
cies indicates the upper limit of (single)
phonon absorption. The highest infrared-
active phonon peak is observed at 80 meV
(ref. 3), showing that the peaks at 160 and
240 meV are within the range of two- and
three-phonon absorption, respectively. By
increasing the number of phonons involved
in the absorption process from one to two
to three, the spectral weight in s(v) is
reduced each time by one to two orders of
magnitude. Moreover, multiphonon Raman
scattering is predicted4 to be particularly
strong in orbitally ordered LaMnO3.

The multiphonon features do not neces-
sarily correspond to simple multiples of the
k40 single-phonon peaks observed in
Raman or s(v), because phonon modes
from the entire Brillouin zone can be com-
bined to yield the required total momen-
tum, ktot40. The multiphonon peaks reflect
peaks in the combined density of states
weighted for each technique by the respec-
tive matrix element. In LaMnO3, Raman
and infrared spectroscopy are sensitive to
excitations of different symmetry, which
explains the slightly different peak frequen-
cies observed using the two methods.

Below about 160 meV, multiphonon
features are common in transition-metal
oxides that have pseudocubic, perovskite
structures. As an example, Fig. 1 shows
s(v) for LaCoO3, for which we measured
the transmittance on a single crystal 
with d<37 mm. At a temperature of 4 K,
LaCoO3 is in a non-magnetic state (t2g

6eg
0)

without orbital degeneracy or orbital order,
and so orbital waves can be excluded as the
origin of the observed peaks. These features
must also be interpreted as arising from
multiphonons.

Finally, we note that the peak frequen-
cies are rather low for orbitons. Two 
components contribute to the orbiton ener-
gy: one is purely electronic and the other is
due to electron–phonon coupling. Saitoh et
al.1 predict on theoretical grounds that the
electronic contribution to the highest peak
should be about 4J1<200 meV, and assume
that the electron–phonon contribution is
rather small (0.56J1<28 meV). However,
other estimates of the electron–phonon
contribution5–11 vary between 0.7 and 2.0 eV
and therefore do not support the existence
of orbitons at 160 meV. 

We conclude that the observed features
of s(v) are due to multiphonons, and see
no evidence so far to support an alternative
explanation of the similar Raman peaks.
Raman measurements on an oxygen-isotope-
substituted sample of LaMnO3 should 
clarify this point.
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Saitoh et al. reply — We disagree with the
assertion of Grüninger et al. that the Raman
peaks from LaMnO3, which we interpret as
being due to scattering from orbital excita-
tion, are caused by multiphonon excitation. 

First, the estimated oscillator strength, f,
of their observed 160-meV peak in the
optical conductivity, s(v), is less than
121016, which is much weaker than those
of the main Mn–O stretching mode at 
71 meV (f<221014) and of the electronic
charge excitation at around 1.9 eV
(f<2.721011; ref. 1). Such a weak infrared
peak is explained by a spin-allowed 
d–d electronic excitation that becomes
infrared-active through the disruption of
local-inversion symmetry due to impurities
and/or defects. The orbiton represents one
such low-energy d–d excitation, although 
it can show k-dispersion. 

Figure 1 shows the polarization depen-
dence of the s(v) and Raman spectra for a
detwinned LaMnO3 crystal at about 10 K.
As the s(v) was deduced from the reflectiv-
ity, the weak intensity (around 1 V11 cm11)
of the infrared-active peak is barely
detectable. The s(v) spectra are also plot-

ted as functions of the doubled photon
energy (Fig. 1, dashed lines). The infrared-
active phonon at 80 meV is observed only
in the Eùz polarization ((x,x) configura-
tion; Fig. 1, top). The E||z spectra do not
show any peak at the corresponding energy,
although the prominent Raman band at
160 meV is evident in the (z,z) configura-
tion (Fig. 1, bottom). 

Any combination of two infrared-active
modes with the same symmetry may pro-
duce the Raman-active symmetry. Howev-
er, it is hard to reconcile a two-phonon
interpretation in terms of an 80-meV in-
plane-active mode, with the strong Raman
intensity observed in the (z,z) configura-
tion. In addition, the peak energy of the
Raman band in the (x,x) configuration
deviates from the doubled energy of the 
80-meV phonon peak with increasing 
temperature (Fig. 1, inset).

In LaMnO3, the 80-meV infrared-
active mode in the Eùz spectrum disap-
pears above TJT<750 K. In LaCoO3, the
s(v) spectra deduced from the reflectivity
data do not show any prominent peak
near 82 meV (ref. 2), in contrast to the 
80-meV mode in LaMnO3, which is weak
but clearly discerned as the Jahn–Teller
(JT) distortion-induced mode (f<121015).
The origin of the 82-meV peak in LaCoO3

observed by Grüninger et al. is interesting,
but irrelevant to the origin of the intense,
high-frequency Raman modes observed
for LaMnO3. 

By considering both the electronic and
phononic contributions to the orbiton
energy equally, we have quantitatively 
estimated the parameter values of the
interactions3. Using these values, we have
calculated the Raman spectra that show
good agreement with the experimental
results. The large discrepancy between our
and previous estimates, as pointed out by
Grüninger et al., arises from the absence
or averaged treatment of the strong 
electron correlation.
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Figure 1 Polarized optical conductivity s (v) and Raman spectra

in a detwinned LaMnO3 crystal at around 10 K (inset, Raman

spectrum at 300 K). Top, Eùz spectra, (x,x ) configuration; 

bottom, E ||z spectra, (z,z) configuration. The s (v) spectra are also

plotted as functions of the doubled photon energy (dashed lines).
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