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X-ray-Raman scattering from the oxygenK edge in liquid and solid H2O
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Inelastic x-ray scattering from oxygen 1s electrons in liquid and solid water were recorded up to 200 eV
above the onset of the OK edge. The partial radial distribution function that characterizes the local environ-
ment of oxygen in the water/ice system was determined. Good agreement is found between the resulting partial
distribution function for liquid water and that obtained from elastic neutron scattering. In the near-edge region
distinct differences between the solid and liquid states are observed which arise form differences in the local
structural and electronic environment of the oxygen atoms. The method thus promises a degree of insight into
details of hydrogen bonding interactions.
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I. Introduction.A number of experimental techniques a
now available for obtaining high quality local atomic lev
structural information on increasingly complex liquid an
glassy systems. Due to the absence of long-range struc
order the most useful means of characterization is the in
atomic partial pair distribution function. The most comm
techniques that allow us to probe these functions incl
isotopic substitution neutron-scattering methods,1 extended
x-ray absorption fine structure~EXAFS! spectroscopy,2 and
x-ray anomalous scattering.3 Due to various experimenta
constraints, these techniques are difficult to apply to inve
gations of the local atomic environment of carbon and o
gen, two particularly important atoms in a large range
chemically and biologically important systems.

Traditionally, the most powerful probe of interatomic an
intermolecular structural correlations in liquid systems h
been neutron scattering with isotopic substitution. That te
nique exploits the fact that isotopes of the elements o
have significantly different neutron-scattering cross secti
and in those cases it becomes possible to extract pair d
bution functions centered on the isotopically substitu
element.1 Unfortunately two of the most important light ele
ments, carbon and oxygen, do not possess isotopes with
ficiently different scattering cross sections for the techniq
to be usefully applicable. The x-ray analog of this techniq
PRB 620163-1829/2000/62~14!/9223~5!/$15.00
ral
r-

e

i-
-
f

s
-
n
s
ri-
d

uf-
e
e

is x-ray anomalous scattering, where the variation in
atomic scattering cross section is obtained by tuning the
cident photon energy to be close to a core electron abs
tion resonance.3 A third technique is EXAFS spectroscopy
which again makes use of the core electron x-ray absorp
resonances.2 For the light elements such as carbon and o
gen, the 1s absorption thresholds are 284 eV and 543 e
respectively. At these energies there are formidable techn
challenges in the design of a sample environment such as
general requirement for high vacuum which is largely
compatible with measurements of the liquid state. Measu
ments of the oxygen x-ray absorption spectra in water
ice have been attempted by a number of other techniq
e.g., x-ray fluorescence4 and photoelectron yield,5 with the
aim of extracting structural information. However, detail
structural analysis proved unconvincing as to intermolecu
bond distances or remained unattempted due to the sig
cant experimental difficulties faced.

These challenges can be circumvented in an x-ray-Ra
scattering~XRS! experiment. Here the energy required
excite a core electron is provided by aninelastically scat-
tered x-ray photon.6 If the momentum transfer involved in
the inelastic scattering process is small compared to the
verse of the radial extent of the core electron wave funct
r (Qr!1), the obtained spectrum is analogous to that o
R9223 ©2000 The American Physical Society
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soft x-ray measurement.7 This contrasts with conventiona
soft x-ray absorption measurements where the required
ergy is provided directly by absorption of the incident x-r
photon. Thus, in the case of XRS there is significant freed
in the choice of the incident photon energy which frees
from the aforementioned sample environment limitatio
Following the phenomenon’s initial observation, a handful
studies have demonstrated the correspondence betwee
x-ray-Raman excited spectrum and the direct soft x-ray
sorption spectrum of crystalline low-Z elements.8,9 However,
to date, a full detailed analysis of such spectra in terms
modern x-ray absorption theory and methodology has b
absent.

In this paper we present x-ray-Raman data for liquid w
ter at 293 K and for polycrystalline ice Ih at 265 K. Th
water and ice system offers a number of advantages for
tablishing the viability of the technique as a probe of loc
structural and electronic correlations of both ordered and
ordered light atom systems. For example, as the structure
both ice Ih and liquid water have been reliably probed
many other techniques including neutron and x-r
diffraction,10,11 high quality structural data are available f
validation. In addition, the subtleties of the interatomic a
intermolecular interactions in water and ice, in particular
fundamentally important phenomenon of hydrogen bondi
are still not comprehensively understood12 and many perti-
nent scientific questions remain to be answered. Due to
wide relevance of aqueous systems to many important a
of physics, chemistry, and biology, a detailed understand
of the hydrogen bond is of fundamental importance.
method capable of giving detailed structural and electro
information on hydrogen bonding in disordered systems
thus potentially very useful.

