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The effect of crystal growth conditions on the O K-edge x-ray absorption spectra of ice is investigated
through detailed analysis of the spectral features. The amount of ice defects is found to be minimized
on hydrophobic surfaces, such as BaF2(111), with low concentration of nucleation centers. This
is manifested through a reduction of the absorption cross-section at 535 eV, which is associated
with distorted hydrogen bonds. Furthermore, a connection is made between the observed increase in
spectral intensity between 544 and 548 eV and high-symmetry points in the electronic band structure,
suggesting a more extended hydrogen-bond network as compared to ices prepared differently. The
spectral differences for various ice preparations are compared to the temperature dependence of
spectra of liquid water upon supercooling. A double-peak feature in the absorption cross-section
between 540 and 543 eV is identified as a characteristic of the crystalline phase. The connection to
the interpretation of the liquid phase O K-edge x-ray absorption spectrum is extensively discussed.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890035]

I. INTRODUCTION

O K-edge x-ray absorption features measured through ei-
ther x-ray absorption spectroscopy (XAS) or hard x-ray Ra-
man scattering (XRS) have become standard techniques to
elucidate the hydrogen (H-) bonding structure in liquid water,
ices, aqueous solutions, and water at interfaces.1–39 In XAS
the photon energy is scanned to resonantly excite an O 1s elec-
tron while in XRS the energy-loss of high-energy photons is
measured, which, in the small momentum transfer limit, be-
comes almost identical to XAS. However, there has been an
intense debate on how to interpret the XAS/XRS data of wa-
ter and ice after the publication of the study of Wernet et al.33

which concluded that most molecules in ambient water are
in very asymmetric H-bonding configurations denoted single-
donor (SD) species rather than maintaining four H-bonds as
in the traditional tetrahedral picture. Based on other x-ray
spectroscopic and scattering results9, 17, 40–43 and recently also
vibrational spectroscopy data44 a hypothesis has been pro-
posed that the water structure can be described in terms of
fluctuations between two classes of local structures. At ambi-
ent temperature most molecules favor a closer packing than
tetrahedral, with strongly distorted H-bonds. This allows the
quantized librational modes to be excited and contribute to the
entropy, but with enthalpically favored, tetrahedrally bonded
water patches appearing as fluctuations, i.e., a competition be-
tween entropy and enthalpy.17

This hypothesis is under heated debate17, 45–51 but can be
directly related to observations of supercooled water where

fluctuations increase anomalously and thus be connected with
the much debated existence of a liquid-liquid transition and
critical point between a high-density (HDL) and low-density
(LDL) liquid.52, 53 The HDL phase would be related to the
disordered asymmetric species observed through XAS and
the LDL to the tetrahedral patches in the fluctuations around
equilibrium at a given temperature. HDL maximizes the en-
tropy while LDL minimizes the enthalpy; these are key quan-
tities for the interaction of water with a hydrophobic solute,
biomolecule, or membrane.

XAS probes the unoccupied molecular orbitals of a sys-
tem through the excitation of a core electron. In particu-
lar, it can be shown that the pre- (535 eV) and main-edge
peaks (537–538 eV) fingerprint distorted H-bonds, whereas
the post-edge (540–542 eV) is associated with strong H-
bonds and is further enhanced for tetrahedrally H-bonded
structures.15, 54 In the x-ray absorption spectrum of liquid wa-
ter, excitation into localized,55 low-lying orbitals gives rise
to the pre- and main-edge features that are signatures of
weak or distorted H-bonds in water.7, 12, 15, 33 The post-edge
peak, on the other hand, is due to excitation into delocalized
states in the conduction band55 and gains intensity from intact
or strong H-bonds.7, 12, 15 The main-edge feature, at around
537 eV is enhanced upon formation of high-density amor-
phous ice28 and various crystalline high-pressure ice phases,
such as III, IVI, IVII, and IVIII.

19 This enhancement is related
to the fact that the second shell collapses from the tetrahe-
dral distance of 4.52 Å in hexagonal ice to much shorter

0021-9606/2014/141(3)/034507/12/$30.00 © 2014 AIP Publishing LLC141, 034507-1

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

212.175.32.130 On: Fri, 23 Jan 2015 06:57:53

http://dx.doi.org/10.1063/1.4890035
http://dx.doi.org/10.1063/1.4890035
http://dx.doi.org/10.1063/1.4890035
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4890035&domain=pdf&date_stamp=2014-07-21


034507-2 Sellberg et al. J. Chem. Phys. 141, 034507 (2014)

distances leading to an overall higher density. As a conse-
quence, H-bonds become less directional which allows post-
edge intensity to move into the main-edge region. It is clearly
established that in water the pre-edge and main-edge fea-
tures increase while the post-edge decreases in intensity with
increasing temperature with the appearance of an isosbestic
point.15, 20, 33

It is essential that we can bring further infor-
mation regarding this interpretation of XAS/XRS of
H-bonded systems, such as water. In particular since there
is a lack of agreement on the quality of various theoretical
approaches to compute the x-ray absorption spectrum of wa-
ter. The transition-potential, half core hole (HCH) approach
of Triguero et al.56 has been successfully applied to a large
number of systems.57–61 Using this approach, ice-like spec-
tra are obtained from simulated water, except when selecting
molecules with significantly enhanced H-bond asymmetry.62

Calculations using a full core hole with screening from in-
cluding the excited electron at the bottom of the conduction
band (XCH)63 reproduced some but not all features based on
structures from a simulation of TIP4P water. Using a full,
unscreened core hole Car and coworkers64 computed spec-
tra of both ice and liquid, but it was later shown that the
full core hole (FCH) potential leads to too much intensity in
the low-energy region of the spectrum.65 Turning instead to
the Bethe-Salpeter formalism with static Coulomb hole and
screened exchange (COHSEX) led to strongly improved re-
sults, but still with significant deviations from experiment.66

Taking nuclear quantum effects into account in the simulated
structures led to further improvements, but with some discrep-
ancies remaining.67 A similar development using the Bethe-
Salpeter formalism has been made by the group of Rehr.68 In
all these efforts it is unclear whether the difficulties lie mainly
in the strength of the core-hole potential or in the underlying
structures from molecular dynamics (MD).

