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X-ray absorption spectra of water from first principles calculations
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We present a series of ab-initio calculations of the x-ray absorption cross-section (XAS) of ice
and liquid water at ambient conditions. Our results show that all available experimental data and
theoretical results are consistent with the standard model of the liquid as comprising molecules with
approximately four hydrogen bonds. Our simulations of ice XAS including the lowest lying excitonic
state are in excellent agreement with experiment and those of a quasi-tetrahedral model of water
are in reasonable agreement with recent measurements. Hence we propose that the standard, quasi-
tetrahedral model of water, although approximate, represents a reasonably accurate description of

the local structure of the liquid.

PACS numbers: 61.10.Ht,78.70.Dm,61.20.Ja,61.20.Gy

Understanding the hydrogen-bonding in liquid water
is fundamental to a thorough comprehension of the driv-
ing forces behind many physical, chemical and biological
processes. For the past forty years, water has been mod-
eled as having a local structure not dissimilar to that
of the solid phase. In crystalline ice, each molecule is
hydrogen-bonded to exactly four others, in an approx-
imately tetrahedral arrangement [1]. In the standard
model of the liquid the local, molecular coordination is
also approximately tetrahedral, with about 3.6 hydrogen
bonds/molecule [2]. Classical potentials, fitted to x-ray
and neutron scattering data and to measured thermo-
dynamic properties, yield a quasi-tetrahedral local struc-
ture of the liquid when used in molecular dynamics (MD)
simulations, and simultaneously reproduce many other
physical properties [3]. Recently, first principles cal-
culations based on density functional theory (DFT) [4]
have confirmed the quasi-tetrahedral coordination of wa-
ter molecules in the liquid. However, when neglecting
proton quantum effects, converged DFT-MD simulations
using gradient corrected exchange-correlation functionals
and performed at the experimental equilibrium density
produce a more ice-like structure for the liquid [5] than
that inferred from experimental estimates of the radial
distribution functions [2].

Recently, x-ray absorption spectroscopy (XAS) tech-
niques have been used to elucidate the local structure of
liquid water. In particular, by comparing measured XAS
spectra of bulk ice, the ice surface and water with those
calculated using DFT and specific structural models, it
was suggested [6] that the liquid contains significantly
more broken hydrogen-bonds than previously thought.
The authors of Ref. [6] suggested that chains instead of
tetrahedral units are the basic constituents of the fluid.
The measured spectra reported in Ref. [6] are consistent
with those obtained in independent experiments [7], how-
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ever, their interpretation remains controversial.

In this work, we report on first principles DFT sim-
ulations of the XAS of ice and liquid water at ambient
pressures, which explicitly include the lowest lying exci-
tonic state. Our approach can reliably predict the near
K edge structure of oxygen in crystalline ice and, in using
a quasi-tetrahedral model of the liquid [3], yields good,
qualitative agreement with all existing XAS experiments.
Hence we propose that the standard model of water pro-
vides a reliable, though approximate, description of the
liquid structure, and that the proposition of the fluid
as being mostly composed of chain-like structures is not
justified, based on the theoretical and experimental in-
formation available at present.

We calculated the x-ray absorption cross section of ice
and water to first order, using Fermi’s golden rule:

o(w) = 47r2a0hwz |Mi_,f|2 S(Ef — E; — hw) ,
f

where 7w is the energy of the absorbed photon, which
should match the energy difference £y — F; between ini-
tial and final electronic states; g is the fine structure
constant; and M;_,; are the matrix elements of the tran-
sition between initial and final states: |¥;) and |¥y),
evaluated within the electric-dipole approximation as

My = (Vsl&- R|W;) = S Wy |€-r|i) ,

where € is the polarization direction of the electromag-
netic vector potential, R and r are the many-electron and
single-electron position operators respectively, and |¢; f)
refer to the pair of single-particle states involved in the
transition. Here the initial state is fixed as the 1s eigen-
state of the oxygen atom. Single-particle approximations
of the many-electron matrix elements are accurate up to
a factor S, approximately constant for all transitions [8].

In our approach the final state of the electronic sys-
tem is calculated in the presence of the core hole which
results from the x-ray excitation. To reduce the computa-
tional cost, we occupy only the first available empty band
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FIG. 1: Left: NEXAFS spectrum of crystalline ice I from
Ref. [6] (thick, solid) and calculated XAS of heaxgonal ice
Ih (solid) and cubic ice Ic (dotted). Right: NEXAFS (thick,
solid) and XRS (thick, dashed) spectra of water from Ref. [6],
and calculated XAS of water (gray) from the TIP4P MD sim-
ulation at 300 K. Vertical thickness of the calculated curve
is the associated standard error from a sample of 32 water
molecules.

with the excited electron and relax the DFT electronic
structure within this constraint [9]. We then use the cor-
responding self-consistent potential to generate unoccu-
pied levels higher in energy than the first excitation. We
use the pseudopotential approximation, and model the x-
ray excited atom with a pseudopotential derived from an
oxygen atom with one electron removed from the 1s level.
We employ norm-conserving Hamann pseudopotentials
[10] for oxygen and a Gaussian pseudopotential for hy-
drogen by Giannozzi. The breaking of spin-degeneracy
accompanying a single-electron excitation is not included.
The matrix elements M;_, ; between the atomic core level
and the excited conduction band are computed using
a frozen-core approximation [11-13]. We employ DFT
within the generalized-gradient-approximation using the
Perdew-Burke-Ernzerhof exchange-correlation functional
(PBEGGA) [14] and the PWSCF code [15]. The single par-
ticle wavefunctions are expanded in a plane-wave basis
with an energy cut-off of 85 Ryd.

