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X-ray emission spectra of S Kb, S and O Ka for sulfur dioxide were calculated by the discrete variational XaL
2, 3(DV-Xa) method. The absolute energies of the peaks in the theoretical spectra agree with the experimental values

within an error of 3% . The relative energies and intensities of peaks in the theoretical spectra are in good agree-
ment with the experimental values. The spectral features of the experimental spectra are assigned to the molecular
orbitals. Copyright 1999 John Wiley & Sons, Ltd.(

INTRODUCTION

The x-ray emission spectra which originate from elec-
tronic transition between a valence level and an inner-
shell level have been widely used for determining
electronic structures of substances.1 An important char-
acteristic arises from the dipole selection rule on the
x-ray emission. On the other hand, there is a problem
that not all the features of the x-ray emission spectra
correspond to the valence levels because non-diagram
lines or satellites sometimes appear in the spectra.
Therefore, theoretical investigations are necessary for
reliable interpretations of the measured spectra and for
a detailed understanding of the electronic structures of
substances.

Theoretical investigations of the x-ray emission
spectra have been carried out for a variety of free mol-
ecules.2h4 Among them, sulfur dioxide is one of the best
experimentally characterized.5 In order to evaluate the
participation of the sulfur 3d orbital in chemical bonds
and electronic properties of sulfur dioxide, many theo-
retical studies6h15 and experimental analyses1,16h19
have been performed. However, there are only two
experimental papers on the x-ray emission spectra1,16 in
the literature and theoretical calculations of the x-ray
emission spectra are also scarce.2,3 Kondratenkio et al.2
calculated Ðne structures of the x-ray emission spectra
for the molecule, using the ab initio HartreeÈFockSO2method. Higher energy portions of the spectra were
adequately obtained in their calculations, but systematic
discrepancies between the theoretical and experimental
results were observed for the lower energy part of the
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spectra. Timonova et al.3 calculated the S Kb and O Ka
x-ray emission spectra for by the conÐgurationSO2interaction method. The spectra obtained did not repro-
duce the experimental spectra well.

The discrete variational (DV) Xa molecular orbital
(MO) method20h23 has been found useful for analyzing
x-ray spectra. Adachi and Taniguchi20 performed calcu-
lations of the and Kb x-ray emission spectra forL2, 3and (X\ P, S and Cl) anion com-XO4n~, XO3n~ XO2n~plexes. The calculated peak energies and intensities were
in excellent agreement with the experimental values.
Mukoyama et al.21 calculated chemical e†ects on
I(Kb) : I(Ka) x-ray intensity ratios in Cr and Mn com-
pounds by the DV-Xa method. The results were in
qualitative agreement with the experimental values.

In this work we employed the DV-Xa method to
obtain the x-ray emission spectra of According toSO2 .
the dipole selection rule, S Kb, S and O Ka x-rayL2, 3emission spectra are necessary to clarify the structure of
the valence levels of The K emission reÑects pSO2 .
components in the valence levels and the emissionL2, 3corresponds to s or d components. The theoretical S
Kb, S and O Ka x-ray emission spectra were com-L2, 3pared with the experimental spectra1,16 with respect to
both energy and intensity. The features in the experi-
mental spectra are assigned to the molecular orbitals of
the valence levels.

COMPUTATIONAL METHOD

The details of the computational code SCAT used in the
present work by the DV-Xa MO method were
described by Adachi et al.24 HartreeÈFockÈSlater
atomic calculations were performed to generate numeri-
cal atomic wavefunctions as the basis functions. The
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matrix elements in the secular equation were calculated
in the DV method25 and this equation was then solved
to obtain energies and molecular orbitals.

The transition energy for the x-ray emission can be
obtained using the relationship

*E\ E(V0C1)[ E(V1C0) (1)

where E(V1C0) is the total energy of a molecule in the
initial state with a hole in the inner-shell level C and
E(V0C1) is the total energy of the molecule after the
electron transition from the valence level V to the inner-
shell C.