The water spectrum has now been established to very
high accuracy.15 However, the details of the spectra of hexag-
onal (Ih) and cubic (Ic) ice remain less clear experimentally.
Since there is a debate regarding the structure of the liquid,
ice Ih, for which the structure is well-known, has become
the prototype to benchmark theoretical calculations to de-
scribe the x-ray absorption process.57, 63, 66–69 Is there a pre-
edge feature inherent in hexagonal ice? Based on symmetry
arguments of the tetrahedral arrangement in ice and the dipole
selection rule it was proposed that there should only be some
faint pre-edge intensity due to vibronic coupling, similar to
what is observed for the lowest excited state in methane.15

Most experimental ice spectra, however, do show a pre-edge
peak15, 19, 20, 28 whereas two-dimensional H-bonded adsorbed
ice films on metal surfaces,54 measured with the electric field
vector parallel to the surface, indicate only a very weak pre-
edge as expected from the symmetry argument.15 Some stud-
ies claim that there is only a small difference in pre-edge in-
tensity between water and ice and that the pre-edge feature
is inherent to the ice spectrum.20, 28 However, these studies
used XRS and, even though small momentum transfer was
utilized, contributions from non-dipole transitions are difficult
to eliminate.15 Recently, using resonant inelastic x-ray scat-
tering (RIXS) with vibrational resolution it was shown that

molecular species giving rise to the pre-edge intensity in wa-
ter are connected to the blueshifted part of the OH-stretch vi-
brational spectrum indicative of broken or strongly weakened
H-bonds.70 It has furthermore been shown that the intensity of
the pre-edge in ice spectra depends on the procedure used to
prepare the samples.15 Another question is whether we, based
on the difference between ice and water spectra, can view the
water spectrum as originating from two different spectral moi-
eties in terms of local HDL and LDL structures.

In this study we present new spectra of both crystalline
ice and water in order to provide deeper insights into some
of these questions. We have prepared ice samples using two
different procedures and measured spectra using XAS where
no non-dipole transition can contribute to the pre-edge inten-
sity. The first sample was obtained by freezing a thin film of
liquid water and measuring the x-ray absorption spectrum in
transmission mode with the sample kept at a relatively high
temperature. The other sample is a film of ice crystallites on a
BaF2 surface prepared under crystalline ice-growth conditions
in ultra-high vacuum. The substrate is a freshly cleaved crys-
tal that will have few nucleation sites on the surface which
favors growth of larger crystallites. This reduces the influ-
ence of grain boundaries and leads to an ice sample which
we anticipate contains fewer defects. We have also conducted
temperature-dependence measurements of water using trans-
mission XAS instead of XRS so a more careful comparison
can be made of the changes in the spectra upon supercooling
the liquid and upon ice crystallization. These results will be
put into the context of our understanding of XAS of water and
ice and how it relates to the overall picture of the structure of
liquid water.

II. METHODS

A. Experimental setup at BL11.0.2,
Advanced Light Source (ALS)

XAS transmission measurements were performed at
the Scanning Transmission X-ray Microscopy (STXM) end-
station71 at beam line (BL) 11.0.2 at the ALS. Deionized
water (PURELAB Ultra Genetic or Millipore, resistivity
18.2 M� cm at 298 K) was injected into a sample cell (de-
scribed in detail in Ref. 30) with 200 nm thick Si3N4 win-
dows. The sample cell was cooled by a 1.5 W Peltier element
(TEC 00711-5L31-03CA from Custom Thermoelectric) at-
tached to a custom-made Cu sample holder, which in turn was
cooled through Cu foil by a liquid N2 reservoir. The tempera-
ture was controlled by adjusting the Peltier output power and
the He pressure in the chamber (700 Torr at 299 K, 2 × 10−5

Torr at 232 K), and was measured through a K-type (chromel-
alumel) thermocouple connected to the outside of the sam-
ple cell. The photon energy of the synchrotron beam was
selected by a planar grating monochromator with an energy
resolution of 0.1–0.2 eV, and was scanned between 525 and
560 eV. Measurement scans were performed with 0.05–0.204
eV steps (0.1–0.667 eV steps above 544 eV) and 5 ms dwell
time per step; the sample was moved 0.1 μm between each
step to minimize beam-induced damage. The temperature was
controlled to ±1 K or better during spectrum acquisition,
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which is comparable to the absolute temperature accuracy of
±1.5 K for K-type thermocouples (IEC 584-2 standard). The
cooling rate at which the ice was formed was approximately
1 K/min.

The intensity of the transmitted beam was measured
using a photomultiplier tube (PMT) behind the sample for
both an empty (I0) and filled cell (I), from which the ab-
sorbance A can be obtained as a function of photon en-
ergy through the Beer-Lambert law, I = I0 exp(−A) = I0
exp(−nσ totz), where z is the sample thickness (m), n is the
number density (molecules/m3), and σ tot is the total cross-
section (m2/molecule). As the transmitted intensity depends
exponentially on the sample thickness, the incident beam
was focused with a 45 nm Fresnel zone plate to ∼50 nm—
resulting in I0 of about 1.5 × 106 photons/s or a flux of 760
photons/nm2 s—to make sure the illuminated volume had a
uniform sample thickness. Sample areas with absorbance dif-
ferences of less than 10% were averaged to increase statis-
tics. The photon energy was calibrated against the pre-edge
peak in the x-ray absorption spectrum of water (H2O) at
298 K, which has been determined previously to be positioned
at 535.0 eV.14

