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The role of the electron-phonon �el-ph� interaction in high-Tc cuprates is investigated theoretically by
considering correlated electrons interacting with Holstein phonons within the two-dimensional single-band
Hubbard model in the limit of large Coulomb interaction. It is shown that the electron-phonon interaction gives
rise to a kink in the dispersion along the nodal direction and to a peak/dip/hump structure in the one-electron
spectral weight whose dependence on temperature, isotope substitution, and doping is discussed in relation to
recent photoemission experiments on the nodal quasiparticles in Bi2201 and LSCO. A comparison with these
experiments shows that electron correlations play a crucial role in the determination of the kink position, size,
and doping dependence. We also show that the “unusual” oxygen isotope shift in the real part of the self-
energy, experimentally observed in the optimally doped Bi2212 samples, can be qualitatively explained within
the framework that incorporates both strong electron correlations and the adiabatic electron-phonon interaction.

DOI: 10.1103/PhysRevB.73.014527 PACS number�s�: 74.72.Hs, 71.38.�k, 71.27.�a, 71.10.Fd

I. INTRODUCTION

Understanding the role of the many-body interactions in
high Tc cuprates remains an essential step towards the com-
prehension of the superconductivity in these systems. In re-
cent years angle-resolved photoemission spectroscopy
�ARPES� has provided an essential way to probe the cou-
pling of quasiparticles �QP� among themselves and to collec-
tive modes.1,2 ARPES experiments have revealed several in-
triguing features in the dispersion, weight, and line shape of
the quasiparticles. Specifically: �a� a kink in the dispersion in
both the nodal and antinodal regions;3–7 �b� a double peak
structure and a dip �peak/dip/hump� in the energy distribu-
tion curves �EDCs� along the nodal direction below and
above the critical temperature;7,8 �c� a definite and strong
isotope effect9 in the optimally doped Bi2212 samples at the
three different stages of the isotope substitution loop O16

→O18→O16. Surprisingly, these isotope effects mainly ap-
pear in broad high-energy humps, commonly referred to as
“incoherent peaks.” These features, especially �a�, imply that
electrons are coupled to a collective mode. So far, two col-
lective modes, the spin resonance at 41 meV �Refs. 6 and
11–13� and the �40 meV and �70 meV phonons3,7,14–16

have been mainly suggested to explain experiments. Which
one is responsible for the kink in the quasiparticle dispersion
is still a matter of debate. The major difference between the
two proposed scenario lies in their normal state behavior. In
the case of phonons a well-defined energy scale in the nor-
mal and superconducting state is needed, while in the case of
resonance mode scenario, no energy scale is defined in the

normal state. The recent experiments on the normal state of
Bi2201 and LSCO along the diagonal direction7,17 provide
evidence of an energy scale, i.e., a kink in the energy disper-
sion, over the entire doping range that persists well above the
critical temperature, up to ten times Tc. These results, to-
gether with the observation of isotope effects, put a strong
constraint on the fundamental scattering process of
cuprates18 supporting a picture where phonons are strongly
involved. However, some puzzling features still remain to be
explained. On one hand, the low energy electronic dispersion
shows a strong concentration dependence at low hole doping
that almost saturates close to optimal doping.14 At the same
time, spectral density and dispersion at energy scale larger
than the kink are very sensitive to temperature, isotope sub-
stitution and doping. In this situation the attempt to describe
this experimental scenario within a conventional el-ph
framework appears important.

From the theoretical point of view some authors have
stressed the importance of the interplay between the electron-
phonon coupling and the strong Coulomb interaction within
single band Hubbard model19–26 and t-J model,27–29 while
others have been focused on the analogies and differences
between the coupling of quasiparticles to a magnetic
�-resonant mode and phonons.30–32 In our opinion the coex-
istence of the electron-phonon and strong Coulomb interac-
tions deserves more attention, so in the present paper we
investigate in some detail, whether and to what extent, the
presence of strong electron correlations modifies the results
of the usual adiabatic theory of electron-phonon interaction.
Specifically, our study will be focused on the behavior of
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nodal quasiparticles once the strong electron correlations are
taken into account. To such purpose, we derive below the
electron self-energy due to the electron-phonon interaction in
a two-dimensional model in which electrons, renormalized
by strong Coulomb correlations, interact with a dispersion-
less optical phonons and discuss the effect of the electron-
phonon interaction on the quasiparticle dispersion and line
shape in the normal phase.33

