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Abstract

We present experimental and theoretical results on CoO Resonant Raman Scattering
(RRS) with excitation at many values in the whole Co2+-L2,3 region and with a final
state containing a Co-3s hole. The theory includes the final state interaction between the
configurations with one 3s hole and that with two 3p holes (CI). A cluster calculation
with CI reproduces the experimental results with excitation spanning the whole L3
region. In the L2 region the theory reproduces the evolution of the RRS doublet at
higher outgoing energy. On this basis the role of CI and of the ligand hole effects are
discussed vs. the excitation energy. At least 5 eV above the L3 threshold the
experimental results show also a non-dispersive component with intensity rapidly
increasing with the excitation energy. The position and the shape of this component is
well reproduced by a model calculation accounting for all possible partitions between
the transitions to the continuum and to the 3d-shell. However the intensity of the
calculated non-dispersive component is about an order of magnitude smaller than the
measured one. The implications of this fact in terms of the dynamics of the intermediate
state are outlined.



1. Introduction

The general reasons of interest of L23-RRS (Resonant Raman Scattering) with final 3s hole
in 3d transition metal oxides have been presented in the preceding paper (referred to as paper I) and
are not repeated. As shown in paper I, the configuration interaction (CI) in the final state between
the configuration with one 3s hole and that with two 3p holes is particularly important in L2-RRS.
On the other hand it is important to explore, at least in one typical case, the behaviour in the whole
excitation range from below the L3 threshold to above L2. No study of this problem including CI is
presently available, to the authors' knowledge. In this connection we focus on a system with a 3d
ground state occupation greater than 5 for the reasons presented in I and we present experimental
and theoretical results on CoO extending the preliminary work by some of us (1) and modifying
considerably the interpretation given there. CoO is a rather simple and significant case. Without CI
the RRS in CoO is, in the hole language, a three-body problem in the final state (two 3d holes and
one 3s hole). Although it is more complicated than NiO which is a two-body problem, CoO has
definite advantages. The CI interaction is stronger and, more importantly, the energy scale is more
expanded due to the presence of one more hole. This is a great advantage since the spectra are
dominated by the final state lifetime broadening and it is easier to point out the different
contributions to the spectral functions.

We show that already in the upper L3 region the CI effects are well seen in the experiment
so that a detailed interpretation of RRS with final 3s hole needs this effect to be included. Moreover
we discuss the nondispersive component seen in the measurements. The presence of a
nondispersive component in RRS is becoming an important issue (2'3'4>5-6\ We demonstrate that a
careful definition of the nondispersive component as the departure from a standard dispersive
calculation needs to take into account CI. We show also that a theoretical model already used in (7>8)

accounts for the energy position of the nondispersive component but underestimates its intensity.
The general implications of this fact are discussed.

The paper is organised as follows. The experimental and theoretical methods are presented
in Section 2 giving only the information not contained in paper I. The experimental results are
summarised in Section 3 and the theoretical results are discussed in Section 4. The theory and the
experiments are compared in Section 5 while the conclusions are summarised in Section 6.

2. Experimental and theoretical methods

The experimental method and conditions are the same as in paper I. The CoO measurements
have been taken on a single crystal having a (100) surface; the scattering plane contains the
direction [100].

In the calculations in I it was sufficient to neglect the angular effects and the circular
polarisation of the incident light coming from the beamline which is based on a helical undulator. In
the present detailed analysis of CoO it is better to take into account also these small effects. This is
done with a calculation based on a (CoOe)10" cluster whose geometry is shown in Fig.l. The
scattering plane is defined by the vectors k and k' of the incident and scattered beam. The angles in
the present experiment are 9; = 60°, 0 = 70° and (j); = 0°.

