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X-ray emission �XE� spectroscopy has recently been taken as evidence for specific molecular structures in
hydrogen bonded liquids. Experimentally derived and contradicting interpretations of the fine structure in the
XE spectra of liquid water have been proposed in the literature. Here it is shown that all features of the XE
spectra of liquid water can be explained based on ab initio molecular dynamics simulations by including
core-hole excited-state dynamics. Future experiments are proposed which could discriminate between existing
interpretations without relying on theory.
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I. INTRODUCTION

Experimental techniques to probe the electronic structure
of complex systems can be used to derive information on
chemical bonding and molecular structure and constitute a
natural linkage to electronic structure calculations. X-ray
emission �XE� spectroscopy is an important complement to
photoelectron spectroscopy1–3 for probing the local density
of states of occupied states in complex systems which en-
ables element specificity and through resonant inelastic x-ray
scattering also chemical specificity. The XE process for oxy-
gen occurs as a result of fluorescence decay of the core-hole
created by exciting an O�1s� core electron to the unoccupied
states by oxygen K-edge x-ray absorption. The transition mo-
ment projects out the local density of states around the core-
excited atom. Fluorescence is the minority ��1%� decay
channel for core holes in low-Z elements such as oxygen, but
it is more easily related to electronic structure calculations
than the dominant Auger decay which involves doubly
ionized states.

Recent experimental development has made it possible to
measure x-ray emission spectra in liquid systems.4–13 The
spectral features in the XE spectrum of liquid water is in
close analogy with the photoelectron spectrum,3,14 which
contains a sharp lone-pair feature at high emission energy
from the nonbonding out-of-plane 1b1 state, the bonding 3a1
state broadened predominantly through electronic mixing by
intermolecular interaction and the bonding 1b2 state broad-
ened by the distribution of O-H bond distances. For
hydrogen�H�-bonded liquids, such as water, methanol, etha-
nol, and mixtures thereof, the high-resolution XE spectra
contain fine structure, which is not observed with photoelec-
tron spectroscopy.3,14 The fine structure has been ascribed to
specific molecular structures in the liquid phase.4–7,13

However, it has been shown through isotope substitution
experiments and ab initio molecular dynamics �MD�
simulations,8,9 that O 1s XE spectra of H-bonded liquids can
be strongly influenced by excited-state dynamics occurring
during the finite core-hole lifetime.15,16 Ultrafast ��10 fs�
bond dissociation occurs in the core-excited state and can be
selectively controlled by tuning the excitation energy,8,9

since long-lived ��20 fs� electron localization occurs for
resonant excitations into the pre-edge of the x-ray absorption

spectrum.17 As a consequence, the XE spectrum is the result
of spectral evolution and spectral features merge into the
lone-pair peak as the molecule dissociates into OH or O
species.

For liquid water, the fine structure in the high-resolution
XE spectrum was recently ascribed on solely experimental
grounds to such dynamical processes.10,11 This interpretation
was later challenged in a study13 in which the fine structure
instead, based on both experimental and theoretical analyses,
was taken as evidence of a two-component mixture model of
liquid water with classes of molecules in distinctly different
H-bond environment.

The particular feature mainly under debate in the XE
spectrum of liquid water is the splitting of the oxygen lone-
pair into two sharp peaks at high emission �low-binding�
energy seen in the experimental nonresonant XE spectra in
Fig. 1. This splitting was not completely resolved in earlier
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FIG. 1. The isotope effect in the x-ray emission spectra for ice
and liquid water. H2O �solid lines� and D2O �dashed lines�. Left:
The experimental XE spectra of liquid water at 7 °C and amor-
phous ice from Tokushima et al. �Ref. 13� are compared to the
simulated XE�t=0� spectra �dotted lines� excluding the effect of
core-hole excited-state dynamics i.e., at time zero in the excited-
state evolution presented in Figs. 2 and 3. Right: the simulated XE
spectra for liquid water �top� and ice �bottom� including the effect
of core-hole excited-state dynamics.
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data4,5,9 but similar features have been detected for simple
alcohols.6,7

In favor of a dynamical interpretation of the fine
structure,10,11 the present simulations of XE in liquid water
show that ab initio molecular dynamics simulations can
qualitatively reproduce the experimental XE spectra.

In the paper, I describe the computational approach and
present results on the nonresonant XE spectra of liquid water
and ice. I compare to available experimental and theoretical
data and propose new experiments which could discriminate
between the two different interpretations without relying on
theoretical support. In the Appendix, I present more approxi-
mate simulations of the resonant XE spectrum for excitation
into the x-ray absorption pre-edge.

