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Abstract. Recent developments in hard x-ray resonant inelastic x-ray scattering as
a probe of strongly correlated systems are reviewed. Particular attention is paid to
studies of Nd2CuQOy4. A charge transfer excitation is observed when the incident photon
energy is tuned in the vicinity of the copper K-edge. It is shown that the presence of
resonant enhancements is controlled by the polarization dependence of the excitation
process and by the overlap between a given intermediate state and the particular
excitation being studied. This latter observation has shed light on the non-local effects
present in certain intermediate states.

INTRODUCTION

Strongly correlated electron systems, and in particular the transition metal ox-
ides, are amongst the most actively investigated systems in condensed matter
physics today. This interest is driven both by the wide variety of phenomena
displayed by these materials and by the fundamental issues raised in trying to
understand them. Notable examples in this class include, the high-T¢ supercon-
ductors and the colossal magnetoresistance manganates.

Strongly correlated systems are characterized by electronic behavior intermediate
between the highly localized behavior of ionic insulators and the completely delo-
calized behavior of simple metals and as a result a complete theoretical description
remains problematic. The strong correlations preclude the possibility of successful
band structure calculations, and a variety of numerical approaches have therefore
been applied, utilizing small clusters of ions for which on-site interactions can be
treated explicitly. These models are typically local, that is the translational sym-
metry of the lattice is neglected. However, as is increasingly recognized, solid state
(non-local) effects can be important and recently calculations have been performed
for a number of clusters for which some degree of translational symmetry has been
restored.
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On the experimental front, of crucial importance are measurements of the elec-
tronic structure and dynamics, to provide insights into the behavior and to test the
various theoretical approaches. In this endeavor, inelastic x-ray scattering in the
hard x-ray regime offers a number of potential advantages over other techniques. In
particular, it probes bulk-like properties and is a “photon-in, photon-out” process.
This ensures that the experiments do not suffer from so-called final state effects, in
which the interpretation of the observed spectra is complicated by the presence of
a core-hole (as is the case in, for example, a photoemission process). In addition,
the technique can be applied to insulators, without problems due to electrostatic
charging, and in principle experiments can also be performed in applied magnetic
and electric fields.

In the non-resonant regime, far from any absorption edges, the cross-section is
well understood and is given by the dynamic structure factor, S(q,w). This quantity
is proportional to the Fourier transform of the charge density-density correlation
function and may be directly related to important quantities, such as the complex
dielectric function [1].

Unfortunately, to date this technique has been limited largely to studies of low-
Z materials and is thus not applicable to the majority of interesting transition
metal oxides. This is because the inelastic cross-section is extremely small and
only by studying samples for which the x-ray absorption length is large, resulting
in relatively large sample volumes, can this limitation be overcome and reasonable
signals be obtained.

Recently, however, Kao and co-workers discovered resonant enhancements in
the inelastic scattering cross-section which offer the potential for overcoming this
limitation [2], and it is these enhancements which are the subject of this review.
Note this discovery of enhancements in the inelastic scattering of valence band
excitations is in a certain sense an extension of the more familiar resonant Raman
scattering from emission lines (see e.g. ref. [3]) to very small energy transfers.

Kao et al. observed the large increase in the inelastic scattering in NiO when
the incident x-ray energy was tuned through the Ni K-edge. In particular, they
found excitations at 5 eV and at 8 eV that were only observable when the incident
photon energy was tuned to the vicinity of the Ni K-edge. The intensity of each was
found to be strongly dependent on the incident energy (while the position of the
excitations moved only slightly with incident energy). Figure 1 shows this incident
energy dependence for the 5 eV excitation. A large number of sharp resonances
are observed in the scattered intensity, each of which appears to correspond to a
feature in the absorption spectrum (solid line), albeit better resolved in the inelastic
scattering.

