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Theory of core-hole effects in 1s core-level spectroscopy of the first-row elements
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The 1s core-level excited spectra in LiF, BeO, cubic BN, CaBg, MgB,, SiC, diamond, and C;N4 were
calculated using an ab initio pseudopotential plane wave method and a projector augmented wave reconstruc-
tion. Core-hole effects were investigated through a detailed examination of spectral differences between the-
oretical results from standard ground state calculations and from supercell calculations that included the core
hole. A quantitative analysis reveals a relationship between core-hole strength and the valence charge

population.
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I. INTRODUCTION

Through electron or x-ray spectroscopy, probing the exci-
tations of electrons from core levels to unoccupied electronic
states is a basic tool for investigating the properties of mate-
rials. Electron energy-loss near-edge structure (ELNES) and
x-ray absorption near-edge structure (XANES) probe infor-
mation on the unoccupied electronic states by exciting one
electron from a core level into the unoccupied states. (Scan-
ning) transmission electron microscopes with an electron
energy-loss spectrometer attached have been used exten-
sively in the study of nanoscale materials to obtain informa-
tion about local composition, structure, and electronic struc-
ture. However, the probing electron (or x-ray) actually
interacts with a system that has been perturbed by the probe
itself, with an inner-shell electron removed, i.e., with a core
hole.'=* The relaxation of the system in the presence of the
core hole will affect the observed core-level excitation spec-
tra so that interpretation of the experimental spectrum be-
comes a more challenging task. A satisfactory theory of op-
tical spectra or core excited spectra should calculate two-
particle electron-hole interactions in a reliable and accessible
way. In the core-level excitation process, the core hole is
localized on a single atomic site. Using an atom with a re-
duced occupation in the core level within a supercell ap-
proximation has been a good and popular description for the
calculation of core-level spectroscopy within standard den-
sity functional theory (DFT).*~!'> Recent developments on
core-level spectroscopy calculation using the Bethe-Salpeter
equation'>'* or time-dependent DFT'> or a combination of
the two approaches'®!” provide more rigorous approaches
for a core-level spectra calculation. In these approaches,
many-body effects such as the broadening of spectra due to
electron-hole lifetime can be taken into account in a natural
way. While good agreement with experimental results has
been achieved, this necessarily comes with a much greater
computational burden as compared to standard ground state
calculations.

A systematic observation of core-hole effects and a quan-
titative estimation of the core-hole strength in materials can
assist in the simulation and interpretation of core-level spec-
tra. If based on some empirical rules, we can predict that a
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certain core-level spectrum is not likely to be heavily influ-
enced by core-hole effects, information on the ground elec-
tronic structure of a material can be inferred directly from the
experimental spectrum. In this case, traditional ground state
calculations will be expected to predict the main features of
experimental results and so allow interpretation of the ex-
perimental spectrum. If this is not the case, inclusion of the
influence of the core hole is essential in the theoretical simu-
lation, and one should be aware in the analysis of experimen-
tal results that near-edge fine structure includes influences in
the core excitation process beyond the ground state elec-
tronic structure.

Core-hole effects have been observed in many spectra by
numerous authors ®10-12-1418-24 The conductivity and dielec-
tric constant*?? have been suggested as important factors re-
lated to the core-hole influence due to their connection with
electron screening. In the study of core excitons of alkali
halides'?! through the comparison of ground state calcula-
tion results with x-ray absorption spectra, it is found that the
exciton is more strongly bound at the cation than at the anion
site. This finding is explained by the difference in the effec-
tive screening of valence electrons.!

Given the wide scope of the materials studied by core-
level spectroscopy, a systematic investigation of core-hole
influence is desirable to determine the factors correlated with
core-hole strength. In the present paper, core-hole effects in a
series of materials consisting of seven first row elements (ex-
cluding neon) have been studied by comparing standard
ground state calculations with calculations that include core-
hole correction. We chose first row elements as the primary
system for the study of core-hole effects because of their
simplicity for a theoretical investigation and their importance
in the application of core-level spectroscopy. During the ex-
citation process in the first row elements, only the K edges
are formed and the screening effect of the remaining core
electron (i.e., the other 1s electron) is similar. This brings the
simplicity of isolating the effect of valence electrons from
that of core electrons. To fully take account of the latter for
all possible excitations would involve careful classification
and discussion of the atomiclike core orbitals and their dif-
ferent possible initial states (K, L, L, 3, etc.). From the view-
point of experimental application, the K edges of light ele-
ments B, C, N, and O are ideal for the electron energy-loss
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TABLE I. Lattice parameters and supercell size in spectra simulations including the core-hole effects.

