
THE JOURNAL OF CHEMICAL PHYSICS 124, 094106 �2006�
Simulation of x-ray absorption near-edge spectra and x-ray fluorescence
spectra of optically excited molecules
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The x-ray absorption near-edge spectra �XANES� and fluorescence spectra of molecules in the
ground state and optically excited states are computed using time-dependent density functional
theory and time-dependent Hartree-Fock theory. The calculated XANES spectra of optically excited
methanol, benzonitrile, hydrogen sulphide, and titanium tetrachloride and the fluorescence spectra
of optically excited methanol can be used to simulate ultrafast optical pump/x-ray probe
experiments. © 2006 American Institute of Physics. �DOI: 10.1063/1.2173243�
I. INTRODUCTION

Resonant x-ray spectroscopy is widely used for the char-
acterization of atoms, molecules, and materials.1–5 X-ray sig-
nals can access the entire electronic manifold of atoms and
molecules and have different selection rules than optical
spectroscopy. X-ray absorption near-edge spectroscopy
�XANES� can measure variations in electronic structure due
to changes in atomic positions �geometry� and charge distri-
butions of transient species during and after
photoexcitation.6,7 This region of the x-ray absorption spec-
tra of up to �20 eV above the absorption threshold gives
information about the unoccupied density of states of a mol-
ecule in the vicinity of the absorbing atom. These states are
important for the formation of chemical bonds. X-ray fluo-
rescence spectra are sensitive to the electronic structure �oc-
cupied density of states� of molecules in the vicinity of an
atom.8–10 There have been rapid advances in the studies of
x-ray absorption and emission spectroscopies over the past
decade.2,3 Femtosecond to attosecond sources can be used to
study elementary electronic and vibrational processes in mol-
ecules, liquids, and crystals4,5 and enable the real time prob-
ing of optically induced electron motions and chemical pro-
cesses.

The sum over states6,11,12 �SOS� and the transition
potential13–16 �TP� methods are commonly used for comput-
ing XANES spectra. The SOS method requires calculations
of two different sets of orbitals �ground state and core ex-
cited state� and allows the employment of any level of quan-
tum chemistry calculations of electronically excited states.
The TP method uses a reference system with partially filled
orbitals. Only one reference set of orbitals is calculated, and
systems with different numbers of core holes are represented
by varying the occupation numbers. This technique is com-
putationally less expensive and was successfully applied to
small molecules.13–16

In this paper we compute XANES and fluorescence
spectra of molecules using the SOS protocol previously ap-
plied to ruthenium tris-2 ,2�-bipyridine complex.6 All elec-
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tronic structure calculations are performed within density
functional theory using the correlation functional �B3LYP� or
the Hartree-Fock �HF� approximation. Both the ground state
and the lowest core excited state �Z+1 approximation, the
ground state of Z+1 and N+1 systems �N is the number of
electrons and Z is the nuclear charge of the absorbing atom��
are calculated. Valence excited states are obtained using
time-dependent density functional theory �TDDFT� or time-
dependent Hartree-Fock �TDHF� theory.6 The computed
ground state XANES spectra of H2O, CH3OH, C6H5CN
H2S, and TiCl4 are compared with the experiment. We
predict the XANES spectra of CH3OH, C6H5CN, H2S, and
TiCl4 in their low lying valence excited states. We further
calculate the x-ray fluorescence spectra of H2O, CH3OH,
H2S, and TiCl4 in their ground states and the O
K-fluorescence spectra of CH3OH in its low lying excited
states.

II. METHODOLOGY

A. XANES

We start with the deep core Hamiltonian of Mahan17 and
Nozieres and DeDominicis.18
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where cl
†�cl� is the creation �annihilation� operator for an

electron in orbital l. We use a.u. �me=�=e=1� and assume
that the core electrons with energies �g are noninteracting.
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is the one electron Hamiltonian, which includes the kinetic

energy, the Coulomb attraction to the nuclei, the Coulomb,
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and the exchange interaction with all core electrons. The
valence electron-electron interactions are given by