On the basis of a configuration-interaction cluster model calculation, Kao et al.
identified these features as charge transfer-type excitations in which the system is
excited from a 3d® ground state to a 3d°L excited state, where the L represents a
hole on the ligand site. Of perhaps greatest significance was the size of the resonant
enhancement. By comparing non-resonant x-ray data to electron scattering data
taken at the same momentum transfer, Kao et al. estimated that the resonant



inelastic cross-section to be about 100 times larger than the non-resonant cross-
section.

While a number of questions concerning the detailed understanding of the res-
onant cross-section arose as a result of the NiO work (and still remain to some
extent), the potential for expanding the applicability of inelastic x-ray scattering
to materials containing heavy elements, and specifically the high-T cuprates, was
immediately apparent. Furthermore, the technique offers the added advantage of
element specificity allowing, for example, only those excitations associated with the
copper orbitals to be probed by tuning to the Cu K-edge.

Note that this new work in the hard x-ray regime extends and complements a
larger body of work utilizing resonant inelastic scattering in the soft x-ray regime.
This latter effort includes the early work of Ma and others (see eg. [4,5]) in stud-
ies of diamond, graphite and other systems and extends to the recent work on
strongly correlated systems (e.g. [6-9] and references therein). Theoretical efforts
have accompanied these advances in soft x-ray techniques and include [10-12] and
references therein.

In this paper, we review a series of experiments carried out to elucidate the
details of the resonant inelastic cross-section. These experiments, primarily carried
out on NdyCuO, observed a similar charge transfer process to that seen in NiQO,
and demonstrate the feasibility of using these techniques to study the high-T¢
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FIGURE 1. Incident photon energy dependence of a 5 eV charge transfer excitations, as ob-
served in NiO, with the incident energy being tuned through the Ni K-edge (open circles). The
solid line shows the Ni K-edge absorption spectrum for comparison. Figure taken from ref. [2].



cuprates. Measurements of the incident energy and polarization dependence of the
cross-section illustrate the importance of the intermediate (highly excited) states
in determining the resonant lineshape, and in particular the sensitivity of that
lineshape to non-local effects in the intermediate state. In addition, the momentum
dependence of the cross-section will be briefly discussed. Portions of this work have
appeared previously [13-16].

I RESONANT INELASTIC SCATTERING IN
ND,CUO,

NdyCuO, is the parent compound of the electron doped high-Ts family,
Nd,_,Ce,CuO,. Tts crystal structure is body centered tetragonal of the T type
and consists of CuO, plaquettes connected in a two dimensional corner-sharing
network. Unlike the La,CuQy series, there are no apical oxygens. The crystal used
in this work was of high crystallographic quality (mosaic 0.014° FWHM), which
minimizes the elastic scattering background, and was in the form of a platelet,
20mm x 10mm x 0.1mm with a c-axis surface normal.

A Experimental Detalils

The Ndy,CuQOy experiments were performed at two wiggler sources at the Na-
tional Synchrotron Light Source, beamlines X21 and X25. The initial work [13]
was performed at X21 and utilized a four bounce monochromator comprised of two
channel cut Si(220) crystals. The incident resolution was 0.2 eV and the flux deliv-
ered on the sample was 5 x 10'° photons s~!. The horizontally scattered radiation
was collected by a spherically bent Si(553) analyzer and the overall energy resolu-
tion was a Gaussian of 1.9 eV full-width-at-half-maximum (FWHM), as measured
by the quasi-elastic scattering from the sample. The sample was oriented such
that the momentum transfer was along the c-axis and the incident polarization
was therefore largely perpendicular to the copper oxide planes [13]. A second set
of measurements were performed at X25, for which a vertical scattering geometry
was utilized [15]. In this case, with the momentum transfer again along the é-axis,
the incident polarization was entirely within the plane of the CuO sheets. and the
1s — 4p, transition was utilized. For these latter measurements, a double crystal
Si(111) monochromator was used which provided an incident energy resolution of
2.2 eV (FWHM) and delivered a flux of 5 x 10" photons s~!. The same analyzer
set-up as in the X21 experiments was used, and the overall energy resolution was
2.3 eV (FWHM). All results discussed here were taken at room temperature at a
momentum transfer of ¢ = 4.6A~". The same sample was used in all measurements.