Space group

Lattice constant

(A) Supercell size

LiF Fm3m (225) a=4.027
BeO P63mc (186)

c-BN F43m (216) a=3.6162
Diamond Fd3m (227) a=3.567
CaBg Pm3m (221) a=4.146
MgB, P6/mmm (191)

B-SiC F43m (216) a=4.358
B-C3Ny P3 (143)

a=2.696, c=4.379, u=0.3771

a=3.0864, c=3.5215

a=6.4017, c=2.4041

3X3X3 (54 atoms)

3X3X2 (72 atoms)
3X 3 X3 (54 atoms)

3X 3 X3 (54 atoms)
2X2X2 (56 atoms)

3X3X2 (56 atoms)
3X 3 X3 (54 atoms)

1X1X3 (42 atoms)

spectroscopy study because of both the large cross section
and the detailed fine structures that reflect local structure and
bonding environments.>>~2® A quantitative method is intro-
duced to estimate the strength of the core-hole effect in these
K edges. A clear relationship between core-hole strength and
valence charge population of the excited atom is found.

II. CALCULATION METHOD
A. Electronic structure calculation

Our calculations are based on a plane wave pseudopoten-
tial method within the framework of density functional
theory,?3! which has the advantage of being computation-
ally less intensive than an all-electron code, such as OLCAO
(Ref. 5) or FPLAPW.!! Pseudopotential codes have been used
in the past for ELNES/XANES calculations, but often with-
out fully taking into account the matrix element effect and
ignoring the pseudopotential error in the core region, thus
failing to give an absolute value of matrix elements and thus
an absolute cross section value. In our approach, matrix ele-
ments are explicitly calculated and the pseudopotential error
is eliminated through a reconstruction of all electron calcu-
lation results after the band structure calculation (see Sec.
II B below). In this way, both the advantage of the pseudo-
potential method, i.e., reduced computational cost and the
ability to do very large systems, and the accuracy of all-
electron methods are retained.

The interaction between the core hole and the excited
electron was treated within the single-particle electronic
structure method*3-19-33 by taking the advantage of the local-
ization of the core hole. To model the excited atom in which
the hole is localized, a pseudopotential for the excited state
was specially constructed by reducing the occupation of the
core level of the reference configuration by 1. A supercell
approximation is adopted to minimize the mutual interaction
of excited centers. The lattice parameters of the materials
studied and the supercell sizes for the calculations that in-
clude core-hole effects are shown in Table I. For the theo-
retically proposed material 5-C3N,,%¢ the equilibrium struc-
tural parameters calculated by Teter and Hemley?’ were
employed. The minimum core-hole to core-hole distances for
each structure corresponding to the parameters given in

Table I are 8.54 A for LiF, 8.09 A for BeO, 7.67 A for
c-BN, 7.57 A for diamond, 8.29 A for CaBg, 7.04 A for
MgB,, 9.24 A for B-SiC, and 6.40 A for B-C;N,.

The choice of supercells in Table I is a compromise be-
tween computational burden and accuracy. All the calcula-
tions can be performed using a PC (2.8 GHz Pentium 4 to-
gether with 2 Gbytes random access memory). The
confidence on the reliability of the calculated results using
the chosen supercell size is based on the following argu-
ments. Although the exact convergence condition of super-
cell size relates to a specific system, our experience®322-38.39
and test calculations using supercell size smaller than that in
Table I show that a supercell size with a minimum distance
between neighboring excited atoms larger than about 6 A
can generally give theoretical spectra consistent with experi-
mental measurement. Limited tests using a larger and more
computational consuming system such as a 4 X4 X4 (128
atoms) supercell for diamond also confirm our expectation;
i.e., our choice can give fairly reliable results, sufficient for
our purposes, while requiring only easily accessible compu-
tational resources. However, we also admit that for very de-
tailed features, such as for the interpretation of the results
obtained by high energy resolution data, a more stringent test
for the convergence of supercell might be required.