Vjklm =� dx1dx2�j	x1�k	x2
1

	r1 − r2	
�x1	l�x2	m , �3�

where x= �r ,s� denotes both space and spin variables. Since
the core hole is highly localized compared to the valence
electron orbitals, it acts as a point charge for the valence
electrons. We therefore take it into account using the Z+1
approximation, whereby the nuclear charge Z of the absorb-
ing atom is increased by one. As a consequence, the fourth
term in the Hamiltonian �core-valence interaction term�
which includes both the Coulomb attraction and the ex-
change interaction between the electrons in valence orbitals l
and m and the core hole in orbital g can be approximated as

Ulm,g = �l� 1

	r̂ − r0	
�m
 , �4�

where r0 is the position of the absorbing atom. The Z+1
approximation describes the valence excitation and ignores
the deep-core excitation dynamics.

The absorption cross section of the x-ray photon with
frequency � and polarization � is given by

�abs��,�� =
4�2

�c
�

f

	��i	��	� f	2	�� + Ei − Ef� , �5�

where 	�i �	� f� is the initial �final� electronic state with
energy Ei �Ef�. 	�i can be either the ground state or an
optically excited state. The electronic dipole operator is

�� = �
gj

�gj
� cgcj

†, �6�

where �gj
� is the one electron dipole matrix element between

the core orbital 	g and the unoccupied valence orbital 	j,

�gj
� = �g	� · p̂	j , �7�

where � is the unit vector along �. Substitution of Eq. �6�
into Eq. �5� gives
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The Hamiltonian �Eq. �1�� gives a separate eigenvalue
problem for the core and valence electrons. Hence we can
factorize the total wave function 	� into a product of the
fully correlated N electron valence wave function 	�N and
the ground state core wave function 	G0: 	�i= 	�N	G0 and
	� f= 	��N+1	Gg�, where 	Gg� is the core wave function
when the core orbital g is unoccupied and 	��N+1 is the N
+1 electron valence wave function. The prime indicates that
the valence wave function is calculated in the presence of the
core potential. We can rewrite the Hamiltonian as

H = 	G0Hi�G0	 + �
g

	Gg�Hf
g�Gg�	 , �9�
where
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The absorption cross section finally becomes
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where � is a broadening due, e.g., to the finite core hole
lifetime.

XANES calculations requires three ingredients: the di-
pole matrix elements, the many-body overlap factor, and the
resonant energies. These were calculated using the method
developed in Ref. 6.

FIG. 1. Oxygen K-edge XANES of water. Calculations are performed at the
HF level using the 6-311+ +G** basis. Excited states are calculated within
TDHF. Also shown are experimental and computed spectra from Ref. 15.
The line width �=0.5 eV.

FIG. 2. Oxygen K-fluorescence spectra of water. Electronic structure calcu-
lations are performed using HF with the D95V+* basis set. Excited states
are computed within TDHF. The x-ray excitation energy is 543 eV. �

=2.0 eV. Also shown are experimental and computed spectra from Ref. 21.
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B. Fluorescence

Computing resonant fluorescence spectra requires three
states: the initial 	�i, intermediate 	�e, and final states 	� f
with corresponding energies Ei, Ee, and Ef. We shall factor-
ize the valence and core wave functions of the deep-core
Hamiltonian �Eq. �1�� as

	�i = 	�
N	G0, 	�e = 	��

�N+1	Gg�, 	� f = 	��
N 	G0 .

�13�

The effective Hamiltonian for 	�i and 	� f is given by Eq.

�10�, and 	�e is an eigenstate of Eq. �11�. The fluorescence

bond on the O K x-ray fluorescence spectra of liquid metha-
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spectrum ��L is the excitation frequency; �S is the emitted
photon frequency� is19

S��L,�S� = �
i,f
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e

�� f	��	�e��e	��	�i
Ei − Ee + �L + i� �2
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where P�i� is the equilibrium population of the initial state
and � is the inverse lifetime of 	�e. Upon substitution of

Eq. �6� and Eq. �13� into Eq. �14�, we obtain
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where  denotes either the ground electronic state or an op-
tically excited state. The � ��� sum runs over all interme-
diate �final� states.