The dispersive components are calculated as in paper I.. Here we give information only on
the non-dispersive component non included and calculated as in RefS. ( '8). We assume that the
spectrum is given simply by the sum of the dispersive and of the non-dispersive spectra. In the
nondispersive part, a 2p core electron is excited into the 4s-derived conduction band around the
core-hole. The configurations in the intermediate state of the non-dispersive component are
2p53d74s, 2p53d8L4s and 2p53d9L24s. The corresponding final state configurations are 3s'3d74s,

^ and 3s'3d9L24s mixed by CI with 3p43d84s, 3p43d9L4s and 3p43d10L24s. In the



calculation we make the approximation of treating the s-derived band state around the excited site
as an atomic 4s wave function calculated with the Cowan's Hartree-Fock code (9). However we
switch off the Coulomb interaction of the 4s states with the other states in order to simulate
approximately the band-like nature of the 4s-derived states. In the model we introduce empirically a
density of states p(e) of the Co 4s-derived conduction band in order to reproduce the experimental
X-Ray absorption spectrum (XAS). In this fitting we adjust both the energy position of the density
of states and its relative intensity with respect to the excitation into the 3d shell. The non-dispersive
contribution to the scattering is given by:

f
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Here the intermediate state | i > is assumed to be a direct product of a 4s state | e > and the
remaining states | i ' > ( | i > = | i ' , E > = | i ' > | e > ) with the energy Ej = Ej' + e. In the same way,
we put | f > = | f, £ > = | f > | £ > and Ef = Ef + £. In this model the total excitation energy is
divided in all possible ways between the localised multiplet split states and the continuum states.
Thus the non-dispersive spectrum is a convolution between a Kramers-Heisenberg formula and the
continuum having density p. The spectrum from formula (1) is remarkably stable against the
variations of the density of states p. Within the limits of accuracy of p deduced from the fitting of
the L23 absorption the result from formula (1) is basically invariant. The p function used in the
calculation is shown by the thin line in Fig. 2 giving the measured L2.3 XAS (X-Ray absorption
spectrum). The model does not include rearrangement in the intermediate state as the process called
relaxation in (1'2'5) due to the energy transfer to some other system (for example the creation of
electron-hole pairs across the gap in an insulator).

With the coordinates of Fig. 1 and with the notations of Ref.
elements of absorption and emission process in RRS are

(8) the dipole transition-matrix

(2)

(3)
where the angle factors Biq(8;, (fc, 6 ) and A ]q(9j, (j)j,) are given by
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3. An overview of the experimental results

Along the measured XAS of Fig. 2 the arrows indicate the energies hVin used in RRS. The
spectrum is measured with a much narrower bandpass (0.25 eV) than in the RRS measurements.
The main features in the L3 region are labelled with a (case 2), b (case 3) and c (case 4). Hereafter
the L3 peak (case 3) is taken as the origin of the excitation energy (thus measured from 778 eV) so
that the L3 threshold is at = -2 eV. In RRS the energy is measured from the main peak obtained in
case 3 (thus the origin of hvout is taken at about 672 eV). This simplifies the reading of the measured
spectra in terms of the dispersive properties. The RRS results are presented by distinguishing
different regions along hvtn.

A. Region from excitation 1 to excitation 3
In the lower panel of Fig. 3 the spectra vs. hvout are given after normalisation to the same

height. In the upper panel the spectra are plotted vs. the transferred energy. The spectra disperse
with the incident photon energy (constant transferred energy regime). The peak does not shift
exactly with hVjn (see the lower panel) because the absorption spectrum is rapidly changing within
the incident bandpass so that the elementary contributions to the RRS spectrum have a non-
symmetric weight in case 1 (and to a lower extent in case 2). Thus the measured peak is found at
slightly higher hvout than expected from the change of hVjn. This effect is negligible in case 3 where
the situation is almost symmetric. This is confirmed by a computer simulation (see Section 5).
Although the excitation conditions are quite different in the three cases the line shape is the same
within the experimental accuracy (upper panel of Fig. 3 vs. the transferred energy). The lines are
not perfectly symmetric, as shown by the comparison with the symmetric line shape (solid line).
This is not a strong effect but it is significant as shown later. The line shape is dominated by the
Lorentzian final state lifetime broadening.

B. Region from excitation 3 to excitation 6
The excitation is several eV above threshold (roughly from = 2 eV to = 5 eV). The RRS

spectra normalised to the same height are given in Fig 4 where the arrows show the excitation
energies. The top of the main peak has little, if any, dispersion while there is an increasing
contribution at the higher hvout going from case 3 to 6. Moreover case 5 shows a shoulder at lower
energies. The linewidth increases by about 30% on going from case 3 to 6. This complex evolution
suggests an increasing importance of multiplet splitting.