Vanderbilt ultrasoft pseudopotentials’> were employed,
using the generalized gradient-corrected functional
exchange-correlation approximation.’3 The Monkhorst-Pack
scheme®* including symmetry was applied for a Brillouin
zone integration of each supercell. The number of k points
sampled in the irreducible wedge is equivalent to 64 k points
in the first Brillouin zone. The maximum k-point spacings
are 0.225 A~! for LiF, 0.224 A~! for BeO, 0.251 A™! for
c-BN, 0.254 A-' for diamond, 0.189 A~' for CaBs,
0.223 A~ for MgB,, 0.208 A~! for B-SiC, and 0.283 A~!
for B-C5;Ny. The plane wave cutoff energy was chosen to be
around 400 eV.

B. Energy-loss near-edge structure simulation

The dipole approximation is justified for most transmis-
sion electron energy-loss spectroscopy experiments, particu-
larly when a small axial collection aperture is employed. For
K-edge spectra, the p-symmetry unoccupied states are
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probed.? The electric dipole approximation applies for x-ray
absorption spectroscopy when the wavelength of the x-ray,
which induces the transition, is much larger than the size of
the core orbital. The key part of an ELNES/XANES calcu-
lation within the dipole approximation is the calculation of
the matrix elements of the position operator between the core
state |¢c> on the site of interest, which can be obtained from
an all-electron atomic calculation, and the unoccupied final
state |1,b,,,k>. According to the projector augmented wave
(PAW) approach,*” an all-electron wave function [¢, ;) can
be recovered from the corresponding pseudo-wave-function

|1~pn,k) via a linear transformation.

Following the previous work of Pickard and
co-workers,%1%33 the dipole matrix elements are evaluated by
using the PAW approach to remove errors due to the pseudo-
potential,

<¢c|ra|(/fn,k> = <¢c|ra| lZn,k> + 2 (<¢C|ra|¢i> - <¢c|ra|$i>)

X (P ) (1)

where ¢; and ¢; are all-electron and pseudopartial waves,

respectively, and a=x,y,z. (¢ |rald)—(d.|rod;) can be
evaluated once in real space for each pseudopotential used.
p; is the PAW projector function localized within the aug-
mentation region and obeys the relation (ﬁi|$j)=5,»j. Two
projectors are constructed for each angular momentum for
the ultrasoft pseudopotentials used in our calculations.

The spectra plotted correspond to a square modulus of the
matrix elements,

I(E) = E wkz V(E - En,k)|<¢c|ra|'r//n,k>|2’ (2)
k n

where Y(E-E, ) is a Lorentz broadening function used in
Brillouin zone spectral integration. Broadening is necessary
due to the limited number of sampling k points. Only transi-
tions to unoccupied electronic states are counted. The spectra
are further convolved with a Gaussian to take into account
the spectral resolution. In the present work, the full width at
half maximum of Lorentz and Gaussian functions are chosen
to be 0.2 and 0.4 eV, respectively. For anisotropic materials
(MgB,, BeO, and B-C;3;N,), the average spectra for «
=x,y,z were presented, which corresponds to the experimen-
tal measurement using magic angle conditions.*!

III. RESULTS AND DISCUSSION

Generally speaking, the inclusion of the core hole can
induce changes in both the shape of the spectral features and
in their absolute energy position. The shift of the absolute
energy comes from the deeper core-level energy due to the
core electron excitation and the change in the relative energy
of the final states due to the core-hole perturbation. Our fo-
cus is on the change in the spectral features induced by the
core hole, and so we concentrate on the difference between
ground electronic states and the “excited” electronic states. A
positive core-hole potential has the effect of pulling states in
the conduction band down toward the threshold energy and
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causing a contraction of the wave function, which will en-
hance the spectral weight for the spectral features near the
threshold.

