Ref. 18° but due to the increased com- .
plexity of the numerical analysis we have investigated the _ 9 c c
phase diagram only for three representative valued’ of Proc= 57, (MOioct 20aXnF S2aXnn), (20
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¢a:%[(5loc+ 52a)Xﬁ+5aXﬁn+n5a]- (21 1~0N.\. 7
o
g 08} -
b2a= ZﬁQ(ZﬁaXn""éloann"'néZa) (22) TP
wheren=N/L is the electron density, andl,., 55, andd,, % 06} .
are real-space displacement parameters, associated with the E
coupling of an electron to a lattice distortion on the same <
site, on the nearest-neighbor site, and on the next-nearest % 04r 1
neighbor site. Recalling that for a four-site chain the wave
vectorq takes the four values m/2a, 0, m/2a, andr/a, and o2k MP |
assuming_ /o= 022 @Nda _ 2= @10, ONE Obtains that
the expressions ofd,., 8, and &,, in terms of the
g-dependent displacement parameters are 0-01.0 15 20 25 30 35
Bioc= 0 = § (80T 281120t Sya), (23 a(d)
Sa=8: 11 1= (89— S.7a) (24) FIG. 1. Phase diagram fost=1 andI’=1 A~. The labels MP
bt ma and TP stand for a mobile polaron and a trapped polaron, respec-

82a=81112= (80— 2810+ Srya) (25  tvely.

(similar expressions are obtained for the real-space squeez-

cases with and withouV;",.,. We can distinguish three
ing parametersy;;). It is worth noting that in the case of a main regions: a dlsorderelﬂli)) hase without magnetization
single electron(i.e., N=1), Egs.(20)—(22) give a simple 9 ' P 9 '

relation of proportionality between the functiods and the Ia phase in .Wh'Ch the two electrfons k?_ehave_ as s?pﬁrated po-
arameters evaluated at the same site distance arons (SP) in a superposition o configurations of the 1-0-

P In the numerical analysis fdi=2 we paid spec.ial atten- 1-0 type, and a phase characterized by the formation of an

tion to the effect on the phase diagram of the phononon -site bipolaron(OSB), i.e., a superposition of configura-

tions of the 2-0-0-0 type.
induced charge interaction, by distinguishing the results ob- We see that in this case the Coulomb interaction between
tained by including both nearesv{;.,) and next-nearest

V tersite ch teracti ; h btained for next-nearest-neighbor sit&4", ., affects the phase diagram
(Vili=2) intersite charge interactions, from those obtained for e girongly. Indeed, while there is no significant effect on

"i+>,=0. The behavior of the correlation functions and theyhe poundary of the OSB region, the inclusion of the effect
renormalized electronic interactions, discussed in the next

sections, always refer to the casesvf. , andV};.,, both 2

nonvanishing, with the parametErchosen equal to 1 Al R T T T
We have also verified that at any filling the parametéfs * V,.,#20+V, =0
P*, andJ* =J are very small, and have no influence on the x V. 20+V =0 |
phase diagram. Therefore, their behavior will not be shown - . b
in the following. We shall analyze the results for the fillings . T
N=1, 2, 3, and 4 separately.

A. The CaseN=1

._.
=1
$

We treat this case mainly to test the reliability of our
approach as compared with other methods developed in the
literature5-"1217.25The phase diagram fdi=1 is shown :umvﬁ ¥ ¥ ¥ XX Xex o]
in Fig. 1. N *

The boundary separates two regions. In the lower one the . %
polaron has a nonvanishing hopping amplitude, with the de- D °. {?‘ SP

[ ]

g/hQ(eV)
$

4
i
T

formation involving, though very weakly, the first- and
second-neighbor sites. In the upper regidnvanishes to-

gether with®, and®,,, so that the polaron is trapped and ool 1 1
the deformation is strictly local. This picture is in substantial 0o 2028
agreement with the results presented in Refs. 7 and 12. a(A)

FIG. 2. Phase diagram fad=2 andI’'=1 A~1. The regions
labeled D, SP, and OSB are characterized by the presence of charge

The phase diagram concerning the quarter-filling cas@nd spin disorder, separated polarons, and on-site bipolarons, re-
(N=2) is plotted in Fig. 2 forT=1 A~! comparing the spectively.

