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Abstract

The O 1s photoelectron satellite spectrum of water has been recorded with high resolution and some vibrational structures were
detected. The electronic and vibrational structures observed in the experimental spectrum are well interpreted with the aid of the molec-
ular ab initio calculations based on the symmetry adapted cluster-configuration interaction (SAC-CI) method.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

The interest in photoelectron shake-up satellite spectra
of various atoms and molecules increased strongly at early
1970s [1,2], soon after the first gas phase ESCA studies of
Siegbahn and coworkers [3]. The appearance of the
shake-up states in the experimental photoelectron spectra
was successfully explained by the electron correlation
effects [4]. Despite the apparent simplicity of the phenome-
num, it took a long time to achieve quantitative agreement
between the experimental and theoretical data even on
atoms [5]. Presently theoretical study of the molecular
inner-shell shake-up spectra in quantitative accuracy is still
a challenging subject [6–8].

In the case of water (H2O), the structures of the experi-
mental O 1s shake-up spectrum, recorded by Siegbahn [1],
were theoretically studied first by Svensson et al. [9]. The
calculations based on limited configuration interaction
0009-2614/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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(CI) approach provided theoretical binding energies of the
shake-up states and intensities of the relevant transitions.
Also the main features of the spectrum could be assigned
to single excitations related to the O 1s ionization. The sub-
ject was revisited later in the studies of Wahlgren [10], Cre-
ber et al. [11], Arneberg et al. [12] and Ågren and Carravetta
[13]. In all these studies, the assignments of the states agreed
mostly with one another. These theoretical works also
reproduced reasonably the experimental spectra [1,14].
However, precise interpretation of the detailed structure is
still difficult: the effect of electron correlations is inherently
important in the theoretical description of the inner-shell
shake-up satellite spectrum. The resolution of the latest
published O 1s shake-up spectrum presented by Nordfors
et al. [15] was still limited by the use of monochromatized
X-ray source and this lack of high resolution experimental
spectrum has hindered a more critical comparison between
experimental and theoretical photoelectron satellite spec-
trum of H2O. The comparison of earlier H2O and D2O spec-
tra [15] seems to indicate that vibrational components exist
in the satellite spectrum: the two spectra differ slightly in the
widths of the structures. According to earlier experiments it
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Fig. 1. Upper panel: Experimental O 1s photoelectron satellite spectrum of
H2O excited at 650 eV photon energy. Dots show the experimental data
taken at 0� relative to polarization vector of incident radiation. Dotted
lines represent the individual fitted components. The inset presents the
high-resolution spectrum of the region labeled a. Thin vertical arrows
drawn by eye indicate the observed vibrational components. Lower panel:

Theoretical O 1s photoelectron satellite spectrum of H2O. The columns
show the energies and the intensities of the electronic transitions. In both
panels, the energy is given relative to the binding energy of the O 1s
mainline.
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was also clear that the states obtained theoretically can be
vibrationally broadened but none of the studies concen-
trated in detail on that issue.

In the present work, the O 1s photoelectron satellite spec-
trum of H2O is recorded with unprecedented experimental
resolution, employing monochromatized synchrotron radi-
ation as a light source: the obtained high-resolution spec-
trum exhibits vibrational structure. The experimental
spectrum is then compared with the ab initio spectrum,
which is also obtained in the present work, employing the
symmetry adapted cluster-configuration interaction (SAC-
CI) general-R method [16–19]. In the series of applications,
the SAC-CI general-R method was found to reproduce the
fine details of the valence [20,21] and inner-shell ionization
spectra [7,22]. Thus it is of interest to find out also how the
SAC-CI method can be compared with other theoretical
methods [9–13] applied to earlier investigations of the O
1s photoelectron satellite spectrum in H2O. Furthermore,
extensive calculations are performed for the potential
energy curves and the vibrational structure of the shake-
up states is examined. Recently, the same method was
applied successfully to interpret the vibrational structure
in the O 1s photoelectron mainline of H2O [23]. The present
task is, however, more challenging, since the earlier calcula-
tions (e.g. Ref. [12]) predicted that the shake-up states are
strongly mixed. Thus, the present task is a more stringent
test for the SAC-CI general-R method. We find that the
method is capable of simulating the O 1s photoelectron
satellite spectrum of H2O and elucidating the vibrational
structure.

