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We examine in depth the functional dependence of computed core-electron binding and excitation
energies based on a total-energy difference approach within Kohn-Sham density functional theory.
Twenty-seven functional combinations were studied using a database of reliable experimental data
on 18 molecules. The computed core-electron binding energies are largely dependent on the choice
of exchange functional. The term value of the first resonant excited state and energy differences
between the lowest core-excited states are, however, quite insensitive to the choice of functionals
since the errors due to the core-region cancel out. Using these results we define a different exchange
functional, which mixes two functionals designed by Perdew and Wang~PD86 and PD91!, with the
best results for both excitation and binding energies obtained for a mixing ratio 60:40 between these.
We also reexamine the relativistic corrections for inner-shell excitations. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1809610#

I. INTRODUCTION

Recent progress in spectroscopic techniques for the soft
x-ray region using synchrotron radiation enables us to exam-
ine in detail the electronic structure of molecules as well as
the chemical reactions induced by inner-shell excitations.1–5

Combining spectroscopic techniques such as x-ray absorp-
tion spectroscopy~XAS!, x-ray photoelectron spectroscopy
~XPS!, x-ray emission spectroscopy, and Auger electron
spectroscopy, we can experimentally through core excitation
obtain the electronic structure as well as dynamical informa-
tion for molecules in the gas phase, surface adsorbed
systems,4 and in the liquid phase.6 Especially, the core-
electron binding energy~CEBE! is an important physical
quantity and the chemical shift of core ionization potentials
formed the basis for the notion of ESCA, electron spectros-
copy for chemical analysis.7,8

For the last decade, theoretical techniques to calculate
core-electron binding energies have been developed by sev-
eral groups.9–18 Especially methods based on density func-
tional theory~DFT! provide sufficient accuracy in spite of
the simplicity of the computational method and are thus used
widely in chemical applications. Two kinds of methods have
been proposed previously. One is the so-called DFT/uGTS
method by Chong and co-workers,9–11 which makes use of
the transition potential model.19 The other is theDKohn-
Sham ~DKS! method proposed by Triguero and
co-workers,14,15,20where the CEBE is calculated as the en-
ergy difference between the total Kohn-Sham energies of the
core-ionized cation and of the neutral parent molecule. Re-
cent progress has enabled the CEBE to be calculated within
the DFT framework to within 0.2 eV of the experimental
values for various molecules.12

The CEBE provides important information on the

chemical environment at the core-ionization site, but tech-
niques to obtain the full XA spectrum, where the CEBE pro-
vides a reference point, are desirable. This requires optimiz-
ing highly excited electronic states, which furthermore lie
embedded in the continuum based on valence-ionized states.
By imposing the requirement of a 1s1 core occupation the
core-excited states computationally form a sequence with no
lower-lying states that fulfill this requirement.21 Experimen-
tally the discrete states below the core-ionization edge are
lifetime broadened through the various decay channels, as
well as vibrationally broadened; these effects are modeled in
calculations by a Gaussian broadening of the oscillator
strengths. Typically a larger broadening is applied to con-
tinuum states above the edge to compensate for the discrete
sampling of the kinetic energies inherent with the use of a
local Gaussian type basis. We have developed and imple-
mented efficient techniques to generate XAS spectra using
the transition potential method19 within the STOBE-DEMON

DFT code.22 These have been tested and applied in a series
of papers where also the energy positions of low-lying ex-
cited states were examined.14,15,23,24We have furthermore ex-
tended this method to obtain variationally a sequence of
core-excited states in a state-by-state procedure with very
good results for small molecules, e.g., gas phase pyridine.20

Many exchange and correlation functionals have been
proposed in the literature and it is necessary to determine the
sensitivity of the results to the various combinations of ex-
change and correlation functionals. Although investigations
of the functional dependence of computed CEBEs have
appeared,11,12,14no corresponding systematic study has been
performed with respect to the core-excitation energies. The
functional dependence was investigated briefly in the early
work by Trigueroet al.,14,15but only for a very limited set of
functionals and molecules.