Electronic structure calculations were performed using
GAUSSIAN 03. For XANES, the first 15 excited states of the
core filled ground state and the first 50 excited states of the
lowest core excited state were calculated using TDDFT and
TDHF. The first 50 excited states of the core filled ground
state and lowest core excited state were used in the fluores-
cence calculations.

III. RESULTS

Cavalleri and co-workers have studied the XANES spec-
tra of water in gas phase, liquid water, and ice14,15 within the
TP formalism. They have analyzed the preedge feature of
liquid water and ice in terms of the effect of breaking and
forming of hydrogen bonds. In a recent work Cavalleri et
al.20 have demonstrated that theoretical modeling with DFT
half core hole �HCH� potential on XANES of liquid water,
ice, and water in gas phase gives a better agreement with the
experiment than does that with DFT full core hole �FCH�
potential. Guo et al.21 have worked out the x-ray fluores-
cence spectra of water in gas phase as well as in liquid phase,
employing the group theoretical approach. They studied the
influence on the local electronic structure due to hydrogen
bonds formed by surrounding water molecules. Odelius et
al.22 have studied the effect of vibrational excitations in the
fluorescence spectra of water. Carniato et al.16 have used
their full core hole-lowest unoccupied molecular orbital
�FCH-LUMO� approach and TP formalism to study the N
K-edge XANES spectra of benzonitrile molecule in gas
phase. They have also analyzed the vibrational profiles using
a combined transition state theory and linear coupling model.
Kashtanov et al.23 have investigated the effect of hydrogen
nol. We have computed the XANES and fluorescence spectra
of these molecules in the ground state and in optically ex-
cited states.

A. Water

HF calculations are performed using the 6-311+ +G**

basis set �6-311 basis with double diffuse and polarization
functions�. Excited states are calculated using TDHF. Figure
1 compares the calculated XANES spectrum with the com-
puted and experimental spectra from Ref. 15. The lowest
peak �534.0 eV� corresponds to the transition from the or-
bital 1a1 to 4a1 �core to LUMO�. The second peak
�535.9 eV� corresponds to the transition from the orbital 1a1

to 2b2 �core to LUMO+1�. We find a peak splitting of
1.92 eV, in close agreement with the experiment
�1.90 eV�.15 Cavalleri et al.15 used the transition potential
method with localized and plane wave basis sets and ob-
tained 183 and 2.04 eV, respectively. In a recent study Cav-
alleri et al.20 have demonstrated that the DFT �FCH� method
does not give Rydberg transitions in agreement with the ex-
periment, whereas DFT �HCH� does. In our calculation we
found that two lowest transitions in the XANES of water
give a good agreement with the experiment, but not the Ry-
dberg transitions. In the Z+1 approximation �which is analo-
gous to the DFT �FCH� method�, the oxygen atom is re-
placed by more electronegative fluorine atom. The induced
charge transfer from neighboring atoms increases the popu-
lation of p orbitals of fluorine and consequently screens the
higher states. This may result in the large energy gap be-
tween 2b2 and Rydberg states.

The fluorescence spectrum �with excitation energy �L

=543 eV �Ref. 21�� is shown in Fig. 2. The electronic con-
figuration of water is 1a1

2 ,2a1
2 ,1b2

2 ,3a1
2 ,1b1

2. Ground state
calculations are performed at the HF level with the D95V

*
+ basis �Dunning/Huzinaga valence double-zeta function
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with a single set of diffuse functions and a set of polarization
functions�. TDHF was used to calculate 50 excited states of
the initial and intermediate states. The spectrum is dominated
by transitions from three highest occupied molecular orbitals
1b1, 3a1, and 1b2, �oxygen 2p� to the 1a1 orbital �oxygen
1S�. Also shown is the experimental spectrum and calculated
spectrum by Guo et al.21 Our peak intensities are in good
agreement with the experiment. In the computed spectrum,
peaks corresponding to 1b1→1a1 and 3a1→1a1 transitions
are blue shifted by �3 eV, and the lowest peak correspond-
ing to the 1b2→1a1 transition is blue shifted by �4 eV com-
pared to the experiment. For a better comparison, we have
rescaled the experimental and calculated spectra taken from
Ref. 21. Peaks 1b2→1a1 and 3a1→1a1 are in close agree-
ment with the experiment. Peak 1b2→1a1 is blue shifted by
�1 eV compared to the experiment. This is due to the ne-
glect of vibrational effects in the calculation. In a recent
work Odelius et al.22 have shown that the fluorescence spec-
trum of gas phase water can be described correctly if vibra-
tional excitations are included.