B. N=2, quarter-filling case
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" FIG. 4. Renormalized electronic interaction parametersNor
,§ 05 =2 andg?/A0=0.1 eV.
g 0.
B
g 020 Actually, the bottom panel of Fig. 3 shows that there is a
g 0.15} smooth, yet pronounced, change in the phononic regime for
g o.10k a approximately greater than 2 A, thus well inside the D
E 005 region. Indeed, for small values of, all the charge-
CH deformation CF'’s are non-negligible and comparable. Then,
gn 0.00t whena is increased above 2 A® .. and ®,, grow, both
£ converging to the value 0.25, whitk, decreases becoming

negligible abovea=3 A. The resulting smooth crossover
FIG. 3. Spin(top panel, charge(middle panel, and charge- from the D phase to the SP phase shows that already in the D
deformation (bottom panel correlation functions forN=2 at  Phase there are precursory effects of the charge ordering of
g%#0=0.1 eV. the 1-0-1-0 type that characterizes the SP phase, stable at
higher values of the intersite distance.
of Vf'; ., leads to a considerable enlargement of the D region The corresponding behavior of the effective two-body pa-
at the expenses of the SP region, additionally changing theameters is shown in Fig. 4. In particular, it is interesting to
D-SP transition from sharp to smooth. note that a signature of the two phononic regimes in the D
Let us discuss in more detail the D-SP crossover for gphase discussed above is clearly visible in the behavior of
small polaron binding energy, choosigg/#Q=0.1 eV. As  the next-nearest-neighbor interactivfi; . ,, which already
one can see from Fig. @op pane), the behavior of the spin ata=1.7 A turns from repulsive to attractive, while bdth
CF's reveals a competition between different spin configuraand Vv;;.., remain repulsive. This situation clearly promotes
tions in the ground state, without a clear predominance ofhe SP type of charge order, which, however, can be stable
one of them. In particulayy,, is almost zero, whilex; is  only when the effective hopping amplitutie becomes neg-
negative in the D region, revealing a tendency toward anigible. It is worth pointing out that the D and SP states are
antiferromagneti¢AF) configuration. On the other hand, the very close in energy, so that even a small interaction like
charge CF's in the middle panel of Fig. 3 show that above a/; ., can significantly influence the position of the phase
critical value ofa (in the case considered in the figure, equalboundary
approximately to 2.8 A), the charge distribution changes, Considering values of the polaron binding enegdy#Q
giving rise to a pattern 1-0-1-0 of alternating singly occupiedgreater than approximately 0.7 eV, we have that the increase
and empty sites which is characteristic of what we haveof a induces a transition from the disordered phase to a new
called the SP region. charge ordered phase, in which the local effective interaction
On the contrary, in the D region,; andxy,, are smoothly ~ U* becomes strongly attractive, thus leading to the forma-
changing witha, revealing the presence of a fluctuating re-tion of an on-site localized bipolaron. The nature of the OSB
gime with disordered charge distribution. Let us stress that imegion and the driving mechanism leading to its formation
the SP configuration there is no predominant character ddre clarified by the behavior of the renormalized electronic
either ferromagnetic or AF correlations, since the slightlyparameters. As one can see from Fig. 5, in the OSB phase the
negative values of;, cannot be considered as a sign of theon-site Coulomb interaction is so strongly renormalized that
onset of an antiferromagnetic order. The displacement pat becomes attractive, while at the same time the kinetic en-
rameters and the charge-displacement correlation functiorergy vanishes. These behaviors BWf andt* lead to the
reveal additional interesting details of the transition. formation of a localized on-site bipolaron.
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FIG. 5. Renormalized electronic interaction parametersNor . B _ 1 .
=2 atg¥h0Q=0.9 eV. FIG. 6. Phase diagram fdd=3 andl_"—l AL T_he_ regions
labeled NM, CO, and FR are characterized by vanishing magneti-
zation, charge order, and frustrated magnetic order, respectively.
We have also found that in the OSB phase bgfhand
X2, vanish for anya, so that the phase is characterized by theVij IS estimated, on a purely phenomenological basis, to be
absence of both spin correlations and local moments. In ag/€ry small, even between nearest neighbors. _
dition, the charge correlation functiong, and x;., are also Our main conclusion about the formation of a bipolaron
identically vanishing, while®,,. is the only charge- and, in particular, on its size, is that, when the complete set