Furthermore, in order to compare computed CEBEs with
experimental measurements, some small corrections need to
be introduced, i.e., relativistic terms, and vibronic and zero-
point vibrational corrections. Vibronic coupling can generate
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significant effects on intensities in XAS through symmetry
breaking, which makes, e.g., the 1a1 to 4a1 transition
weakly allowed in gas phase methane, or generate overlap-
ping Franck-Condon profiles which affects, e.g., the intensity
ratio between the two lowest states in gas phase pyridine.20

For CEBEs, on the other hand, these effects show up mainly
as a Franck-Condon profile and are not so significant as has
already been discussed in the literature.1,14 The relativistic
effect is relatively small but significant for core-excited
states of the first-row atoms, such that it is a good approxi-
mation to add this effect as a perturbation based on atomic
calculations. Unfortunately there is confusion in the litera-
ture as to the magnitude of the relativistic correction on the
CEBEs for many-electron atoms. Historically, Pekeris esti-
mated the relativistic corrections for two-electron atoms and
ions by solving the nonrelativistic Schro¨dinger equation nu-
merically and computing the mass-velocity and Darwin
terms using first-order perturbation theory.25 For molecules,
two different sets of corrections have been proposed.
Chong10 estimated the relativistic correction in molecules by
linear extrapolation based on the two-electron atomic sys-
tems. His values were close to half of those of Pekeris, and
he argued that the estimation by Pekeris was larger than
those in neutral molecules due to the absence of valence
electrons. On the other hand, one of the authors and
co-workers15 have proposed another set of values obtained
from calculations on the respective atoms, where the differ-
ential relativistic effect between a neutral and core-ionized
atom was computed as the first-order perturbation theory es-
timate of the mass-velocity and Darwin terms. Contrary to
the extrapolated values obtained by Chong this set of values
agreed well with those of Pekeris.

In the present study, the functional dependence is studied
systematically for not only the CEBE but also the term value
of the first-excited state as well as for the energy differences
between core-excited states for a representative set of first-
row molecules in the gas phase. We use the term value in
order to separate effects of the functionals in the core region
and the valence or Rydberg spatial regions. The CEBE will
measure the behavior of the functionals in the core spatial
region while the term values constitute the difference be-
tween core-excited states, thus largely eliminating possible
discrepancies of the functionals in the region of the core. The
term values, apart from providing a direct measure of the
performance of the functionals further from the nucleus, are
furthermore of interest since these are what is usually mea-
sured experimentally. Finally, we reexamine the relativistic
corrections on core electron binding energies in the present
work.

II. CALCULATIONAL PROCEDURE

A total of 18 molecules with well established experimen-
tal data for both CEBE and term values were selected for the
present investigation. The geometries for the 14 molecules
(CH4, CO, C2H2 , C2H4 , C2H6 , HCN, H2CO, CH3OH,
CO2, CF4, N2 , NH3, H2O, and HF! were taken as the ex-
perimental gas phase geometries, while for BF3 , BCl3 ,

HFCO, and CH3F, geometry optimizations were performed
using GAUSSIAN98 ~Ref. 26! at the MP2/cc-pVDZ level of
approximation.

The detailed computational procedure has already been
described elsewhere.14,20 In short, in order to determine the
absolute energy position of the excited states,DKS calcula-
tions, i.e., allowing full relaxation of the fully ionized core
hole state, were performed to compute the relaxed ionization
energy~IP!. The core-excited states were variationally deter-
mined with maintained orthogonality between the excited
states through the following procedure: The first excited state
was obtained by fixing the occupation of the core spin orbital
to zero and placing the excited electron in the first unoccu-
pied orbital. A full relaxation with this constraint leads to a
state that is near orthogonal to the ground state due to the
1s21 configuration. The next state was then obtained by re-
moving the variationally determined excited orbital from the
variational space and occupying the next level. This proce-
dure gives a variational lower bound to the energy and guar-
antees orthogonality between the excited states since all re-
maining orbitals now have to be orthogonal to the
successively defined and eliminated levels.20

Relativistic effects on the IP were obtained for the atoms
in this study using the same procedure as Trigueroet al.,15

and added to produce the overall shift of the energy position;
the corrections were obtained from calculations on the re-
spective atoms using uncontracted basis sets and including
correlation through the modified coupled pair functional27

approach. The differential relativistic effect was obtained as
the first-order perturbation theory estimate of the mass-
velocity and Darwin terms. These calculations were carried
out with theSTOCKHOLM package.28 In theDKS-calculations
on molecules with more than one atom of the same element
as the core-excited atom the non-core-excited atoms were
described by effective core potentials~ECP!.29 This simpli-
fies the definition of the core hole state, since the use of an
ECP description eliminates the 1s level of the atoms to
which it is applied. This procedure is helpful in core-hole
calculations for an atom, which is not the only one of its kind
in the studied molecule. The ECPs introduce insignificant
effects on the computed excited states.