II. METHODS

The simulation of the XE spectrum is based on density-
functional calculations �DFT� and a classical approach which
involves short �20 fs with 0.5 fs time step� MD simulations
of the evolution in the core-hole excited state followed by
XE spectrum simulations �every femtosecond� along the
excited-state trajectory.8,9 The calculated discrete spectra are
convoluted with a Gaussian function �0.4 eV full-width half-
maximum� which entails the lifetime broadening �0.18 eV�
and the instrumental broadening �0.35 eV� and finally
weighed together according to an exponential decay
mechanism.

The initial conditions for the excited-state Born-
Oppenheimer dynamics are sampled over the ground-state
Car-Parrinello MD simulation. The sampling is performed
over all oxygen atoms a snapshot in a room-temperature Car-
Parrinello MD simulation consisting of 64 water molecules
performed with the CPMD code18 using a gradient-corrected
density functional, BLYP �Refs. 19 and 20� and a 85 Ry
kinetic-energy cutoff for the plane-wave expansion of the
Kohn-Sham wave functions. For hydrogen a local pseudopo-
tential parametrized with one Gaussian was used.21 The
pseudopotential for oxygen was of Troullier-Martins type22

expressed in the Kleinman-Bylander form,23 for core-excited
oxygen is represented by a O�1s1� pseudopotential.8,9

The excited-state dynamics is performed on clusters of 17
water molecules24 centered around the core-excited oxygen,
but the results are stable with respect to system size. Simu-
lations performed on the full periodic system with a 0.1 fs
time step showed only small geometric differences to the
cluster simulations.

The XE spectra are simulated with the STOBE code24 using
the same computational framework as in previous
publications,9 with the essential difference that the energy
scale of the XE spectra is corrected in a � Kohn-Sham ap-
proach. The XE spectra are generated from clusters of 32
water molecules, but an energy correction for the emission
energy of the out-of-plane lone-pair 1b1 state is obtained
from the corresponding 17 water molecule clusters. In an �
Kohn-Sham calculation, the total-energy difference between
the core-ionized and the lone-pair valence-ionized state is
used as an accurate determination of the emission energy for
the state of interest, and to shift each XE spectrum.

The metastable core-ionized state is easily optimized due
to the small overlap between core and valence orbitals. The
lone-pair valence-ionized state, however, requires an ap-
proximate treatment based on a sequence of calculations in
which the wave function is partially optimized. The isolated
water molecule is used to define a subspace of five occupied
molecular orbitals �MO� within the 17 molecule cluster. The
electronic structure of the cluster is then optimized in the
presence of the full core hole without allowing for mixing
between the five MO subspace and the remaining orbitals,
which relaxes the electronic structure of the surrounding wa-
ter molecules. Finally the total energy of the valence-ionized
state of the excited water molecule in the cluster is deter-
mined by a constrained wave-function optimization disal-
lowing mixing with the remaining occupied orbitals. This
procedure was calibrated on small clusters in which symme-
try could be used to put the valence hole in the out-of-plane
lone-pair 1b1 state and was accurate within 0.1 eV. �A similar
procedure for the core-ionized state perfectly reproduces the
fully optimized energy.�

The final comparison to the experimental data involves an
exponential averaging of the XE spectrum along the excited-
state trajectory.8,9 with a lifetime of 3.6 fs for the core hole.16

The isotope effect is approximately simulated by the using
an effectively shorter lifetime �2.55 fs� in the exponential
averaging of the nondeuterated trajectory to generate the XE
spectra for a deuterated sample. For the isolated water mol-
ecule, comparison to experiment shows that the DFT calcu-
lation underestimate emission energy by 0.7 eV, which con-
sequently is used as an additional correction through out the
paper. For comparison to the XE spectrum simulations on
liquid water, I also computed the spectra for cubic ice using
the same 17 structural models as in Tokushima et al.13 Notice
that the excited-state dynamics for the ice models was start-
ing from the optimized geometries excluding initial
velocities.

