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I. INTRODUCTION

The manganites are complex compounds which have been
a subject of much interest in the last decade owing to their
properties potentially useful for technological applications
and to their analogy to high-Tc superconductors. The compe-
tition between the spin, charge, orbital, and lattice degrees of
freedom provides a rich variety of phases.1,2 Fundamentally,
regardless of the details of the particular theory, the coupling
between the Mn and O atoms is very important, as oxygen is
the mediator of the indirect exchange interactions between
the Mn atoms. As shown in various studies, the bonding
between manganese and oxygen has a partial covalent
character,3 influencing both the magnetic and transport prop-
erties. Therefore, it is of interest to investigate the electronic
structure of Mn emphasizing the Mn-O charge transfer.

In the present study, we will demonstrate the use of reso-
nant x-ray spectroscopies in understanding the charge-
transfer dynamics in a three-dimensional manganite
La0.875Sr0.125MnO3. At this particular Sr concentration, one
finds orbital and charge ordering, and a very unusual ferro-
magnetic insulating phase, which are discussed in the
literature.4–6 These phenomena cannot be explained through
simple models such as double exchange,7 making
La0.875Sr0.125MnO3 a key compound for a better understand-
ing of the colossal magneto-resistance effect.

For a system in a core level excited state, the competition
between the charge transfer and core-hole decay processes
manifests itself as a correlation �or its absence� between the
excitation and deexcitation channels.8 This competition is
used to obtain information on the charge-transfer dynamics
within the time scale corresponding to the core-hole decay,
providing an alternative technique to pump-probe
measurements.9 In terms of the particular technique used,
resonant Auger electron spectroscopy �RAES� has proved to
be a valuable tool, especially obvious in measurements in-

volving weakly coupled adsorbate-substrate interactions
�see, for example, Ref. 10�. Though less commonly used,
resonant x-ray emission �RXES� bears the same principles of
interest, and will be utilized in the following as a comple-
mentary technique to RAES.

Dominantly the Auger electron and to a lesser extent
x-ray emission constitute the majority of the decay channels
for an ion excited above its ground state in the soft x-ray
regime. The incoming photon creates a core-hole, which is
subsequently filled by an electron coming from a shallower
core level or the valence band. The energy released either
kicks out an electron from the ion �radiationless decay, Auger
electron emission� or is emitted as a photon �radiative decay,
x-ray emission�. In the nonresonant case, where the incident
photon energy is far above the absorption threshold of the
core level of interest, the excitation and deexcitation steps
can be viewed as being independent. The photoemitted elec-
tron is not involved in the relaxation of the intermediate state
nor in the deexcitation of the ion. The outgoing Auger elec-
tron has a specific kinetic energy, which is determined by the
energy difference between the intermediate state �singly
charged� and the final state �doubly or singly charged for
Auger electron or x-ray emission� independent of the inci-
dent photon energy. On the other hand, when the photon
energy is tuned close to the absorption threshold, the photo
excited electron has just enough energy to reach the empty
states in the valence band. Therefore, there is a chance that it
will participate in the deexcitation. In this case, the energy of
the Auger electron �or the emitted photon in RXES� depends
on the incident photon energy. The resulting behavior, with
the clear signature in the dispersion of the peak positions, is
termed as Raman-Auger emission or Raman scattering. In-
creasing the photon energy further, the excited electron will
finally be able to “escape” before the ion can decay. This
transition is viewed as a change from a one-step �coherent� to
a two-step �incoherent� process.
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The existence of Raman behavior around the absorption
edge, and its evolution to the nonresonant process with in-
creasing photon energy, depend on the relaxation dynamics
in the intermediate state. The transition between the two re-
gimes is governed by the competition between the time
scales corresponding to the core-hole decay and the charge
transfer �or in more general terms, the delocalization of the
excited core electron in the intermediate state�. The intensity
ratio between the coherent and incoherent channels in the
scattering will be proportional to the ratio of the two com-
peting rates, under the assumption that both the core-hole
decay and the charge transfer have exponential time depen-
dences. Most of the quantitative studies of “femtosecond”
RAES up to date have used this idea in cases where the two
channels could be distinguished through a shift in energy or
by means of a complementary measurement on a similar but
isolated ion.8 However, a crucial ingredient, which has to be
taken into account, is the fact that the considered rates are
not simply constants, but they change throughout the absorp-
tion threshold. We will demonstrate in the following sections
that this fact is closely related to the transition from Raman
to normal emission behavior for a particular spectral feature.
As was suggested by earlier measurements �e.g., Ref. 10�,
the charge transfer time may possibly depend on the inter-
mediate state. This is due to the excitations into orbitals hy-
bridized with the neighboring atoms, which have higher
probability of delocalizing in a given time. On the other
hand, close to the threshold, the core-hole decay time has to
be replaced by an “effective scattering time,” which depends
on the photon energy relative to the absorption edge.11,12