deformation CE which is different from zero. These resultsOf bare two-particle interactions is taken into account, for

clearly indicate that in the OSB phase the charge, togetheX — 2 ©nly on-site bipolarons are possible, this taking place
with its accompanying deformation, is completely localized!" the range of parameters corresponding to the OSB region
on one of the chain sites, in a superposition of c:om‘igurationQf Fig. 2. When stable, the OSB has a Iocahzed_ character,
of the 2-0-0-0 type. This was also verified by checking thatdue to the s!multaneous vanishing of the effective single-
in the ground-state wave function all the components of thé’irt'de hopping™ and the effective pair hopping ampllltude.
1-1-0-0 type have negligibly small amplitudes. P*. Hence our results do not support the presence of intersite
It is interesting to compare the present results with othef0Pile bipolarons for realistic values of the interactions,
studies on the behavior of two fermions coupled to latticetVeN if, on the other hand, they cannot definitely be ruled out
deformations. The main issue discussed in the literature is t infinite lattices. _ _
clarify under which conditions a bound state of two polarons, Besides the limitations of dealing with a cluster, one
i.e., a bipolaron, either on-site or intersite, is stable, and posgTight also question the approach that we adopt here to
sibly itinerant. In the largg?/%Q region, dominated by the €valuateV;;,~ yielding rather high values of the bare inter-
negative value olJ*, our result of an essentially localized site repulsion that, for phyS|caII)_/ reasonable values of the
on-site bipolaron agrees with those in the literatifrave ~ Phonon frequency? and the coupling strengt) can be only
have also verified that, even imposing the vanishing of th@tially compensated for by the phonon renormalization.
bare intersite charge repulsion; , the OSB region is not Howe_ver, even if the absolute magnitudes of the various in-
changed. teractions we evaluate are mpdel_ _dependent,_thelr ratios
In the low g2/% Q) region, we do not find mobile intersite shoulld be of more general apphce}blhty. Indeed, it is known
bipolarons, at variance with other studfg$1213.17.3)n 5. that in several classes of physical systems the nearest-
sessing the stability of either type of bipolaron, it is very nelg_hbor Coulor_nb_lnterac_tlon is a significant fraction of the
important to take into account the bare contributign. , to  O"-Sité one. This is, for instance, the case of the Migh-
the effective intersite charge interactiaff . In papers in superconducting copper QX|des, whe're theoretical estimates
which a stable intersite bipolaron was found, this term, thaf)f Viji+1 (Refs. 4 and 3f give a repulsive value of the order
is repulsive and usually rather larga sizeable fraction of 0f 0.2 eV.
U), was however neglected;'213or explicitly assumed
to be renormalized to an overall attractive vafu@nother
recent papéf emphasized the physical relevance of the in- The phase diagram fod=3 is shown in Fig. 6. We start
tersite bipolarons. Within its LFA treatment of the long- by discussing phases that are stable at low values of the
range Fralich electron-phonon interaction with dispersive polaron binding energy, looking at the behavior of the cor-
phonons, the bar¥; is included, but the equivalent of our relation functions foig?/4Q=0.1 eV.

C. N=3, one-hole case

035110-6



VARIATIONAL STUDY OF THE EXTENDED HUBBARD- . .. PHYSICAL REVIEW B 63 035110

consistently with the behavior ab,,, a crossover region

which can be seen as a precursor of the charge order of

. s 2-0-1-0 type, which characterizes the ground state of the sys-

N R =AY tem at higher values aj?/# Q. Finally, the charge distribu-

tion tends to become uniform as the system, dof3 A,

enters the region that we label as “frustrated magnetism”

. . . (FR). Indeed, therey; and x;, converge to the same unsat-

1 2 3 4 5 urated negative value, which expresses a tendency of the
a(d) spins to align antiferromagnetically both on nearest- and

- : next-nearest-neighbor sites. The FR zone is also character-

. N - X ized by a reduction in the extent of the deformation around

] each occupied site, as indicated ®y, becoming the small-

X m est charge-deformation CF.