2. Experimental

The measurements were carried out at the c branch of
the beamline 27SU at SPring-8, a synchrotron radiation
facility with an 8-GeV storage ring in Japan. The figure-8
undulator installed in this beamline produces high-intensity
linearly polarized soft X-rays. When integer order (i.e. 1st,
2nd, . . . ) harmonics of the undulator radiation are chosen,
the light is horizontally polarized whereas the half-integer
(i.e. 0.5th, 1.5th, . . . ) harmonics provide vertically polarized
light [24]. The radiation is guided to a Hettrick type mono-
chromator that covers the photon energy range of 150–
2500 eV with three different gratings. A more detailed
description of the beamline and the monochromator can
be found elsewhere [25,26]. The photon energy scale was
calibrated using the CO2 excitation energies reported by
Prince et al. [27].

The ejected electrons were analyzed with an SES-2002
electron energy analyzer equipped with a gas cell: both
were manufactured by Gammadata-Scienta Ab. The bind-
ing energy scale was calibrated by measuring the O 1s spec-
trum of O2, whose binding energy values were measured by
Sorensen et al. [28] with an accuracy of ±0.02 eV. The ana-
lyzer broadening corresponding to 300 lm entrance slit and
100 eV pass energy is about 95 meV (FWHM). The photo-
electron satellite spectrum was recorded at 650 eV photon
energy with the photon bandwidth of approximately 95
meV. The overall experimental broadening, including
Doppler broadening [29], was thus estimated to be about
135 meV, except in the high-resolution scan where the
experimental broadening was about 110 meV. The trans-
mission of the electron spectrometer was checked at the
kinetic energy region of interest and it was found to be con-
stant within a few percent.

3. Calculations

The ground state H2O molecule belongs to C2v point
group (RO–H = 0.958 Å; hH–O–H = 104.4�) and its elec-
tronic configuration is

1a2
1 2a2

1 1b2
2 3a2

1 1b2
1 ð

1A1Þ;
where 1a1 and 2a1 are almost pure O 1s and 2s orbitals,
respectively, while 1b2 and 3a1 represent bonding orbitals
and 1b1 is the out-of-plane non-bonding orbital.

In the process of simulating theoretical photoelectron
satellite spectrum, the flexible basis set was used to describe
the orbital reorganization and the electron correlations of
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the inner-shell ionized state; TZV [5s3p/3s] of Ahlrichs’
group [30] augmented with polarization d-function
(fd = 0.85) for O. Rydberg functions [2s2p] for n = 3 and
[1s1p] for n = 4 of Dunning [31] were also added. The fol-
lowing notation for the molecular orbitals (MOs) was cho-
sen: occupied core MO (1a1), occupied valence MOs (2a1,
1b2, 3a1 and 1b1), n = 3 Rydberg orbitals (6a1, 7a1, 3b1

and 3b2), n = 4 Rydberg orbitals (4a1, 5a1, 2b1 and 2b2),
anti-bonding MOs (8a1, 4b2), the rest of the MOs were vir-
tual orbitals due to TZV basis and polarization function. In
some cases, higher virtual MOs like 4b1 also describe the
n = 3 Rydberg with the linear combination.

The inner-shell satellite spectrum was calculated by the
SAC-CI general-R method [19]. Since the shake-up states
are dominantly described by double and triple excitations,
the R-operators were included up to quadruples. All the
MOs were included in the active space for describing the
core–hole relaxation. In order to reduce the computational
effort, perturbation selection procedure was adopted [32].
Reference functions for selections were chosen from the
small-active-space SDT-CI vectors to guarantee the accu-
racy for the satellite spectra. The threshold of the linked
terms for the ground state was set to ke = 1.0 · 10�7 and
the unlinked terms are adopted as the products of the
important linked terms whose SD-CI coefficients were lar-
Table 1
Experimental energies and intensities of the O 1s shake-up photoelectron spectr
1s mainline (539.79 eV). The theoretical energies, intensities, electronic part of se
general-R calculations performed

Label Experimental
(present)

SAC-CI general-R

DE f DE f Ær2æ Dominan

O 1s 0.000 1.000 0.000 1.000 14 0.90 (1a1

(539.79) (540.12)
1 16.96 0.026 16.21 0.006 21 0:26ð3a�1

18.19 0.006 20 0:44ð3a�1
2 20.40 0.016 20.66 0.012 33 0:37ð1a�1
3 23.07 0.033 23.37 0.004 35 0:41ð1b�1