B. Experimental setup at BL13-2, Stanford
Synchrotron Radiation Lightsource (SSRL)

XAS secondary electron yield (SEY) measurements were
carried out at the Surface Science Endstation (SSE) at the el-
liptical undulator beam line 13-2 at SSRL. The BaF2 crys-
tal was freshly cleaved along the (111) plane prior to sam-
ple loading without prolonged exposure to air. The Mo sam-
ple holder was transferred to the ultra-high vacuum (UHV)
chamber through a load lock system. A W filament was used
to heat up the sample and desorb any adsorbates while liquid
N2 cooled the sample holder; the temperature at the sample
was probed by a K-type (chromel-alumel) thermocouple. The
base pressure of the UHV chamber was 2 × 10−10 Torr at
200 K. A pulsed gas delivery system was used to dose 360 ×
5 ms-pulses of D2O—corresponding to 30 monolayers
(ML)—onto the clean BaF2(111) surface while annealed to
144 K for 18 min. A monolayer is assumed to be equivalent
to the amount of a single layer of water on Ni(111) as cali-
brated by XPS when using the same dosing procedure at 100
K without annealing.15

X-ray absorption spectra were recorded at 95 K at a
grazing angle of 2–3◦ by monitoring the secondary electrons
with kinetic energy of 12 eV and pass energy of 200 eV us-
ing a VG-Scienta R3000 hemispherical electron spectrome-
ter. The synchrotron beam—with the polarization set to be
parallel to the (111) surface—was focused to 8 × 50 μm2

on the sample at I0 of about 4.4 × 1010 photons/s, corre-
sponding to a flux of 110 photons/nm2 s. The photon energy
of the synchrotron beam was selected by a spherical grating
monochromator with an energy resolution of 0.12 eV, and was
scanned between 520 and 560 eV. Measurement scans were
performed with 0.1 eV steps (0.25 eV steps above 550 eV) and
1–2 s dwell time per step. The photon energy was calibrated
by measuring the difference in kinetic energy of photoelec-
trons emitted from the Fermi level of the Mo sample holder

using 1st and 2nd order light at 525 eV and the energy dis-
persion was measured by taking the kinetic energy difference
of emitted electrons at 525 and 560 eV photon energies. The
accuracy of the determination of the Fermi level at 2nd or-
der was estimated to be approximately ±0.05 eV; the non-
linearity of the electron spectrometer is expected to be smaller
than ±0.1 eV.

For thin samples or surface-sensitive detection tech-
niques, the photon intensity throughout the sample can
be considered constant and it is possible to Taylor ex-
pand the transmitted intensity around A = 0. This yields
that the intensity of the secondary electrons, ISEY, which
is proportional to the absorbed photon intensity, depends
linearly on the absorbance: ISEY = I0 (1 − exp(−A))
= I0 (1 − 1 + A + . . . ) ≈ I0 A = I0 nσ totz. The
spectra were then normalized to the incoming photon flux
I0, and the background from the substrate was subtracted. To
compare the two isotopes, the D2O spectra were shifted by
−0.16 eV, corresponding to the difference in zero-point en-
ergy (�ZPE) between D2O and H2O.15

C. Data analysis

The total cross-section σ tot was derived from the ab-
sorbance by area-normalizing over the whole O K-edge
(532.5–550 eV), thus removing any contribution from the
sample thickness or number density. The scattering contri-
bution to σ tot is assumed to be constant over the scanned
energy range and is removed through a constant background
subtraction, leaving the residual absorption cross-section
σ A. Differences in absorption cross-section between ice
and liquid, as well as between liquid samples at different
temperatures, were calculated by subtracting the absorption
cross-section of the STXM transmission spectrum of bulk
H2O (l) measured at 299 K. To compute the difference
spectra, an interpolation of the data was made between 530
and 560 eV with 0.05 eV steps.

The 2nd derivative (with respect to photon energy E) of
σ A(E) was calculated using a Savitzky-Golay smoothing fil-
ter of 2nd order,72 which is a local polynomial regression
of degree 2 using a 31-point window size, corresponding to
1.50 eV. The coefficient of the quadratic term in the polyno-
mial then determines the 2nd derivative. The Savitzky-Golay
smoothing filter reduces the level of noise in the spectra, but
may introduce smoothing errors. To estimate the error bars of
the smoothed spectra, the standard deviation of the difference
between the raw data and the smoothed data was computed
for the local 31-point window, resulting in error curves that
cover a 95.4% confidence interval (two standard deviations).

Principal component analysis,73–76 which is an orthog-
onal linear transformation of the original data, was used
to reduce the number of dimensions of the spectral matrix
similar to previous studies using infrared spectroscopy,77, 78

XAS,79 and nuclear magnetic resonance spectroscopy.80 Prin-
cipal component analysis was performed by mean-centering
the spectral ensemble, after which the covariance matrix
was calculated and diagonalized. The eigenvectors of the
covariance matrix were ordered after decreasing magnitude
of their corresponding eigenvalues, where the 1st principal
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component is the eigenvector/eigenvalue pair with largest ex-
plained variance. We name the eigenvectors the loadings of
the principal components and their scores associated with
each spectrum (i.e., the representations of the spectra in the
principal component space) are calculated by multiplying the
loadings with the mean-centered spectral matrix. The spec-
tra were smoothed using a Savitzky-Golay filter,72 as de-
scribed above, prior to calculating the principal components.
The score of the 1st principal component was used to model
the temperature-dependence of the water spectra by linear re-
gression (i.e., principal component regression using a one-
component model). Full cross-validation of the spectral en-
semble was utilized to calculate the predicted temperatures.
Note that the smoothing was only applied for the principal
component analysis and for finding second derivatives as de-
scribed above.

III. RESULTS

In order to understand the spectral features of ice in de-
tail, we first report the temperature-dependent changes of liq-
uid water including the well-established water spectrum at
room temperature.