The renormalized electronic parameténst shown vary
smoothly witha. They never change sign, with the exception
of the long-range charge interaction which, always very
small, changes from positive to negative near the NM-FR
boundary.

Let us now consider larger values of the polaron binding
energy, investigating in particular that part of the phase dia-
gram, corresponding to values gf/4 Q) between approxi-
mately 0.25 and 0.7 A, where a charge ordef@®) phase
develops between the NM and the FR regions for intermedi-
ate values of. This will be done with a special attention to
the character of the CO phase, by analyzing the behavior of
. . . the CF'’s at the representative valg&#Q=0.4 eV. As one
1 2 3 4 5 can see from the upper panel of Fig. 8, for valuea tlling

a(l) in a range going approximately from 2.2 to 3.7 A, the spin
CF’s x; and x;, are zero, indicating the absence of local
moments and magnetic correlations in the ground state. On
the other hand, by looking at the behaviorsygfand x,, in
the same range of values af we can see that charge corre-
Jations are vanishing on nearest-neighbor sites and tend to
the maximum value compatible with the filling on next-
: s I nearest-neighbor sites. This is a clear indication of the devel-
negative. On the other hangy, is pogltlve and CIO.S‘e to Zero opment of an ordered configuration where the charge is fully
for a smaller than=2 A, and then it changes sign asis  gicyibuted on next-nearest-neighbor sites.
increased, going to a satura_t|on value of abeul.125. As The same general trend can be inferred from the charge-
far as the charge channel is concerned, we see from thg.tomation CF's, shown in the lower panel of Fig. 8. We
middle panel of Fig. 7 thag;, exhibits slight variations with  see that correlations between the charge and the deforma-
a, with a smooth increase concentrated in a range going aRjons in the CO region become strongest between second-
proximately from 2 to 3 A. On the other hand, up @ neighbor sites, with the first-neighbor one being the smallest.
~3 Axq, is larger thanyy, first growing (up toa~2 A)  This can be interpreted as a further indication that the ground
and then smoothly decreasing toward the saturation value Ogate is given by a superposition of the charge configurations
that bothy$ and x¢,, reach fora>3 A. 1-0-2-0 and 2-0-1-0, together with the symmetrically related

As far as the charge-deformation CF’s are concerned, we-1-0-2 and 0-2-0-1 configurations. This degeneracy of the
see from the bottom panel of Fig. 7 thhi,. is the largest at ground state, related to the fact that we cannot have a truly
anya, with ®,, manifesting a significant increase exactly in broken-symmetry state in finite-size systems, is also the rea-
the range of intermediate values @fn which x;, reach its  son why in the CO region?,, is equal to 1, rather than being
maximum. In addition®, turns out to be the smallest equal to 2. The whole picture is also consistent with the
charge-deformation CF at arg, becoming equal tob,,  behavior of the renormalized electronic parameters, featuring

S =)
= =
xR X
g =

spin correlations
=)
o

e
o

o
N
=
\
L
o

charge correlations
<
n

=4
X

e
N

charge-deformation correlations

FIG. 7. Spin(top panel, charge(middle panel, and charge-
deformation (bottom panel correlation functions forN=3 at
g%/h0=0.1eV.

As one can see from the upper panel of Fig. 7, the beha
ior of x; shows little change aa is varied, and is always

only abovea~3 A. a non-negligible negative value ;. , both in CO and in
Combining the results for the CF’s, we conclude thatgfor FR regions.
lower than~2 A in the nonmagnetidNM) region, the The filling N=3 can be viewed as the case of one hole in

charge is distributed with fluctuating configurations of al-a half-filled configuration. There are two different predic-
most empty and almost doubly occupied next-nearesttions on the related ground state in the limit of lakg&/t* .
neighbor sites. This causes both, andy;, to be negligible.  According to Nagaoka’s theorem, a ferromagnéfibl) state
Then, asa is increased beyond 2 A up w~3 A, there is, should set in wherlJ—o with t remaining finite, while,