24.16 0.030 51 0:34ð1b�2
4 24.50 0.063 25.28 0.045 79 0:37ð3a�1

25.47 0.002 70 0:27ð1a�1
26.25 0.005 166 0:25ð1a�1

5 25.57 0.021 26.50 0.019 213 0:31ð1a�1
27.89 0.010 177 0:29ð1a�1

6 28.49 0.021 29.16 0.003 103 0:48ð1a�1
30.42 0.001 100 0:29ð1a�1
33.10 0.006 64 0:44ð1a�1
33.60 0.001 112 0:43ð1a�1
34.11 0.002 216 0:53ð1b�2
35.59 0.005 37 0:38ð1b�1
36.85 0.003 36 0:30ð1a�1
37.76 0.002 48 0:35ð1a�1

7 36.19 0.033 38.80 0.012 37 0:37ð1a�1
38.99 0.004 27 0:30ð1a�1
40.41 0.020 31 0:41ð1b�2
41.35 0.066 28 0:29ð2a�1
43.46 0.002 27 0:17ð2a�1
44.10 0.007 37 0:24ð2a�1

a The configuration (i�1a j�1) is given by the normalized bonded function (i
ger than 0.005. For the ionized state, all the single and dou-
ble operators are included and the energy threshold of
triples and quadruples was set to ke = 1.0 · 10�8. The
thresholds of the CI coefficients for calculating the
unlinked operators in the SAC-CI method were 0.05 and
0.0 for the R and S operators, respectively.

For analyzing the fine structure of the spectra, two dimen-
sional (2D) potential energy surfaces were calculated for the
low-lying 15 A1 states; one main line and 14 shake-up satel-
lite states were examined. The symmetric stretching and
bending motions were examined for the geometries of
RO–H = 0.9–1.45 Å and H–O–H angle hH–O–H = 100–180�
at the C2v structure. Non-symmetric Cs structure was also
examined; RO–H1

= 1.10–1.50 Å with RO–H2
= 1.15 Å and

hH–O–H = 130�. For these calculations, the DZ plus Rydberg
functions [2s2p] for n = 3 were used and the perturbation
selection was not performed in the SAC-CI calculations with
R-operators included up to quadruple operators.

The SAC/SAC-CI calculations were executed with the
GAUSSIAN03 suite of programs [33] with some modifications
for calculating the inner-shell ionization spectra. Theoreti-
cal ionization cross-sections were calculated using the
monopole approximation to estimate the relative intensities
of the peaks. Both initial-state and final-ionic-state correla-
tion effects were included.
um structures. All energies are given relative to the binding energy of the O
cond moment and the assignment of the structures is based on the SAC-CI

t configurationa

)