The O K-edge x-ray absorption spectra of water at four
different temperatures are shown in Fig. 1. All spectra show
three absorption features: a well-resolved pre-edge peak at
535 eV, a main-edge at 537–538 eV, and a post-edge shoul-
der centered around 541 eV. The spectrum at 299 K is in
agreement with the typical absorption cross-section of wa-
ter at room temperature measured in previous studies using
XAS15, 33 as well as XRS.9, 15, 20, 33 Upon cooling the liquid
the absorption cross-section is reduced at the pre-edge and
main-edge, whereas the post-edge shoulder becomes more
prominent. These changes are enhanced in the top section
of Fig. 1, where the differences in absorption cross-section
relative to water at 299 K are shown. Note that there ap-
pears to be an isosbestic point at 539.7 eV. These results are
fully consistent with previous temperature-dependent XRS
data,9, 15, 20, 33 but here reported at the higher resolution possi-
ble with XAS using soft x-rays and also without contribution
from non-dipole intensity as well as extending the tempera-
ture range to the slightly supercooled regime. Spectra in the
supercooled regime down to 254 K have been reported previ-
ously in the XAS study by Smith et al.,27 but the spectra were
strongly affected by saturation effects giving an incorrect rel-
ative temperature change between the main-edge and post-
edge in comparison to the present study and previous XRS
data.9, 15, 20, 33

Water deposited on a surface at temperatures lower than
the glass transition temperature Tg (of low-density amorphous
ice81) at 136 ± 2 K82–84 generally forms an amorphous layer
of ice.85 Annealing of this amorphous layer above Tg leads to
crystallization and water desorption.85–90 The O K-edge x-ray
absorption spectra of ice samples prepared in various ways are
shown in Fig. 2. The Auger electron yield (AEY) spectrum
of amorphous ice grown on Pt(111) (dashed blue line) shows
the same spectral features as liquid water in Fig. 1, although
the main-edge has shifted down to 537 eV and has become
much sharper and the pre-edge and post-edge have, respec-

(a)

(b)

FIG. 1. (a) O K-edge x-ray absorption spectra of liquid water as a func-
tion of temperature (raw data). STXM transmission spectra of bulk water
measured at 299 K (solid black curve), 280 K (double-dotted red curve),
270 K (single-dotted green curve), and 264 K (dashed blue curve) of 500–
700 nm thick H2O samples contained between Si3N4 windows. All spectra
were background subtracted and area normalized between 532.5 and 550 eV.
The top section shows the difference in absorption cross-section compared
to the STXM transmission spectrum of bulk H2O (l) measured at 299 K.
The difference in absorption cross-section was magnified by a factor of 4 to
highlight the spectral changes; the dotted black line denotes no difference.
(b) 2nd derivatives of O K-edge x-ray absorption spectra of liquid water with
identical markers and colors as in (a). Data were smoothed as described in
Sec. II C. Positive peaks in the original intensity spectra are visible as nega-
tive minima in the 2nd derivatives of the intensity spectra. The black dashed
line denotes zero in the 2nd derivative, corresponding to inflection points in
the absorption cross-section.

tively, decreased and increased in absorption cross-section.
The changes in the latter two are expected from extrapola-
tion of the temperature-dependent changes in liquid water
to 100 K, but the changes in the main-edge cannot be pre-
dicted by a linear extrapolation of the liquid water spectra
(this is highlighted in Fig. 3(a), where the changes compared
to water at 299 K are scaled to overlap in the pre-edge re-
gion). When the amorphous ice film grown on Pt(111) is an-
nealed to 150 K (single-dotted green line) causing simulta-
neous crystallization and water desorption,86–90 the post-edge
becomes sharper, stronger, and more structured; the pre-edge
and main-edge also lose absorption cross-section but show
similar changes (relative water at 299 K) as the amorphous
ice spectrum. Crystalline ice films on Pt(111) prepared by
isothermal heating of amorphous ice at 150 K have been sug-
gested to consist of three-dimensional crystallites and be far
from the intended homogeneous films, which is supported
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(a)

(b)

FIG. 2. (a) O K-edge x-ray absorption spectra of ice prepared under vari-
ous growth conditions (raw data). SEY spectrum of crystalline ice prepared
on BaF2(111) (solid black curve) by depositing 30 ML of D2O at 144 K;
AEY spectrum of amorphous ice prepared on Pt(111) (dashed blue curve)
by depositing 80 ML of D2O at 100 K, an AEY spectrum of crystalline ice
(single-dotted green curve) of 48 ML of D2O was measured by annealing
the amorphous film at 150 K and monitoring the desorption rate through
mass spectrometry;15 STXM transmission spectrum of bulk crystalline ice
(double-dotted red curve) at 232 K prepared by freezing an approximately
500 nm thick H2O sample contained between Si3N4 windows. Due to the
low signal-to-noise ratio in the raw data of the ice spectrum recorded on
BaF2(111), the smoothed spectrum ±2 standard deviations (95.4% confi-
dence interval) is shown as thin solid black lines. The D2O spectra were
shifted −0.16 eV to correct for the difference in zero-point energy between
the two isotopes; the reference spectra on Pt(111)15 were shifted +0.3 eV
to put all spectra on a common energy scale, as determined by the inflection
point in the main-edge rise. All spectra were background subtracted and area
normalized between 532.5 and 550 eV. The top section shows the difference
in absorption cross-section compared to the STXM transmission spectrum of
bulk H2O (l) measured at 299 K; the dotted black line denotes no difference.
(b) 2nd derivatives of O K-edge x-ray absorption spectra of ice with identical
markers and colors as in (a). Data were smoothed as described in Sec. II C.
Positive peaks in the original intensity spectra are visible as negative minima
in the 2nd derivatives of the intensity spectra. The black dashed line denotes
zero in the 2nd derivative, corresponding to inflection points in the absorption
cross-section.

by x-ray photoelectron spectroscopy (XPS) and infrared
reflection absorption spectroscopy (IRAS) that probe the
intensity of the first monolayer compared to the total
coverage.91 When bulk ice is prepared by freezing liquid wa-
ter between Si3N4 membranes (double-dotted red line) and
probed with STXM, a similar spectrum is obtained, indicat-
ing that the bulk ice formed is inhomogeneous in character
with significant contributions from defects and grain bound-
aries. Nevertheless, these spectra are in agreement with previ-
ous crystalline ice studies using XAS39 and XRS.19

(a)

(b)