In order to obtain an improved representation of relax-
ation effects in the inner orbitals, the ionized center was
described by the IGLO-III basis of Kutzelnigget al.,30 and
~6311/311/1! basis sets were used for the other heavy atoms,
while a ~311/1! basis set was used for the hydrogen atom.
The auxiliary basis sets were~3,1;3,1! for hydrogen and
~5,2;5,2! for the other atoms, where the nomenclature
@NC(s),NC(spd);NXC(s),NXC(spd)# indicates the number
of s- and spd-type functions used to fit the Coulomb and
exchange correlation potentials, respectively. This selection
is suitable to avoid linear dependence in the auxiliary basis
set. Nine gradient-corrected exchange functionals named
PD86,31 PD91,32 DEPK,33 BE86,34 BA86,35 BE88,36 PBE,37

PBE2,38 and RPBE39 and three correlation functionals named
PD86,31 PD91,32 and PBE37 were applied in all possible
combinations in the present study. Thus a total of 27 combi-

10340 J. Chem. Phys., Vol. 121, No. 21, 1 December 2004 O. Takahashi and L. G. M. Pettersson



nations of functionals were examined. The calculations have
been performed using theSTOBE-DEMONprogram.22

III. RESULTS AND DISCUSSION

As typical examples, we present the computed CEBEs
using the PD86 exchange functional31 in combination with,
respectively, the PD86,31 PD91,32 and PBE37 correlation
functionals in Table I. Relativistic corrections have been in-
cluded in all the values in the table. From the table, it is clear
that the CEBEs strongly depend on the combination of func-
tionals. Note that the average deviation~AD! of the calcu-
lated value from experiment becomes lower in the sequence
with PD86, PD91, and PBE as correlation functionals. Both
the maximum absolute deviation~MAD ! and the average
absolute deviation~AAD ! show a similar tendency. How-
ever, the difference between maximum and minimum devia-
tion ~MAX-MIN ! is not sensitive to the choice of correlation
functional.

Other combinations of functionals are also examined.
The resulting AD, MAD, and AAD for all 27 combinations
of functionals applied to the set of 18 molecules are shown in
Table II and illustrated in Figs 1, 2, and 3. In this table and
figures, we show the deviations from experiment of the com-
puted CEBEs, the term value of the first resonant excitation
energyT1 and energy differences between the lowest reso-
nantly excited statesDE for the series of molecules. Note
that for CH4 and CF4, the transition to the first resonant

FIG. 1. Functional dependence of AD, MAD, and AAD of the energy dif-
ference~in eV! between experimental and theoretical CEBEs for the target
molecules using different functional combinations. Notation of functionals
given in Table II.

TABLE I. Energy difference~in eV! between calculated and experimental
CEBEs for the PD86-PD86 (f 1), PD86-PD91 (f 2), and PD86-PBE (f 3)
functional combinations. AD, MAD, AAD, and MAX-MIN denote the
average deviation of the calculated value from experiment, the maximum
absolute deviation, the average absolute deviation, and the difference be-
tween maximum and minimum deviations~including sign! for the different
functional combinations, respectively.