035110-7



M. ACQUARONE, M. CUOCO, C. NOCE, AND A. ROMANO PHYSICAL REVIEW B3 035110

0.05 . . . T T T T T T}
. 0.00 e U V*i 120+ V*M;eo
ol 1.5} AR
g 0osl *® * V,.#0+V, =0
g e xe
(3 | x®
g 0.10 .
10 .
-0.151 2 3 4 5 % * o
a(A) a L xe CO
1.25 . : * o
S * o
g 1.00p LTI v —, g 051 x o o ©® 1
% 0.75-—‘//' ",| ...... L] * * . . 3*. * %
0.50f ' TNM o« 0 ]
Q ®
%0,25L’[—' 00— W, |.. L Ax-F L
E 0.00} ] 710 1.5 20 25 30 35 40 45
a(d)
§ 05 FIG. 9. Phase diagram fad=4 andI'=1 A~1. The regions
éé labeled NM, CO, and AF are characterized by vanishing magneti-
g 04 zation, charge order, and antiferromagnetism, respectively.
g
203 We can also see that taking into account the effect of
= V7, ., leads to quantitatively significant modifications of the
;;;002 phase diagram. Indeed, even if the negative valu&'of , is
=
Q

1 2 3 4 5 rather small for lowg?/(Q values, it causes an appreciable
a(A) expansion of the NM region toward highgf/A{) and a
) ) values, with a corresponding reduction of the CO and AF
FIG. 8. Spin(top pane), charge(middle panel, and charge- regions, due to the fact that for increasigg/zQ (or a)
dtzeformimon (bottom panel correlation functions forN=3 at V-*-+2 becomes negative, and thus opposite in Sig‘vi-"ml.
g%h0=0.4eV. ihix . i
Let us now discuss how the system responds as the value
according to Refs. 2, 6, 13, and 15, the hole would be ®f a is increased, fog##{Q=0.1 eV. As shown in Fig. 9,
polaron in an antiferromagnetic background, where itshe system passes from the NM regime to the AF regime.
phonon-induced localization would take place at a lowerThe position and nature of this transition can be easily iden-
value ofg?/%Q due to concurrent effect of the ordered spin tified by looking at the behavior of the correlation functions
arrangement. In our approach we find thatbr 3 none of  plotted in Fig. 10.
the two magnetic ground states mentioned above is stable. For a lower than=2.2 A, x7 and x;, are close to zero
Conversely, in what we have called the frustrated region n@nd almost coinciding, which corresponds to a regime with-
magnetic effect prevails, this region being characterized byut significant magnetic correlations. On the other hand, for
FM and AF correlations of comparable amplitude. While onehigher values of one hasy;~ —0.5, which corresponds to
can only speculate on the fact that we do not find an AFan antiparallel configuration of spins on first neighbors, and
ground state, guessing that it is a finite-size effect, the reasog® ~1/4, which indicates a configuration of parallel spins on
why we find no FM order is that the conditions under which next-nearest neighbors. This behaviorydfand x3,, clearly
Nagaoka's theorem holds are never satisfied. Indeed there éhows that the ground state has antiferromagnetic correla-
no parameter regime where the phononic renormalizatiofions, The middle panel of Fig. 10 gives indications on the
yields U* >t*, with t* remaining at the same time finite.  charge distribution. In the NM region we can see that even
_ though the site occupation is still fluctuating because of the
D. N=4, half-filled case itinerancy of the carriers, nonetheless there is some precursor
In Fig. 9 we report the phase diagram at half-filling for of the CO phase, as a consequence of the fact that the values
I'=1 A~%, both with and without the phonon-induced next- of x;, are considerably higher than thosexgf. Conversely,
nearest-neighbor interaction. For intermediate to laxgee  in the AF regiony; and x5, become constant and equal to 1,
see that an antiferromagnetic phase is stable for syR&HQ thus indicating that there is one electron per site on the av-
while a charge ordered state of 2-0-2-0 type is stable foerage.
largeg?/#.Q). For smalla and irrespective ofi?/# (), a non- The same qualitative trend is found in the charge-
magnetic ground state characterized by the absence of amgformation CF’s, shown in the bottom panel of Fig. 10. At
spin correlations is found to be stable, wedging in betweersmall a the charge-related deformation also appreciably af-
the AF and CO regions at smaf/2Q up toa~2.5 A. fects first- and second-neighbor sites. Then, as the NM-AF
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FIG. 10. Spin(top panel, charge(middle panel, and charge- FIG. 11. Spin(top panel, charge(middle panel, and charge-
deformation (bottom panel correlation functions forN=4 at deformation (bottom panél correlation functions forN=4 at
g%10=0.1 eV. 9?10 =0.4 eV.