We first compare calculated and experimental XAS
spectra for ice. Recent near-edge x-ray absorption fine
structure (NEXAFS) experiments [6, 16] reported x-ray
absorption of crystalline ice samples prepared by molec-
ular deposition on the Pt[111] surface. Helium scattering
indicates [17] the presence of molecular crystals with sur-
faces consistent with either the (0001) surface of hexag-
onal ice (Ih) or the (111) surface of cubic ice (Ic). (Re-
cent work [18] indicates that coverage of crystalline ice
on Pt[111] may not be uniform).

In our simulations, we used lattice constants of ice Ih
yielding a density of 1.00 g cm ™3 with a c¢/a ratio of 0.945.
The density of ice Ic was fixed at the experimental value
of 0.931 g cm™2 using ¢/a = 1.0. [24] The primitive cell
atomic structures were relaxed, with these constraints
on the unit cell volumes, until the forces computed using
PBEGGA were less than 10~3 Hartree/bohr. The primi-
tive cell of ice Ih (Ic) contains 12 (8) water molecules and
we constructed a 2x2x2 supercell of 96 (64) molecules for
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FIG. 2: Left : Comparison of the calculated XAS of water and
crystalline ice Ih indicating qualitative spectral differences be-
tween liquid and solid phases. Right: A similar comparison
between ice Ih and a model of amorphous ice. Also indi-
cated in both panels are the characteristic spectra from water
molecules with at least one broken donor hydrogen bond (see
text).

our calculations. [25] The excited state electronic struc-
ture, including the excited electron in the lowest available
conduction band, was converged using a uniform grid of
27 (64) k-points in the Brillouin zone containing 10 (36)
symmetry-inequivalent points. All absorption cross sec-
tions were averaged over the three Cartesian directions.

The agreement between calculated and measured XAS
(see Fig. 1) is very good, with all qualitative features re-
produced accurately. The computed spectrum is aligned
with an onset energy of 535 eV associated with the low-
est computed transition (at the zone center), broadened
using a Gaussian line shape with 0.4 eV standard de-
viation, and renormalized to reproduce the peak height
of experiment. We note that the agreement with experi-
ment is good but not perfect. The width of the computed
peaks is too narrow in comparison with experiment. This
is consistent with the general underestimation of band-
width within current local approximations to DFT and
originates from an approximate description of exchange
and correlation interactions. Improvements are possible
using self-interaction-corrected DFT calculations [19] or
by using GW quasi-particle corrections. [20] Note that
ice Th and Ic differ structurally only beyond first nearest
neighbor molecules and consequently have very similar
spectra.

We now apply the same theoretical framework used
for ice to calculations of liquid water spectra. We chose
to model water using one of the popular classical po-
tentials fitted to experiment, which can reproduce many
characteristics of the phase diagram. The particular, de-
tailed choice of the potential is not key to this study.
The important, qualitative point is that the potential
chosen here gives a quasi-tetrahedral structure of the
fluid in accord with the standard model. In particular
we have modeled liquid water using the classical, TIP4P
point charge model, [3] which qualitatively reproduces
the phase diagram of water, [21] and which we have pre-
viously used to analyze the electronic structure of the
liquid. [22] In this model water molecules are treated as



rigid. We took 10 snapshots of 32 water molecules from
a 200 ps MD simulation [23] spaced 20 ps apart. To
approximate the XAS experiment, we average computed
spectra from each molecule in a given snapshot and fur-
ther average over all snapshots. In total we combined
the results of 320 spectral calculations to approximate
the XAS of the liquid. We found very little variation
between the XAS of individual, uncorrelated snapshots
computed using only the zone-center k-point. Therefore,
we picked one representative snapshot of 32 molecules,
and carried out calculations using 27 k-points in the Bril-
louin Zone, for each excited molecule. Each spectrum of
discrete transitions is broadened with a Gaussian line-
shape with a standard deviation of 0.3 eV. The averaged
XAS is compared in Fig. 1 with the experimental NEX-
AFS and x-ray Raman spectroscopy (XRS) spectra of
water at 300 K [6]. Our calculation is in good qualitative
agreement with experiment, indicating that the tetrahe-
dral local model of the liquid accounts reasonably well
for measured XAS. [26]

We now turn to examining the contribution to the
computed XAS spectra of broken hydrogen bonds and
of disorder in the oxygen lattice. The contribution from
molecules with broken or distorted hydrogen-bonds (HB)
is compared to that of the entire liquid in Fig. 2. Our
model contains approximately 20% of molecules with bro-
ken HB, which are defined according to two definitions:
(I) exceeding a maximum separation of oxygen atoms of
3.5 A and a maximum angle of the donated hydrogen
from the line joining both oxygens of 40°; (IT) exceeding
a maximum oxygen-oxygen separation which depends on
the angle as outlined in Ref. [6]. There is a clear, qual-
itative difference between the signal arising from species
with broken HB and the averaged spectrum. Such quali-
tative differences were also observed in Ref. [6]; however,
contrary to our investigations, the authors of Ref. [6] con-
cluded that the liquid should contain about 80% of bro-
ken HB species in order to reproduce the measured XAS,
when using DFT-based approaches. Here we reproduce
all of the experimentally detected qualitative features by
having only 20% hydrogen bonds in our sample.