Excha PD86 PD86 PD86
Corrb PD86 PD91 PBE

Functional number f 1 f 2 f 3

BF3 B(K) 20.255 20.450 20.652
BCl3 B(K) 0.227 0.029 20.151
CH4 C(K) 0.508 0.330 0.136
CO C(K) 0.530 0.299 0.099
C2H2 C(K) 0.571 0.371 0.184
C2H4 C(K) 0.584 0.385 0.197
C2H6 C(K) 0.458 0.271 0.076
HCN C(K) 0.480 0.271 0.076
H2CO C(K) 0.376 0.173 20.024
CO2 C(K) 0.083 20.137 20.341
CH3OH C(K) 0.374 0.184 20.011
CH3F C(K) 0.399 0.217 0.019
HFCO C(K) 0.022 20.190 20.392
CF4 C(K) 20.232 20.438 20.647
N2 N(K) 0.292 0.051 20.151
NH3 N(K) 0.489 0.266 0.063
HCN N(K) 0.460 0.220 0.020
CO O(K) 0.749 0.482 0.268
H2O O(K) 0.709 0.445 0.231
H2CO O(K) 0.541 0.267 0.058
CO2 O(K) 1.053 0.735 0.528
CH3OH O(K) 1.003 0.735 0.528
HFCO O(K) 0.474 0.198 20.015
HF F(K) 0.700 0.399 0.167
CH3F F(K) 0.567 0.257 0.034
HFCO F(K) 0.027 20.292 20.518
CF4 F(K) 0.243 20.080 20.308
AD 0.42 0.19 20.02
MAD 1.05 0.78 0.65
AAD 0.46 0.30 0.22
MAX-MIN 1.31 1.23 1.22

aExchange functionals.
bCorrelation functionals.

TABLE II. AD, MAD, and AAD of energy difference~in eV! between
experimental and theoretical CEBEs and AAD forT1, andDE for target
molecules with different functional combinations.F denotes the functional
combination enumeration used in the figures.

Exchange
functionals Correlation F

XPS
AD MAD AAD

T1
AAD

DE
AAD

PD86 PD86 f 1 0.42 1.05 0.46 0.41 0.17
PD86 PD91 f 2 0.19 0.78 0.30 0.25 0.18
PD86 PBE f 3 20.02 0.65 0.22 0.24 0.18
PD91 PD86 f 4 20.37 0.97 0.39 0.38 0.17
PD91 PD91 f 5 20.61 1.29 0.61 0.23 0.18
PD91 PBE f 6 20.82 1.51 0.82 0.22 0.18
DEPK PD86 f 7 20.27 0.80 0.31 0.33 0.17
DEPK PD91 f 8 20.51 1.12 0.51 0.22 0.20
DEPK PBE f 9 20.71 1.34 0.71 0.21 0.20
BE86 PD86 f 10 20.06 0.65 0.21 0.36 0.18
BE86 PD91 f 11 20.30 0.95 0.33 0.23 0.20
BE86 PBE f 12 20.50 1.18 0.50 0.22 0.20
BA86 PD86 f 13 20.17 0.73 0.24 0.36 0.18
BA86 PD91 f 14 20.41 1.04 0.42 0.23 0.20
BA86 PBE f 15 20.61 1.26 0.61 0.22 0.20
BE88 PD86 f 16 20.37 0.98 0.38 0.32 0.18
BE88 PD91 f 17 20.60 1.30 0.60 0.21 0.20
BE88 PBE f 18 20.81 1.52 0.77 0.20 0.19
PBE PD86 f 19 20.52 1.20 0.53 0.36 0.17
PBE PD91 f 20 20.77 1.52 0.77 0.22 0.18
PBE PBE f 21 20.98 1.74 0.98 0.21 0.18
PBE2 PD86 f 22 20.16 0.84 0.26 0.34 0.18
PBE2 PD91 f 23 20.41 1.16 0.42 0.21 0.19
PBE2 PBE f 24 20.61 1.38 0.61 0.21 0.19
RPBE PD86 f 25 0.01 0.65 0.25 0.38 0.18
RPBE PD91 f 26 20.23 0.97 0.29 0.22 0.18
RPBE PBE f 27 20.44 1.19 0.44 0.21 0.19

10341J. Chem. Phys., Vol. 121, No. 21, 1 December 2004 Core-excitation energies



excited state is not a good reference for comparison of cal-
culated values with experiment. The reason for this is that
these molecules haveTd symmetry and the orbital symmetry
of the lowest unoccupied molecular orbital is ofa1 symme-
try, making the transition to this core-excited state at the C
and FK-edges forbidden by the dipole selection rule. The
intensities of these transitions are thus weak and due to vi-
bronic coupling and, especially for CF4 at the FK-edge, it is
very difficult to determine the peak position precisely from
experiment. Actually, absorption spectra for CF4 at the F
K-edge have been reported from high-resolution electron en-
ergy loss measurements by Zhanget al.40 and from high-
resolution electron yield spectra by Uedaet al.41 Zhanget al.
determined the peak position for the first excited state, while
in the work of Uedaet al. it could not be determined in spite
of the high-resolution experiment because of its appearance
as a broad feature overlapped with fine structure. On the
other hand, the transition to the second resonant state is al-
lowed and the intensity is also large. Thus, this transition
provides a more reliable reference for comparison of com-
puted and experimental excitation energies.