boundary is approache@®,,. tends to stay constant, while netic coupling effects. As in the previous cases, the energy
®,, grows considerably an®, becomes small, resulting in difference between the NM and AF states is small enough for
a behavior that can be considered as a precursor of the Ctbe tiny negative value o¥}; .., to have a sizable effect on
state. When the AF state sets in, all three charge-deformatidihe position of the phase boundaries.
CF’s come to coincide at a rather large value, indicating that, When g%/2Q=0.4 eV, a reentrant behavior can be de-
in a regular pattern of site occupancy, all orders of neighborsluced from the phase diagram in Fig. 9 ass increased.
are equally affected. In terms of the size of the polarons, on&his is made evident by the behavior of the correlation func-
can say that foN=4 they tend to show an extended char-tions in Fig. 11. Fora between approximately 2 A and
acter, i.e., the associated deformation develops beyond tt&6 A, x& is equal to zergmiddle panel, while x&, assumes
site where the charge is located. the largest value~4), clearly indicating a CO configuration
The behavior of the renormalized electronic parametersf alternating empty and doubly occupied sites. As expected,
(not shown is such that in the AF regiot* is vanishingly in this same range d the spin correlation function@ipper
small, driving the system in a regime of electron localizationpane) are zero since configurations, with zero and two elec-
where the mechanism of superexchange dominates. Coirons on each site prevent the formation of magnetic mo-
versely, in the NM region, the hopping term is only weakly ments. As far as the charge-deformation CF’s are concerned,
renormalized, because the localization effect due to the disve see that in the charge-density-wai@DW) region the
placement is counteracted by the squeezing, so that the elelargest values are taken by,,, with the nearest-neighbor
trons are rather mobile. Moreovey* andV;;., are com- CF®, always remaining very small, and the on-site ©f.
parable in magnitude, thus preventing the formation of locataking values which are intermediate betwdes, and® ...
pairs as well as of long-range ordering. In terms of anThis can clearly be considered as a further evidence of the
equivalentt-J model, the NM ground state does not showformation of a CO state of the 2-0-2-0 type. Wheefies out
any well-defined spin or charge order sirtéeremains large of this intermediate range, the correlation functions behave
enough to have two concurrent effects: on the one hand, #ssentially as in the cagg/#Q=0.1 eV.
opposes a complete charge disproportionation, and, on the The renormalized electronic parameténst shown fully
other hand, it gives rise to a kinetic exchange proportional tsupport this picture. In the CDW region the electron mobility
2t*2/(U* —V}.,), strong enough to allow for some mag- is equal to zeroV}, .., is attractive, and/};.., is repulsive
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and comparable in magnitude tt* . This evidently tends to is particularly significant, because theoretical stutfiéof
promote configurations with alternating empty and doublythe occurrence of doping-induced inhomogeneities in the
occupied sites. To the extent that the effects of includlﬁg charge distribution in both colossal magnetoresistance man-
can be neglected, our results qualitatively agree with othe@@nites and superconducting cuprates point to the importance
studies of the long-range charge interaction, but have difficulties in
We end this section by noting that discontinuities in thelustifying its presence in metallic systems, where it should

correlation functions and the renormalized parameters, seefgnish beyond a very short distance due to the screening
in the above figures, should not be interpreted as a signatufgduced by the itinerant carriers. Differently from the purely
of a real first-order localization transition. Rather they are &£/€ctronicVj;, the effectiveVij can be seen as an indepen-
consequence of a drawback affecting all variational methodgl€nt parameter providing the needed long-range interaction
which, as is well known, can only provide an upper bound tothrough a mechanism depending basically on the phonons,
the true ground-state energy. This leads to a violation of th@nd only weakly on the doping. In real systems such as the
exact results demonstrated bywen3® according to which ~ Superconducting cuprates, this mechanism can be ascribed to
the self-trapping transition generated by an interacting ternin€ Holstein-type electron-phonon coupling generated by the
of the Holstein type is an analytical crossover for any valudon dynamics out of the conducting layers. Additionally,