III. RESULTS

I sample the nonresonant XE spectra of liquid water over
CPMD simulations to determine if the experimentally ob-
served isotope effect can be explain on the basis of ab initio
MD simulations alone or if a two-component model of liquid
water is required. In the process, the excitation-energy de-
pendence in the XE spectrum is also discussed and the XE
spectrum for ice is simulated. In the presentation of the the-
oretical results, I will begin with evaluating the simulated
nonresonant XE spectra for ice, then compare to the nonreso-
nant XE spectra for liquid water. The present simulations are
performed in close analogy with previous studies8,9 for liquid
water at ambient conditions and for ice at zero Kelvin. The
detailed theoretical basis and a preliminary study of the reso-
nant XE spectrum are presented in the appendix.

Before analyzing the properly simulated XE spectra
which includes the effect of a lifetime average over the core-
hole excited-state dynamics, the experimental XE spectra for
ice and liquid water are compared with the calculated “�time
zero in excited-state dynamics� “XE�t=0� spectra.” On the
left-hand side of Fig. 1, the ground-state geometries do not
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reproduce the experimentally observed lone-pair splitting in
liquid water. Notice that these XE�t=0� spectra differ from
the simulation of photoelectron spectra,3,14 which are aver-
aged on a binding energy scale. On an emission energy scale
the 1b1 lone-pair peak is very sharp despite dynamical aver-
aging since the shapes of the energy surfaces of core-ionized
state and lone-pair valence-ionized state are similar for inter-
nal distortions of the water molecule and to some extend also
intermolecular degrees of freedom.

From the experimental data in the literature,10,11,13,25 it is
not established whether the XE spectrum for a perfect ice
would show a splitting in the lone-pair peak at highest emis-
sion energy. The recent results for amorphous ice and
multilayer ice films11,13 exhibit a splitting, but in previous
experiments on ice25 a temperature dependence related to
structural disorder was observed.

On the right-hand side of Fig. 1, the simulated XE spectra
for ice and liquid water, including the lifetime average over
the core-hole excited-state dynamics are presented. A split-
ting in the lone-pair peak is clearly observed for all spectra,
but the experimental intensity ratio between the peaks is not
reproduced in particular not for ice. Furthermore, the width
of the 1b2 peak at lowest emission energy is too narrow. The
peak or shoulder at 524.5 eV from the 3a1 state is more
distinct in ice than in liquid water, just as in the experiment.
Overall, specific fine structures in the experimental XE spec-
tra of both ice and liquid water are reproduced, although the
intensities and line widths are not in quantitative agreement.

The spectral evolution along the core-hole excited-state
dynamics, used in the generation of the XE spectra in Fig. 1,
is presented in Figs. 2 and 3. By sampling the spectra in the
molecular frame, the spectral components in different orbital
symmetries can be followed. �The gas phase C2v symmetry

classes are used despite the fact that the molecular symmetry
is broken by the environment and the excited-state dynam-
ics.� The coordinate system of the each excited molecule is
calculated from the out-of-plane and bisector directions of
the O-H vectors, and the resulting orthogonal direction is
approximately along the H-H vector.

From Fig. 2, I conclude that the splitting in the lone-pair
peak is not of pure 1b1 symmetry but the double peak feature
rather consists of two peak of different symmetry; 3a1 and
1b1. The 3a1 component exhibits strong changes from an
intact water molecule due to ultrafast dissociation into OH or
O.8,9 In the sampling a broad range of dissociation events
occur, but the net effect is a split lone-pair peak. The spectral
evolution is also presented in Fig. 3. Apart from the evolu-
tion of the 1b1 lone-pair peak and rises in the 3a1 �and to
some extend 1b2� lone-pair peaks giving rise to the split lone
pair, one can also understand why the peak at 524.5 eV in ice
is much sharper than in liquid water. According to the simu-
lations, this peak is of 1b2 character and not of 3a1 character
as would be inferred from its energy position.

Having assigned the splitting of the lone-pair peak in the
XE spectrum of liquid, the next step is to understand the
reasons for the lack of lone-pair splitting for excitations into
the x-ray absorption pre-edge of liquid water. In the Appen-
dix it is shown that the single lone-pair peak in the resonant
XE spectrum for pre-edge excitations is due to the spectral
response to a different core-hole dynamics.

IV. DISCUSSION

My conclusion from the nonresonant XE spectra for ice
and liquid water and the resonant XE spectra for liquid water
is that ab initio molecular dynamics simulations can qualita-
tively reproduce the experimental XE spectra without refer-
ence to a two-component model of liquid water. Distinct fea-
tures and differences in the experimental XE spectra are
captured by the simulation, but there are also important dis-
crepancies. Most importantly, there is a mismatch in intensity
ratio for the lone-pair peaks, and the 1b2 peak is too narrow
in all spectra in Fig. 1. I ascribe these two deficiencies to the
limitations of the classical MD treatment.

