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2. SYMMETRY ASPECTS OF EXCITATIONS
Table 2.2.16.1. W‘‘0 factors for X-ray emission spectra showing the ‘ ¼ 1
selection rule
‘
‘0

0

0
1
2
3

1

2

3

4

1/3
1

2/5
2/3

3/7
3/5

4/11

2.2.16.3. Core electron spectra
In excitations involving core electrons, simpliﬁcations are
possible that allow an easier interpretation. As one example,
(soft) X-ray emission (XES) or absorption (XAS) spectra are
brieﬂy discussed. In the one-electron picture, the XES process
can be described as sketched in Fig. 2.2.16.4. First a core electron
of atom A in state n0 ‘0 is knocked out (by electrons or photons),
and then a transition occurs between the occupied valence states
at energy " and the core hole (the transitions between inner core
levels are ignored).
According to Fermi’s golden rule, the intensity of such a
transition can be described by
P
IAn0 ‘0 ðÞ ¼ 3 W‘‘0 nA‘ ð"ÞMA ð‘; n0 ‘0 ; "Þ2 ð"  EAn0 ‘0  hÞ;

hole of a neighbouring atom may be important. The latter
contributions must be (and are) included in the partial waves
within the sphere in schemes such as LAPW. There is no physical
difference between the two descriptions.
In XES, spectra are interpreted on the basis of results from
ground-state calculations, although there could be relaxations
due to the presence of a core hole. As early as 1979, von Barth
and Grossmann formulated a ‘ﬁnal state rule’ for XES in metallic
systems (von Barth & Grossmann, 1979). In this case, the initial
state is one with a missing core electron (core hole), whereas the
ﬁnal state is close to the ground state, since the hole in the
valence bands (after a valence electron has ﬁlled the core hole)
has a very short lifetime and is very quickly ﬁlled by other valence
electrons. They applied time-dependent perturbation theory and
could show by model calculations that the main XES spectrum
can be explained by ground-state results, whereas the satellite
spectrum (starting with two core holes and ending with one)
requires a treatment of the core-hole relaxation. This example
illustrates the importance of the relevant physical process in
experiments related to the energy-band structure: it may not
always be the just the ground states that are involved and
sometimes excited states must be considered.
2.2.17. Conclusion

‘

ð2:2:16:5Þ
where W‘‘0 comes from the integral over the angular components
(Table 2.2.16.1) and contains the ‘ ¼ 1 selection rule, nA‘ ð"Þ is
the local (within atomic sphere A) partial (‘-like) DOS,
MA ð‘; n0 ‘0 ; "Þ2 is the radial transition probability [see (2.2.16.6)
below], and the last term takes the energy conservation into
account.
The MA ð‘; n0 ‘0 ; "Þ2 are deﬁned as the dipole transition (with
the dipole operator r) probability between the valence state at "
and the core state characterized by quantum numbers n0 ‘0,
RR
½ 0 A uA‘ ðr; "Þr3 RAn0 ‘core
ðrÞ dr2
0
2
0 0
:
ð2:2:16:6Þ
MA ð‘; n ‘ ; "Þ ¼
R RA A
2 2
0 ½u‘ ðr; "Þ r dr
In this derivation one makes use of the fact that core states are
completely conﬁned inside the atomic sphere. Therefore the
integral, which should be taken over the entire space, can be
restricted to one atomic sphere (namely A), since the core
ðrÞ and thus the integrand vanishes outside
wavefunction RAn0 ‘core
0
this sphere. This is also the reason why XES (or XAS) are related
to nA‘ ð"Þ, the local DOS weighted with the ‘-like charge within the
atomic sphere A.
The interpretation of XES intensities is as follows. Besides the
3 factor from Fermi’s golden rule, the intensity is governed by
the ‘ ¼ 1 selection rule and the energy conservation. In
addition, it depends on the number of available states at " which
reside inside sphere A and have an ‘-like contribution, times the
probability for the transition to take place from the valence and
to the core hole under energy conservation. For an application,
see for example the comparison between theory and experiment
for the compounds NbC and NbN (Schwarz, 1977).
Note again that the present description is based on an atomic
sphere representation with partial waves inside the spheres, in
contrast to an LCAO-like treatment with site-centred basis
functions. In the latter, an equivalent formalism can be deﬁned
which differs in details, especially for the small components (offsite contributions). If the tails of an orbital enter a neighbouring
sphere and are crucial for the interpretation of XES, there is a
semantic difference between the two schemes as discussed above
in connection with f.c.c. Cu in Section 2.2.16.1. In the present
framework, all contributions come exclusively from the sphere
where the core hole resides, whereas in an LCAO representation
‘cross transitions’ from the valence states on one atom to the core
Copyright © 2006 International Union of Crystallography

There are many more applications of band theory to solids and
thus an enormous amount of literature has not been covered
here. In this chapter, an attempt has been made to collect relevant concepts, deﬁnitions and examples from group theory, solidstate physics and crystallography in order to understand
symmetry aspects in combination with a quantum-mechanical
treatment of the electronic structure of solids.

The author wishes to thank the following persons who
contributed to this chapter: P. Blaha, the main author of WIEN;
J. Luitz, for help with the ﬁgures; and P. Herzig, with whom the
author discussed the group-theoretical aspects.
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