FIG. 3. Detailed analysis of the pre-edge spectral feature in the O K-edge
x-ray absorption spectra (raw data). (a) Difference in absorption cross-section
compared to the STXM transmission spectrum of bulk H2O (l) measured
at 299 K for the ice spectra shown in Fig. 2 (same color coding) and bulk
H2O (l) measured at 264 K (dotted purple curve). The difference spectra are
scaled so that the change in the pre-edge overlaps; the scaling factor for each
spectrum is given in the legend. The vertical dotted black line denotes no
difference. (b) Gaussian peak fit analysis of STXM transmission spectrum
of bulk crystalline ice (solid black curve) at 232 K prepared by freezing an
approximately 500 nm thick H2O sample contained between Si3N4 windows.
The spectrum is deconvolved into 9 Gaussian peaks (dashed black curves,
the Gaussian peak corresponding to the pre-edge is highlighted as the green
dashed-dotted curve). The red squares denote the experimental data points
and the solid red curve denotes the residuals of the least-squares fit (enlarged
by a factor of 10); the horizontal dotted black line denotes zero.

However, when an ice film is prepared on BaF2(111) the
SEY spectrum (solid black line) shows large differences from
the other crystalline ices. The pre-edge has clearly dimin-
ished in intensity and sits on top of the tail from the main-
edge, which in turn is less intense than in spectra of bulk
ice grown on other substrates. The post-edge on the other
hand has shifted to significantly higher energy, with an in-
dication of a split into two components, and a strong shoulder
between 544 and 548 eV has appeared. Such a shoulder has
been present in previous ice data,15, 39 but with a much lower
intensity. We note a minor contribution from OH at 533 eV,
well separated from the rest of the spectrum; on insulating
substrates beam-induced decomposition of water is difficult
to eliminate completely.11

The spectral features are emphasized in the 2nd deriva-
tive of the absorption cross-section, which is shown for all wa-
ter and ice samples in Figs. 1(b) and 2(b), respectively. A peak
in the absorption cross-section is seen as a minimum in the
2nd derivative, but the 2nd derivative spectral features appear
sharper since there the Gaussian and Lorentzian peak-shapes
have reduced width. For the water samples three minima are
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TABLE I. Gaussian least-squares peak fit of the pre-edge for the various water and ice spectra. The peak position, peak amplitude, full width at half maximum
(FWHM) of the peak, and the integrated peak area (corresponding to amplitude × FWHM/2

√
(ln(2)/π )) are reported for each spectrum. The uncertainties

correspond to one standard deviation in the confidence interval for the fit coefficients; the uncertainty was propagated to the calculated peak area as the
maximum/minimum values attainable from errors of one standard deviation in peak amplitude and FWHM.

Spectrum Position (eV) Amplitude (arb. units) FWHM (eV) Area (eV, arb. units)

H2O/Si3N4 299 K 534.94 ± 0.005 0.0327 ± 0.0006 0.94 ± 0.008 0.033 ± 0.0008
H2O/Si3N4 280 K 534.93 ± 0.003 0.0288 ± 0.0003 0.91 ± 0.007 0.028 ± 0.0005
H2O/Si3N4 270 K 534.96 ± 0.008 0.0282 ± 0.0007 0.91 ± 0.014 0.027 ± 0.0011
H2O/Si3N4 264 K 534.97 ± 0.005 0.0264 ± 0.0005 0.89 ± 0.014 0.025 ± 0.0009
H2O/Si3N4 232 K 534.96 ± 0.008 0.0174 ± 0.0005 0.84 ± 0.015 0.016 ± 0.0007
D2O/Pt(111) 100 K 535.08 ± 0.006 0.0230 ± 0.0005 0.80 ± 0.010 0.020 ± 0.0007
D2O/Pt(111) 150 K 535.06 ± 0.012 0.0196 ± 0.0007 0.78 ± 0.020 0.016 ± 0.0010
D2O/BaF2(111) 144 K 535.05 ± 0.032 0.0072 ± 0.0007 0.74 ± 0.088 0.006 ± 0.0012

visible, again associated with the pre-edge, main-edge, and
post-edge. For the crystalline ice samples, however, the mini-
mum associated with the post-edge has split up into two dis-
tinct peaks between 540 and 543 eV. The split of the post-edge
appears to be the most significant spectral feature in the O K-
edge spectrum that characterizes crystalline ice.

To quantify the changes in absorption cross-section in
the various spectral regions, a Gaussian peak fit analysis con-
sisting of 9 Gaussian peaks (1 for the pre-edge, 2–3 for the
main-edge, 2–3 for the post-edge, 2–3 for the continuum re-
gion) was performed on all spectra. The curve fitting for the
STXM spectra of ice at 232 K is shown in Fig. 3(b) as an
example. Such an analysis is not unique and the result de-
pends on the number of parameters and the initial conditions,
but the intensity of the pre-edge, which is fairly isolated from
the rest of the spectral components, can be determined with
some accuracy. In Table I the peak position, peak amplitude,
full width at half maximum (FWHM), and integrated area of
the Gaussian peak that represents the pre-edge are reported
for each spectrum. The trends deduced from visual inspection
of the spectra are confirmed, decreasing pre-edge amplitude
with decreasing temperature as well as after crystallization.
We see that the ice film prepared on the BaF2(111) surface
has a significantly smaller pre-edge than the other crystalline
samples amounting to about 40% of the pre-edge absorption
cross-section for the crystalline ice film on Pt(111) and the
bulk ice between Si3N4 membranes. We also note that the in-
tegrated pre-edge peak area is larger by a factor 5.7 in wa-
ter at 299 K in comparison to ice on BaF2(111). The peak
position and FWHM of the pre-edge differ slightly (−0.11
± 0.02 and 0.13 ± 0.05 eV, respectively) when compar-
ing H2O with D2O (Table I), which can be attributed to a
small uncertainty in the �ZPE calibration and the fact that
no broadening has been added to account for the narrower
spatial extent of the ground state vibrational wave function of
D2O compared to H2O that in turn results in narrower peaks
upon vertical excitation.15