The last statement can be extracted from the resonant
scattering amplitude, described in the Kramers-Heisenberg
formulation,8,11 as it will be shown in the following. If we
consider the excitation by an incoming photon of energy E�

of an atom from its ground state �0� to all possible interme-
diate levels �j� of energies Ej0 and the subsequent decay to a
final state �f�, the resonant scattering amplitude is given
by8,11

Fresonant = �
j

�f �Q�j��j�D�0�
E� − Ej0 + i�

, �1�

where Q and D are the Coulomb �in the Auger case� and the
dipole operators, respectively, and � is the lifetime width of
the core-hole excited intermediate state. Note that the de-
nominator in Eq. �1� appears as an exponential considering
the time dependence in the evolution of quantum states. De-
fining the detuning, �, as the energy difference E�−Ej0, one
can obtain a scattering time �or effective duration of scatter-
ing�, following Gel’mukhanov and Agren:11,12

�c =
1

��2 + �2
, �2�

where the contribution to resonant scattering is mostly lim-
ited to times t��c. It is seen that for zero detuning, namely
on the resonance, the effective scattering time is given by the
core-hole lifetime �−1, whereas the scattering gets faster for
larger detuning. It follows immediately that the probability
of observing coherent excitation and deexcitation steps in-

creases with detuning, purely on a quantum mechanical basis
as the system will not have sufficient time for relaxation for
scattering faster than the charge transfer.

The comparable core-hole decay and charge transfer times
make La0.875Sr0.125MnO3 suitable to be studied using the
ideas described above, as it will be demonstrated in the fol-
lowing sections. The measurements were done on different
decay channels following the same excitations across the
Mn L3 absorption threshold. In particular, we have measured
the Mn 2p3p3d RAES radiationless channel and Mn 3d2p
�L�1,2� and Mn 3s2p �Ll� RXES radiative decay channels as
the incident photon energy was tuned through the Mn L3
edge. The results will be interpreted in light of the similar
studies on 3d metals and their oxides.

II. EXPERIMENTAL

Both RAES and RXES measurements were done at the
elliptically polarized undulator beamline BACH at
ELETTRA.13 The incident photon energy was tuned around
the Mn L edges at about 640 eV by means of a spherical
grating monochromator, with a typical resolving power of
about 3000. Both the inelastic scattering and the photoemis-
sion measurements were done in the same experimental
chamber. The electrically isolated sample mount allowed for
the absorption measurements to be carried out in the same
configuration through total electron yield. The base pressure
in the chamber was below 4�10−10 mbar during all mea-
surements.

The x-ray spectrometer used in the RXES measurements
is based on a variable-line-spacing �VLS� grating with a
CCD detector placed in its focal plane.14 The angle of the
detected x-ray emission was 60° away from the direction of
incidence in the horizontal plane. In order to optimize the
energetic resolution and spectrometer efficiency, all the
RXES data presented in this work were acquired using the
second order from the VLS grating. The intensities were nor-
malized with respect to the oxygen 1s emission peak, which
was recorded simultaneously to the Mn 3d2p and 3s2p emis-
sion spectra. In order to collect the Auger electron emission,
a 150 mm-VSW hemispherical-electron analyzer with a 16-
channel detector was used.

The single crystal La0.875Sr0.125MnO3 sample was grown
by floating zone melting with radiation heating at the Mos-
cow State Steel and Alloys Institute.15 X-ray diffraction was
used to check the structural quality and the single phase na-
ture of the specimens. The absorption spectroscopy measure-
ment on the sample exposed to air for long time shows a
strong Mn2+ component, which disappears after fracturing
the sample in situ. The clean surface was monitored by the
Mn L-edge absorption spectrum, and confirmed by the ab-
sence of the 9 eV binding energy peak in the valence band
photoemission spectrum, a signature of contamination.3 All
the measurements were done at room temperature in the
paramagnetic-insulator state of the compound. The polariza-
tion of the incident x-ray beam was linear in the horizontal
scattering plane.