In the Xa method, it is well known that the transition
energy of the x-ray emission can be calculated more
precisely with SlaterÏs transition state method,20 where
half an electron was removed from the initial level of
the transition and added into the Ðnal level. Using this
method, the transition energy in Eqn (1) is well approx-
imated as

*E\ ev(V0.5C0.5)[ ec(V0.5C0.5) (2)

where and are the energy eigenvalues of the valenceev eclevel V and the inner-shell C, respectively.
In the present calculations, in order to improve the

precision of the calculation, the relative energies
between the transition energies from the valence levels

and were calculated :V1 V2
*E2 [ *E1\ [E(V11V20C1)[ E(V11V21C0)]

[[E(V10V21C1)[ E(V11V21C0)]
\ E(V11V20C1)[ E(V10V21C1) (3)

When the transition state method is used, Eqn (3)
becomes

*E2[ *E1\ ev2(V10.5V20.5C1)[ ev1(V10.5V20.5C1) (4)

The x-ray emission intensity in the dipole approx-
imation is written as26
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where is the transition energy of an electron from theE
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where is a core level wavefunction, r the positiontcvector and the wavefunction of the nth valence level.t
nwas evaluated with the software SXS,20 where theD

nintegration in Eqn (6) was carried out by the DV inte-
gration scheme,25 i.e. evaluated as the weighted sums of
integrand values at sampling points. To improve the
precision of integration by one digit, the sampling
points were scattered suitably for the spatial distribu-
tion of the core wavefunction in question. The wave-
functions in the ground state were used in the present
work. To generate the theoretical spectra, a Lorentzian
curve was placed at each eigenenergy. Its height was
proportional to the intensity and its width was taken to
correspond to the experimental value.

Atomic orbitals of oxygen 1sÈ2p and sulfur 1sÈ3d
were used as the basis functions. The internuclear dis-
tance between the sulfur and oxygen atoms was taken
to be 1.43 and the OÈSÈO angle was taken to beÓ

119.5¡.27 The value a was chosen to be 0.7 in all the
calculations.24

RESULTS AND DISCUSSION

For analyzing the S Kb, S and O Ka x-ray emis-L2, 3sion spectra of the valence level structure was ÐrstSO2 ,
investigated. Atomic orbital components for the valence
levels calculated for the ground state are shown in
Table 1. It can be seen that the molecule has nineSO2occupied valence levels. The lower lying and5a1, 3b2levels include mainly the oxygen 2s and sulfur 3s, 3p6a1components, while the levels in the higher valence
region, that is, and are con-7a1, 2b1, 4b2 , 1a2 , 5b2 8a1,structed largely from the oxygen 2p and the sulfur 3p
components. The sulfur 3d component is considerably
involved in all the valence levels.

Before studying the theoretical spectra, the peak
intensity is examined on the basis of the dipole selection
rule and the atomic orbital components. The peaks in
the S Kb spectrum are attributed to a transition
between the sulfur 1s level and the valence levels with
the sulfur 3p component. Therefore, the transitions from

and have large transition probabilities in2b1, 7a1 3b2the S Kb spectrum. Likewise, the transitions from all
the valence levels in Table 1 have probabilities in the O
Ka spectrum. For the S spectrum, intense peaksL2, 3are expected for the transition from and8a1, 6a1 5a1,which have the large sulfur 3s component, in addition
to those from and with the sulfur 3d com-8a1 1a2ponent.

The calculated S Kb, O Ka and S x-ray emissionL2, 3spectra are shown in Figs 1, 2 and 3, respectively, and
compared with the corresponding experimental
spectra.1,16 The x-ray energies were calculated using
Eqn (2) by the transition state method. The peaks in
these spectra are assigned to the valence MOs indicated
in the Ðgures. In Fig. 1, good agreement between the
theoretical and experimental spectra is obtained for S
Kb. This agreement provides a substantial assignment
of the experimental S Kb x-ray emission spectrum. It is
found that the features F, K, L, N and P in the spec-
trum arise from the electron transition from the 5a1,and valence levels to the3b2 , 6a1, (7a1, 2b1, 4b2) 8a1sulfur 1s orbital, respectively, where the MOs in par-

Table 1. Orbital components (% ) of valence levels for sulfur
dioxide

Energy S O

Level (eV) 3s 3p 3d 2s 2p

8a
1

É5.96 7 12 12 1 68

5b
2

É7.09 1 6 1 92

1a
2

É7.19 15 85

4b
2

É10.14 14 3 18 65

2b
1

É10.75 52 1 47

7a
1

É10.95 31 6 11 53

6a
1

É15.32 34 17 2 37 11

3b
2

É24.76 23 3 68 6

5a
1

É28.95 44 4 2 40 11
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Figure 1. S Kb x-ray emission spectra for sulfur dioxide. (a)
Experimental16 and (b) theoretical spectra.

entheses contribute to an identical peak. The highest
intensities come from the and MOs, which7a1, 2b1 4b2contain the larger sulfur 3p component.