The effect of disorder of the oxygen sub-lattice on com-
puted spectra can be estimated by comparing XAS cal-
culations for ice, amorphous ice and the liquid. In Fig. 2
we compare the XAS of ice Th and of a rather primitive
model of amorphous or disordered ice, generated using
the TIP4P potential by quenching a 300 K liquid sam-
ple of 32 molecules down to 100 K. We considered one
snapshot at this temperature as our structural model to
generate the XAS in Fig. 2. The signal arising from bro-
ken HB species are qualitatively similar in the disordered
sample and in the liquid. However, only one (two) of the
molecules in our amorphous ice snapshot had less than
two donor HB according to definition I (II), and yet the
XAS is qualitatively different from that of the crystalline
sample. We therefore conclude that disorder plays a key
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FIG. 3: Comparison of DFT XAS within various approxima-
tions for the x-ray absorption process, viz. excited state core
hole (XCH), full core hole (FCH) and half core hole (HCH).
(a) hexagonal ice; (b) amorphous ice; (c) liquid water; (d)
liquid water sampling only broken-hydrogen-bonded species.

role in reducing the peak height at 539-540 eV, when
going from ice to the amorphous structure. We also ob-
serve an increase in intensity around 538 eV in the amor-
phous sample, and at much higher energies above 545 eV.
Both of these trends are seen also in going from ice to
the liquid, and can thus be associated with disorder in
the oxygen sublattice. On the other hand, the signifi-
cant increases in intensity at the onset (535 ¢V) and the
main-edge (537-538 €V) found in the liquid can be asso-
ciated with broken HB, of which there are approximately
4-6 times as many in the liquid sample, compared to the
amorphous. Therefore we have identified two important
effects accounting for the difference between XAS of ice
and XAS of the liquid: broken HB and disorder of the
oxygen sublattice.

Finally, we would like to comment on approaches dif-
ferent from ours used in the literature to compute XAS
of water in various phases: the full core hole (FCH) and
half-core hole (HCH) approaches. The FCH technique
[11] is analogous to the one adopted here, except that
it neglects a self-consistent inclusion of the excited elec-
tron. Such an approach should accurately reproduce the
higher energy excitations to progressively more delocal-
ized states, and at high energy yield the same results
as our approach, which we call excited-state-core-hole
(XCH). However, accounting for the impact of a local-
ized excited electron at low energies leads to differences
between FCH and XCH results; these are shown in Fig. 3.
FCH tends to overestimate the absorption cross section
at and near the onset, consequently underestimating the
main peak height, by virtue of the oscillator strength
sum-rule.

In the HCH approach, adopted in Ref. [6], only half



an electron is removed from the core-state, thereby sim-
ulating a transition state in the x-ray excitation process.
We have found that in the presence of the HCH pseu-
dopotential, inclusion of half an excited electron at the
conduction band minimum has almost no impact on the
calculated XAS. The HCH spectra tend to overemphasize
the main peak and underestimate the excitonic near-edge
intensity. This is consistent with the reduced binding en-
ergy of the half-core-hole in the excited oxygen atom.

We note that the same spectral trends exist in all ap-
proaches (FCH, XCH and HCH) with respect to increas-
ing disorder and number of broken HB: a decrease in the
main peak height and an increase in intensity at the near-
edge are observed. However, in the limit of converged
k-point sampling and when employing homogeneous nu-
merical broadenings, we find that only the XCH approach
provides a consistent agreement with experiment. Note
that the calculated HCH spectrum of a standard, quasi-
tetrahedral liquid water model appears ice-like in com-
parison with experiment, however it is still clearly distin-
guishable within the same approximation from the XAS
of the solid.

In summary, using DFT electronic structure calcula-
tions, we find very good agreement between the cal-
culated and experimentally measured XAS of ice. Us-
ing a classical potential to simulate a standard, quasi-
tetrahedral model of liquid water we find reasonable
agreement between our DFT calculations and experi-
ment, indicating that the standard model yields a reason-
able description of liquid water. Therefore we conclude
that the percentage of broken HB in the standard model
is consistent with experimental observations. We have
identified two major effects responsible for the difference
between computed ice and water spectra: disorder of the
oxygen sub-lattice and broken hydrogen bonds. The sig-
nature of these two effects is qualitatively the same, irre-
spective of the details of the models used to describe the
core hole interactions in DF'T calculations.
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