III. RESONANT AUGER ELECTRON SPECTROSCOPY
RESULTS

As described in the Introduction, the Mn 2p3/23p3d Auger
electron emission can be used to study the competition be-

MENTEŞ et al. PHYSICAL REVIEW B 74, 205409 �2006�

205409-2



tween the charge transfer and core-hole decay, apart from the
information it provides on the band structure parameters of
Mn.16 The off-resonant photoemission spectra in Fig. 1
shows several features including Mn core levels as well as
the two peaks associated with the 2p3p3d Auger emission.
The strong interaction between the final state 3p core hole
and the d electrons, as well as the mixing between the oxy-
gen p and the manganese d levels complicate the understand-
ing of the origin of the peaks. In addition, the absence of the
dipole selection rules in the deexcitation step for the nonra-
diative transition increases the possible number of final states
greatly. With a comparison to the valence band resonant pho-
toemission results, we assign the two peaks to different 3d
configurations arising due to multiplet effects. The intra-

atomic nature of the peaks is further supported by a measure-
ment on the gas phase Mn.17 Regardless of the particular 3d
configurations, the approximate values of the charge-transfer
energy and the transfer integral3,18 and the strong 3p-3d Cou-
lomb interaction point to the possibility that there is a large
charge-transfer contribution in the Auger final states.

The series of 2p3/23p3d Auger spectra as a function of
incident photon energy are shown in Fig. 2. The objective of
the data analysis was to extract the peak positions and inten-
sities corresponding to the two main Auger components. In
order to obtain a good fit to the spectra within the full range
of the incident photon energies, five Gaussians were intro-
duced in the 25 eV kinetic energy range considered.19 The
two peaks at higher kinetic energy together account for the
3p core level contribution, marked as C in the figure, where
the energy difference between them was constrained to be
around 1.8 eV according to a fit on the nonresonant spectra.
The remaining peaks belong to the Auger components la-
beled as A �peak 1� and B �peaks 2 and 3�. Note that the
positions of peaks 2 and 3 follow a similar dispersion with an
energy spacing of 2.0±0.3 eV, suggesting that their origin
may be similar to the multiplet peaks of the 3p core level.20

The Raman-Auger �constant binding energy� and normal
Auger �constant kinetic energy� regions are visible in Fig. 2.
The vertical lines are drawn as a guide to the eye to mark the
positions of the two Auger peaks. The results of the fitting
procedure are given in Fig. 3. The important observations
can be summarized as follows: �i� the localized nature of the
intermediate state persists up to 1.3±0.2 eV below the ab-
sorption threshold, seen as a slope change in the positions of
the Auger peaks as a function of incident photon energy, �ii�
the measured slope of peak A never reaches the value 1
�constant binding energy� before the transition, or 0 �constant
kinetic energy� after the transition, �iii� the Auger intensities
follow the resonance through the absorption edge with a pro-

FIG. 1. The Mn3s and 3p core levels and the 2p3p3d Auger
peaks are shown for an incident photon energy of 654 eV.

FIG. 2. Mn2p3p3d Auger spectra and the photoemitted 3p elec-
trons as a function of photon energy. The vertical lines are drawn as
a guide to the eye. The x-ray absorption spectrum �XAS� peaks at
641.3 eV. The incident photon energy for each Auger spectrum is
noted on the right, and the five Gaussians used in the fit are shown
for the spectrum at the XAS peak 641.3 eV.

FIG. 3. Filled circles are the kinetic energy of the Auger peak A
as a function of the incident photon energy. The solid line is the
intensity of the same peak obtained from the fit as explained in the
text and plotted against the photon energy. The horizontal dashed
line is to mark the position of the nonresonant Auger kinetic energy
of the same peak, measured 20 eV above the edge. The photon
energies corresponding to the Raman-Auger to normal Auger tran-
sition, and to the XAS peak are 640.0 and 641.3 eV, respectively, as
marked by vertical lines.
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nounced prepeak feature, and �iv� the 3p core level intensity
also shows a resonant behavior, which peaks before the
Raman-Auger to normal Auger transition.