II. Experiment.The experiment was performed on the I
elastic Scattering Beamline II~ID28! at the European Syn
chrotron Radiation Facility. The incident linearly polarized
rays produced by a 35 mm undulator were monochromat
by a cryogenically cooled silicon~111! double crystal mono-
chromator, providing an energy bandwidth of approximat
1.5 eV. The scattered photons were energy analyzed in
horizontal plane by a Si~660! spherical crystal in backscatte
ing geometry at a fixed energy of 9686 eV while the ene
transfer was tuned through the oxygenK edge by scanning
the Si~111! monochromator from 10 200 eV to 10 400 eV.
order to avoid strong variations in the incident photon be
intensity, the undulator gap was changed every 30 eV wi
typical step size of 20mm. The incident beam intensity in
front of the sample was monitored by a silicon diode, reco
ing the signal arising from air scattering. The inelastic sc
tering signal was observed at 50° within a solid angle
about 3.6 mrad2. The scattering angle of 50° corresponds
a momentum transferQ of 4.38 Å21 at 10 229 eV, where the
oxygenK edge was observed. The radial extent of the o
gen 1s wave function is approximately 0.07 Å, which corr
sponds to a momentum transfer–radial wave function pr
uct Qr50.29. This choice insures that the excitation proc
is largely dominated by electric dipole transitions, where
monopole and quadrupole transition strengths are m
weaker.13 The overall experimental resolution was 2 eV.

In Fig. 1 we present a logarithmically scaled overvie
plot of the detected signal intensity as a function of the in
n-

m
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dent x-ray energy. For each sample, several spectra w
recorded and summed together to correspond to a total
acquisition time of 24 h.

III. Results.Figure 2 shows the measured XRS spectra
liquid water and ice Ih as a function of energy transfer. T
spectra have been obtained by subtracting a constant b
ground as determined on the energy gain side about 20
below the maximum of the elastic line. Then the monoto
cally decreasing tail of the valence electronS(Q,v) was
fitted with an exponential function where the weak ener
dependence of the inelastic cross section6 was taken into
account. Both spectra are characterized by a strong abs
tion resonance which is followed by a broader absorpt
feature at 565 eV. The ice spectrum is slightly stronger th
that of the liquid, which is a natural consequence of t
higher degree of structural order in the crystal. The in
enlargement of the absorption edge reveals a distinct dif
ence in the shape of the edge resonance between the l
and sold states. In both states, the absorption edge appe
consist of at least two components, but of differing spec
weight. In a simplistic model, these can be assigned to e
tric dipolar transitions from the 1s core state of the oxygen
atom to the lowest unoccupied molecular orbitals ofp* and
s* symmetry, which following the base molecular symme
are known to be centered along the O-H vector of the wa
molecule.14–16 This region of an absorption spectrum
highly sensitive to the electronic and bonding environm
of the absorbing species but an unambiguous deconvolu
of the structural and electronic contributions to the spec
still remains a nontrivial problem.

The analysis of the data was pursued using mod
EXAFS spectroscopy analytic methods, developed spe
cally to handle many of the subtleties of liquid sta
analysis.17,18 In particular we have adopted the recently d
veloped technique of refining the liquid state data while co
straining the analysis to known physical constraints of
bulk density and isothermal compressibility of water.19 Such
analyses contain a number of free parameters that govern
reliability of the distance and coordination number evalu
tion. These parameters can only be reliably determined
reference to a well-characterized structural system such

FIG. 1. Overview plot of the relative strengths of the elast
Compton, and nonresonant Raman processes in ice, shown
logarithmic scale. The useful statistical data collection rate of
nonresonant Raman process corresponds to approximately 60
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FIG. 2. The oxygenK absorption edge as
measured by x-ray-Raman scattering for ice
~333! and liquid water~111!. The overall
counting time per point was 300 s for water an
540 s for ice.
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crystal. In this respect the water/ice system is an almost id
case since the short-range structure of ice Ih is well kno
from crystallographic measurements and can be used to
brate the liquid state data. We therefore analyzed the da
ice Ih and extracted the parameters that govern the cali
tion of the interatomic distance scale and coordination nu
bers. These calibrated parameters were subsequently t
ferred to the refinement of the liquid state structure.