To further analyze the spectral changes in more de-
tail, principal component analysis was performed on the wa-
ter and ice spectra. To visualize the decomposition of the
spectra into principal components, the steps described in
Sec. II C are shown in Fig. 4 for the O K-edge x-ray ab-
sorption spectrum of H2O recorded at 299 K. First, smoothing

was performed to reduce the effect of noise in the spectra af-
ter which the mean of the spectral ensemble was computed
(Fig. 4(a)). The mean of the spectral ensemble was subtracted
from each spectrum (Fig. 4(b)) and the covariance matrix of
all mean-centered spectra were calculated and diagonalized,
resulting in principal components that are made up of nor-
malized, orthogonal loadings with associated scores for each
spectrum, i.e., the scores represent the spectrum in the prin-
cipal component space. If all principal components are in-
cluded (note that the total number of components are equal to
the number of independent variables, or, in this case, energy
bins in the spectra), the mean-centered spectra will be per-
fectly represented, but the number of independent variables
may be reduced by only including the principal components
with greatest explained variance. In Fig. 4(b), the 1st princi-
pal component representation is shown for the STXM spec-
trum at 299 K, which is calculated by multiplying the loading
of the 1st principal component by the score associated with
the spectrum. The residuals with respect to the original mean-
centered spectrum are shown in Fig. 4(c) and are found to be
orders of magnitude smaller than the spectral variations. Thus,
the principal component analysis has reduced each spectrum
to a single variable, namely, the score of the 1st principal
component.

The loadings of the 1st principal component are shown
in Fig. 5. The set consisting of only water spectra (double-
dotted red line) had a 1st principal component that made up
97% of the explained variance; the associated scores of each
spectrum are presented in Table II. The maxima at 535 and
537 eV indicate, respectively, a growing pre-edge and main-
edge with increasing temperature. The broad minimum at
∼542 eV shows that the temperature dependence of the post-
edge is anti-correlated with the change in the pre-edge and
main-edge, i.e., has an increasing absorption cross-section
with decreasing temperature. The inset in Fig. 5 shows the
predicted temperatures of the water spectra calculated from a
linear regression model of the 1st principal component; using
only the 1st principal component explains 87% of the sample
temperature variation, indicating that the spectral changes in
liquid water as a function of temperature are, to first order,
linear in the temperature regime studied.

The set consisting of ice and water spectra (black solid
line) had a 1st principal component that explained 78% of
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(a)

(b)

(c)

FIG. 4. Decomposition of the O K-edge x-ray absorption spectrum of bulk
liquid water measured at 299 K into its 1st principal component. (a) STXM
transmission spectrum of bulk water measured at 299 K; the black squares
denote the experimental data points and the solid red curve denotes the
smoothed data (details described in Sec. II C) used for principal component
analysis. The STXM transmission spectrum at 299 K is compared to the mean
(dashed blue curve) of the set consisting of all water spectra presented in
Fig. 1 after smoothing. (b) Mean-centered spectrum at 299 K (single-dotted
green curve) obtained after subtracting the mean of all water spectra (dashed
blue curve) from the smoothed spectrum (red solid curve) in (a). The covari-
ance matrix of all mean-centered spectra was calculated and diagonalized as
described in Sec. II C, resulting in a 1st principal component that explains
97% of the variance in the spectral ensemble and whose representation of the
mean-centered spectrum at 299 K (double-dotted red curve) can be obtained
by scaling the loading shown in Fig. 5 with the score reported in Table II.
Both the mean-centered spectrum and the 1st principal component represen-
tation were magnified by a factor of 5 compared to the spectra in (a). (c) The
residuals of the 1st principal component representation at 299 K (solid black
curve) with respect to the smoothed mean-centered spectrum shown in (b),
enlarged by a factor of 20 compared to the spectra in (a).

the variance. The associated scores of each spectrum are pre-
sented in Table III and show positive scores between 0.08
and 0.14 for the water spectra, whereas the ice spectra have
scores that span from −0.02 to −0.17. It is evident that the 1st
principal component can separate the crystalline ices (scores
< −0.10) from the amorphous samples (scores > −0.05) as
well as the liquids (scores > 0.05) from the solids (scores
< 0.00). This clear separation between liquid samples, the
amorphous ice, and the crystalline films are, for the former
two, mainly related to the large temperature difference, but for
the latter two attributed to phase and growth conditions. The
maxima and minima of the loading of the 1st principal com-
ponent were qualitatively similar to those of the water spec-
tra, although several important quantitative differences can be

FIG. 5. Principal component analysis of O K-edge x-ray absorption spectra
from Figs. 1 and 2. Data were smoothed as described in Sec. II C. The loading
of the 1st principal component is shown as a function of photon energy for
the set consisting of all water and ice spectra presented in Figs. 1 and 2 (solid
black curve) and the set consisting of all water spectra presented in Fig. 1
(double-dotted red curve). The inset shows the predicted temperatures of the
water spectra calculated from a linear regression model of the 1st principal
component of the water ensemble (red crosses) plotted against the reference
temperatures; the linear regression model of the 1st principal component had
an R2 value after full cross-validation of 0.872. The black dashed line indi-
cates the targeted temperatures.

noted. The maximum associated with the main-edge is shifted
to higher energies when the ice spectra are included and the
minimum associated with the post-edge is sharper and much
more structured than the diffuse peak observed for the set of
water spectra. Furthermore, an additional maximum has de-
veloped at ∼549 eV related to the minimum in absorption
cross-section that is much more prominent for the crystalline
ices than for the amorphous samples.

The high explained variance of the 1st principal com-
ponent of the set consisting of water spectra demonstrates
that the energy bins of the water spectra are highly correlated
with each other in such a way that the spectral changes are

TABLE II. Scores of the 1st loading for the various water spectra and
their predicted temperatures from linear regression using a single-principal-
component model. The loading of the 1st principal component from the set
of water spectra is shown in Fig. 5 (double-dotted red curve).

