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Using isotope substitution neutron scattering data, we present a detailed structural analysis of the
short and intermediate range structures of the five known forms of amorphous ice. Two of the lower
density forms—amorphous solid water and hyperquenched glassy water—have a structure very
similar to each other and to low density amorphous ice, a structure which closely resembles a
disordered, tetrahedrally coordinated, fully hydrogen bonded network. High density and very high
density amorphous ices retain this tetrahedral organization at short range, but show significant
differences beyond about 3.1 Å from a typical water oxygen. The first diffraction peak in all
structures is seen to be solely a function of the intermolecular organization. The short range
connectivity in the two higher density forms is more homogeneous, while the hydrogen site disorder
in these forms is greater. The low Q behavior of the structure factors indicates no significant density
or concentration fluctuations over the length scale probed. We conclude that these three latter forms
of ice are structurally distinct. Finally, the x-ray structure factors for all five amorphous systems are
calculated for comparison with other studies. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2378921�

I. INTRODUCTION

It is generally recognized that there are five different
kinds of amorphous ice, distinguished originally by their
methods of preparation. The first, amorphous solid water
�ASW�, was produced by depositing water vapor on a cold
substrate, first by Burton and Oliver in 1935.1 Later work has
demonstrated that it can be consistently formed by deposi-
tion at liquid nitrogen temperature.2 As formed, this material
is microporous:3 it can be consolidated by annealing or sin-
tering at a high temperature below about 120 K. Another
noncrystalline form, hyperquenched glassy water �HGW�,
can be prepared by very rapid cooling of liquid droplets by
either injecting a fine water spray into a cryoliquid or super-
sonically impacting micron-sized droplets onto a substrate at
77 K.4,5 Pressurizing crystalline ice Ih to about 1 GPa at
77 K results in another apparently amorphous phase.6 This
was labeled high density amorphous ice �HDA� on account
of its significantly higher density. Controlled heating of HDA
recovered to ambient pressure produced a “low density

amorph” �LDA� above about 120 K.7 A very high density
form �VHDA� was discovered very recently by isobaric heat-
ing of HDA under pressure.8

Using isotope substitution neutron diffraction tech-
niques, the short range atomic level structures of LDA,
HDA, and VHDA have been reported briefly.9,10 Despite a
significant amount of experimental work, the detailed struc-
tures of the two earlier-discovered forms, ASW and HGW,
have not been definitively solved. Although there is an ex-
pectation that their atomic level structures are similar to that
of LDA, earlier experimental work, including calorimetry
and spectroscopy, has not fully supported this hypothesis.
Neutron total diffraction patterns of ASW and HGW show
similarities, but the published patterns are not sufficiently
identical to confirm structural identity, nor to demonstrate
identity with LDA.11–13 Other work has also produced dif-
fraction patterns for ASW and HGW that differ from each
other in varying degrees, and from that of LDA.14–16

We present here the results of neutron diffraction isotope
substitution experiments on all five forms of amorphous ice
at 80 K and ambient pressure. The earlier reported data ona�Electronic mail: d.t.bowron@rl.ac.uk
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LDA, HDA, and VHDA have been reanalyzed using im-
proved software.17 In the previous analysis9,10 the experi-
mental differential cross-section data were inverted directly
to site-site partial structure factors, and then analyzed using a
three dimensional atomistic model. In the present analysis
the differential cross-section data are modeled directly,
which helps eliminate artifacts that might arise from system-
atic errors in the data.17 In fact, in the present instance the
results of the new analysis are closely similar to the previous
reported structures. Both the Faber-Ziman and Bhatia-
Thornton partial structure factors and partial radial distribu-
tion functions are presented. These are discussed in terms of
both the short and intermolecular range structures of all five
amorphous forms. The structural similarity of ASW, HGW,
and LDA is quantitatively confirmed. Expected x-ray struc-
ture factors are also presented. Finally, an attempt to repro-
duce the structure of HDA as a mixture of the higher and
lower density forms VHDA and LDA leads us to conclude
that, on length scales up to about 10 Å, HDA is a distinct
structural form.

II. THEORY

After normalization to a standard scattering sample, va-
nadium, and following corrections for background scattering,
sample absorption, multiple scattering, inelastic scattering,
and atomic self-scattering, the function measured in a neu-
tron diffraction experiment is the interference differential
scattering cross section, F�Q�, see, e.g., Ref. 18. Q is defined
as the magnitude of the momentum transfer vector of the
scattering process:

Q =
4�

�
sin � . �1�

The wavelength of the incident neutrons is � and 2� is the
scattering angle. In terms of this variable, F�Q� can then be
written as

F�Q� = �
���

�2 − ����c�c�b�b��S���Q� − 1� . �2�

This function includes information relating to the pairwise
spatial correlations between atoms of types � and �, which is
contained in the sum over the site-site, or Faber-Ziman, par-
tial structure factors, S���Q�. These in turn are weighted by
the respective concentrations, c� and c�, and scattering
lengths, b� and b�, of each atom type. To avoid double
counting of the like terms within the summation, ��� is the
Kronecker delta function. A particular advantage of the neu-
tron scattering method is that this interference function is
measured on an absolute scale in units of b/sr/atom and is
calibrated against the scattering from the known level of the
vanadium standard. The absolute nature of the measurement
thus allows the chemical and isotopic composition of the
sample to be checked if the density of the sample is known.

The structure factors, either composite or partial, can be
inverted to real space atomic pair distribution functions,
g���r�, by a Fourier transform weighted by the atomic den-
sity �:

�g���r� − 1� =
1

2�2�
�

0

	

Q2�S���Q� − 1�
sin Qr

Qr
dQ . �3�

g���r� is the interatomic pair distribution function containing
information about the number of atoms of type � about at-
oms of type �, or vice versa, as a function of their separation
r.