The experiments on CuGeO; [14,17] were performed on X21 with an identical
set-up to that outlined above.



B Charge Transfer Excitation

The scattered intensity observed in Nd;CuQOy is plotted as a function of energy
loss (E;— E) for a series of incident photon energies around the Cu K-edge in figure
2. Each data set took approximately 24 hours to collect. The excitation at 6 eV is
observed only for incident energies around 8990 eV, and remains at approximately
fixed energy loss for all incident energies.

The amplitude of the 6eV excitation was extracted by fitting the energy loss
scans to a Gaussian peak on a sloping background (to account for the tails of the
nearby K [35 emission line) and the results are plotted in figure 3 as a function of
incident photon energy. Resonant behavior was observed, with a peak at 8990 eV.
Even at resonance, the count rates remain small, due to the large absorption of the
Nd, as well as that of the copper. Count rates were on order of a few counts per
minute.

Also shown in figure 3 is the absorption of Nd;CuO, powder, in which features
were observed at 8983, 8990, 8995, and 9002 eV (see also refs. [19,20]). These have
been interpreted as arising from two sets of dipole transitions [19-21]. The first two
(lower energy pair) are the 1s — 4p, transition (4p orbitals perpendicular to the
CuO planes) and the second two, the 1s — 4p, transition (in-plane 4p orbitals).
Figure 3 shows that the resonant enhancement is associated with the 1s < 4p,
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FIGURE 2. Scattered intensity as a function of energy loss (E; - Ey) for a number of incident
energies in the vicinity of the Cu K-edge. Data are offset vertically for clarity and solid lines are
guides to the eye. Figure taken from ref. [13].



transition. There was no apparent enhancement at the 1s <+ 4p, transition. The
absence of this latter transition is a result of the polarization dependence of the
excitation process, as discussed below.

In order to identify the character of the excitation, numerical calculations of
the electronic structure of NdoCuO,4 were performed within the Anderson impurity
model [22,23,13]. The intermediate states of the scattering process were then cal-
culated within the same model including on-site interactions between both the 4p
and the core hole (U,.=5 eV) and the 4p and 3d states(Uz,= 3 €V) and a finite
4p, bandwidth of 2 eV. The scattering was then treated as a coherent second order
(dipole) process between these states [22]:

< f|IT|n >< n|T|g > ?
Flopw) =Y [T 12\ §(E, + B — E; — w)), |
(Wf,W) 7 ~ Eg+Wi_En_Z, ( g+ ! CUf) ()

where |g > is the ground state of the Anderson Hamiltonian with energy E,, and
|n > and |f > are the intermediate and final states with energies, E,, and Ey,
respectively. T is the dipole transition operator and , is the lifetime of the core
hole in the intermediate state.
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FIGURE 3. The amplitude of the 6eV excitation, as a function of incident energy, showing a
resonance in the vicinity of 8990 eV (open circles). The solid line is the result of the Anderson
impurity model calculation described in the text. The top half of the figure displays the absorp-
tion measured for powdered Nd>CuQOy4 (open circles) together with a calculation using the same
parameters as for the scattered intensity. The absorption from a Cu foil (dashed line) is shown
for reference. Figure taken from ref. [13].



In the CuO planes, the Cu 3d° configuration hybridizes with 3d'°L , where L
represents an O 2p ligand hole of finite bandwidth. Within the Anderson impurity
model, this results in discrete bonding and anti-bonding states composed of a mix-
ture of 3d” and 3d'°L configurations, with a continuous band between them (figure
4). The ground state is then the bonding state, with about 60% 3d°. The lowest
edge of the continuous band (charge transfer gap) is about 2 eV above this and the
discrete anti-bonding state is ~ 6 €V above the ground state.

In the intermediate state of the resonant scattering process, a Cu 1s electron
is excited to the (for example) Cu 4p, band, and the core hole potential reverses
the balance between the 3d° and 3d'°L configurations. The lowest energy state
is then predominately 1s3d'°L4p, and is about 7 eV lower than the anti-bonding
state, 1s3d°4p, (fig. 4). These states form the 8983 and 8990 eV features of the
Cu K-edge XAS. (The 1s — 4p, is similarly split.)