The computed CEBEs are rather strongly dependent on
the choice of functionals, with the MAD varying between

0.65 and 1.54 eV mainly depending on the choice of corre-
lation functional. From Fig. 1 we find a clear oscillatory
behavior as the nine exchange functionals are combined with
the three correlation functionals with the PD86 correlation
functional giving the smallest maximum deviation and PBE
the largest. The same trend is followed by the AADs which
are of the order 0.5 eV smaller in general. As described in the
preceding paragraph, the differences between the maximum
and minimum deviations, however, are rather insensitive to
the choice of combination of functionals. The nearly invari-
ant spread between these extreme cases~Fig. 1! shows no
significant improvement from simply changing the func-
tional combinations. As discussed by Chong and
co-workers11,12 one must go to much larger basis sets in or-
der to improve on the maximum deviations. The functional
dependence ofT1, shown in~Fig. 2!, is much weaker. Except
for the case of the PD86 correlation functional we find all
AADs less than 0.25 eV, indicating that all the exchange
functionals used in the present study can describe the exci-
tation energy correctly, and that the PD91 and PBE correla-
tion functionals constitute equally good choices for the cal-
culation of T1. For both CEBE andT1, we find systematic
oscillations with respect to the three correlation functionals
included in the study, indicating that the influence of the
correlation functional is always similar and independent of
the selection of the exchange functional. The deviation from
experiment thus largely depends on the selection of the ex-
change functional. The deviations from experiment of the
computedDE’s are shown in Fig. 3 and are found to be
insensitive to the functional combinations, indicating that the
errors of the functional combination have been canceled out
by taking the difference between the two states involved. The
AAD is quite low, below 0.2 eV, for all combinations of
functionals. This is quite rewarding when it is recalled that
this is formed through the successive differences between the
three lowest core-excited states of the full set of 18 mol-
ecules. The sensitivity to the form of the functionals is thus
mostly connected with the description of the high-density
core region and much less to the outer valence and Rydberg
regions probed by the excited electron. For a computed XAS
spectrum we can in consequence expect that the errors due to
the functional will lead to an overall shift of the spectrum,
but not affect significantly the relative energy positions of the
peaks.

From the above tables and figures, features for the selec-
tion of the functional combinations can be seen. First, the
PD86 exchange functional results in an overall overestimate
of the CEBEs compared with experiment, while on the other
hand the PD91 exchange functional results in a too low
value. Second, the PD86 correlation functional results in a
poor estimate ofT1. DE are independent of the selection of
functionals. Considering these results, we can propose a dif-
ferent mixed functional designed to minimize the error from
experiment for computed CEBEs,T1, andDE. The new ex-
change functional is defined by mixing the PD86 and PD91
exchange functionals according to

FIG. 2. Functional dependence of AD, MAD, and AAD of the energy dif-
ference~in eV! between experimental and theoretical first term valuesT1
for the target molecules using different functional combinations. Notation of
functionals given in Table II.

FIG. 3. Functional dependence of AD, MAD, and AAD of the energy dif-
ference~in eV! between experimental and theoreticalDE for the target
molecules using different functional combinations. Notation of functionals
given in Table II.
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EXCH~MIX !5aEXCH~PD86!1bEXCH~PD91!,

a1b51.0, ~1!

where EXCH means the exchange functional and the mixing
ratio is a:b. The mixing ratio is determined to minimize the
deviations AD, MAD, and AAD from experiment. PD91
was used as correlation functional for the fit. The results are
shown in Table III. By mixing the exchange functional PD86
with PD91, AD is strongly refined, and the best estimation is
obtained for a 60:40 mixing ratio. TheT1 and DE ~not
shown! are insensitive to the value of the mixing ratio.