Spectrum Score Predicted temperature (K)

H2O 299 K 0.049 294
H2O 280 K 0.001 278
H2O 270 K − 0.010 276
H2O 264 K − 0.040 258
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TABLE III. Scores of the 1st loading for the various water and ice spectra.
The loading of the 1st principal component from the set of water and ice
spectra is shown in Fig. 5 (solid black curve).

Spectrum Score

H2O/Si3N4 299 K 0.136
H2O/Si3N4 280 K 0.109
H2O/Si3N4 270 K 0.010
H2O/Si3N4 264 K 0.081
H2O/Si3N4 232 K − 0.104
D2O/Pt(111) 100 K − 0.027
D2O/Pt(111) 150 K − 0.131
D2O/BaF2(111) 144 K − 0.165

described almost entirely by the loading of the 1st principal
component. This means that the difference spectra in Fig. 1
all have similar shape to the loading of the 1st principal com-
ponent, so that the difference spectra can be reproduced by
the loading of the 1st principal component scaled by a scalar
value, namely, the score of each spectrum (in the current anal-
ysis, the scores of the spectra will reproduce the difference
spectra with respect to the mean of all spectra, but similar
scores could be calculated that reproduce the difference spec-
tra with respect to the spectrum measured at 299 K). When
both water and ice spectra are included in the principal com-
ponent analysis, the explained variance of the 1st principal
component is reduced notably and the resemblance between
the difference spectra and the loading of the 1st principal com-
ponent is weakened.

IV. DISCUSSION

The temperature dependence of the O K-edge x-ray ab-
sorption spectra of water supports that tetrahedral ordering
is increasing in the liquid upon cooling below room tempera-
ture; similar trends have been observed previously using x-ray
scattering,40, 92, 93 infrared spectroscopy,44, 77, 94–96 and x-ray
emission spectroscopy.9, 43, 97 The principal component anal-
ysis shows that a single principal component is sufficient to
describe the changes in the liquid spectrum with tempera-
ture, which is consistent with the hypothesis that water struc-
ture can be viewed in terms of fluctuations around two struc-
tural motifs where the pre-edge and most of the main-edge
intensity are related to HDL species and the post-edge mainly
to LDL species.9, 17 We note that conversion between two
species is also consistent with the existence of an isosbestic
point in the otherwise featureless Raman OH stretch spectra
of HDO in water although an isosbestic point alone is not
proof, since also a single-component system can exhibit an
isosbestic point.98 The ability of a linear model based on a
single principal component to describe the observed changes
suggests that the conversion between HDL and LDL species
would to first order be linear with temperature in the regime
where the liquid was studied. This hypothesis can be ex-
tended to all amorphous spectra, where we mostly see rel-
ative changes in amplitude of the various peaks and the 1st
principal component therefore still explains nearly all sam-
ple variance (96%). However, the variations of the spectra are

no longer linear with temperature, since the single principal
component model in this case only explains 39% of the sam-
ple temperature variation. When including crystalline sam-
ples, the addition of a more complex spectral distribution in
the post-edge region lowers the efficiency of the 1st princi-
pal component, and the spectral changes can no longer be
described as a conversion between HDL and LDL species.
We assign these changes in the crystal phase to long-range
band-structure effects that appear from critical points in the
Brillouin zone, see discussion below.

An alternative interpretation of the pre-edge is that
it is due to a localized core excitation, a so-called core-
exciton, in a tetrahedrally H-bonded network with only minor
distortions.20, 28 Based on a van’t Hoff analysis of the temper-
ature dependence of the pre-edge intensity, an energy differ-
ence between species associated with the pre-edge and the rest
of the liquid was estimated at around 0.9 kcal/mol and, based
on such a small energy difference, only minor distortions from
a tetrahedral network were concluded.20 That this conclusion
is incorrect is clear since the enthalpy difference between
low-density amorphous (LDA) and high-density amorphous
(HDA) ice has been measured to 0.18 ± 0.04 kcal/mol99 at
1 atm in spite of the large difference in local structure100 and
resulting density. The problem with this conclusion on struc-
tural changes is that it neglects the fact that stabilizing inter-
actions depend on structure in an H-bonding liquid such as
water; in tetrahedral structures the local density is low, which
reduces the importance of the van der Waals attraction, while
in disordered, close-packed structures the van der Waals at-
traction becomes more important as the local density in-
creases through loss of directional H-bonds.101–103 Indeed,
based on various theoretical methods41, 101 it has recently been
shown that even large variations in local structures in sim-
ulated water can result in small energy differences. Further-
more, the entropy is lower in tetrahedral structures, since in
that case the quantized librational modes are not accessible
thermally and do not contribute to the entropy, while for dis-
ordered structures they do.17, 42 Using the results of a van’t
Hoff analysis to quantify the extent of structural changes in
neat liquid water without taking these effects into account is
thus not possible.

A van’t Hoff analysis of spectroscopic data is further-
more intrinsically binary, although the spectroscopic response
within the assumed two classes is the average of the response
of many different structural variations within each class. To
compound matters further, there are longer range interac-
tions in water through, e.g., many-body effects and H-bond
cooperativity,104 leading to different structural length scales
that vary with temperature which are detected differently de-
pending on the applied spectroscopy.9, 17, 105 Since different
spectroscopies show different sensitivity to different substruc-
tures it is clear that a van’t Hoff analysis of temperature-
dependent spectral features can give large differences
depending on the applied spectroscopy.9, 20, 27, 106–109 That
the conclusion of only minor distortions is problematic has
also been demonstrated experimentally through recent vibra-
tionally resolved O K-edge RIXS data, where an OH-stretch
frequency close to gas phase has been found for molecules
contributing significantly to the pre-edge intensity.70
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If the pre-edge peak is associated with weak or broken
H-bonds, what is the reason that we still see it in ice? If we
disregard the isotope effect giving a slightly higher pre-edge
peak for H2O in comparison to D2O1, 15 we can make a com-
parison between the different systems in Table I. We note that
only a fraction of the pre-edge intensity from water at 299 K
remains in the ice samples, with 48% for H2O ice at 232 K on
Si3N4, 60% for D2O amorphous ice at 100 K on Pt(111), 50%
for D2O crystalline ice at 150 K on Pt(111), but only 18% for
D2O ice on BaF2 at 144 K. If we add also the previous XRS
study where it was claimed that the change in pre-edge inten-
sity between water and ice is rather small, with a remaining
pre-edge intensity of the order 70% in bulk hexagonal ice,20

there is quite a variation. There seems not to be a simple es-
timation of the pre-edge intensity in hexagonal or cubic ice.
In fact, with D2O ice on BaF2 we now have a sample that has
a small pre-edge intensity of the order of a factor 5 less than
in water. This would be consistent with the above notion that
indeed the pre-edge is related to severely distorted H-bonds.