Energy loss spectra calculated within this model show a single excitation at 5.4
eV, when the incident photon energy is 8990 eV. (Note, higher quality data taken
at X25 placed the experimental value for the excitation at 5.7 eV). The peak re-
sults from the decay of the intermediate state into the anti-bonding excited state.
A single peak is observed because, for the 1s3d?4p, intermediate state (which is ex-
cited at 8990 eV), there is no significant overlap with the continuous band, which is
predominately 3d'°L. Decays into this band are therefore suppressed, so that only

1s3d°4 p,

1s3d°L4 p,

Intermediate
State

Groundstate Finalstate
FIGURE 4. Schematic energy level diagram for inelastic scattering from a copper site. Arrows

indicate processes summed over in the calculation of the scattered intensity. Figure taken from
ref. [13].



the discrete anti-bonding state is observed. As the incident photon energy is moved
away from 8990 eV, the intensity of the 6 eV feature decreases, correctly reproduc-
ing the resonant behavior of this excitation. Thus, the calculations showed good
agreement with experimental observations in the vicinity of 8990 eV and therefore
the excitation was identified as a charge transfer excitation into an antibonding
state.

In addition to Nd>,CuOy, two other cuprates have also been studied CuGeO3 and
YBayCuz07 [14,17], and in each case, similar excitations were observed, at 6.5 eV
and ~ 5 eV, respectively. The similarity in excitation energies suggests that the
important structure in determining the electronic properties is the CuQO, plaquette,
which these three materials have in common. This is consistent with the charge
transfer identification of the excitation.

C Polarization Dependence

As noted above, in the original work on NdyCuO,, there were no resonances
associated with the higher energy transitions associated with the 4p, band. In ref.
[13], it was hypothesised that this was connected with polarization effects. In order

o
T

IS

Absorption (arb. units)

Intensity (arb. units)

8980 8990 9000 9010
Incident Energy (eV)

Fig. 1. (K. Ham&ldinen et al.)

FIGURE 5. Top panel: Polarization dependent absorption measured via monitoring the fluores-
cence yield . Lower panel: The intensity of the 6 eV excitation extracted by fitting the individual
energy loss scans as a function of incident energy (open symbols). The solid and dashed lines in
both panels are the results of numerical calculations for the 1s — 4p, transitions described in the
text. Figure taken from ref. [15].



to test this, measurements were carried out with the incident polarization aligned
in the CuO planes (¢||ab plane), that is about 90° to the earlier work (e ~L ab
plane). The momentum transfer was perpendicular to the CuO sheets (g||c), as
previously [15,16].

As in the previous experiment a 6 eV excitation is observed only at certain,
resonant, incident energies. The amplitude of the 6 eV excitation as a function
of incident energy was extracted by fitting a series of scans with a Gaussian peak
on a linear background. The resulting amplitudes are shown in the bottom half of
Fig. 5 (open circles). The peak positions and widths were almost constant showing
only very slight variations (in fact, the fits were essentially unchanged if the peak
position and width were held fixed). A single resonance was observed at 8999.5
eV, of width ~ 7 eV FWHM. Thus, in this geometry, a resonant enhancement is
observed at a 4p, transition and not a 4p, excitation.

Polarized x-ray absorption spectra, shown in top half of Fig. 5, provide a natural
explanation for these results. These data were obtained by monitoring the intensity
of the Cu K« fluorescence from the sample as the incident energy was tuned through
the K-edge and were not corrected for self absorption effects [24].

Features A and B (fig. 5) are associated with the transitions to the 4p, orbitals
and they are preferentially excited when the incident polarization is along ¢ direc-
tion (top panel, fig 5), and aligned with the excited state orbitals, maximizing the
dipole matrix element for the excitation process. Conversely, C and D are associ-
ated with 1s — 4p, transitions and, correspondingly, these were most prominent
when the incident polarization is in the ab plane and parallel with the 4p, orbitals.