The core-excitation energies of carbon monoxide at the
C and OK-edges require some special consideration. In the
previous study,15 the estimation ofT1 at the CK-edge was
not good with an error from the experimental value of about
1 eV. In the light of the overall substantially higher accuracy
obtained for the other molecules this large deviation is sur-
prising. The origin of this discrepancy lies in the single-
determinant character of the wave function used to obtain the
density from the Kohn-Sham orbitals in the DFT formalism.
This results in a contamination of the desired open-shell sin-
glet state by the triplet state of the same orbital occupation,
something that has not been discussed in this context before.
Thus the excited state in theDKS method is in general ob-

tained with some admixture of higher multiplicity compo-
nents; the error introduced by this will depend on the
exchange-splitting between the two components. Since, for a
closed shell molecule such as CO, this involves the coupling
between the remaining 1s core-electron and the excited elec-
tron, the effect is normally small. However, in the case of CO
it is large and significant.

In the resonant excited state, that is the open-shell singlet
state, the spin-contamination is due to admixture of the trip-
let state. In order to exclude the triplet component, the
scheme proposed by Daul42 can be applied,

E~singlet!52E~singlet8!2E~ triplet!, ~2!

where, ‘‘singlet8’’ means the singlet state from the single-
determinant calculation for the two-electron open-shell sys-
tem. As a typical example we show the results for the PD86-
PD91 functional in Table IV. The energy splitting between
the singlet and triplet statesD(S-T) is approximately the
exchange integral between the core and excited electron or-
bitals, which corresponds to the localization of the excited
electron, i.e., if this value becomes large, the excited electron
is localized on the core-excited atom. Experimentally, this
energy splitting has been observed through the energy differ-
ence between an electron impact energy-loss spectrum43 and

TABLE III. AD, MAD, and AAD of energy difference~in eV! between experimental and theoretical CEBEs
and T1. For the CEBEs, the energy difference between maximum and minimum deviation are also shown.
Nomenclature ‘‘mix(X-Y)’’ means mixing ratio for the PD86 and PD91 exchange functionals.

Exchange functional PD86 Mix~60-40! Mix ~50-50! Mix ~40-60! PD91
Correlation functional PD91 PD91 PD91 PD91 PD91

CEBE AD 0.19 20.14 20.22 20.30 20.61
MAD 0.78 0.70 0.79 0.89 1.29
AAD 0.31 0.20 0.23 0.29 0.58
MAX-MIN 1.23 1.07 1.07 1.07 1.17

T1 AD 0.20 0.15 0.17 0.17 0.15
MAD 0.57 0.55 0.55 0.55 0.53
AAD 0.27 0.27 0.24 0.25 0.23

TABLE IV. CEBEs, the term value of the first, second, and third resonant excited statesT1, T2, andT3 ~in eV!
using the PD86-PD91 functional. These are examined using two basis sets BS1 and BS2. For BS1, the energy
difference,D(S-T), between the singlet and triplet states are also shown.

Expt.
Energy

BS1a

Energy Difference D(S-T)
BS2b

Energy Difference

CO C K-edge
CEBE 296.08 296.38 0.30 296.35 0.27
T1 8.68 9.25 0.57 1.21 9.27 0.59
T2 3.71 2.66 21.05 0.04 4.06 0.35
T3 2.75 2.19 20.56 0.18 3.41 0.66
D(T2-T1) 4.97 6.58 5.21
D(T3-T2) 0.96 0.47 0.65

CO O K-edge
CEBE 542.40 542.88 0.48 542.96 0.56
T1 8.29 8.56 0.27 0.35 8.56 0.27
T2 3.60 3.81 0.21 0.08 3.99 0.39
T3 2.62 2.78 0.16 0.04 3.39 0.77
D(T2-T1) 4.69 4.74 4.57
D(T3-T2) 0.98 1.03 0.61

aIGLO-III basis set.
b~61111111/41111/111! basis sets with twos, p, andd types of diffuse functions.
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XAS.44 As seen from the table, onlyD(S-T) for the first
resonant excited state at the CK-edge is large, 1.21 eV,
indicating that the excited state assigned top* (CO) is local-
ized mainly on the carbon in the core-excited molecule. For
higher states, theD(S-T) is very small due to the Rydberg
character of the excited orbital. Our computed value of 1.21
eV for theD(S-T) compares well to the experimental obser-
vation of a 1.3 eV splitting between the singlet and triplet
coupled 1s→p* excitations in CO at the CK-edge.43–46