18a11a�1
1 Þ � 0:26ð1a�1

1 8a13a�1
1 Þ

18a11a�1
1 Þ þ 0:44ð1a�1

1 8a13a�1
1 Þ

14b11b�1
1 Þ þ 0:28ð1a�1

1 3b11b�1
1 Þ � 0:28ð1b�1

1 3b11a�1
1 Þ

14b11a�1
1 Þ þ 0:41ð1a�1

1 4b11b�1
1 Þ þ 0:30ð1b�1

1 3b11a�1
1 Þ þ 0:30ð1a�1

1 3b11b�1
1 Þ

13b21a�1
1 Þ þ 0:30ð1b�1

1 3b11a�1
1 Þ

17a11a�1
1 Þ þ 0:35ð1a�1

1 7a13a�1
1 Þ

18a13a�1
1 Þ þ 0:26ð3a�1

1 4a11a�1
1 Þ

15a13a�1
1 Þ � 0:25ð3a�1

1 5a11a�1
1 Þ

13b11b�1
1 Þ þ 0:28ð1b�1

1 2b11a�1
1 Þ

12b11b�1
1 Þ � 0:27ð1b�1

1 2b11a�1
1 Þ

15a13a�1
1 Þ þ 0:47ð3a�1

1 5a11a�1
1 Þ

12b21b�1
2 Þ � 0:28ð1b�1

2 4b21a�1
1 Þ

15b11b�1
1 Þ � 0:29ð1a�1

1 12a13a�1
1 Þ

111a13a�1
1 Þ � 0:34ð3a�1

1 11a11a�1
1 Þ

12b21a�1
1 Þ þ 0:50ð1a�1

1 2b21b�1
2 Þ

15b11a�1
1 Þ þ 0:37ð1a�1

1 6b21b�1
2 Þ

113a13a�1
1 Þ � 0:30ð3a�1

1 13a11a�1
1 Þ

17b21b�1
2 Þ � 0:33ð1b�1

2 6b21a�1
1 Þ

16b21b�1
2 Þ þ 0:37ð1b�1

2 6b21a�1
1 Þ

113a13a�1
1 Þ � 0:30ð3a�1

1 13a11a�1
1 Þ

17b21a�1
1 Þ þ 0:26ð3a�1

1 13a11a�1
1 Þ

18a11a�1
1 Þ þ 0:29ð1a�1

1 8a12a�1
1 Þ

18a11a�1
1 Þ þ 0:17ð2a�1

1 10a11a�1
1 Þ

110a11a�1
1 Þ � 0:22ð2a�1

1 9a11a�1
1 Þ

a)(j) and its spin function is 1
ffiffi

2
p ðab� baÞa.
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Fig. 2. Potential energy curves of the 14 low-lying A1 shake-up states
accompanying the O 1s ionization of H2O. The cuts represent the case
RO–H = 0.9–1.45 Å and hH–O–H = 130�.
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4. Results and discussion

In Fig. 1, the experimental O 1s photoelectron satellite
spectrum of H2O (upper panel) is presented and compared
with the theoretical spectrum (lower panel) obtained using
the SAC-CI general-R method. The agreement between the
theoretical and experimental spectrum is, in general, very
good. For more quantitative comparisons, we have divided
the experimental spectrum to components, as shown in the
upper panel of Fig. 1, and extracted the values of the
energy and integrated intensity for each of the seven com-
ponents labeled in Fig. 1 as Nos. 1–7. The values obtained
from the fitting are compared with the results of the present
calculations in Table 1. The last column of Table 1 shows
also the dominant configurations of the wavefunction for
each of the shake-up states. The configuration is given by
the normalized bonded function. The results of the present
calculations, showing clearly that the various shake-up
states cannot be presented as single configuration states,
support the earlier results of Wahlgren [10]: his improved
virtual orbital (IVO) calculations including CI predicted a
considerable mixing of the configurations.

Referring to the dominant configurations, we can make
a conventional assignments for the photoelectron satellite
structures Nos. 1–7. The lowest energy peak No. 1 is attrib-
uted to the shake-up excitation from the bonding 3a1 to the
antibonding 8a1, while peak No. 2 is due to the shake-up
from the non-bonding 1b1 to the 3p Rydberg, 3b1 + 4b1.
The most prominent structures Nos. 3 and 4 are due to
the shake-up to the 3p Rydberg orbitals, that is linear com-
bination of 1b2–3b2 and 1b1–3b1, and 3a1–7a1, respectively.
The shoulder structures labeled as Nos. 5 and 6 are
assigned to many shake-up states with the transitions to
the Rydberg orbitals consisting mainly of O 3p, 4s and
4p orbitals. The broad peak structure No. 7 is assigned
as the shake-up from the O 2s like 2a1 into the antibonding
8a1. These assignments are also consistent with the elec-
tronic part of the second moment Ær2æ. The present assign-
ments based on dominant configurations agree reasonably
well with the ones given in the earlier theoretical works [9–
12,14].

The most prominent difference between the present
and the previous calculations is the intensity distribution
of the shake-up transitions. In comparison with the
excellent agreement between the present experiment and
theory, the theoretical absolute intensities by Wahlgren
[10] do not agree well with the experimental results. In
other previous works, many close-lying shake-up states
seem to be populated, whereas the results of the present
calculations suggest that although there are many states
in the region of interest, only few of them are highly
populated.

It should be noted that since the structures labeled as 5, 6
and 7 are superimposed on the step-like baselines the estima-
tion of the corresponding intensities may be uncertain. Here
the baselines are modeled by the arctan functions, which are
often used to describe opening of the single ionization chan-
nels (see, e.g., Refs. [34,35]). The baselines here represent the
shake-off contributions. The baseline that rises at �25 eV
corresponds to the sum of the shake-off from the outer
valence orbitals 1b2, 3a1 and 1b1 while the rise of the baseline
at �37.5 eV represents the shake-off contribution from the
2a1 orbital.

The present experimental spectrum was measured with
much better resolution than the earlier spectra [1,3,11,
14,15] recorded using conventional X-ray sources. As a con-
sequence, the present spectrum reveals vibrational struc-
tures seen, for example, in the inset of upper panel in
Fig. 1. Our trial SAC-CI calculations on vibrational struc-
tures, however, revealed that the vibronic coupling makes
the theoretical prediction of vibrational structures very dif-
ficult. Thus, we discuss the vibrational structures only qual-
itatively, based on the theoretical adiabatic potential energy
surfaces for the shake-up states.