The significance of these data is that the final state of the XAS process is the
intermediate state in the resonant scattering process. For a significant resonant
enhancement to occur, it is necessary that the intermediate state be strongly ex-
cited. The polarized XAS results show that the 4p, intermediate states are strongly
excited (and the excitation transitions 1s — 4p, strongly suppressed) when the po-
larization is in the CuO planes. It was this polarization dependence of the excitation
process which was responsible for the absence of resonant enhancements at the 4p,,
position in figure 3 and for the absence of a 4p, resonance in figure 5.

A strong excitation to the intermediate state, however, is only a necessary con-
dition for observing a resonant enhancement, it is not a sufficient one. This is
demonstrated by the absence of resonances associated with the 153d'°L intermedi-
ate states (features A and C) in either geometry. An explanation for this absence
is presented in the following section.

D Resonant Lineshape and Non-Local Effects

Calculations of electronic structure and the resonant inelastic x-ray scattering
process, based on a single copper site, correctly predict the incident polarization
dependence discussed above. However, they fail to account for the systematic
absence of the 153d'°L resonances (features A and C); specifically in both cases



(solid line, figure 3, dashed line, figure 5) a lower energy resonance is also predicted.
This failure of the single site calculation led to speculation [13] that the suppression
of the lower energy resonance was due to non-local effects arising from the fact that
the real system does not consist of a single isolated CuQy cluster, but rather forms
a continuous CuO network, and therefore more complicated, solid state, effects may
be required to accurately describe the resonance process.

One explanation for the discrepancy came from non-local screening effects, which
are active in the case of a 3d'°L intermediate state, of the type first proposed by
Veenendaal, Eskes and Sawatzky [25], In this scenario, it was proposed that in the
3d'°L intermediate state, the L hole is repelled by the 1s on the copper site and
moves off elsewhere in the copper oxide sheet, to form a Zhang-Rice singlet bound
state [27] with a 3d” copper site. The binding energy of this singlet stabilizes such
a process. This non-local intermediate state cannot then simply decay into the
charge-transfer antibonding state (the “6 eV” feature), which is a local excitation;
the transition probability between states with and without a Zhang-Rice singlet
is small, and thus no resonance would be observed. The solid line of fig. 3 is
the result of calculations performed for a single copper site for which there are no
such non-local effects, since the L hole of necessity must remain in the immediate
vicinity of the central core hole. This latter state has significant overlap with the
antibonding state (and indeed also with the continuous band of states in fig 3) and
therefore a resonance appears at 8983 eV in the calculations.

In order to explore explicitly such non-local screening effects, the earlier calcula-
tions were improved upon, and the resonant inelastic scattering was modeled with
a Cus0q¢ cluster, in which five CuO,4 plaquettes were arranged in the ab plane with
Dy, symmetry (see e.g. [26]). A Cu 3d,2_,2 orbital was placed at each Cu site, and
an O 2p, or 2p, orbital at each O site, hybridized with the neighboring Cu 3d,>_,»
orbital. Parameter values used in the cluster model were; the charge transfer en-
ergy A = 2.5 eV, the electron hopping energy between neighboring Cu 3d and O 2p
orbitals, 1)y = 1.21 eV, that between the neighboring O 2p orbitals T}, = 0.55 eV,
the on-site Coulomb interaction between Cu 3d electrons Uy = 8.8 eV, and for
the Cu 1s core hole potential acting on the Cu 3d hole Uz, = 8.0 eV. For the Cu
4p orbitals, nearest neighbor hopping was considered, as represented by the Slater-
Koster parameters (ppo) = 0.24 eV and (ppr) = —0.8 eV, the on-site Coulomb
interaction between Cu 4p and 3d states Uyy = 3.0 eV, and the on-site Coulomb
potential of the core hole acting on the 4p electron —U,, = —4.0 eV. The reso-
nant inelastic spectra were again calculated with the coherent second order optical
formula following an exact diagonalization of electronic states of the cluster.

