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Recent numerical calculations have provided evidence of the presence of excitonic states in
the K-edge emission spectra of graphite, thus identifying a major drawback in the use of
resonant inelastic X-ray scattering as a probe of electron band structures.

he scattering of X-rays by a crystal
displays unusual anisotropy properties
when the response of particular atoms or
ions in the lattice is boosted by
resonances. Such resonances occur
when the X-ray photon energy
approaches the value required to excite
an inner-shell electron to an empty
orbital near the Fermi surface of a solid.
Disparate elements - the X-ray
polarisation, magnetism of the resonant
atoms, and lattice features - then
combine to yield a sensitive anisotropy,
reflecting lattice properties that
otherwise fail to emerge. Electric
dipolar transitions usually dominate the
scattering process.

High brillance, tunability and
polarisation control, available at
synchrotron radiation sources, have
stimulated a wealth of experimental
investigations  using  X-rays at
resonance. In particular, in recent years,
a number of experiments have been
carried out to test the applicability of
resonant inelastic X-ray scattering
(RIXS) in determining electronic band
structures. Data have been collected
from diamond [1,2], B,O5 [3], boron
nitride [3,4], silicon [5], and graphite
[6].

RESONANT
SCATTERING AND
BAND STRUCTURE

RIXS probes inter-band (valence and
conduction) electronic excitations of
energy W= W - 4, and momentum q = q,
- (y, as allowed by the corresponding
conservation laws. (The subscripts denote
incoming and outgoing photons; h= 1).
Data are recorded as a function of w; and
), at a given q; usually, the emission
spectrum is analysed for a discrete set of

), values, which are taken across an
absorption threshold. A typical example,
thoroughly discussed in the present report,
is provided in Figure 1, where graphite
emission profiles are plotted for a few
values of the incoming photon energy near
the carbon K edge (~ 284 eV). [The spectra
are shown for two different experimental
geometries: 0 = 25° and 75°, as described
in the caption of Figure 1. This «angular»
dependence will not be discussed here.
The fluorescence spectrum recorded at
w; = 400 eV, that is way above the K
edge, is also depicted in Figure 1. We will
shortly come back to it.]

A correspondence (band mapping)
between the dispersive spectral
features of Figure 1 and the graphite
band structure, which is depicted in
Figure 2 (top panel), is established as
follows.

RIXS is accurately described by the
lowest Born approximation and
proceeds through a core-hole excitation
followed by an emission with, in
general, an electron relaxation process
in between. The total scattering rate
(golden rule) reads

Pioy (@1, @p) =21 ZIU; 2 &(E;- E; + 0 - @)
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where U; ¢ denotes the resonant
amplitude for a transition from the initial
state i to a final state f of the scattering
system. (The double-differential cross-
section is obtained by multiplying Py
by the density of states of the outgoing
photon and dividing by the incoming-
photon flux.) Now, assume that the
electron states are properly described by
a Slater’s determinant of Bloch’s
wavefunctions, i.e. neglect the electron-
electron interaction. This approximation,
known as ‘independent quasiparticle
theory’, leads to a particularly simple form
for the transition amplitude U the
simplifying features being
1. the absence of relaxation effects
between absorption and emission,

2. the presence of a single electron-hole
pair in the final state.

With reference to the band structure of
Figure 2, in graphite the allowed single-
pair final states are given by Tt*ITand T¢*@ .
(Hole states are underlined.)

To compare the data of Figure 1 with
the predictions of the independent
quasiparticle theory, the present authors
have performed numerical calculations of
Pt (AW, Awy,) for Aw; =0, 0.5, 1.0 and
1.5 eV, neglecting electron-electron

i-f

interaction. (Aw; and Aw, refer to the
threshold energy at 284 eV). Only vertical
transitions have been considered, thus
disregarding the effect of a small but finite
photon wave vector. The results are shown
in Figure 2 (lower panel, dashed lines).
These emission spectra reflect a 1s — Tt*
absorption process, near the K symmetry
point, followed by emission from the Ttand
0 bands at about 0, — 11, and — 14 eV. The
changes in the spectral profiles, as y is
swept from threshold to 1.5 eV above, are
readily explained by following the band
structure in the K — I direction. Notice
that the independent quasiparticle
approximation provides no explanation for
the emission peak observed at — 8 eV.

To overcome this mismatch, Carlisle
and collaborators [6] included a fraction of
the fluorescence spectrum (w; = 400 eV)
which, as clearly visible in Figure 1,
happens to peak at about w, = 276. In our
view, their procedure suffers from a
twofold inadequacy. Firstly, it introduces a
somewhat arbitrary superposition of events
which are far removed in energy; and
secondly, it relies on a conceptually ill-
defined distinction between spatially
coherent (near the edge) and incoherent
(fluorescence) processes. In fact, it is
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Fig. 2: Upper panel: the band structure of graphite. Lower
panel: numerical calculations of the graphite K-edge
emission spectra for 0 = 25°, in the scattering geometry of
Figure 1. The independent quasi-particle approximation is
given by the dashed lines. The inclusion of a local U= -3 eV
r core-hole potential is represented by the solid lines. The
corresponding absorption (XAS) profiles are depicted in the
inset. (Reproduced from [7]).

straightforward to prove that, for Bloch’s
electrons, Py (i — f) ~ N with N the
number of lattice sites, thus indicating a
spatially incoherent process [Py, (i — i) ~
N2, so that coherence is recovered in the
elastic limit.]

ELECTRONIC RELAXATION

To remove the discrepancy described
previously, we have included intermediate
state relaxation in the form of a screened
Coulomb potential acting between the 1s
hole and the promoted Tt electron. As a
result, three steps can be identified in the
resonant process
1. Is — T absorption exciting the system
to its intermediate state;

2. action of the screened Coulomb
potential (relaxation) with formation of
excitonic states;

3.7 - Isand 0 - 1s emission from the
relaxed states.

The corresponding numerical emission
spectra are shown in Figure 2 (lower
panel, solid lines). Notice that an excitonic
peak has appeared at about — 8.0 eV,
in satisfactory agreement with the
observations. This excitonic peak is mainly
a result of dipole transitions into the flat-
band region between the L and M
symmetry points. These states are pulled
down by the core-hole Coulomb
interaction; consequently, the absorption
process is allowed closer to threshold. (We
remind the reader that M is a saddle point
in the T¢* band, yielding therefore a large
contribution to the graphite density of
states.)

The screening of a carbon 1s hole in
graphite (a semimetal) has been a point of
discussion for nearly twenty years. The
lack of agreement between the one-
electron density of states and absorption
spectra (electron-energy-loss data) was
interpreted by Mele and Ritsko [8] as a
clear indication of a strong excitonic shift
in the final state. Their findings were
contradicted by several authors until the
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Uppsala group provided inequivocable
evidence that, near threshold, the excited
electron is localised [9,10]; thus, excitons
significantly contribute to electronic
screening.

The model we have discussed
contains one free parameter: the strength
U of the screened Coulomb potential,
and our emission spectra have been
calculated assuming U = — 3 eV. The
same potential strength determines the
absorption-peak shift shown in Figure 2
(inset), in agreement with previous
calculations and observations. |
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