Here we present a hypothesis that could explain the vari-
ation in the pre-edge of the different ice spectra as due to
varying degrees of admixture of HDA ice.15 It has been es-
tablished that both the pre-edge and main-edge are increased
for HDA ice as measured by XRS.28 A contribution of HDA
ice will therefore significantly increase the pre-edge intensity.
Indeed an extended x-ray absorption fine structure (EXAFS)
study of crystalline ice grown on Au(111) showed that the
film, when measured, was not a pure phase but a mixture of
hexagonal and HDA ice.110, 111 In fact, even if the ice were
prepared as a pure hexagonal ice phase the interaction with
the beam can be expected to transform portions of the ice
to HDA ice. We know that the enthalpy difference between
ice Ih and HDA ice is 0.58 ± 0.1 kcal/mol99 at 1 atm while
the absorption of a photon at 535 eV corresponds to 12340
kcal/mol, which is 4 orders of magnitude higher and thus suf-
ficient to convert ice Ih into HDA ice if the energy is not
effectively transferred away from the excited molecule. We
can anticipate that the absorbed energy will dissipate slowly
through the solid creating many sites where significant energy
is dumped causing a pressure effect that converts a fraction
of the volume into HDA ice. Since the temperature is low,
most molecules are kinetically hindered to convert back to
normal hexagonal ice. In the liquid state, on the other hand,
the higher mobility and ultrafast dynamics of breaking and
forming H-bonds on picosecond timescales112 allows a beam-
induced structural defect to convert back nearly immediately
and no beam-induced transformation will be seen, except per-
haps upon extreme supercooling.

It is often assumed that XRS, since it has much larger
penetration depth, should disturb a sample much less com-
pared to soft XAS. However, due to the extremely small cross-
section for the inelastic x-ray Raman excitation an extremely
high photon flux is often required in order to measure a spec-
trum resulting in that the overall energy density deposited in
the sample might be similar in XRS and XAS measurements.
This is different from x-ray diffraction studies since the elastic
scattering cross-section is much higher and less photon flux is
required. We propose further that there is a higher probability
for this beam-induced transformation close to grain bound-

aries. This could be the reason for the smaller pre-edge inten-
sity for ice on BaF2(111) in comparison to on Pt(111) since
the low defect density on BaF2 gives few nucleation sites and
larger crystallites. Note, however, the small contribution at
533 eV from radiation-induced OH at the BaF2 surface which
may provide nucleation sites affecting the long-range order in
the crystallites.

In the case of monolayer water on metal surfaces the pre-
edge is nearly missing15 which, within this hypothesis, can
be understood in terms of the metal surface very efficiently
taking up the energy deposited by the high-energy electrons,
where furthermore a large fraction of the electrons is emitted
into vacuum. That ice on BaF2 seems to be more crystalline is
indicated by the enhanced intensity in the multiple-scattering
resonances above the post-edge. These are connected to crit-
ical points in the long-range band structure where the bands
disperse less giving rise to associated features in the density of
states. As some HDA ice is incorporated into the lattice it will
destroy the long-range order resulting in a diminishing of the
multiple-scattering resonance intensities. We therefore expect
that the spectrum of ice prepared on BaF2 with a significantly
smaller pre-edge and strong multiple-scattering resonances
better reflects an unperturbed ice spectrum of hexagonal or
cubic ice than the other measured ice spectra. This indeed
means that there is a large difference in pre-edge intensity
between water and ice. Here we propose that in unperturbed
ice there is only an extremely weak pre-edge where the small
intensity is due to vibronic coupling to asymmetric molec-
ular vibrations that break the instantaneous near-tetrahedral
symmetry.7, 15

V. CONCLUSIONS

We conclude that the increased tetrahedral ordering in the
H-bonded network in liquid water upon cooling is reflected
through a decrease in pre-edge absorption cross-section and
an increased post-edge resonance when probed by XAS. This
is modeled accurately by a single principal component, which
through linear regression can predict the sample tempera-
ture to sufficient (±6 K) level. Similar observations extend
to amorphous water at lower temperatures, but in this temper-
ature regime the spectral variations are no longer linear with
temperature.

Crystalline ice films are governed by growth condi-
tions that strongly affect the defect density and the grain
size. Although crystalline ice films all exhibit a split of the
post-edge into two peaks, the absorption cross-section at
the pre-edge—associated with asymmetrically H-bonded SD
species—varies strongly. We demonstrate that ice grown on
BaF2(111) can result in a reduced pre-edge to the extent
that it is almost negligible. Additionally, an increase in ab-
sorption cross-section between 544 and 548 eV suggests a
notable extension of the H-bonded network in the case of
ice grown on BaF2 as compared to other growth conditions,
with well-resolved high-symmetry points in the electronic
band-structure at higher energies. This can be understood
in terms of the Newns-Anderson impurity model applied to
XAS of water and ice, in which the core-excited atomic or-
bitals hybridize with the conduction band of the surrounding

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

212.175.32.130 On: Fri, 23 Jan 2015 06:57:53



034507-10 Sellberg et al. J. Chem. Phys. 141, 034507 (2014)

H-bonding network to create the spectral features.17 The re-
duced absorption cross-section at the pre-edge and main-edge
indicates stronger hybridization, which shifts the delocalized
post-edge resonance to higher energy and results in the ob-
served increase in absorption cross-section between 544 and
548 eV.
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