The width of the 1b2 peak directly reflects the distribution
of internal O-H bond length, which is much too narrow in a
classical simulation. As concluded in studies of Auger spec-
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FIG. 2. �Color online� The evolution of the average XE spec-
trum along the core-hole excited-state dynamics in liquid water
�H2O�. Symmetry decomposition is included. Total spectra �black
lines�, out-of-plane component �“1b1”�, bisector component �“3a1”�
and “H-H vector” component �“1b2”�
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FIG. 3. �Color online� Two-dimensional representation of the
spectral evolution along the core-hole excited-state dynamics �H2O�
used in generation of XE spectra in Fig. 1. The spectral intensity is
on an arbitrary intensity scale. Left: ice; Right: Liquid water.
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tra of water,26 a classical treatment will also slow down the
dissociation in the excited state. As can be deduced from Fig.
3, the speed of the dissociation strongly influences the ratio
of the 1b1 and 3a1 lone-pair peaks via the lifetime average of
the XE spectra. A quantitative simulation of the XE spectra
would require a quantum dynamical treatment but in combi-
nation with the configurational sampling even a semiclassical
approximation would result in a tremendous computational
effort. Further theoretical studies, preferably including quan-
tum dynamics, are necessary to study in detail the excitation-
energy dependence in the XE spectra of liquid water and its
temperature dependence.

In the present paper, ab initio MD simulations and XE
spectrum simulations are performed on the level of classical
approximation to try to decide between the two interpreta-
tions of the XE spectrum of liquid water10,11,13 and to deter-
mine if the claims about the molecular structure in liquid
water/alcohols are valid.4–7 For this purpose it is essential to
perform extensive sampling over different initial conditions
and in the sampling to weigh together the simulated XE
spectra on an accurate �relative� energy scale. I want to stress
that these results are obtained by unbiased sampling over
structures from a classical �as opposed quantum dynamical�
ab initio MD simulation model. The simulations show that
the classical core-hole dynamics can result in distinct sharp
spectral features, not related to ground-state structures.

As derived from the classical approximation, the finite
core-hole dynamical effect is sampled in real time by a life-
time averaging over classical core-hole excited-state trajec-
tories with the initial conditions taken from a classical CPMD

simulation. The procedure for spectrum simulations is very
similar to that in the study of Tokushima and co-workers13,27

The second-most importance difference is the � Kohn-Sham
correction that I employ to obtain an accurate energy scale,
which results in a more well-defined lone-pair splitting with-
out altering the basic interpretation. However, the decisive
difference lies in the initial conditions for the excited-state
dynamics.

Tokushima and co-workers13,27 developed an unorthodox
method to include quantum effects in the spectrum simula-
tions through classical simulations with peculiar initial con-
ditions. In configurations from a classical ground-state MD
simulation, the excited-state dynamics was initialized with
the OH stretches at their equilibrium positions and classical
velocities corresponding to the zero-point energy
�1800 cm−1� on the core-excited water molecule. Their ini-
tial conditions, with the OH stretches at the potential mini-
mum and huge velocities, clearly correspond to an unphysi-
cal situation much less representative for the proper quantum
distribution, than the rigorous classical approach employed
in the present simulations. The unphysical initial conditions
for the excited-state dynamics led to an artificial smearing of
the lone-pair peak in the XE spectrum. Hence, an incorrect
conclusion was draw by Tokushima and co-workers13,27 that
excited-state dynamics could not be the cause of the lone-
pair splitting, which could only arise from the existence of
two distinct classes of water molecules.

Ideally one would like to decide between the two inter-
pretations of the fine structure in the XE spectrum for liquid
water10,11,13 without relying on theory. This can be accom-

plished by measuring the angular anisotropy in the XE spec-
trum to determine the symmetry character of the two lone-
pair peaks on solely experimental grounds.