We consider the Hamiltonian of the Hubbard-Holstein
model which is given by

H = He + He-p + Hp, �1�

where

He = ��i,j�,� tijci�
† cj� − ���

ni� + U�
i

ni↑ni↓,

He-p = g�
i�

qini�,

Hp = � �0�
i

�bi
†bi + 1

2� , �2�

ci�
† �ci�� is an electron creation �annihilation� operator with

spin � at site i, tij is the nearest neighbor hopping, � is the
chemical potential, bi

†�bi� is a phonon creation �annihilation�
operator, U is the local Coulomb interaction, qi= �1/�2��bi

†

+bi�, ni�=ci�
† ci�.

It is well known that the Hubbard model describes a va-
riety of physical regimes and phases in correspondence of
different values of the parameters. In the present paper we
focus on the strong correlated regime U /W�1 �where W is
the bandwidth� and consider electron concentration n	1.
Besides, the phonon frequency �0 is taken smaller than the
bandwidth ��0 /W
1�, and we consider the adiabatic re-
gime. In this regime it appears as a good starting point to
compute the electron Green’s function in the presence of
el-ph interaction and el-el correlations by considering the
following expression for the electron self-energy:38

��
p�k,i�� =

g2



�
�n

� d2q

�2��2D0�q,i�n�G�
I �k + q,i� + i�n� ,

�3�

where D0 is the phonon Green’s function and the single par-
ticle electron Green’s function GI is approximated by the
Hubbard-I solution,

G�
I �k,i�� = 	�G�

0�i���−1 − �k
−1, �4�

with G�
0�i�� being the atomic Green’s function

G�
0�i�� =

1 − �n−��
i� + �

+
�n−��

i� − �U − ��
. �5�

For the square lattice �k=−2t�cos kx+cos ky� and �n−�� is the
average number of particles with spin −�. The approxima-
tion �4� for the electron Green’s function corresponds to the
mean-field level of the strong coupling perturbation
theory34,35 and allows us to describe the main effect of a
large, concentration dependent, single-particle spectral
weight transfer to high energy ��U� in the presence of elec-
tron correlations. Let us remark that in the regime of strong
electron concentration and for electron concentration n	1
more accurate approximations, like Dynamical Mean Field
Theory �DMFT�,36 predicts a “coherent” quasiparticle peak
at the top of the incoherent lower Hubbard band that be-
comes narrower in the low-doping regime. In Eq. �3� we use
the Hubbard-I approximation as an averaged description of
both the coherent and incoherent components of the spec-
trum. Such description is justified in the strong coupling re-
gime away from half-filling.37 Moreover, in the following
comparison with experiments will be carried out in the re-
gion of doping around the optimal one and in the overdoped
regime where our approximation scheme reproduces the ex-
perimental findings of large Fermi surfaces satisfying Lut-
tinger’s theorem.37

With the use of the self-energy �3�, the renormalized elec-
tron Green’s function is then given by

G��k,i�� = 	�GI�k,i���−1 − ��
p�k,i��
−1. �6�

In Eq. �3� D0�q , i�� is the unrenormalized Holstein phonon
Green’s function D0�q , i��=D0�i��,

D0�i�n� = −
�0

�n
2 + �0

2 . �7�

Then Eq. �6� can also be rewritten as

G��k,i�� = 	i� + � − �k − ��
I �i�� − ��

p�i��
−1, �8�

where we have introduced

��
I �i�� = �n−��U

�i� + ��
�i� + �� − �1 − �n−���U

. �9�

The spectral function, which is measured in ARPES experi-
ments, is related to the renormalized Green’s function by the
equation,

A��k,�� = −
1

�
Im G��k,�� = −

1

�

Im ��
p���

� �� + ��2 − �� + ��U
�� + �� − U�1 − �n−���

− �k − Re ��
p����2

+ �Im ��
p����2

. �10�
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The quasiparticle dispersion is obtained, in the limit
Im �p�0�→0, from the equation