In order to investigate the parameters related to the
strength of core-hole effects, we have carried out calcula-
tions of core excited spectra in eight different materials. The
theoretical K edges for these materials with and without the
inclusion of core-hole effects are shown in Figs. 1-3. The
energy of the conduction band minimum is set to zero in the
figures. Experimental spectra where available are also repro-
duced from Refs. 8, 10, 19, 38, and 42—-44, shown in the
figures for comparison. The experimental spectra are verti-
cally offset for clarity. It can been seen that experimental
features are well reproduced by the core-hole calculation,
bearing in mind that our work concentrates on the shape of
the core-level spectra and does not attempt to determine the
absolute threshold energy.

For all the spectra shown in Figs. 1-3, the core-hole in-
fluence is more significant near the absorption threshold. The
spatial distribution of final electronic states near the thresh-
old is localized, with the bonding orbitals generally falling
into this energy range. The transition to these final states can
be heavily affected by the core hole, and this effect can ex-
tend over an energy range of up to 20 eV above the thresh-
old. The core-hole influence for spectral features at higher
excited energies is not significant. The spatial distribution of
high energy excited states is extended, and their overlap with
core-hole states is small, so the influence by the core-hole
positive charge to the spectral features is expected to be less
important.

Figure 1 shows the results for two ionic compounds LiF
and BeO and a covalent compound c-BN. In the Li K edge in
LiF, a prominent peak near the threshold is observed in the
experimental spectrum, which is absent in the ground state
spectrum but is well reproduced when the core-hole effect is
included. The core-hole effect for the Be K edge in BeO is
similar to that for the Li K edge in LiF; the presence of the
core hole dramatically alters the distribution of spectral fea-
tures; and, once again, a sharp peak near the threshold is
generated. For the F K edge in LiF and O K edge in BeO, the
spectral intensity has also shown significant changes com-
pared to the ground state results within a 20 eV range above
the threshold. However, the influence of the core hole is
apparently less significant as compared to their cation coun-
terparts.

In cubic boron nitride, the B-N covalent bonding has an
intrinsic polar character due to the electronegativity differ-
ence between boron and nitrogen. Although core-hole effects
alter the spectral features in the range 0—10 eV for both the
B and N K edges, it can be seen from Fig. 1 that the differ-
ence between the ground state and the core-hole calculations
for the B K edge is larger than that for the N K edge. The
sharp exciton peak found in Li and Be K edges does not
appear in the B K edge.

Through an examination of the theoretical K edges in Fig.
1, a qualitative conclusion can be drawn: For cations in ionic
compounds or atoms with a lower electronegativity in cova-
lent compounds, the core-level spectra are distorted by the
core-hole effects to a greater extent than their counterparts
with a higher electronegativity. This indicates some correla-
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FIG. 1. (Color) Theoretical core-level excited spectra for LiF, BeO, and cubic BN with inclusion (thick red line) and without inclusion
(thin blue line) of the core-hole effects. Experimental spectra (dash line) for LiF (Refs. 42 and 43) and cubic BN (Ref. 8) were reproduced
from Refs. 8, 42, and 43 for comparison.

lence electrons from silicon atoms, in contrast to the behav-
ior of carbon atoms in carbon nitride. Atomic populations
calculated based on a Mulliken population analysis* are
listed in Table II. For the C K edge in 8-C3;Ny, on the inclu-

tion between the strength of core-hole effects and the valence
electron screening.

Carbon K edges in B-C3N, diamond, and 3C-SiC are
shown in Fig. 2. In silicon carbide, carbon atoms attract va-
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FIG. 2. (Color) Theoretical carbon K edges in 8-C3;Ny, diamond, and 3C-SiC with inclusion (thick red line) and without inclusion (thin
blue line) of the core-hole effects. Experimental spectra (dash line) for diamond (Ref. 10) and 3C-SiC (Ref. 44) were reproduced from
references for comparison.
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FIG. 3. (Color) Theoretical boron K edges in CaB¢ and MgB,
with inclusion (thick red line) and without inclusion (thin blue line)
of the core-hole effects. Experimental spectra (dash line) for CaBg
(Ref. 38) and MgB, (Ref. 19) were reproduced from references for
comparison.

sion of core hole a very sharp peak is formed near the thresh-
old, but it is not present in the ground state calculation result.
In contrast, the core-hole influence in the C K edge of
3C-SiC is quite weak; a one to one correspondence can be
found between the spectral features with and without the
inclusion of the core hole. The core-hole effect in diamond is
similar, but to a lower degree as compared to the C K edge in
B-C3Ny.