The calculated result for the 6 eV amplitude at the 1s — 4p, transition is shown
in the bottom panel of Fig. 5 (solid curve), after broadening by incident and final
resolutions of 2.0 eV. A strong resonance is seen only at the higher energy XAS
feature (1s3d”), in broad agreement with the experimental results. For comparison,
the results of the Anderson impurity model calculation for a large cluster with a
single Cu site and many O sites (256) are also shown (dashed curve). This exhibits
resonances at both the 1s3d° and 1s3d'°L energies. Taken together, these calcu-



lations demonstrated that the suppression of the resonant enhancement associated
with the 1s3d'°L intermediate states results from the presence of multi-Cu sites
and reflects non-local effects, as originally speculated.

In addition, the higher intensity obtained at the 4p, resonance (at least partially
due to the higher flux at beamline X25) allowed a more accurate determination of
the excitation energy. It was found to be Eqor = 5.7 V. The single site calculation
estimated Fcr = 5.2 eV and the multi-site calculation, Ecr = 5.7 eV. Thus it
appears that non-local effects are also manifest in the position of the excitation
as well as the incident energy dependence. Such quantitative comparisons high-
light the potential for resonant inelastic x-ray scattering measurements to provide
sensitive tests of electronic structure calculations for these materials.

The non-local hypothesis was also tested experimentally, by studying samples for
which the crystal structure is such that the connectivity of the CuO, plaquettes
is radically different. In this regard CuGeOj3 provided a good test case since the
CuQOy units are connected in a 1 dimensional “edge-sharing” chain in contrast to
the two dimensional “corner-sharing” network of Nd,CuO,. If the non-local ideas
are correct, one would expect significant differences in the resonant lineshapes for
the two materials.

The incident energy dependence of the inelastic scattering in CuGeQOj is shown
in fig. 6, together with the absorption as measured in a powder sample [14,17]. In
line with the expectations outlined above, the resonance lineshape was found to be

CuGeO5 € ~ Il Chains
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FIGURE 6. Incident energy dependence of the inelastic scattering in CuGeQOgz. Solid line is a
guide to the eye. The absorption of powdered CuGeOs; is also shown. Figure taken from ref. [14].



quite different, with a width three times that observed in Nd,CuO,4 and a strong
suggestion of two resonances being present. While these results have yet to be ana-
lyzed in the context of detailed electronic structure calculations, they are certainly
consistent with the idea that non-local effects are important in determining the
resonance phenomena.

E Momentum Dependence

The ¢-dependence of the charge transfer scattering was also investigated. Data
were taken in a vertical geometry, i.e. with the polarization in the ab plane, and
at the peak of the 4p, resonance (F; = 8999.5 eV). The excitation was measured
for momentum transfers in the range 3.5 - 7.9 A='. The observed intensities were
normalized by the intensity of the K 3; emission line, as measured with the incident
photon energy set well above the edge, to account for any variations in the beam
footprint at different scattering angles. No dispersion in the peak position, width,
or intensity was observed.

As emphasized above, this charge transfer excitation is a localized excitation and
thus would not be expected to exhibit much dispersion. It was therefore not possible
to comment from these data on the speculations of ref.s [28,29] that q-dependent
information can be obtained with the resonant technique. However, these data do
rule out any strong angular intensity dependence in the resonant cross-section in
this geometry. Future work will focus on the 2 eV charge transfer gap excitation
for which predictions of dispersion have been made [18].

I OTHER WORKS

Finally, there has been recent work on other copper oxides, namely that of Ab-
bamonte et al. [28] on LayCuO, and SroCuO,Cly. These experiments were carried
out at X21 and at 3-ID, an undulator beamline at the Advanced Photon Source.
Broadly, the results obtained in these materials are consistent with those discussed
above. In particular, a feature was observed around 6 eV which is attributed
to charge transfer excitations between the copper and oxygen. In addition, the
SroCu04yCly experiments were performed at 0.45 eV resolution and were able to
resolve a feature at 2 eV energy loss, which was attributed to the charge transfer
gap (that is to transitions to the bottom of the continuous band, figure 4).