�Ek + ��2 − �Ek + ��U
�Ek + �� − U�1 − �n−���

= �k + Re �p�Ek� , �11�

where the index � has been omitted for brevity. The excita-
tion energy Ek is measured with respect to the renormalized
chemical potential �� which differs from the zeroth order
chemical potential � by the phononic correction ��=�
+��. The zeroth order chemical potential �, which corre-
sponds to the Hubbard-I solution, is determined by fixing the
number of particles through the Green’s function �4�, while
the correction �� is given by the on-shell real part of the
phonon self-energy, ��=−Re �p�Ek=0�, which is deter-
mined through the Kramers-Kronig relation �14�. Let us be
reminded that Im �p�i�� is zero within the energy range ±�0

where the quasiparticle peak is located. This guarantees ab-
sence of any singular contribution to �� for ��0. The cor-
rection to the zeroth order chemical potential is thus esti-
mated to be very small �of the order of percent� due to the
small value of the el-ph coupling g /W. Using Eqs. �3� and
�4� the expression for the phonon contribution to the electron
self-energy per spin is

�p�i�� = � �
i=1,2

� d��2D���
 Ai���
i� − Ei��� − �0

	NB��0�

+ 1 − NF�Ei����
 +
Ai���

i� − Ei��� + �0
	NB��0�

+ NF�Ei����
� , �12�

where we have defined �=g2 /2W2 and NB, NF stand for the
Bose and Fermi distribution functions,

E1,2 = 1
2 �U − 2� + � � ��U − ��2 + 4U��n−��� ,

A1��� =
E1��� − U�1 − �n−���

E1��� − E2���
, A2��� = 1 − A1��� ,

are the energies and spectral weights of the two Hubbard
subbands. The density of states of a square lattice �2D���
with nearest neighbor transfer tij is given by the complete
elliptic integral �4/�2�K��1− �2� /W�2�. Hereafter we use the
bandwidth W as an energy unit. We further assume that the
Coulomb interaction is sufficiently strong, so that the two
Hubbard bands renormalized by phonon interaction do not
overlap. Then from �12� we obtain the explicit expression for
the imaginary part of the electron self-energy due to phonons

−
1

��
Im �p��� = �2D� �� − �0 + ��2 − �� − �0 + ��U

�� − �0 + �� − U�1 − �n−��� �
�	NB��0� + 1 − NF�� − �0�


+ �2D� �� + �0 + ��2 − �� + �0 + ��U
�� + �0 + �� − U�1 − �n−��� �

�	NB��0� + NF�� + �0�
 . �13�

The real part of the self-energy is then determined through
the Kramers-Kronig relation:

Re �p��� =
1

�
� d��

Im �p����
�� − �

. �14�

II. ZERO TEMPERATURE ANALYSIS

To get some insights on the interplay of electron correla-
tions and the electron-phonon interaction, we start by con-
sidering the zero temperature case. In this limit an analytic
expression for the imaginary and real part of the self-energy
can be inferred from Eqs. �13� and �14� by taking U→�,
NB��0�=0, and NF���=1−���� and using the approximate
expression for the DOS obtained by expanding around the
Van Hove singularity �VHS�

�2D��� = ��1/2 − ����
4

�2K��1 − �2��2�

� ��1/2 − ����
4

�2 �− ln��� + C� , �15�

where C= 3 � 2 ln 2. This expansion substituted into �14�
yields a lengthy expression. Below we give the contribution
coming from the constant term in �15�,

Re �̃p��� = −
4�

�
C�

−�

�

d��
���� − �0�
�� − �

��1 − �n−��
2

− ��� + � − �0�� +
��− �� − �0�

�� − �
��1 − �n−��

2

− ��� + � + �0��� , �16�

which results in

−
�

4�C
Re �̃p��� = ln�� + �0

� − �0
�

+ ln�� − ��0 +
1 − �n−��

2
− ��

� + ��0 +
1 − �n−��

2
+ ��� .

�17�

From Eq. �17� it is seen that �Re �p���� has four logarithmic
singularities. For an infinite band, and in absence of electron
correlations, only the first term of �17� survives that corre-
sponds to the classical result of Ref. 38. In this case the
singularities occur at ±�0 and two shoulders appear at ener-
gies ���0 and �	−�0. Such a simple expression of Re �p

has been recently taken into consideration in Ref. 24 to in-
terpret the unusual isotope shift in the real part of the self-
energy in the optimally doped Bi2212.9 But the calculations
presented in Ref. 24 do not contain information on the elec-
tron correlations and on finite bandwidth which are impor-
tant in the interpretation of the experimental findings. The
effect of finite bandwidth on the spectrum in absence of Cou-
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lomb interactions has recently been considered in Ref. 39
where an additional singularity due to band edges has been
found. As can be seen from �17� in the presence of electron
correlations this singularity becomes strongly dependent on
doping compared to Ref. 39. In our treatment an additional
dilogarithmic singularity of the Re �p appears due to the
VHS in the density of states. We will show below that the
doping dependence is the ingredient that permits us to ex-
plain some experimental features of the quasiparticle disper-
sion that are lacking in previous calculation schemes.