B. Methanol

The simulated oxygen K-edge XANES of methanol is
shown in Fig. 3 and compared with the experiment and with
earlier TP computations.14 Ground state calculations were
performed within B3LYP using the 6-311G** basis. Excited
states are computed using TDDFT. The lowest peak at
534.0 eV is due to the transition from 1s to 2p atomic orbital
of oxygen �LUMO ��*��. The second �536.2 eV� peak is due
to the transition from the core to either LUMO or LUMO
+1 with mostly a p character of oxygen. However, LUMO
+1 of 	�0

N gives a maximum overlap with the LUMO of
	�0�

N+1. Similarly the transitions at 537.5 eV is described by
the excitation from orbital 10 �highest occupied molecular
orbital �HOMO� of 	�0�

N+1� to carbon located orbital 12
�LUMO+1 of 	�0�

N+1�, corresponding to orbitals 13 and 14
of 	�0

N. The fourth dominant transition �538.1 eV� is de-
scribed by the excitation from orbital 10 to orbital 14 of

N+1 N

FIG. 3. Oxygen K-edge XANES of methanol molecule. A B3LYP calcula-
tion with the 6-311G** basis has been performed. Excited states are calcu-
lated within TDDFT. �=1.5 eV. Also shown are the experimental and com-
puted spectra taken from Ref. 14.
	�0� , corresponding to orbital 13 of 	�0 .
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TDDFT with the 6-311G** basis was employed to cal-
culate the optical spectrum depicted in Fig. 4. We used one
of the strongest transition from HOMO−3 �molecular orbital
6� to LUMO at 11.75 eV and another relatively weaker at
11.32 eV in the optical spectrum to compute the excited state
XANES. The XANES spectrum of the optically excited
state, from HOMO−3 to LUMO of 	�0

N with excitation en-
ergy of 11.75 eV, is shown in Fig. 5 �dot-dashed line�. Also
shown are the XANES of excited state, from HOMO−2 to
LUMO of 	�0

N with excitation energy of 11.32 eV �dashed
line� and that of the ground state �solid line�. More transi-
tions show up in the excited state XANES spectrum. The
peaks are red shifted compared to the ground state spectrum.
This is because when an electron is removed from the inner
valence orbital in the optical excitation, the electrons occu-
pying the outer valence orbitals respond to the optical hole.
This is evident from the fact that the excited state XANES
HOMO−3 to LUMO �dot-dashed� is more red shifted than
HOMO−2 to LUMO� �dashed�.

The 522.3 eV peak �dot-dashed� is due to the transition
from the core to orbital 6 of 	�0

N, where the photoelectron
occupies the optical hole created �corresponding to the

FIG. 4. Optical spectrum of methanol. TDDFT with the 6-311G** basis was
employed.

FIG. 5. Oxygen K-edge XANES of methanol. The solid line is the ground
state and the dashed line is the optically excited state from HOMO−2 �mo-
lecular orbital 7� to LUMO of 	�0

N with excitation energy of 11.32 eV. The
dot-dashed line is the optically excited state from HOMO−3 �molecular
orbital 6� to LUMO of 	�0

N �one of the strongest transitions in the optical

spectrum�. �=1.5 eV.
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ground state of 	�0�
N+1�. The other weak peak at 524.5 eV is

also due to the transition from the core to orbital 6 of 	�0
N

�corresponding to 	�1�
N+1�. The rest of the spectrum is domi-

nated by four strongest transitions corresponding to the final
states 10, 15, 29, and 33 at 532.4, 533.6, 536.3, and
537.5 eV, respectively. Transitions corresponding to the final
states 12, 26, 32, and 44 at 533.1, 535.3, 536.7, and 538.6,
respectively, are also seen. The final states 10 and 12 in the
excited state XANES at 532.4 and 533.1 eV give a maxi-
mum overlap with orbitals 11 and 14 of the initial state,
respectively. Similarly, the final states 1 and 2 at 536.2 and
537.5 eV in the ground state XANES have a maximum over-
lap with the orbitals 11 and 13, 14 of the initial state, respec-
tively.