In a similar fashion,D(S-T) for the first resonant ex-
cited state is also larger for CO2 at the CK-edge and for BF3
and BCl3 at the BK-edge. In the same table, results using
substantially larger basis sets are also shown. The computed
values for CEBEs andT1 are similar for these two basis sets,
indicating that the use of IGLO-III basis sets for a core-hole
are appropriate for the estimation of these states. ForT2 of
the CO CK-edge, however, the character of the excitation is
C(1s)→3s Rydberg state and the basis set must be aug-
mented by Rydberg type functions. With this extended basis
the second and third excited states at the CK-edge are cal-
culated correctly. For the CO OK-edge, good estimations for
T1, T2, andT3 are achieved even for the IGLO-III basis set
indicating much less Rydberg character of the excited states
at the OK-edge. The above procedure has been followed for
CO, CO2, BF3 , and BCl3 to generate the values presented in
Tables I and II.

We now turn to a discussion of the relativistic correc-
tions to the core excitation or ionization energies for atoms
and molecules. Our computed values are compared to earlier
results in Table V. Our estimated values for the two-electron
system are larger than those of Pekeris, which most likely is
due to the precision of the wave function. Pekeris solved the
Schrödinger equation for the two-electron atom explicitly,
while in the present case standard molecular orbital basis set
techniques were used with a relatively large uncontracted
basis set. For the neutral atoms we observe a reduction of the
differential relativistic effect due to the presence of the va-
lence electrons as discussed by Chong; our reestimated val-
ues are comparable with the previous ones, while on the
other hand, Chong’s values are close to half or one third of
our values. His estimated corrections for the many-electron
atoms were based on a reduction of the order of 50% rather
than the 25% obtained from our calculations. It is clear from
the direct comparison with the reference values for the two-
electron atoms that our computational approach overesti-
mates the relativistic effect upon core ionization. We can,

however, use our directly computed values for the two-
electron atoms to obtain the scaling factor needed to correct
for this computational deficiency and apply that to the com-
puted values for the many-electron atoms. The resulting im-
proved corrections are consistently higher than those pro-
posed by Chong but lower than the previous estimate by
Trigueroet al.; the revised values are given in the final col-
umn of the table and have been applied throughout this work.

IV. SUMMARY

In the present paper, the functional dependence of
CEBEs, the term value of the first resonant excited stateT1,
and the energy differences between the three lowest reso-
nantly excited statesDE have been examined. The CEBEs
mainly depend on the core electron and the resulting com-
puted values are largely dependent on the exchange func-
tional. On the other hand, the term value of the first resonant
excited stateT1, mainly depends on the excited electron
since it involves the difference between the core-ionized and
first core-excited state. As a result we find that theT1 values
are insensitive to the choice of exchange functional. The ef-
fects of the selection of correlation functional is similar for
both CEBEs andT1s and we find that the PD86 correlation
functional is not suitable for the evaluation ofT1. The en-
ergy differencesDE, between the lowest core-excited states
are also insensitive to the combination of functionals because
of the cancellation of errors for the difference between two
states. To decrease the error in the functional combination, a
different functional is proposed, which is the mixed ex-
change functional between PD86 and PD91 and the best es-
timation is a 60:40 mixing ratio in our study. Although we
have not specifically addressed issues as, e.g., effects on the
computed CEBEs from going to larger basis sets, we never-
theless find that the CEBEs are reliably predicted with an
accuracy of 0.2 eV. As discussed by Takahata and Chong,12

this quantity does not lead to serious problems in practical
applications.

Furthermore, for the term values or differential excita-
tion energies we find that the choice of functionals does not
affect the results due to most of the errors being determined
by the core region. For a computed XAS spectrum we can
thus expect that errors in the functionals will lead to an over-
all shift of the spectrum, while the relative energy positions
will be significantly less affected.

TABLE V. Relativistic corrections for the first-row atoms in eV.

Atom

Two-electron atom Neutral atom

This work ScaledPekerisa This work Chongb Trigueroc

B 0.05 0.09 0.02 0.06 0.03
C 0.11 0.18 0.05 0.2 0.14 0.08
N 0.24 0.35 0.11 0.3 0.26 0.18
O 0.44 0.62 0.20 0.4 0.47 0.33
F 0.75 1.01 0.34 0.7 0.77 0.57

aFrom Table X in Ref. 25.
bReferences 10 and 12.
cReference 15.
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