III. NUMERICAL RESULTS

In the following we present the numerical results for the
quasiparticle dispersion and the spectral intensity taking into
account both the effect of the two-dimensional lattice density
of states and the reduction of electronic spectral weight at
low energies due to strong electron correlations.

As already mentioned, the parameters have been scaled
with the bandwidth W. Assuming the hopping integral t
=0.25 eV, we have W=2 eV. Thus the phonon frequency
�0=70 meV after scaling becomes �0=0.035, and the tem-
perature T=100 K→T=0.004. The standard definition of the
electron-phonon coupling constant is �= 	2N�0� /�0
� which
includes the density of states at the Fermi energy and is thus
concentration dependent, therefore in the following we use
the quantity �. � is usually determined in an indirect way
from experimental data, e.g., from the slope of the quasipar-
ticle dispersion.27 In particular, for Pb �=2 and if we take a
simple estimate for the density of states at the Fermi level,
N�0��1/W=0.5 �eV�−1, then the coupling constant � is
0.035.

A. Quasiparticle line-shape and spectrum

In Fig. 1 we show the dispersion along the diagonal di-

rection ��0,0�−Y�� ,�� of the Brillouin zone as given by
solution of Eq. �11� together with the spectral density func-
tion. The main features of the DOS are the central peak
corresponding to the quasiparticle �QP� excitation and the
two incoherent humps above and below EF corresponding to
phonon emission. The fine structures at high energies are
related to band edges and to the logarithmic VHS present in
the lower energy hump at E−EF�−0.25. The dip structure at
�±�0 originates from the logarithmic singularity in Eq. �17�
at zero temperature. Comparison with the dotted curve cor-
responding to �=0 clearly shows a significant modification
of high energy spectrum when states are created above and
below the band edges.39 Decreasing the momentum, the
spectral weight is transferred from the upper hump and from
the QP peak to the lower hump, until the QP and the dip
structure disappear as shown in Fig. 2. This behavior has
been recently observed in photoemission experiments.3,9 As
follows from our analysis of the spectral density in Fig. 2,
the dispersion at E−EF	−�0 in Fig. 1 corresponds to a
broad peak �hump�. As can be seen from Fig. 1, the kink
�indicated by arrow in the figure� appears as a change of
slope of the two straight lines, the upper line corresponding
to the QP dispersion branch and the lower one corresponding
to the higher energy hump. Although the two branches are
disconnected by the logarithmic singularity we choose to in-
terpolate them with a continuous line to make a direct con-
nection to experiments. In experiments the dispersion curve
looks continuous due to large amount of extraneous damping
not included in our theory and the kink is determined by the
crossing of two straight lines corresponding to the low-
energy and high-energy dispersion branches. The energy
drop we observe at momentum around k�2 is due to VHS.
After crossing this momentum the QP switches to a new
dispersion branch, leaving behind a nondispersive weak peak
at the energy corresponding to VHS. Note that at the electron
concentration considered the QP renormalized by phonons

FIG. 1. Spectral density function at ��k�=0.35 and dispersion
along the diagonal direction for �=0.02 �thick continuous line� and
�=0 �dotted line� for �0=0.035, T=0.005, U=3, �=0.05. All the
energies are in units of bandwidth W. Momentum is along the di-
agonal direction �-Y of the Brillouin zone. The arrow indicates the
kink position.

FIG. 2. Energy distribution curves for different values of the
momentum along the diagonal 	��k� is the bare electron dispersion
.
The parameters are: �=0.02, �0=0.035, T=0.004, U=3, �=0.15
�optimal doping�.
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has a linear dispersion while the dispersion of the correlated
electron with �=0 is nonlinear around EF �see dotted line�.40

In Fig. 3 we show the evolution of the Fermi surface �FS�
and the locus of the kink momenta in the Brillouin zone for
different values of the doping ��=0.15 and �=0.2, the other
parameters are reported in the caption�. An interesting fea-
ture is that while the FS is holelike the locus of the kink
momenta is electronlike. This agrees with the experimental
findings in Bi2Sr2CaCu2O8 around optimal doping.41 The lo-
cus of the kink position below the FS corresponds to the
emission of a phonon of fixed frequency. Since the energy
separation between the FS and the kink surface is around �0,
the difference in topology is due to a significant flattening of
the QP dispersion in the direction close to the �� ,0� , �0,��
line compared to the diagonal. This effect depends on dop-
ing, and is found around optimal doping. In the underdoped
and overdoped regimes we find that both surfaces are either
holelike or electronlike.