However, in contrast to the approach outlined above, these authors chose to an-
alyze their data following the ideas put forth by Platzman and Isaacs [29]. Specifi-
cally, they follow a perturbative approach in treating the core hole-valence electron
interaction and argue that near a sharp dipole allowed transition, the dominant
term occurs in third order and has the form,

M = Z MemMCoulMabs
Lsdp (wy = Ersap + i7x) (Wi — Ersp + i7k)

(2)



Where M., (Mgs) are the dipole emission (absorption) matrix elements, My is
the Coulomb interaction between the core and valence states, Ei, 4, is the energy
of the virtual exciton-like intermediate state and 7y is its lifetime. Physically,
this expression represents a “shakeup” process, whereby a virtual 1s4p exciton is
created, scatters off the valence electrons, leaving them in an excited state, and
decays. By assuming that all the intermediate states are degenerate, of energy Fi,
then the energy denominators can be pulled out of the sum, leaving

do ~ Sk(q,w)
dUw — [(wy — Ex)? 4+ 7%][(wi — Ex)? 4+ 7%)]

(3)

with
2

2T
SK(q,W) = % Z Z MemMCoulMabs (5((4‘) - Ef + Ez) (4)
f

1s,4p

The quantity, Sk (q,w) depends only on the difference quantities q = k; — ke
and w = w; — wy. Since it does not depend explicitly on the incident energy,
it is a fundamental property of every spectrum. Abbamonte et al. show that
their LayCuQO4 data exhibit the correct scaling predicted by such arguments, for
a reasonable choice of Ex and k. They further show that Sk (q,w) is related to
a particular weighted sum of S(q + G, w) where S(q,w) is the dynamic structure
factor of the valence electrons.

Note one of the features of equation (3) is that it predicts that the position
of the energy loss feature will depend on the incident excitation energy. Such
dispersion was seen in the LayCuQO, data (and perhaps in the NiO work [2]), but
not in the NdyCuO,4 and CuGeOj3 experiments. However, the size of the dispersion
is a sensitive function of the parameters and small changes in, for example the
excitation lifetime, can greatly reduce the any dispersion observed in the energy
loss feature.

[t remains to be seen under what conditions the approximations used to obtain
equation (3) are valid. If it is generally applicable, the importance of the ability to
relate measured quantities to the dynamic structure factor cannot be overstated.

IIT SUMMARY

Recent progress in the use of resonant inelastic x-ray scattering in the hard x-ray
regime to study transition metal oxides was reviewed. Particular emphasis was
placed on the work on Ndy,CuO, in which the details of the resonant process was
explored. A charge transfer excitation to the antibonding excited state is seen at
5.7 eV when the incident photon energy is tuned to certain resonances in the vicin-
ity of the copper K-edge. It was shown that the systematic absence of resonant
enhancements associated with certain transitions is caused by the polarization de-
pendence of the excitation process into the intermediate state. Specifically, the



relative orientation of the incident polarization and the particular 4p intermediate
state. In addition, in order that there be a resonant enhancement of the inelastic
signal, there needs to be a significant overlap between the intermediate states and
the particular excited state being studied. In the case of the antibonding excita-
tion in Nd,CuOy,, this was manifest in the absence of any resonant enhancement
at transitions corresponding to well screened intermediate states. Experiments on
other materials and calculations are consistent with explanations based on these
intermediate states being extended, non-local objects with little overlap with the
localized excitation being studied. These results suggest that such experiments
may provide a sensitive measurement of the breadown of the localized picture of
the electron structure, and of the resulting importance of non-local effects.

The important remaining question in the field concerns the interpretation of the
inelastic spectra themselves, as measured on resonance, and in particular what,
if any, connection can be made to the dynamic structure factor of the valence
electrons. In this regard, q-dependent measurements to be carried out in the near
future will be very important in answering such questions.
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