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Abstract

We examine theoretically the phonon dynamics in the electron-phonon-coupled systems. The model Hamiltonian is
a one-dimensional Hubbard model coupled with phonons. The numerically exact diagonalization of the Hamiltonian
with truncations of phonon Hilbert space is performed. We calculate the phonon excitation spectra and find a
deffusive feature in the spectra in the metallic region. We also calculate the charge and spin excitation spectra and
find that the feature in the phonon spectra is caused by the low energy electronic excitations.
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The role of the electron-phonon coupling in both
electron and phonon states in high-7. cuprates is still
controversial. It has been proposed in the ARPES
study [1] that the phonon plays an important role in
the electronic states of the cuprates. In particular, the
’kink’ dispersion and the spectral shapes in APRES
spectra would be related with the anomalus behavior
in longitudinal optical phonon modes exhibited in the
neutron scattering experiment [2][3]. In view of theo-
retical study, it is neccesary to treat the electronic and
phonon degrees of freedom on an equal footing for un-
derstanding both these dynamics. In this study we ex-
amine the phonon dynamics in the strongly correlated
electron system. The numerically exact diagonaliza-
tion technique is used to calculate the electron and
phonon excitation spectra. A diffusive feature of the
phonon excitation spectra is obtained in the metallic
region. By comparing the energy and momentum of
the phonon excitations with those of charge and spin
excitations, we conclude that the feature is caused by
the low energy electronic excitations.

In order to examine the momentum dependence of
the phonon dynamics affected by the strongly corre-
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lated electrons, we consider the one-dimensional Hub-
bard model coupled with phonons defined by,

H=-t Z (c;acu_l,(, + h.c‘) + Uannm
1
+ 300 (b, + 3) 1)
a
—I—)\Z (bi+% + bz+%) (ni,o — Nig1,0),

where c¢; o denotes the annihilation operator of elec-
tron with spin o at site i, ni, = c;aci’a, by the
phonon annihilation operator with momentum gq,
by = 2, ¢+ 3)p, (L is the system size). The
parameters t, U, A and €24 are the electron hopping in-
tegral between nearest neighbor sites, on-site Coulomb
interaction, coupling constant between electron and
phonon, and the phonon frequency, respectively. We
assume that €, = wocosq + Qo for simplicity. The
last term in Eq. (1) denotes the interaction between
phonon and electron density. We also consider another
case that phonon interacts with the hopping of the
electrons and discuss the differece of the couplings
elsewhere [4].
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Fig. 1. The phonon excitation spectra D(q,w) in the
one-dimensional half-filled (p = 8/8) Hubbard model where
phonon interacts with the electron density, obtained by exact
diagonalization for the 8 site ring. The values of the param-
eters are U/t = 10, Qo/t = 1.5, wo/t = 0.5, and A/t = 0.25.
The thin curve denotes the dispersion of the free phonon. The
¢ functions (the vartical thin solid lines) are convoluted with
a Lorentzian broadening of 0.1t.

We calculate the phonon excitation spectrum de-

fined by,
o> R

where |0) denotes the ground state with energy Fy and
7 is infinitesimal quantity. Note that D(q,w) = é(w —
Q) in case of the free phonon system.

We employ the numerically exact diagonalization
method to examine the ground state and the excitation
spectra. The infinite-dimensional phonon Hilbert space
requires some further approximation even for finite-size
systems. In this study we truncate the total number of
phonons (~ 4) in the system. We will show the results
in the case that the system size L = 8 throughout.

Figure 1 shows D(q,w) for half-filling of electrons in
the Hubbard model. The parameter values are U/t =
10, o/t = 1.5, wo/t = 0.5, and A/t = 0.25. Parame-
ter values for the phonon system are set to be larger
than those in real transition metal oxides, because we
qualitatively examine the effect of electron-phonon in-
teraction on the phonon spectra. The thin curve in Fig.
1 denotes the dispersion of the free phonon. In Fig. 1,
there is a single peak for each momentum, and the en-
ergy position of the peak remains unchanged from that
of the free phonon dispersion within this figure scales.
Since the charge fluctuation is much supressed, the dy-
namics of the phonons which couple with the charge
density is less affected in case of the half-filling of elec-
trons. Thus the feature of the spectra is the same as
that of the free phonon system.

In Fig. 2, we show D(q,w) in the hole-doped case,
where the number of electrons per site p is 6/8. The
values of the other parameters are the same as in Fig. 1.
The spectrum at g = /2 splits into some peaks, which
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Fig. 2. The phonon excitation spectra D(q,w) in the
one-dimensional hole-doped (p = 6/8) Hubbard model where
phonon interacts with the electron density. The values of the
parameters are the same as in Fig. 1.

means that the diffusive feature appears with electron-
phonon coupling. In order to examine the relation with
the electronic excitations, we calculate the dynamical
charge correlation functions (not shown here). In the
charge excitation spectrum at 7/2, a peak appears in
the energy region of the phonon excitation. Therefore
the diffusive feature in Fig. 2 is caused by the charge
excitations at the same energy and momentum regions.

In summary, we have examined theoretically the
phonon dynamics in the one-dimensional Hubbard
model coupled with phonons. We have adopted the
numerically the exact diagonalization method with
truncation of phonon Hilbert space to calculate the
phonon excitation spectra as well as the charge and
spin excitation ones. We have found a diffusive feature
in the phonon spectra in the hole-doped system and
that the feature is caused by the low energy electronic
excitations.
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