B. Doping dependence

In Fig. 4 we show the quasiparticle dispersion as function
of doping for the values of the parameters reported in the
caption. For each curve the kink position is determined by
the crossing of the two straight lines corresponding to the QP
and to the high-energy hump. The evolution of the kink po-
sition with hole doping along the diagonal is very close to
the one observed experimentally.9,10 At �=0.15 we find the
position of the kink at kx�0.47 �in unit of � /a, a=1 being
the lattice constant� while the experimental value is about
kx�0.37 to kx�0.39.9 An estimation of the kink momentum
closer to the experimental value is obtained by the inclusion
of next-nearest neighbor �n.n.n.� hopping. Indeed for the
choice of the n.n.n. hopping t� / t=−0.4 the kink position

along the diagonal is moved to kx=0.4, in better agreement
with experiments.

An important feature shown by our results, and also ob-
served in experiments,3,14 is that the quasiparticle velocity
ratio27 Rv�v����kink� /v��	�kink� �where v is given by
the slope of the curve� changes most rapidly at low doping
and reaches saturation close to optimal doping ���0.1�, i.e.,
the kink becomes smoother with doping. The dependence of
Rv on doping in our description is due to the correlated na-
ture of the bare electron band. Indeed, in the interval �
	0.1 the Fermi energy is close to the top of the band where
the correlated electron spectrum with �=0 is nonlinear �see
dotted line in Fig. 1� in good agreement with QMC
calculations.40 Inclusion of the el-ph interaction induces a
linear dispersion close to EF �Ref. 24� whose slope in our
approach depends on doping. This gives a concentration de-
pendent phonon effect. At larger doping, 0.1	�	0.25 the
Fermi energy falls within the linear region of the correlated
electron dispersion independent from doping, i.e., the slope
becomes constant and the effect of phonons is almost inde-
pendent from concentration. In contrast, the high energy fea-
tures, or humps, remain strongly dependent on doping. Of
course, in experiments it is difficult to extract the purely
electronic dispersion and the nonlinear behavior around EF at
low-doping is not directly observable, anyway such nonlin-
earity could provide an explanation of the doping dependent
kink features. For the parameters chosen in the Fig. 1 we find
that Rv�2.17 for �=0.15 and Rv�3.15 for �=0.03. These
values are close to the experimental ones. The parameter �
=0.02 we have chosen in Fig. 4 corresponds to the coupling
constant �=1.14, suggesting that the system is in the inter-
mediate coupling regime.

C. Temperature dependence and isotope effect

Other properties which can be explained within the pho-
non scenario are related to the changes in temperature and on

FIG. 3. Fermi surface �continuous line� and locus of kink mo-
menta �dotted line� in the first Brillouin zone for the hole doping
�=0.15 and �=0.2, while the other parameters are: �=0.04, �0

=0.04, T=0.006, U=2.

FIG. 4. Dispersion E�k� at different dopings for �0=0.035, �
=0.02, U=3, T=0.003. The kink position is determined by the
crossing of the two straight lines corresponding to the QP branch
and to the high-energy hump.
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isotope substitution observed in the experimental spectra,
which occur at energies much larger than �0. In Fig. 5 we
show the temperature dependence of the energy dispersion
close to the kink position �left panel� and at higher energies
�right panel�. The energy of the kink is only slightly increas-
ing with T and the kink is smoothed. The main dependence
on temperature is instead observed away from the kink re-
gion.