The oxygen K-fluorescence spectrum �the x-ray excita-
tion energy is �L=536.7 eV� is shown in Fig. 6 and com-
pared with the computed spectrum at the HF level using the
Sadlej basis by Kashtanov et al.23 The optical spectrum is
shown in Fig. 7. Ground state calculations are performed at
the HF level with the D95V basis. Excited states are calcu-
lated using TDHF. We find an agreement of our computed
spectrum with the experiment.24 Five dominant transitions
at 527.0, 525.5, 521.7, 520.4, and 520.1 eV are seen. The
computed fluorescence spectra of optically excited states

FIG. 6. Oxygen K-fluorescence spectra of methanol. Ground state calcula-
tions are performed using HF with the D95V basis set. Excited states are
computed within TDHF. The x-ray excitation energy is 536.7 eV. �
=0.4 eV. Also shown is the computed spectrum from Ref. 23.

FIG. 7. Optical spectrum of methanol calculated with TDHF and the D95V

basis.
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with excitation energies 9.23 �HOMO to LUMO�, 11.15
�HOMO−1 to LUMO�, and 13.92 eV �HOMO−2 to
LUMO� are shown in Fig. 8 along with the ground state
spectrum. In the inset we show the excited state �9.23 eV�
spectrum on an expanded scale along with the ground state.
The excited state spectra are blue shifted. Additional peaks
appear in the excited state fluorescence with energies larger
than the elastic peak. These correspond to the recombination
of an optically excited electron with the core hole.

C. Benzonitrile

Figure 9 compares the simulated N K-edge XANES
spectrum of benzonitrile with experimental and computed
�TP� spectra.16 Ground state calculations have been per-
formed using �a� B3LYP and �b� HF. The D95** basis
�Dunning/Huzinaga full double zeta function with double po-
larization function� set has been used in both the calcula-
tions. Excited states are computed using �a� TDDFT and �b�
TDHF. There are 27 occupied orbitals in the core filled
ground state. The first of the two strongest peaks at 398.8 eV
is due to the transition from 1s core to 5pz of nitrogen ��*

antibonding �4b1��, i.e., from the core to molecular orbital 28
�LUMO�. The other peak at 399.8 eV corresponds to the
transition from 1s core to 5py of nitrogen ��* antibonding
�10b2��. This is molecular orbital 30 �LUMO+2�. Notice
from Fig. 9�a� that the B3LYP calculation gives an intensity
ratio of the spectrum which is in good agreement with the
experiment and a peak splitting of 0.73 eV �experiment,
1.0 eV�. Figure 9�b� is for the HF calculation. The resulting
spectrum gives a peak splitting of 1.0 eV which is in excel-
lent agreement with the experiment. However, the intensity
ratio is different from the experiment. We have introduced
�0.75 eV blue edge shift in the spectrum of the DFT calcu-
lation �Fig. 9�a�� and �1 eV in the HF calculation �Fig. 9�b��
for a better comparison with experiment.

The optical spectrum of benzonitrile is shown in Fig. 10,
computed within TDDFT �left� and TDHF �right� using the
D95** basis. From the TDDFT calculation, we selected two

FIG. 8. Oxygen K-fluorescence spectra of methanol in the ground state and
lowest excited states. Ground state calculations are performed within HF
using the D95V basis set. Excited state calculations are performed within
TDHF. The x-ray excitation energy is 536.7 eV. The inset shows a zoomed
spectrum of the excited state �9.23 eV� along with that of the ground state.
�=0.4 eV.
strong optical transitions at 5.58 eV �HOMO to LUMO� and
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7.39 eV �HOMO−3 to LUMO� to study the optically excited
XANES. From the TDHF calculation we select one transi-
tion at 5.62 eV �HOMO to LUMO�. We show the XANES
spectra of an optically excited state in Fig. 11. Ground state
calculations are performed within B3LYP using the D95**

basis. Excited states are computed using TDDFT. The upper
plot is the ground state. The middle plot is the excited state
corresponding to the HOMO to LUMO transition �5.58 eV�.
The lower plot is the excited state corresponding to the
HOMO−3 to LUMO transition �7.39 eV�. Notice the
preedge feature in the excited state spectra in both cases. The
lower spectrum is more red shifted than the middle one, with
respect to the ground state. Additional transitions appear in
the excited state.

