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Abstract

We investigate the resonant two-magnon Raman scattering in two-dimensional Mott insulators by using a half-
filled extended Hubbard model with the second and third nearest-neighbour hopping terms, ¢ and t”, and the
nearest-neighbour Coulomb interaction, V. By performing numerical diagonalization calculations for a small cluster,
we find that the model can reproduce the experimental features that the Raman intensity is enhanced when the
incoming photon energy w; is not near the absorption edge but well above it. We also find that the ¢, t”, and V'
terms bring about less effect on resonant behaviours in the Raman scattering.
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In Mott insulators, low-energy physics associ-
ated with spin degree of freedom is described two-
dimensional (2D) Heisenberg model. However, the
nature of high-energy excited states across the Mott
gap is less clear as compared with that of the low-
energy spin states. Such excited states are usually in-
vestigated by optical absorption measurements, where
photons excite the system across the Mott gap. In
addition, resonant Raman scattering is very useful for
the investigation of the photoexcited states, because
the resonance is observed when incoming photon en-
ergy w; is near the energy of the photoexcited states.
In the Raman scattering of 2D insulating cuprates,
a two-magnon peak has been observed in the B; ge-
ometry. The w; dependence of the two-magnon peak
intensity shows an interesting feature that the inten-
sity is not enhanced near the gap edge (~1.8-2¢V),
but resonance occurs at higher w; (~3eV) [1,2].

In this paper, numerical calculations of the two-
magnon Raman intensity as a function of w; are
performed for a half-filled 2D Hubbard model with
the second and third nearest-neighbour (NN) hopping
terms, t' and t”, and the NN Coulomb interaction
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V', in addition to the NN hopping ¢ and the on-site
Coulomb interaction U. We find that the effect of
t', t”, and V on resonant behaviours in the Raman
scattering is small and the model can reproduce the
experimental observations mentioned above.

In 2D cuprates, the value of ¢ is estimated to be
t~0.35eV from the analysis of the electronic structures
[3]. The value of U is evaluated to be U=10¢ for the
gap values to be consistent with experimental ones.
The long-range hoppings ¢ and t” are known to be
necessary for the precise description of the electronic
states in the cuprates and their values are determined
from the analysis of angle-resolved photoemission data
[3]: t'=-0.343¢ and ¢"=0.229¢t. V/t is taken to be 1.5,
which is used in one-dimensional cuprates [3].

We consider the strong coupling limit (U > t) of
the extended Hubbard model. In this limit, the ground
state and final states of the two-magnon Raman scat-
tering have no doubly occupied site. We perform the
second order perturbation of ¢, neglecting ¢ and " in
the perturbation because of small values of |¢'| and |¢”]
as compared with ¢. Then, the ground and final states
are described by a 2D Heisenberg model that contains
only the NN exchange interaction. In the intermadiate
states of the Raman process, there are one doubly oc-
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Fig. 1. The w; dependence of Raman intensity Ramag
(dotted line), and absorption spectrum ez (solid line)
in a 20-site cluster with U=10t, (a) t'=t""=V=0,
(b) ¢ = —0.343t,t" = 0.229t,V = 0, and (c)
t' = —0.343t,4t"" = 0.229¢,V = 1.5t. Inset in (a) shows
two-magnon Raman spectrum at w;=8t . The solid lines are
obtained by performing a Lorentzian broadening with of 0.4¢
on delta functions denoted by thin vertical bars.

cupied site and one vacant site. The expression of an
effective Hamiltonian for the states within the second
order pertuurbation of ¢ has been given in [4]. In the
present study, the ¢ and " terms for the doubly oc-
cupied and vacant sites and an attractive Coulomb in-
teraction —V between the two sites are added to the
effective Hamiltonian. We calculate numerically two-
magnon Raman intensity and absorption spectrum &
(their expressions are shown in [5]), by using numerical
diagonalization method for a v/20 x v/20 square cluster
with periodic boundary condition.

First we show results for ¢'=t"=V=0 [5]. In Fig.
1(a) the inset shows two-magnon Raman spectrum at
w;=8t. We difine Romag as the intensity of the lowest-
energy peak at w=1.37¢t. The main panel of (a) shows
the w; dependence of Raomag (dotted line) and g2 (solid
line). 2 has an edge peak at w;=6.2t. However, Romag
is not enhanced at the absorption-edge peak, but the
resonance occurs at w; ~ 11t. This w; dependence of
Romag is similar to the experimental data [1,2].

Next we introduce the long-range hoppings

t'=-0.343t and t'=0.229t, and set V=0. Fig. 1(b)
shows the w; dependence of Romae and e2. The ten-
dency of the w; dependence of Romag is the same as
that in Fig. 1(a).

Finally we introduce both the long-range hopping
and NN Coulomb interaction V=1.5¢. Fig. 1(c) shows
the w; dependence of Romag and 2. The tendency of the
w; dependence of Romag is similar to the previous two
cases. We note that the magnitude of Romag and ez is
enhanced as compared with that in Fig. 1(b). This is re-
lated to the feauture that V' arranges the doubly occu-
pied and vacant sites with one lattice spacing. We also
note that the energy difference between absorption-
edge and resonance maximum is about 4t~1.4eV, be-
ing consistent with experimental data of 1.35eV [2].

In our previous study, we investigated the photoex-
cited states of the Hubbard model without ¢, ¢, V [5].
In the study we found that the photoexcited states of
absorption-edge are characterised by the spin degree of
freedom and the photoexcited states for the resonance
of two-magnon Raman intensity are characterised by
the charge degree of freedom.

In summary, we have calculated resonant two-
magnon Raman intensity with the extended Hubbard
model in the strong coupling limit. The w; depen-
dence of Raman intensity is qualitatively unchanged
by inclusion of ¢,  and V. The dependence is in
agreement with experiments.
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