In Figs. 2 and 3, 2D potential energy surfaces of 14
lowest-lying shake-up states are presented along the bond
distance RO–H = 0.9–1.45 Å with the cut of hH–O–H = 130�
and 180�, respectively. In the figures, the shake-up states
whose shake-up intensities are larger than 0.005 in the
Franck–Condon region are shown by the solid lines.
Other dotted lines represent the states with smaller
shake-up intensities. However, since many avoided cross-
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Fig. 3. Potential energy curves of the 14 low-lying A1 shake-up states
accompanying the O1s ionization of H2O. The cuts represent the case
RO–H = 0.9–1.45 Å and hH–O–H = 180�.
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Fig. 4. Potential energy curves of the 14 low-lying A1 shake-up states;
hH–O–H = 130–180� and RO–H = 1.2 Å.
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ings occur, some shake-up states with dotted lines also
have intensities in particular for the cut hH–O–H = 180�.
These potential energy curves cover the energy region
up to about 25 eV relative to main line; namely, up to
the shake-up state corresponding to the peak No. 5 in
the experimental satellite spectrum. At first glance one
may notice a similarity of the two figures. Fig. 4 shows
the potential energy curves of the shake-up states along
the bond angle hH–O–H = 130–180� at RO–H = 1.2 Å. As
represented in this cut, the potential energy surface is very
flat for the bending motion, in particular for the states
characterized as shake-up to the Rydberg orbital. This
flatness explains the similarity of the potential energy
curves in Figs. 2 and 3. The linear structure hH–O–H =
180� is stable in most of the shake-up states except for
the state labeled as No. 2. The bond angle for the O
1s�1 mainline state in the equilibrium geometry, hH–O–H

= 118� [23], is larger than that for the neutral ground
state, hH–O–H = 104.4�. The geometry relaxation for the
shake-up states becomes larger than that of the mainline
state, as seen in Fig. 4, because the atomic dipole force
by the lone pair electrons further reduces due to the ion-
ization and excitation.

The following description of the potential surfaces refers
to the potential energy curves in Fig. 2 but it is valid also
for the 2D potential energy surfaces with angles between
100� and 180� investigated here. The lowest two shake-up
states corresponding to satellite peak labeled as No. 1 are
dissociative, as expected from the fact that these states are
characterized by promotion of the bonding electron to the
anti-bonding orbital. The state corresponding to the satellite
peak labeled as No. 2 interacts with the higher states and as a
result, its potential energy surface becomes repulsive at large
internuclear distances, despite the fact that this state is char-
acterized by promotion of the 1b1 non-bonding electron to
the 3p Rydberg orbital at the small internuclear distance
where the transition takes place, i.e.,�0.96 Å. Due to repul-
sive character of the potential surfaces at large internuclear
distances, the corresponding experimental satellite peaks
Nos. 1 and 2 are broad without exhibiting any vibrational
structures. The potential energy surfaces of the states higher
than these states become bound for the symmetric stretching
mode. These states are characterized by shake-up to the 3s or
3p Rydberg orbital.

Fig. 5 shows the potential energy curves of the Cs struc-
ture along the bond distance RO–H1

= 1.10–1.50 Å with
RO–H2

= 1.15 Å and hH1–O–H2 = 130�. The curves for the
low-lying shake-up states corresponding to the satellite
bands Nos. 1 and 2 are repulsive and those for Rydberg
transitions are flat or repulsive. The shake-up states corre-
sponding to the Nos. 3 and 4 bands are, however, weakly
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bound for this coordinate. Thus, the present ab initio
results for the potential energy surfaces of the shake-up
states suggest that the vibrational structure can be expected
only for the states No. 3 and 4, which are definitely bound
along the symmetric stretching coordinate and weakly
bound or nearly flat along other coordinates. Indeed the
vibrational structure in this extreme situation has been
observed experimentally on the low-energy side of the band
No. 3. We could not perform the vibrational analysis for
this state as pointed out earlier because there are so many
shake-up states that can be vibronically coupled within the
relevant narrow energy region. However, it is clear that the
vibrational structure in the band No. 3 seen in the inset of
Fig. 1 can be attributed to that of the bound state with the
calculated relative intensity of 0.03 in Table 1.

5. Conclusion

The O 1s photoelectron satellite spectrum of H2O has
been recorded at high resolution and some vibrational
structures are detected. The electronic structures of the
observed spectrum are assigned reliably with the aid of
present ab initio calculations based on the SAC-CI gen-
eral-R method. The present calculations for the potential
energy surfaces well elucidate the origin of the vibrational
structures observed in the experimental spectrum.
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[14] N. Mårtensson, P.Å. Malmquist, S. Svensson, E. Basilier, J.J.

Pireaux, U. Gelius, K. Siegbahn, Nouv. J. Chim. 1 (1977) 191.
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