Leaving the discussion of the first two points to the fol-
lowing sections, we now focus on the photon energy depen-
dence of the intensity of the lower kinetic energy Auger peak
A shown in Fig. 3. The intensity profile follows the resonant
shape of the absorption spectrum, with a clear prepeak
around 639.7 eV. At this photon energy, the position of peak
A is equal, within the uncertainty, to the same Auger feature
measured above the L2 threshold. This coincidence suggests
that the prepeak in the intensity profile of the Auger line may
be due to an interference between the processes in which the
intermediate state is a 2p core-hole-excited state with �two-
step� or without �one-step� relaxation into the lowest energy
XPS core-hole state.21,22 The relative positions of the absorp-
tion and core level photoemission peaks are shown in Fig. 4,
where the XPS core-hole state is seen to be at a lower energy
by 0.4 eV. This difference means that, within the time before
the core-hole decay, the neutral core-hole excited state at
resonance will try to relax to the final states of the photo-
emission process. Indeed, the reduced slope before the nor-
mal Auger onset points to the fact that the intermediate state
is in part able to relax before the decay takes place. A similar
effect is observed between the participant and direct core
level contributions to the 3p line. The corresponding inten-
sity profile peaks before the Raman to normal Auger transi-
tion, settling to a constant value at around the XAS peak �not
shown�.

Note that the analysis of the energy dispersion has been
focussed on the Auger peak labeled as A, as the results for
peak B were rendered unstable due to the overlap with the 3p
core level peaks in the energy range where the Raman-Auger
behavior is observed. Nevertheless, the same transition from
Raman-Auger to normal Auger was seen for peak B as well,
with a considerably reduced slope change compared to that
of peak A.

IV. RESONANT X-RAY EMISSION RESULTS

Similar to the Auger spectra, we have recorded the
Mn 3d2p and 3s2p RXES spectra as the incident photon

energy is tuned through the Mn L3 edge. The peaks corre-
sponding to the 3d to 2p emission are shown in Fig. 5�a� for
various photon energies. The highest emission energy peak,
labeled as C, corresponds to the recombination process,
whereas at lower energies one can observe the resonant
energy-loss features. The two peaks labeled as A� and B�,
located roughly around 8.5 and 2.5 eV below the recombi-
nation peak, are due to excitations within the d-band of Mn.

FIG. 4. The absorption spectrum at the L3 edge of Mn �solid
line� is shown along with the 2p core level photoemission spectrum
�dashed line�, plotted as a function of binding energy. The absorp-
tion curve was measured by total electron yield.

FIG. 5. Mn �a� 3d2p �L�1,2�, �b� 3s2p �Ll� RXES spectra as a
function of incident photon energy, as noted on the right. For an
explanation see the discussion in the text.
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The groups of multiplets giving rise to the two features have
different amounts of hybridization with the oxygen 2p states,
and a dominant charge-transfer character is assigned to the
lower emission energy peak A�.23

In analogy to the Auger emission measurements, the fea-
tures in the RXES spectra go through a transition as a func-
tion of the incident photon energy. This is demonstrated in

Fig. 5, where the vertical lines are drawn as a guide to the
eye in order to underline the constant emission energy be-
havior. Especially obvious for A� in 3d2p case, the peak
position follows the incident photon energy up to the transi-
tion after which it stays roughly at constant emission energy.
The result of the fit is shown in Fig. 6�a�.24 The slope of the
data points before the transition at 640.0 eV is 0.84, corre-
sponding to an almost constant energy loss, whereas after the
transition the slope is found to be 0.24, a sign of partially
localized nature of the intermediate state persisting above the
transition. The photon energy corresponding to the transition
is determined to be 1.3±0.2 eV below the absorption thresh-
old.

It is interesting to follow the intensity of the charge-
transfer peak A� as a function of the incident photon energy
throughout the absorption edge. Seen in Fig. 7, one immedi-
ately notices that the prepeak feature in the absorption spec-
trum is absent in the intensity profile of the emission peak.
The explanation is based directly on the coherent nature of
the excitation-deexcitation processes. As the prepeak is lo-
cated before the Raman scattering to normal x-ray emission
transition, the ligand �charge transfer� character observed in
the final state configuration must be preserved in the inter-
mediate and initial states too. In spite of the numerous mul-
tiplet peaks under the XAS spectrum, we can qualitatively
group them according to the atomic levels subjected to a
crystal field, with the prepeak region corresponding to the
empty spin up eg level assuming 3+ valency with four d
electrons. The transition, under the assumption of charge-
transfer character throughout the whole process, can be
viewed as 3d4+3d5L�ground�→2p53d6L→3d5L. The empty
eg level is filled up when a ligand hole L is introduced at the
oxygen site, possibly giving an explanation to the missing
prepeak in the intensity profile of the charge-transfer feature
in the RXES spectra.