of the electron-phonon coupling, and not an abinanana-  Vii=2 can vary both in amplitude and, most importantly, in
lytical) phase transition. sign, depending on the phononic state and on the value of the

lattice constant.
From a more general point of view, our results show that
IV. CONCLUSIONS there exist, forN=2 and 3, regions of the phase diagram

The method that we have used to obtain an effective poyvhere the ground state of a hole-doped correlated system

laronic Hamiltonian from the generalized HoIstein-HubbardWlth strong electron-phonon interaction, on the one hand, has

Hamiltonian, based on the use of displacement and Squeegppreciable coexisting spin and charge correlations, while,

ing transformations, while allowing technically simple calcu- on thet othelr hand, 'i Sl:ChTLhat the car?ertsh r?t?r']n tr(;elkr) |tt|ner-
lations, still permits us to grasp some basic physical effectNCY 10 a large extent. This suggests that the debate on

such as, for instance, the phonon-induced renormalization a}yhether_ charge or Spin fluctuations in the ”°r.m.a' state are
esponsible for high-temperature superconductivity might be

the electronic interaction parameters. In this respect, this ap- . . I
P b F{lewed from a different perspective, namely, by considering

proach might be of interest, for instance, in the theoretica hat und it diti both fluctuati
analysis of highf. superconductivity, where it can provide al, uncer appropriate conditions, both Tiuctuations can co-
xist, possibly cooperating to build the superconductive

clues to select among electron-phonon models or purelg
. : . hase.
electronic models. If, in the comparison between theory an A sianificant It is that foN=2_ in the disordered
experiments, one refers to phonon-renormalized, and not " signriicant result 1S that, Tol=z, In he disordere
ions of the phase diagrams for low values aofand

bare, interactions, then even phenomena such as the isoto . . 4 .
P 17.Q, we find wide subregions characterized by strong pre-

effect could find an explanation within the framework of a X )
cursory charge-ordering effects, whose amplitude can change

model with only electronic degrees of freedom. An improve- : ; ' . .
ment of the ap)p;roach foIIoweg here may be obtained Ey suitvery rapidly with the lattice parameter. The effect is particu-

ably dealing with two limitations, that igi) the factorization larly evident in the castl=2. This might be of interest with

of the fermion-boson wave function into separate fermionic SPect to the recently reportédnicroscopically coexisting

and bosonic factors, an) the use of a squeezed phonon charge and structural dishomogeneities in underdoped and
wave function(whose intrinsic limitations have been dis- °F’“'T‘a"y doped La,SKCuO, samples.
cussed in Ref. I4for the elimination of the phononic de- Finally, we have been able to model the effects of a vary-

grees of freedom. Further studies in this direction aré'ng.lattice spacin_g. This migh.t be of relevgnce in all cases in
planned for the near future which compressioffor expansiopof the lattice causes sharp

The results we have presented support our claim that, iRhase transitions. In particular, our results show that in the

working out an effective Hamiltonian through displacementrange ofa vr;/here ? ﬁlV%ﬂ stlate '3 stable, ev%n |fkt_hat stgte
and squeezing transformations, it is important to take intd!0€S not show a fully developed symmetry-breaking order

account the momentum dependence of the displacement a &ramete(CO gr AE)’ sl the téega\&ior O.f sor:ne correlat::)n .
squeezing parameters, to avoid losing a significant part of th nctions may be characterized by drastic changes as the site

physical content of the model. We have indeed shown tha?Stance is varied.
the effective phonon-induced intersite charge interaction that
one obtain&"?° by going beyond the LFA should be care-
fully taken into account, as it has appreciable effects on the Interesting discussions with R. Iglesias, M. A. GUsma
phase diagram, particularly féd=4 and 2. This latter case A. Painelli, and H. Zheng are gratefully acknowledged.
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