C. Region between the L3 and the L2 peaks
To save space we give in Fig 5, as an example, only the case 8. We see a tiny and broad

Raman contribution shown roughly by the shaded area. This disperses with hVjn while the main
peak not far from zero does not disperse.



D. Region with L2 excitation
The Raman contribution to the spectra has the characteristic doublet shape already discussed

in detail in paper I and a Coster-Kronig contribution around L3. For space reasons the extended
spectra including this contribution will be shown in Section 5 on the comparison with theory (see
Fig. 10).

4. Theoretical results

We present the theoretical cross section in arbitrary units since the absolute values are not
measured. The RRS cross section is intrinsically two dimensional since it is a function of hVjn and
hVout or, equivalently, a function of hVjn and of the transferred energy [hv;n - hvout]- We will call
"RRS spectrum" a section of this function corresponding to constant excitation energy hVin.

A. The different contributions to the scattering cross-section
The RRS cross section can be calculated with increasing accuracy in different

approximations all having the symmetry of the problem: the ion with crystal field, the (CoO6)10"
cluster without CI, and the cluster with CI in the final state. It is interesting to consider the relative
importance of these effects at various hv;n as shown in Fig. 6 giving the calculated spectra
normalised to the same height. A reduced lifetime broadening is used to show the details better
(Lorentzian FWHM of 1 eV). The results are not a simulation of the measurements because they do
not include the experimental bandpass effect. In the ion with crystal field the value of the parameter
Dq is optimised to give the best XAS and it is different from the Dq used in the cluster. We use
lODq = 1.0 eV in the crystal field calculation and lODq = 0.5 eV in the cluster. All other details can
be found in paper I.

With the excitations 3 (main L3 peak) and 4 the charge transfer effect is weak because at
lower hVjn the charge transfer excitations in the final state come up only in the decay channel. At
higher hVjn the losses due to charge transfer excitations become more important as seen in case 8
where the cluster gives high energy losses absent in the ion calculation. When CI is included, the
spectrum becomes narrower with a reduction of the spectral weight at the lower hvout (higher
excitation energies of the system in the final state) where the lower spin configurations are more
important. This comes from the mechanism discussed in paper I showing that the CI coupling is to
the lower spin states when the 3d occupation is n > 5. The CI effect is more important when the
excitation energy increases, but the effect is relevant also in the L3 region. We will show in Section
5 that the CI effect is seen in the measurements already with the excitation number 5. The
introduction of CI gives rise also to small features at very low hvout as the very tiny feature at -10
eV in case 11 (Fig 6). It is very difficult or perhaps impossible to measure these features and we do
not discuss this point.

B. Main features of the theoretical RRS cross section with cluster and CI
This is a summary of the main features of the theoretical cross section (without the

nondispersive contribution) calculated in our best approximation (cluster + CI) and still having an
artificially reduced lifetime broadening in the final state in order to make the results more readable.
The cross section is given by a topographic representation in Fig. 7. In the upper panel the
theoretical XAS is given (note the breaking of the hVjn axes between 4 and 13 eV). The spin-orbit
splitting between L3 and L2 has been slightly readjusted to reproduce the experimental value. In the
L3 region we have used 20 level lines in the whole range. In the L2 region we use a 3 times greater
resolution because the intensity is smaller. It is useful to plot the cross section both vs. hvout
(intermediate panels) and vs. the transferred energy [hVjn - hvout] (lover panel).

In the L3 region the first XAS features labelled with a and b correspond in RRS to two
distinct excitations represented in Fig. 7 by two separate hills appearing at the same value of hvout.



Thus a non-dispersive peak is not in contradiction, in this hVjn region, with the Kramers-Heisenberg
formula applied to a cluster without any evolution of the intermediate state and without any
transition to the continuum. The excitations corresponding to a and b mutually interact distorting
the level lines at higher transferred energies where they differ from the shape due to a single
Lorentzian excitation. This is the origin of the asymmetry of the RRS spectra with some more
intensity at the lower hvout (the effect is shown in the measurements; see Fig. 3). The excitation c at
higher hVjn does not correspond to a single hill but to two hills in RRS. Both of them give higher
excitations in the final state i.e. they have transferred energies higher than in cases a and b. In the
RRS spectra these two hills are reflected in a feature at a slightly lower hvout than in case b and in a
feature at higher hvout. This last feature is not due to the dispersion of the main peak b although
there is an interaction between excitations c and b. At L2 the doublet structure already discussed in
paper I is well seen. Both peaks are at transferred energies greater than the main L3 peak. The shape
of the RRS integrated along hvout depends on tiny details of this superposition and it is not possible
to isolate a hVjn region belonging to one or to another contribution.