For the O Ka x-ray emission spectra in Fig. 2, it is
clear that peak D corresponds to the electronic tran-

Figure 2. O Ka x-ray emission spectra for sulfur dioxide. (a)
Experimental16 and (b) theoretical spectra.

Figure 3. S L x-ray emission spectra for sulfur dioxide. (a)
Experimental (1) 1 and (2) 16 and (b) theoretical spectra.

sition from and levels to the oxygen 1s level8a1, 1a2 5b2and peaks C and A arise from the transition from the
and levels to the oxygen 1s level,(4b2 , 2b1, 7a1) 6a1respectively. The theoretical relative energies between

peaks A, C and D are in agreement with the experimen-
tal values. Peak E is not due to an one-electron tran-
sition. It was mentioned in the original paper28 that
anomalous scattering from the KAP crystal generated
the satellite peak at 532 eV.28

In Fig. 3, two experimental S spectra labelled (1)L2, 3and (2) are compared with the theoretical S L spectrum
of The experimental spectra di†er from each otherSO2 .
in several respects. On the lower energy side, spectrum
(1) has two peaks (Q and R), whereas spectrum (2) has a
single peak (Q@). On the high-energy side, spectrum (2)
has two peaks (V and W) with similar heights, whereas
the corresponding peaks in spectrum (1) have a di†erent
intensity ratio. From the results of the present calcu-
lations, peak W is ascribed to the electron transition
from and levels, which contain the sulfur8a1, 1a2 5b23d components. Peaks V and Q arise from the electron
transition from and which contain mainly the6a1 5a1,sulfur 3s component. This proves that the 3s atomic
orbital in the valence levels of the molecule plays aSO2major role in the spectrum.

For peak Q, the intensity in the theoretical spectrum
looks much higher than that in the experimental
spectra. Taniguchi and Henke1 examined the intensity
of the S emission spectrum as shown in Fig. 4. It isL2, 3clear that peak Q has a high intensity, although peak Q
is very broad. The present theoretical spectrum bears a
resemblance to the experimental spectrum (1) because
all of the spectral peaks appeared in the theoretical
spectrum except peak U, which is regarded as a radi-
ative Auger transition.29

Table 2 makes a comparison of the calculated and
experimental peak energies in the S Kb, S and OL2, 3Ka spectra for The theoretical energies wereSO2 .
evaluated by the transition state method. In addition,
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Figure 4. Experimental intensity for taken from TaniguchiSO
2

and Henke.1

we also estimated the peak energies using the level ener-
gies in the ground state for comparison. The discrep-
ancy between the peak energies in the ground state and
in the experimental spectra is large, not less than 7 eV
for S 23 eV for O Ka and 78 eV for S Kb. On theL2, 3 ,
other hand, when the transition state method is used for

the emission energy, the di†erences from the experimen-
tal values are \ 7 eV for sulfur x-rays and \ 8 eV for
oxygen.

CONCLUSION

We have performed molecular orbital calculations for
using the discrete variational Xa method. TheSO2theoretical spectra of the S Kb, S and O Ka x-rayL2, 3emission have been obtained. In the present calcu-

lations, we obtained the relative x-ray emission energies
based on the transition state method. The relative ener-
gies are in good agreement with the experimental
values. The absolute peak energies agree with the
experimental values within an error of 3%. The theo-
retical peak intensities are also in good agreement with
the experimental values. The peaks in the S Kb, S L2, 3and O Ka x-ray emission spectra have been assigned to
the valence molecular orbitals.

Table 2. Peak energies (eV) of S Kb, S L and O Ka spectra for SO2
S Kb S L O Ka

Level Theoretical Experimentala Theoretical Experimentala Theoretical Experimental*

8a
1

2476.4 2470.7 167.3 535.8H H
1a

2
2474.8 165.7 161.6 534.2 527.1

5b
2

2474.7 165.6 534.1

4b
2

2472.0 162.9 531.4H H
2b

1
2471.9 2466.4 162.8 531.3 523.4

7a
1

2471.0 161.8 530.3

6a
1

2466.4 2462.2 157.2 155.4 525.7 518.6

3b
2

2457.3 2453.0 148.1 144.6 516.6

5a
1

2451.5 2449.0 142.4 140.0 510.9

a Read from the figures of the spectra.1,16
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