Imagine an experiment in which the water molecules are
resonantly excited by x rays from the X direction in the labo-
ratory frame and linearly polarized in the Z direction, after
which the detector is placed in the X, Y, or Z direction.
Ideally only a particular polarization of the emitted x rays
would be measured, but even without this possibility the ex-
periments would be decisive. For resonant excitations in the
x-ray absorption spectrum, water molecules with particular
orientations in the laboratory frame will predominantly be
excited. In a symmetric H-bond environment, the postedge
�or pre-edge� state is dominated by the 2b2 �or 4a1� state, and
molecules with the H-H vector �or molecular dipole� ori-
ented along the Z direction are preferentially probed. As a
consequence, for the detection in the Y direction, and if only
Z-polarized x rays were detected, the 2b2�of 4a1� component
would be enhanced in the XE spectrum. This would deter-
mine if the split lone-pair peak consists of peaks with differ-
ent origin. Different resonant excitations will yield variations
in the dynamical response in the excited state, but for post-
edge excitations the response is similar to nonresonant exci-
tations and the electron delocalization is anyhow very fast.17

The proposed experiment might be complicated in liquid
water by strong asymmetries in the H-bond donation, which
would result in mixing of the 2b2 and 4a1 states. However, in
ice a symmetric H-bond environment is guarantied, and the
peak at 524.5 eV in the XE spectrum of ice could be used to
evaluate the present results. The simulations predict this peak
to unexpectedly be of 2b2 character, and enhanced for exci-
tations into the x-ray absorption postedge under the experi-
mental conditions discuss above.

It has recently come to my knowledge that the angular
anisotropy in resonant inelastic soft x-ray scattering of liquid
water has been measured for pre-edge and main-edge
excitations.28 The two sharp lone-pair peaks are shown to be
of different symmetry, which is not compatible with the two-
component interpretation, since that implies that the lone-
pair peak both are of b1 symmetry. The present theoretical
results, however, explain how the observed angular aniso-
tropy can arise from excited-state dynamics during the finite
core-hole lifetime.
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APPENDIX: RESONANT X-RAY EMISSION SPECTRA

Experimentally the excitation-energy dependence in the
resonant XE spectra10–13 has been measured, and since the
splitting in the lone-pair peak disappears for resonant pre-
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edge excitations in liquid water, it would be very interesting
to perform an equally careful sampling of the resonant XE
spectrum. However, the calculated XE spectra for resonant
pre-edge excitations are much more uncertain than the non-
resonant XE spectra for two important reasons.

�1� The pre-edge peak in the x-ray absorption spectrum of
liquid water has been assigned to water molecules with at
least one weakly H-bond donating OH group, but exact geo-
metric criteria for the pre-edge feature depends strongly on
the details in the spectrum simulations and is under intense
debate.29–32 Hence, the weight in the resonant XE spectrum
for each configuration is far from uncontroversial.

�2� Moreover, the excited-state dynamics and the XE
spectrum calculations should be performed in the presence of
the core-excited electron, the latter of which was not possible
with the present energy-scale correction.

Nevertheless, a simplistic procedure was designed to get a
qualitative picture of the resonant XE spectrum. This was
desirable since the disappearance of the lone-pair splitting
needs an explanation also in the simulation framework. The
core-hole dynamics after resonant excitation can be per-
formed in the lowest core-excited state, which profoundly
influences the ultrafast bond dissociation for asymmetrically
H-bonded water molecules.8,9 An additional energy shift of
−0.7�0.3 eV for resonant XE spectra was estimated by �
Kohn-Sham calculation on the core-hole state the highest
valence-ionized state in the full periodic system, but the XE
spectra were calculated as for the nonresonant XE spectra
but along the trajectory of the resonant core-excitation dy-
namics.

Finally, the resonant XE spectra are simulated by select-
ing a few configurations with strong x-ray absorption pre-
edge intensity, as calculated with the transition potential
method.29,30 These four cases were in single H-bond donor
configurations where the excited water molecule has one OH
group involved in strong H-bonding and a weak or nonexist-
ing H-bond on the other OH group. In the nonresonantly
core-excited state, these configurations undergo dissociation
of the H-bonded OH group whereas after resonant pre-edge
excitation the uncoordinated OH group dissociates, which as
noticed previously9 gives a different spectral evolution. In
order to separate differences in spectral response to the

excited-state dynamics from differences related to sampling,
the resonant XE spectra in Fig. 4 are compared to the non-
resonant XE spectra both from all configuration and from the
restricted sampling over the same four configurations. The
nonresonant XE spectra in Fig. 4 are not strongly affected by
the restricted sampling, which also shows a splitting in the
lone-pair peak at 525.5–526.5 eV. The resonant XE spectra
do not exhibit the lone-pair splitting, since the 3a1 compo-
nent does not evolve into a sharp feature and the binding
orbitals �1b2 and 3a1 components� tend to shift more along
the excited-state dynamics.
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