5. Comparison between theory and experiment

In order to compare the theory with the experiment it is necessary to remove the artificially
small final state broadening used before and to account for all bandpass effects in the experiment.

We simulate accurately the incident bandpass. Let I(£, hv;n) the spectrum delivered by the
monochromator and incident on the sample. I is a function of the central energy hv,n and of the
current energy e and is assumed gaussian with excellent approximation. Each incident elementary
contribution I(e, hv;n)de gives a spectrum a(e, hvout) I(£, hVin)de where e has the meaning of
incident energy in the RRS cross section a(hVin, hvout). The effect of the incident bandpass is not a
convolution and is given by

I a(e, hvout) I(e, hvin) de (6)

where the central energy hVjn is a parameter.
The result from formula (6) is convoluted with the gaussian representing the bandwidth

along hvOut and with a suitable Lorentzian to account for the final sate lifetime. When the absorption
is rapidly varying within the incident band-pass each elementary spectrum within the integral (6) is
weighted in an asymmetric way even if the incident lineshape is symmetric around hvin. Thus the
dispersion of the broadened RRS spectrum does not follow rigidly the change of hVjn even when the
theoretical a gives a linear dispersion. This is the effect pointed out in Fig 3 below the L3 threshold.
The best fit is obtained with a total final Lorentzian broadening of 2.7 eV (FWHM) in agreement
with the literature <10). The Lorentzian broadening (FWHM) in the intermediate state is taken as 0.3
eV in the L3 region and 0.55 eV in the L2 region (this accounts for the reduced lifetime due to the L2
—> L3 Coster-Kronig conversion).

Although saturation and selfabsorption are present they do not distort the measured spectra.
This is one of the advantages of the scattering with final core hole since the self-absorption is not
resonant and basically independent of hvout- The saturation effect can be strong, because the
absorption in the outgoing channel can be considerably smaller than that in the incident
channel (11-12). Within a single spectrum this gives only a constant scale factor while this factor
changes rapidly with hVjn due to the strong variation of the absorption across the resonance. This
effect is irrelevant if the shape and not the intensity of the spectra is discussed. We do not attempt
to evaluate the scaling factor due to saturation since its uncertainty would prevent a detailed
discussion. On the other hand this would not be particularly interesting.

The comparison between theory and experiment is done in Figures 8, 9 and 10 where the
spectra are given as a function of hvout and not of the transferred energy. The choice between the
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two (equivalent) representations is largely a matter of subjective preferences. We prefer the
representation vs. hvoutdue to the considerable weight of the non-dispersive contribution.

The RRS spectra with excitations between number 1 and number 6 are given in Fig. 8. The
experiment is represented by the black dots, the theory without CI by the thin line and the theory
with CI by the heavy solid line. The line going through the experimental points is not an
interpolation but is the theory. This excellent agreement deserves the following comments.

(i) The shape of the spectra with excitations 1, 2 and 3 is perfectly reproduced including the
asymmetry with the slightly stronger emission at lower hvout pointed out in Section 3 and explained
with the interaction between the two main excitations a and b (Section 4). The considerable lifetime
broadening and the bandpass effects do not prevent this effect to be observed. The shift of the
theory vs. hVjn reproduces perfectly the experiment since the incident bandpass is taken into account
exactly.

(ii) We know from Fig 6 that a difference exist between the spectra with and without CI also
at low excitation energy near the L3 threshold. When the lifetime and the bandpass are accounted
for, this difference is not seen up to the excitation number 4 included. The CI effect is clearly seen
at excitations 5 and 6 i.e. at energies typically 3.5 eV above the L3 threshold. In these last two cases
the CI spectrum is in perfect agreement with the experiment while the spectrum without CI does not
explain the peak around zero energy (typically in case 5).