In the excited state spectrum �5.58 eV�, the preedge peak
at 392.6 eV is due to the transition from the core to molecu-
lar orbital 27, where an optical hole was created in the exci-
tation. Another weak peak at 393.4 eV corresponds to the
transition from the core to molecular orbital 30. Two strong
transitions �396.1 and 396.9 eV� are from the core to orbital
31 �corresponding to final states 3 and 4�. The strongest peak
in the spectrum due to two closely spaced transitions at 397.7
and 397.8 eV is described by the excitations 26→28 and
26→29 of the Z+1 state, which give a maximum overlap
with orbitals 28 and 30 of the initial state. The other two
main transitions at 399.3 and 399.6 eV are described by the

FIG. 9. Nitrogen K-edge XANES of benzonitrile. �a� Ground state calcula
calculated using TDDFT. The peak splitting is 0.73 eV �b� Ground state ca
calculated using TDHF. The peak splitting is 1.0 eV. �=0.4 eV.
FIG. 10. Optical absorption of benzonitrile calculated using TDDFT �left� and

Downloaded 07 Mar 2006 to 128.200.144.186. Redistribution subject to
excitations 27→30, 23→28 and 26→31, 28→34 �corre-
sponding to final states 16 and 20 of the Z+1 state�.

In the excited state spectrum �7.39 eV�, the first peak
�390.8 eV� is due to the transition from the core to orbital 24
of 	�0

N, where an optical hole was created. The 394.3 eV
peak comes from the transition from the core to orbital 24 of
	�0

N, corresponding to final state 3 �	�3�
N+1�. The 395.1 eV

peak is due to a transition from the core to orbital 31. One of
the two strongest peaks in the spectrum is due to two closely
spaced transitions at 395.9 and 396.0 eV from the core to
orbital 28 and 30, respectively �final states 10 and 11 give a
maximum overlap with orbitals 28 and 30 of the initial state�.
The other strongest peak at 398.2 eV can be described by the
excitation 23→28 of the Z+1 state �final state 23�, corre-
sponding to orbital 28 of the initial state.

Even though the ground state XANES computed within
both B3LYP and HF are similar, they predict different
XANES from the lowest optical excited state. Figure 12 de-
picts XANES of the optically excited state �dashed line�
from HOMO to LUMO �5.62 eV� along with that of the
ground state �solid line�. Ground state calculations are per-
formed within HF using the D95** basis. Excited states are
computed using TDHF. The preedge peak at 391.8 eV is due
to the transition from the core orbital to orbital 27 �HOMO
of 	�0

N�, where an optical hole was created �corresponding

are performed using B3LYP with the D95** basis set. Excited states are
tions are performed using HF with the D95** basis set. Excited states are

**
tions
lcula
TDHF �right�. The D95 basis set was employed in both calculations.
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to the ground state of 	�0�
N+1�. Two closely spaced transi-

tions at 396.9 and 397 eV corresponding to final states 3 and
4 are given by the excitations 28→31 and →29 of 	�0�

N+1,
which give a maximum overlap with orbitals 27, 32 and 32
of 	�0

N, respectively. Another significant transition at
398.4 eV is described by final state 8 corresponding to the
excitation from orbital 26→28 of 	�0�

N+1, which gives a
good overlap with orbital 32 of 	�0

N. The excited state spec-
trum is slightly red shifted compared to the ground state.
There is an increase in the splitting of two strongest peaks
and a change in the intensity ratio in the excited state.

D. H2S

The optical spectrum of H2S is shown in Fig. 13. We
have used TDHF with the 6-311+ +G** basis. Three strong
optical transitions are selected for the excited state XANES

FIG. 11. Nitrogen K-edge XANES of benzonitrile. Ground state electronic
structure calculations are performed using B3LYP with the D95** basis set.
Excited states are computed using TDDFT. The upper trace is the ground
state; middle and lower traces are the optically excited states from HOMO
�molecular orbital 27� to LUMO �molecular orbital 28� with excitation en-
ergy of 5.58 eV and from HOMO−3 �molecular orbital 24� to LUMO with
excitation energy of 7.39 eV, respectively. �=0.4 eV.