The Mn 3s2p RXES spectra, seen in Fig. 5�b� were ana-
lyzed in the same way as the 3d2p peaks. A similar disper-
sion in the main peak position was observed, with the emis-
sion energy increasing linearly with photon energy up to
1.9±0.2 eV below the absorption threshold. The slope was
found to be 0.83 before the Raman scattering to normal
emission transition, and 0.02 after, suggesting a nearly con-

FIG. 6. �a� The position of the 3d2p emission peak, labeled as
A� in Fig. 5�a� and 5�b� the main peak position for the 3s2p emis-
sion spectra, as a function of incident photon energy. The transitions
from Raman to normal emission are noted on the figures, along with
the XAS peak.

FIG. 7. Intensity of the inelastic scattering peak A� plotted
against the incident photon energy, and compared to the x-ray ab-
sorption spectrum. See the discussion in the text about the differ-
ence observed in the prepeak region.
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stant peak position within the uncertainty of the fitting pro-
cedure. This dependence of the 3s2p peak position on the
incident photon energy is shown in Fig. 6�b�.

V. DISCUSSION

As was shown for Cr and Fe,25 and Ni,26 the Raman to
normal Auger transition takes place at or before the ioniza-
tion threshold �IT�, which is obtained from the binding en-
ergy of the 2p core electron by an XPS measurement. The
normal Auger onset at the threshold of a continuum of states
was established earlier.27 An explanation for the observation
of normal Auger behavior before the IT was given by a study
on V metal, where it was demonstrated that the existence of
core-holes in the final state pulls down the 3d band.28 How-
ever, for the La0.875Sr0.125MnO3, the 3d band is highly local-
ized, and the center of the 4sp band is located at consider-
ably higher energies as observed in oxygen K-edge
absorption measurements.29 As a result, any electron ex-
change contributing to relaxation has to take place by hop-
ping through the states hybridized with the neighboring oxy-
gen atoms. A more pronounced example of this comparison
is seen in the case of NiO, with a large bandgap. Interest-
ingly, it was shown that the measured behavior of the various
Auger lines through the Ni L3 resonance can be explained
neither by the spectral weight transfer across different mul-
tiplets, nor by the distribution of the charge transfer satellites
throughout the resonance.30

The observation of the Raman scattering on the charge
transfer peak A� in Fig. 5�a� is a direct confirmation that
having an intermediate state hybridized with the oxygen 2p
band is not sufficient for relaxation within the core-hole life-
time. This is in spite of the faster hopping times expected
from the charge transfer integral, around 2.0 eV,3 in com-
parison to the approximate core-hole lifetime width
�0.5 eV. A similar conclusion was reached for NiO through
a charge transfer multiplet calculation, with no evidence of a
correlation between the weight of the charge transfer states
and the normal Auger onset.30 In the mentioned work, an
alternative explanation was sought in the dissipation of the
extra energy through low energy excitations such as those
involving the creation of phonons. Although it might still be
valid for the case of NiO, this effect was shown to be of little
significance for CuO, which was confirmed by the absence
of a temperature dependence for the Raman to normal Auger
transition.31

A possible consideration is based on the finite energy
resolution of the incident photon beam ��0.3 eV. It was
demonstrated for broadband excitations ��	�� that one
could observe a slope change in the peak positions of the
Auger lines as a function of detuning from the center of the
resonance.12,32 Remaining a valid contribution to the mea-
sured spectra, this effect should not be significant enough to
generate the behavior in the dispersion of the peaks, consid-
ering that our photon energy resolution is comparable, but
not greater than, the core-hole lifetime width. Moreover, the
influence of the spectral resolution would not suffice on its
own to explain the final state dependence as summarized in
Table I.