Regarding the isotope effect, it has been experimentally
observed both in the coherent �peak� and incoherent �hump�
parts of the spectrum.9 Comparison between the O16 and O18

dispersions in experiments shows that the kink separates the
low-energy regime, where the spectrum shows a coherent
peak and negligible isotope effect, from the high-energy re-
gime where the spectrum is more incoherent and shows ap-
preciable isotope effect. In Fig. 6 we report the low energy
dispersion for two different isotope values of �0, 0.03 and
0.035, while keeping the value of �= 	2N�0� /�0
� fixed. We

find a significant isotope effect below the kink E−EF	−�0
where the heavier isotope �smaller �0� has a lower dispersion
in agreement with experiments, while no isotope effect is
observed in the low energy regime. In Fig. 7 we report the
spectral intensity for the values of the parameters as in the
EDC curve N.5 in Ref. 9. The intensity presents a broad
maximum at higher energy that corresponds to a dispersive
“overdamped QP”9 and a nondispersive weak peak at lower
energy. There is a considerable isotope dependent redistribu-
tion of spectral weight and energy shift of the main peak. For
the heavier isotope material more spectral weight is trans-
ferred to lower energies as compared to the lighter isotope, in
agreement with experimental results. The isotope effect in
the incoherent part of the spectrum is also a characteristic of
the EDC curves obtained in experiments. The isotope shift is
reduced by temperature. The isotope effect at the phonon
frequency and above it would not be reproduced in a model
without electron correlations that induce a doping dependent
redistribution of spectral weight at high energy.

IV. CONCLUSIONS

We have analyzed the effect of electron correlations on
the energy spectra of the electrons coupled to the Einstein
phonon in the two-dimensional Hubbard model. The doping,
temperature dependence, and isotope effect of the spectral
intensity and of the energy dispersion along the diagonal
direction of the Brillouin zone are in good agreement with
recent experiments in the normal state of high-Tc cuprates.
The spectral intensity presents a characteristic peak/dip/
hump structure in which the dip corresponds to the phonon
frequency while a kink appears in the dispersion at the same
energy as the dip. The spectrum for the correlated electrons
interacting with Einstein phonons contains two branches, a
renormalized quasiparticle branch, for energies below the
phonon frequency, and a dispersive branch �hump� for larger
energy. Following experiments, we determine the kink posi-
tion by the crossing of two straight lines corresponding to the
two branches. Close to optimal doping, the locus of the kink

FIG. 5. Left panel: Dispersion E�k� close to the Fermi energy at
different temperatures, T=0.01, 0.02, 0.03 for �=0.1, �0=0.05, U
=3, �=0.05. Right panel: Dispersion at energy larger than the kink
�for the same parameters�. The biggest changes with temperature
due to phonons are observed away from the kink position in a broad
temperature range.

FIG. 6. Isotope effect in the quasiparticle dispersion at T
=0.004 for �=0.15, U=3, �=1.

FIG. 7. Isotope effect in the spectral density function at T
=0.004 for ��k�=−0.4, U=3, �=0.15, �=1.

R. CITRO, S. COJOCARU, AND M. MARINARO PHYSICAL REVIEW B 73, 014527 �2006�

014527-6



position in the Brillouin zone is found to be electronlike
while the Fermi surface is holelike in agreement with experi-
ments. The spectral intensity and the electron dispersion are
found to be strongly dependent on temperature, doping, and
isotope substitution especially at energies much larger then
the phonon frequency. We have shown that the effect of elec-
tron correlations becomes evident in the doping dependence
of the energy dispersion and line shape. In particular, our
results qualitatively reproduce recent experiments which
show a significant change in the ratio of the slopes �or ve-
locities� of the kink structure at low doping which saturates
close to optimal doping. Such dependence can be understood
if one notes that at low doping the Fermi energy is located in
the nonlinear region of the correlated electron spectrum,
which becomes linear due to the interaction with phonons
but acquiring a doping dependent slope. We find that for
doping larger than ��0.1 the Fermi energy is located in the
linear part of the correlated electron spectrum �doping inde-
pendent�. The dependence on doping disappears and the ve-

locity ratio saturates. In contrast, the high energy features of
the spectrum remain dependent on doping. Finally, we have
analyzed the effect of isotope substitution that consists of
redistribution of the spectral weight at low energies and in
the energy shift of the humps in agreement with experiments.
We would like to mention that our analysis can also be ap-
plied to the study of the photoabsorption regime where a
similar behavior for the electronlike excitations is expected.
The approximation we have used to describe strongly corre-
lated electrons is just the simplest possible one and further
refinements could account for more realistic features, for ex-
ample, including a realistic electronic band structure, dy-
namical effects, anisotropy, and momentum dependence of
phonon coupling.42 Work is in progress along this direction.
Nevertheless, the good qualitative agreement with a number
of recent experiments suggests that strong electron correla-
tions are crucial for understanding the role of phonons in
high-Tc superconductors.
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