FIG. 12. Nitrogen K-edge XANES of benzonitrile molecule. Ground state
electronic structure calculations are performed using HF with the D95**

basis set. The solid �dashed� line is the ground state �optically excited state

from HOMO to LUMO with excitation energy of 5.62 eV�. �=0.4 eV.

Downloaded 07 Mar 2006 to 128.200.144.186. Redistribution subject to
computation: 6.54 eV �HOMO to LUMO�, 9.80 eV
�HOMO−1 to LUMO�, and one of the strongest transitions
at 11.97 eV �HOMO−2 to LUMO�.

Figure 14 shows the simulated sulphur K-edge XANES
of hydrogen sulphide. From top to bottom we show the
ground state XANES, optically excited state from HOMO to
LUMO with excitation energy of 6.54 eV, the excited state
from HOMO−1 to LUMO with excitation energy of
9.80 eV, and the excited state from HOMO−2 to LUMO
with excitation energy of 11.97 eV. Ground state calcula-
tions are performed at the HF level using the 6-311+ +G**

basis. Excited states are computed within TDHF. The ground
state XANES gives a good agreement with the experimental
spectrum of Mayer et al.25 There are three main peaks. The
first at 2472.5 eV is due to the transition from the core to the
LUMO �orbital 10�. Two closely spaced transitions at
2475.99 and 2476.04 eV are due to the transitions from the
core to orbitals 12 and 13, respectively. The third peak is
described by a transition from the core to either orbital 14 or
orbital 16.

As expected, in the excited state XANES �6.54 eV� there

FIG. 13. Optical spectrum of H2S calculated using TDHF with the 6-311
+ +G** basis.

FIG. 14. S K-edge XANES of H2S. Ground state calculations are performed
using HF with the 6-311+ +G** basis. Excited states are calculated using
TDHF. The top trace is the ground state; the middle two are the optically
excited states from HOMO �molecular orbital 9� to LUMO with excitation
energy of 6.54 eV and from HOMO−1 to LUMO with excitation energy of
9.80 eV. The bottom trace is the optically excited state from HOMO−2 to

LUMO with excitation energy of 11.97 eV. �=1.5 eV.
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is a preedge peak at 2466.0 eV given by the transition from
the core to the HOMO of 	�0

N, where a hole was created
optically. Additional transitions show up in the excited state.
However, most transitions are the same as in the ground state
XANES, except that the spectrum is blue shifted. This is to
be expected, since an optical excitation from the HOMO to
LUMO increases the positive charge on the absorbing atom.
Therefore more energy is required to excite the core electron.
The other two excited state spectra �excitation energies 9.80
and 11.97 eV� are red shifted compared to the ground state
spectra. This is because when an electron is removed from
the inner valence orbital in the optical excitation, the elec-

FIG. 16. Left column: titanium L3-edge XANES �top� and fluorescence �bot
TiCl4. For L3-edge �L2-edge� edge XANES, ground state calculations are
fluorescence, ground state calculations are performed within B3LYP �HF� us

FIG. 15. S K-edge fluorescence and XANES of H2S. Ground state calcul
calculated using TDHF. For XANES �=1.5 eV and for fluorescence �=1.0
�464� eV. �=1.0 eV.

Downloaded 07 Mar 2006 to 128.200.144.186. Redistribution subject to
trons occupying the outer valence orbitals respond to the
created hole. The excited state XANES with excitation en-
ergy of 11.97 eV �HOMO−2 to LUMO� is more red shifted
than the one with excitation energy of 9.80 eV �HOMO−1 to
LUMO�. New transitions, for instance, a new preedge peak
appears in the excited states. Also the peak intensities change
in the excited states.