As seen from Table I and Fig. 4, the Raman to normal
Auger transition takes place considerably before the IT for
all the final states considered, regardless of the absence of a
corehole in the final state �RXES 3d2p�. For a more consis-
tent explanation of the measured behavior, we turn our atten-
tion to the competition between the relaxation time and the
effective scattering duration. As mentioned earlier in the In-
troduction, the effective duration of the resonant process de-
creases with increasing detuning �. The idea is based on the
interference of different states contributing to the scattering,
which suppresses the process for times longer than �c. It
follows that the probability for observing a coherent
excitation-deexcitation increases as �c decreases, as the sys-
tem will not have sufficient time for relaxation for scattering
faster than the charge transfer times. Through this simplistic
model, we obtain the normal Auger onset at an energy �0
before the center of the resonance, according to

�CT =
1

��0
2 + �2

, �3�

where �CT is the charge transfer time, and � is the core-hole
lifetime width at resonance. The right hand side of Eq. �3� is
actually the asymptotic form of the effective scattering time.
A more accurate dependence of this quantity on detuning
would require a many-body calculation involving the inter-
mediate state multiplets, which is beyond the scope of this
text. However, relying on the formulation above, we obtain
�CT�0.45 fsec. Note that, in this context, “charge transfer
time” stands for “relaxation time” including the possible re-
arrangement of the 3d configurations through inelastic pro-
cesses as mentioned.

An important point concerns the sign of �0. In principle,
we should get a similar dependence of the scattering time
both for positive and negative detuning. Note that the as-
sumption, that the intermediate state is discrete, breaks down
above the IT, resulting in the normal Auger �or x-ray emis-
sion� behavior regardless of the detuning. However, in the
case of NiO, the continuum states lie considerably above the
resonance. As reported in Ref. 30 the Auger peak positions
for NiO indeed go through another slope change after the
XAS peak following again a constant binding energy line,

TABLE I. The summary of the results of the analysis. The sec-
ond column is the energy corresponding to the Raman to normal
scattering �or Auger emission� transition given in reference to the
XAS peak. The third column contains the slope of the peak posi-
tions as a function of the incident photon energy after the transition.
Note that a zero slope corresponds to constant kinetic energy �emis-
sion energy� and a slope of 1 represents constant binding energy
�constant energy loss� behavior in the RAES �RXES� process.

Decay
Channel

Normal emission
onset �eV� Slope

2p3p3d Auger L3-1.3 0.06

3d2p RXES L3-1.3 0.24

3s2p RXES L3-1.9 0.02
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which might be seen as a reemerging Raman process. This
may very well be interpreted within the idea as demonstrated
in this section.

Lastly, an inspection of the data in Table I results in two
observations: �i� the amount of the Raman behavior persist-
ing after the normal Auger onset is reduced by the final state
core holes and �ii� an extra electron in the 3d levels moves
the normal Auger onset to lower energies. The understanding
of the first statement can be found in the fact that the 3d
levels are pulled down in the presence of a core hole in the
final state, bringing the continuum states closer to the transi-
tion. This explanation is in line with the conclusions from the
study on V metal.28 However, the dependence of the Raman
to normal emission transition energy on the final state cannot
be explained in the same way. The trend seems to follow the
3d electron count in the final state, and according to the
model presented in the previous paragraphs, it has to be in-
terpreted as a change in the relaxation time. This point is
poorly understood and requires further attention.

VI. CONCLUSION

In this paper we have discussed and compared two differ-
ent channels of deexcitation �radiative vs radiationless� fol-
lowing the creation of a 2p core hole close to the 2p3/23d

threshold. These processes differ in the final states reached
by the deexcitation, with the RXES having a neutral final
state, and the 2p3p3d RAES resulting in a charged state with
an additional 3p core hole. In the RXES measurements, two
different channels corresponding to different final states
�with and without a 3s core hole� were considered.

From the analysis of the experimental data obtained
through these two complementary resonant spectroscopic
techniques we have found the following results: �1� the peak
corresponding to the charge transfer states in the 3d2p RXES
spectra shows Raman behavior before the resonance, �2� the
normal emission behavior is observed at energies consider-
ably lower than the ionization threshold �IT� even for the
final state without a core hole, �3� effects related to the inci-
dent photon energy resolution are not sufficient to explain
the observations. Along these lines, a simple model was de-
veloped, in which the Raman to normal emission transition
depends on the competition between the relaxation and ef-
fective scattering times. From the asymptotic dependence of
the scattering time on detuning, an estimate of about 0.45 fs
was found for the charge transfer �hopping� time. What still
remains to be determined is the contribution of the low-
energy excitations to the observed transition, which possibly
requires a temperature dependent measurement.
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