The strength of core-hole effects in carbon K edges can be
estimated approximately by the bonding electron transfer.
The bonding electrons in cubic BN are drawn to the nitrogen
atom, so the core-hole effects are quite significant in the B K
edge (Fig. 1). This would lead us to expect that in metal
borides, the core-hole effects would be relatively weak since
the boron atom draws electrons from its metal counterpart.
The theoretical results for CaBg and MgB, shown in Fig. 3
confirm this suggestion. The weakness of core-hole effects
for the B K edge in MgB, explains previous successes in
reproducing and interpreting experimental spectra using
standard ground state calculations.!%4647

In order to describe the core-hole influence quantitatively,
the Hellinger distance is calculated to measure the spectral
variation caused by the presence of the core hole, i.e., the
strength of the core-hole effects. The Hellinger distance to
measure the distance between two spectra, p and ¢, is de-
fined as

D)= [ (PR a@ore 0

The Hellinger distance is invariant under rebinning and per-
mutation. It is a special case (@=1/2) of a divergence,*
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FIG. 4. Hellinger distance between calculated spectra with and
without core-hole effects versus valence charge population.

which is itself a generalization of the Kullback-Leibler
divergence.*’ To prepare this quantification, we shifted the
ground state results with a constant energy shift so as to
minimize the differences from about 15 to 45 eV, where
there is less distortion due to the presence of the core hole.
Then, the Hellinger distances between the ground and ex-
cited core-hole spectra in the energy window from
-2 to 40 eV were calculated and normalized using the spec-
tral intensity of excited spectra in the same range. The results
are plotted in Fig. 4 against the atomic populations from the
ground state calculations (Table II).

Figure 4 clearly demonstrates the relationship of valence
charge population and core-hole strength. Larger differences
between spectra tend to occur for smaller valence charge
populations. In principle, an accurate description of the elec-
tronic relaxation in response to the core hole requires de-
tailed information on the electronic structure. The screening
effect of valence electrons is just one of the indicators, and
the atomic population is itself an approximate index to rank
the effect of valence electron screening. It is not surprising
that the data points in Fig. 4 could not be precisely repre-
sented by trial fitting functions due to this complexity.

A connection between core-hole strength and dielectric
constant has also been suggested.?? The microscopic dielec-
tric constant®® might determine the core-hole strength be-
cause the core-hole effect is a reflection of microscopic di-
electric response for the material system to the positive
charge introduced by the core hole; however, it is different to

TABLE II. Atomic populations by Mulliken analysis.

LiF BeO c-BN CaBg MgB, B-C3Ny Diamond B-SiC
Li 0.45 Be 1.22 B 2.39 B 3.29 B 3.86 C 3.55 C 4.00 C5.21
F 7.55 0 6.78 N 5.61
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find a well defined relation between the core-hole strength
and the experimentally measured macroscopic dielectric con-
stant. The dielectric constant for a compound has a fixed
value, but the core-hole influence on different elements in the
same compound is different. For example, the core-hole
strength of the B K edge in BN is more significant than the N
K edge. Whether a simple relation between core-hole effects
and band gap or dielectric constant exists or not requires
further investigation. The valence electron screening plays a
crucial role in the electron-hole interaction, and our analysis
has shown that it is feasible to estimate the core-hole
strength of different core excitation processes by the bonding
electron transfer and valence charge population connected to
the excited atom.

IV. SUMMARY

A systematic study has been carried out to investigate
core-hole effects in different atomic species and materials by
a detailed comparison between the standard ground state cal-
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culations and more rigorous calculations that include the
core-hole influence. Both qualitative observation and quanti-
tative analysis reveal the critical role of valence electron
screening in the strength of the core-hole effects. For similar
compounds, core-hole effects will be more significant for
core excitation spectra arising from cations in ionic com-
pounds or from elements with lower electronegativity in co-
valent compounds. For a particular element in different ma-
terials, the core-hole effects will be more significant when it
has a tendency to lose bonding electrons.
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