During the analysis of the ice data, it was found essen
to include the spectral contribution to the absorption sig
that arises from the intramolecular and intermolecular hyd
gen atoms. This inclusion of the hydrogen contribution
particularly important since the electronic scattering pot
tial for hydrogen is, at 1/8 that of the oxygen, significa
Additionally, the approximately collinear O-H-O atomic a
rangement of ice Ih results in the hydrogens being in a ‘‘
cusing’’ configuration for the oxygen-oxygen correlation
Data refinement in the absence of these hydrogen contr
tions persistently led to unphysical values for the interatom
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.
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distance scale calibration parameter and signal amplit
scaling factor. Such inconsistencies were reflected in
theoretically expected energy for the onset of the absorp
edge and the coordination numbers, respectively. Follow
the inclusion of hydrogen atom contributions, the data
fined reliably, with the energy zero determined as 543 eV

An additional spectral component found to be importa
in modeling the ice and water absorption spectra was
inclusion of an arctangent discontinuity in the absorpti
spectrum background at;20 eV above the edge onset e
ergy. This component allowed for the presence of a paras
secondary electron excitation of the oxygen 2s electron. Such
double electron excitation effects are often important cons
erations in the analysis of conventionally collected x-ray a
sorption data.20 As with the other calibration parameter
once determined for the known solid-state ice data, it w
transferred unvaried to the liquid state analysis. This is j
tified because the local chemical environment of the oxyg
atom is considered similar between the two systems.
ed
-
-
e

FIG. 3. Thekx~k! weighted spectra for ice Ih
and water and model fits to the data.x~k! is de-
fined as (m2m0)/m0 where m is the measured
atomic absorption cross section for a condens
matter state andm0 is the single atomic absorp
tion background;k is the magnitude of the pho
toelectron momentum wave vector, given by th
well-known relationshipE52k2/2me whereme is
the electron mass.
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FIG. 4. The oxygen-oxygen partial pair distr
bution function as determined by neutron scatt
ing ~111! ~Ref. 21!, and XRS~333!. The two
XRS functions illustrate the range of structur
models that were found to be consistent with t
collected data. We note in particular, the cons
tency between the three curves in the determin
intermolecular O-O distance.
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Figure 3 shows the results of the data refinement for b
the solid and liquid state systems. Figure 4 gives the res
ing partial distribution function of water oxygen atom-pa
correlations in the liquid, and comparison of the XRS resu
with those obtained from isotopic substitution neutro
scattering methods.21 The range of model local structure
that can satisfactorily fit the XRS data is illustrated by t
upper and lower curves. These models are~i! an uncon-
strained fit to the local environment, in which no attempt
made to satisfy the known long-range structural characte
tics such as bulk density~lower XRS fit!, and ~ii ! a more
highly constrained model in which the macroscopic bu
density and isothermal compressibility are constrained to
values known for water~upper XRS fit!. This data analysis
method is generally found to position more accurately
onset of the radial distribution function, which is often th
most problematic task in neutron diffraction and conve
tional x-ray absorption spectroscopy analyses. Within
constraints imposed by the statistical quality of the data~Fig.
1!, it is difficult to unambiguously distinguish between th
two models. However, we note that it is possible to relia
determine the short-range interatomic distances betw
light atoms in structurally disordered systems by a che
cally specific x-ray technique. The first neighbor oxyge
oxygen distance was found to peak consistently at a valu
2.87 Å. As always with x-ray absorption spectroscopy ana
ses, the determination of the coordination number is m
difficult. The obtained values range between 4~uncon-
strained! and 7~constrained! and are consistent with the neu
tron results within the limits of the experimental data quali
Improvements in the counting statistics that are within
range of the current experimental capabilities will sign
cantly improve our ability to reduce this uncertainty.

In the above analysis, we have focused attention on
signal beyond ak value of 1.6 Å21. This is for two principal
reasons:~1! The increasing importance of multiple scatteri
contributions as one approaches the absorption edge re
combined with~2! the considerable difficulty in defining
th
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reliable set of atomic potentials in which the electron sc
tering and atomic excitation processes take place.

Some of the challenges that remain to be faced in
analysis of the near-edge light element absorption spectra
the following: ~1! The large core hole excited-state lifetim
which correlates with a large coherence lifetime for the fr
propagating electron. There is hence a considerable sca
ing volume for single and multiple scattering phenome
that must be considered.~2! The local asphericity of the scat
tering potentials, in both the molecular and atomic fram
work, as well as the poor approximation to the excited st
potentials.

IV. Conclusions.These experiments on the ice/water sy
tem demonstrate the potential of the x-ray-Raman techni
in combination with state of the art x-ray absorption spe
troscopy analysis methods, to address questions relatin
local structure around light elements, typically between
lium and aluminum. The technique thus has potentially en
mous possibilities for investigations of structure and bond
in a range of chemical, biological, and materials science. T
key points that we highlight here, in particular for aqueo
systems, are the following:~1! The resulting partial distribu-
tion function we obtain for liquid water, centered on th
oxygen, is in good agreement with commonly accepted
sults.~2! The use of high-energy x-ray photons enables st
ies under a wide range of experimental conditions, for
ample high pressure and high temperature.~3! The
possibility, albeit given theoretical developments, to give
sight into the details of hydrogen bonding interactio
through two routes:~a! the sensitivity of the absorption
threshold to the bonding and electronic environment of o
gen, and~b! the hydrogen contributions to the structur
components of the spectra.
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