(iii) The presence of a nondispersive peak around zero energy is a delicate point which, in
the absence of a theory, has been discussed in an incorrect way in the preliminary paper by some of
us (1). The theory shows that two different excitations (a and b) lead to peaks at the same hvout.
Moreover in the theory with CI this non-dispersive contribution is seen in an even more extended
hVjn interval than without CI, once the bandpass and lifetime effects are accounted for properly.
In {1) these points have been overlooked and the non-dispersive peak was assigned to the dynamics
of the intermediate state converting the intermediate excited state to a lower energy state before the
decay (as mentioned above we call this process, relaxation). This was inspired by analogous
arguments of Refs. (2'5). In other cases such as NiO in Ref.(5) it has been found that the onset of the
dispersive component is correlated with the optical gap of the system so that the creation of
electron-hole pairs can be the main mechanism responsible for the conversion in the intermediate
state. Here this correlation is not found since the onset of the non-dispersive component is at least 5
eV above threshold, while the CoO optical gap is 2.6 eV. The present data suggest that electron-
hole pair creation is not the dominant mechanism in CoO although the situation in other systems
can. be different. The results call for caution in interpreting as a relaxation a discrepancy between a
calculation and an experiment.

When hVin increases the cluster theory, even when CI is included, is not sufficient to fit the
spectra as shown in Figure 9 (lower panel) where the excitations number 7 and 8 are given. Already
in case 7 the experiment shows a nondispersive contribution near our zero energy not obtained from
the calculations. The weight of this non-dispersive peak increases rapidly with hVjn and becomes
dominant. The experimental noise on top of the small dispersive feature prevents us to assess the CI
in this hVjn region. In the presence of a non-dispersive contribution a natural choice is to try a model
calculation as described in Section 2 since it is not based on relaxation via electron pair creation
which is not supported by the present experiment. An upper limit to the non-dispersive intensity
from formula (1) is set by the density of states p used to fit the XAS curve. The non-dispersive
result from (1) is given by the thin solid line in the typical case 9 (upper panel in Fig. 9). The
expanded spectrum in the upper part shows the non-dispersive part with the amplitude coming from
the calculations. In the lower part of the panel the thin line represents the theoretical non-dispersive
component artificially rescaled to the total amplitude of the measurements in order to judge about
its shape and position. This shows the following points.

(i) The intensity of the calculated non-dispersive component is definitely too small (i.e. = 7-
8 % of what is measured).



(ii) The shape and the positions are excellent. This is noteworthy since the position is a
result of the calculation and is not adjusted by tuning any parameters. This suggests that the
mechanism assumed in the non-dispersive theory is probably one of the important mechanisms
involved in experiment.

In our nondispersive model one assumes that the excited states divide the energy in all
possible ways between the continuum and the localised states calculated with multiplet splitting in
the cluster. The fact that the theoretical intensity is too low while the position and the shape are
excellent suggests some tunneling of the excited state into the continuum reinforcing the non-
dispersive contribution. Needless to say this only a conjecture which deserves further investigation.

Finally we give a brief overview in the region with L2 excitation. This is given in Fig. 10.
The main aspect is the doublet structure, which is much better reproduced when CI is included as
discussed in detail in paper I. Here we add the hVjn dependence of the doublet shape which is
reproduced very satisfactorily in cases 10, 11 and 12. We present the complete spectra including the
L2 —» L3 Coster-Kronig (CK) contribution. Since this is not present in the calculations we cannot
discuss the trade off between CK and the non-dispersive contribution. The experimental data can be
useful for future theoretical investigations.