The fluorescence spectrum of the S K-edge of H2S is
shown in Fig. 15 �left panel� for excitation energy of
2472.1 eV. Also shown is the ground state XANES spectrum
�right panel�. The three dominant transitions are from orbit-
als 9 �HOMO�, 8 �HOMO−1�, and 7 �HOMO−2� to the core

right column: titanium L2-edge XANES �top� and fluorescence �bottom� of
ormed within HF using the 6-311G** �6-311+ +G**� basis. For L3 �L2�
he 3-21G* �6-311+G*� basis. The excitation energy used for L3 �L2� is 457

s are performed using HF with the 6-311+ +G** basis. Excited states are
tom�;
perf

ing t
ation
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orbital. These transitions are labeled 2b1→1a1, 5a1→1a1,
and 2b2→1a1 in the experimental paper of Mayer et al.25

E. TiCl4

Titanium L3- and L2-edge XANES spectra of TiCl4 are
shown in Fig. 16 �top two�. For the L3- and L2-edge XANES
computation, ground state electronic structure calculations
were performed at the HF level using the 6-311G** and 6
-311+ +G** basis sets, respectively. Excited states are com-
puted within TDHF. We reproduced the experimental spectra
of Hague and Tronc et al.26 Almost all the strong transitions
result from molecular orbitals 2 and 3 �L2 edge� and orbitals
3, 4, and 5 �L3 edge�, which have the p character of titanium,
are strongly mixed with s and p atomic orbitals of chlorine,
and are centered around chlorine atoms, to the molecular
orbitals 46, 48, 49, and 50, which have the strong d character
of titanium. The computed fluorescence spectra shown in
Fig. 16 �bottom two panels� are in close agreement with the
experiment of Hague and Tronc et al.

We have simulated Ti L2-edge excited state XANES.
The optical spectrum of TiCl4 is shown in Fig. 17. The
TDHF calculation with 6-311+ +G** was performed. There
are three degenerate transitions at 6.62 eV. We pick two of
them for excited state XANES calculations. In one of the
electronic transitions, the HOMO−2 �orbital 43� to LUMO
�orbital 46� transition gives the largest contribution. In the
other electronic transition, the HOMO−1 to LUMO transi-
tion gives the largest contribution. Similarly, there are three
degenerate transitions at 7.78 eV. We consider two of them.
In one, the HOMO−4 to LUMO transition gives the largest
contribution in the electronic transition. In the other, the
HOMO−5 to LUMO transition gives the largest contribu-
tion. Figure 18 depicts the Ti L2-edge XANES of TiCl4. Top-
most is the ground state. Second and third from the top and
fourth and fifth from the top are excited states with excitation
energies of 6.62 and 7.78 eV, respectively. Ground state HF
calculations are performed with the 6-311+ +G** basis. Ex-
cited states are computed using TDHF. The preedge peak in
all spectra appears because of the transition from the core to
the orbital with an optical hole. The second and third spectra
�6.62 eV� from the top give identical XANES transitions.

FIG. 17. Optical spectrum of TiCl4 �TDHF with the 6-311+ +G** basis�.
Similarly, the bottom two spectra �7.78 eV� give identical

Downloaded 07 Mar 2006 to 128.200.144.186. Redistribution subject to
XANES transitions. A change in transition intensities implies
a change in the charge distribution of the molecule in the two
electronically excited states with the same excitation energy.

IV. CONCLUSIONS

Sum over states �SOS� calculations were carried out for
the XANES and fluorescence spectra of molecules in their
ground states and optically excited states. These calculations
may be used to simulate optical pump x-ray probe experi-
ments, whereby an optical pump excites the valence elec-
trons which are then monitored by the x-ray probe. Ultrafast
x-ray sources can provide attosecond snapshots of inter-
atomic distances and changes in the geometry and charge
distribution of molecules. Dynamical processes such as vi-
brational excitation, bond formation and breaking, geometry
relaxation, and time-dependent solvation processes can be
monitored on the fly. Molecular dynamics �MD� techniques
can be employed for calculating the time resolved spectra of
the photoexcited molecules. It will be interesting to perform
a simulation on infrared pump x-ray probe in which an in-
frared pump excites a nuclear wave packet by selectively
populating the vibrational levels in the ground electronic
state and an x-ray probe detects the nuclear dynamics.
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