6. Conclusions

We have given an extensive account of CoO Resonant Raman Scattering (RRS) with
excitation in the whole Co2+-L2,3 region and final state containing a Co2+-3s hole. Both experimental
and theoretical results have been presented. In the theory we have included the final state interaction
between the configurations with one 3s hole and that with two 3p holes (CI) discussed on general
grounds in the previous paper. Without CI the cluster calculations reproduce the experimental
results with the excitation hv;n up to about 2.5 eV above the L3 threshold. The inclusion of CI in the
cluster calculation definitely improves the agreement with the experiment and allows an excellent
fitting of the experimental results in the whole L3 region and in the L2 RRS doublet region. Thus the
present work clarifies the role of final state CI in RRS in terms of the excitation energy dependence.
With excitation at least 5 eV above the L3 threshold the experimental results show also a non-
dispersive component whose intensity becomes rapidly dominant at increasing excitation energies.
The position and the shape of this component is very well reproduced by a model calculation in
which one allows all possible partitions of the excitation energy between the transitions to the
continuum and to the 3d-shell. However the intensity of the calculated non-dispersive component is
roughly an order of magnitude smaller than the measured one. Since the model does not include
any evolution of the intermediate state before decay, it is conjectured that this evolution is
responsible for the greater intensity of the measured component. This can stimulate further research
on the dynamics of the intermediate state.
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Figure Captions

Fig. 1. The cluster used in the calculations. The Co atom is represented by the black dot and the
oxygen atoms by the open circles. The scattering plane is defined by the wave vectors k and k' of the
incident and of the scattered photons. In the experiment the plane (xy) is oriented as the crystal surface, ©j =
60°, 9 = 70° and (> = 0°.

Fig. 2. Measured X-Ray absorption spectrum (XAS) of CoO in the L2,3 region. The arrows and the
labels indicate the energies used as excitation in Resonant Raman Scattering. Note that the bandpass (0.25
eV) is better than that used in RRS. The thin line below the spectrum gives an estimate of the contribution of
the transitions to the continuum used in the nondispersive calculations (see text).

Fig. 3. Resonant Raman Scattering from CoO with excitation from 1 to 3 (i.e. around the L3

threshold region). The excitation energies are given by the arrows in the lower panel (see also Fig.2). All
spectra are normalised to the same height. Lower panel: the RRS spectra vs. the outgoing photon energy.
Upper panel: the results vs. the transferred energy (the solid line represents a symmetric replica of the higher
energy side of the spectra in order to show the asymmetry of the measured spectra).

Fig. 4. Resonant Raman Scattering from CoO with excitation from 3 to 6 (i.e. just above the main L3

peak). The excitation energies are given by the arrows (see also Fig.2). All spectra are normalised to the
same height and are given vs. the outgoing photon energy.

Fig. 5. Resonant Raman Scattering from CoO with the excitation 8 shown by the arrow (see also
Fig.2). The shaded area is a pictorial view of the dispersive component.

Fig. 6. Comparison between the theoretical RRS spectra at various excitation energies in different
approximations: Co ion with crystal field (thin solid line), cluster without CI (heavy solid line) and cluster
with CI (open dots). The calculations do not include the non-dispersive component. The excitation energies
are indicated by the numerical labels defined in Fig. 2.

Fig. 7. Topographic representation of the theoretical RRS cross section in the L3 and in the L2

regions. The calculations refer to cluster with CI and do not include the non-dispersive component. The
resolution of the topography is three times higher at L? than at L3. The theoretical absorption spectrum is
given in the upper panel.

Fig. 8. Comparison between theory and experiment in RRS with the excitations from 1 to 6. The
excitation energies are defined in Fig.2. All spectra are normalised to the same height. The measurements are
given by the dots. The cluster theory without CI is given by the thin solid line and the cluster theory with CI
is given by the heavy solid line. Both theories do not include the non-dispersive component.

Fig.9 Lower panel: comparison between theory and experiment in RRS with the excitations 7 and 8
(given by the arrows). The excitation energies are also defined in Fig. 2. The experimental spectra are
normalised to the same height. The measurements are given by the dots, the cluster theory without CI by the
thin dash-dot line and the cluster theory with CI by the heavy solid line. Both theories do not include the
non-dispersive component. Upper panel: the case 9 including also the non-dispersive component (thin solid
line) calculated with the model of Section 2. In the higher part of the panel the non-dispersive component is
plotted with the intensity given by the theory, while in the lower part it is expanded (solid line) to fit the
experimental points.

Fig. 10. Comparison between theory and experiment in RRS with the excitations from 10 to 12 given
by the arrows (L2 region - see also Fig. 2). All spectra are normalised to the same height. The cluster theory
without CI is given by the thin solid line and the cluster theory with CI by the heavy solid line. Both theories
do not include the non-dispersive component.
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