If a single neutron scattering experiment is performed, it
is only possible to measure the total interference differential
scattering cross section, as knowledge of the concentrations
and neutron scattering lengths of the component atoms is
insufficient to allow the separation of F�Q� into the indi-
vidual partial structure factors, S���Q�. However, if a sample
contains elements where isotopes of different neutron scat-
tering lengths are available, it becomes possible to perform a
series of measurements to circumvent this difficulty.19 Each
measurement is performed on a sample that has the same
chemical composition as the others but differing isotopic
composition. Under the assumption that each of these isoto-
pic analogs is structurally identical, it is then possible to
extract the partial structure factors for the system, provided
that a sufficient number of isotope contrasts are available,
and hence obtain specific pairwise atomic correlations. Such
an extraction is possible in this case because H and D have
markedly different scattering lengths20 so that a suitable set
of isotopically distinct samples can be prepared.

III. EXPERIMENT

Samples of VHDA,8,9 HDA,10 ASW,21 and HGW �Ref.
22� were prepared from H2O, D2O, and a 50:50 mixture of
H2O and D2O. The structural consistency of these isotopic
samples was checked with x-ray diffraction following their
production. The preparation methods can be summarized as
follows.

�1� VHDA was prepared in a piston cylinder press via the
formation of HDA by �i� the compression of ice Ih at
77 K to a pressure of 1.5 GPa, followed by �ii� anneal-
ing the structure at a pressure of 1.1 GPa and a tem-
perature of 165 K, and finally �iii� quenching the
sample to a temperature of 77 K to facilitate recovery
at ambient pressure. The isotopic compositions of the
D2O and HDO samples were determined by IR spec-
troscopy to be 99.0% and 49.7% D, respectively.

�2� HDA was similarly prepared in a piston cylinder press
by compression of ice Ih at 77 K to a pressure of
1.6 GPa, and again recovered under liquid nitrogen at
ambient pressure. As with the VHDA sample IR spec-
troscopy was used to determine the isotopic composi-
tions of the D2O and HDO samples to be 99.9% and
49.6% D, respectively.

�3� Samples of ASW were prepared by deposition of water
vapor for 10–12 h onto a substrate precooled to 77 K.
Water vapor pressure at the source during deposition
was 0.10 mbar. After deposition, ASW samples were
heated in vacuo up to �120 K in order to close the
micropores and reduce the apparent surface area of the
deposit by “sintering.”3 The isotopic compositions of
the D2O and HDO samples were found by IR spectros-
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copy to be 99.9% and 49.7% D, respectively.
�4� HGW samples were prepared as in Ref. 22. An ultra-

sonic nebulizer operating at 3 MHz �LKB Instruments,
model 108� was used to generate droplets of �3 
m
diameter. The aerosol was transferred with nitrogen
�purity of 99.995%� as carrier gas through a silicon
tube �1 m long, 20 mm inner diameter� which is cooled
with ice water in order to reduce the relative amount of
water vapor. Thereafter, it was conveyed through an
electron microscopic aperture of 300 
m diameter, into
the high vacuum system. Deposition time varied be-
tween 20 and 24 min, and the thickness of the hyper-
quenched deposit was between �1 and 2 mm. IR spec-
troscopy established the isotopic compositions of the
D2O and HDO samples to be 97.2% and 49.8% D,
respectively.

The samples of LDA were prepared in situ during the
neutron scattering experiments by controlled heating of the
HDA samples to 122 K and recooling to 80 K for the struc-
tural measurements.8 As these samples were formed directly
from the HDA samples, the isotopic compositions of the
D2O and HDO systems were accordingly 99.9% and 49.6%
D, respectively.

The atomic densities of the VHDA,8 HDA,7 and LDA
�Ref. 7� samples were determined by buoyancy using a liq-
uid cryogen and found to be 0.125, 0.117, and
0.094 atoms/Å3, respectively. The densities of the ASW and
HGW samples were taken to be the same as that of the LDA
system.23

For the measurement of their neutron diffraction patterns
each sample of VHDA, HDA, ASW, and HGW was pow-
dered with a pestle and mortar and loaded into parallel sided
“null scattering” TiZr alloy cells of internal dimensions of
35�35�2 mm3 and wall thickness of 1.1 mm. All sample
handling and loading procedures were performed under liq-
uid nitrogen and the samples were immediately transferred
into a cryostat held at 80 K for measurement and any re-
sidual liquid nitrogen transferred with the sample pumped
out of the sample volume.

The scattering data were collected on the Small Angle
Neutron Diffractometer for Amorphous and Liquid Samples
�SANDALS� at the ISIS pulsed neutron facility, Oxfordshire,
U.K. The data were measured over scattering angles �2��
between 3° and 40° and analyzed using neutron wavelengths
in the range from �=0.05 to 1.5 Å over a corresponding Q
range for each data set ranging from 0.5 to 30 Å−1. After
collection the data were reduced to the interference differen-
tial scattering cross section using the GUDRUN routines24 that
are based upon basic algorithms in the widely used ATLAS

package.25 These routines correct the data for the contribu-
tions from the empty cell, empty cryostat, instrument back-
ground, absorption, and multiple scattering and normalize
the data to absolute units using the scattering of a vanadium
standard. The remaining corrections to account for the con-
tributions from inelastic scattering by the sample were made
using the methods outlined in Soper and Luzar.26

A challenge for the normalization of scattering data from
powdered samples is correction for the imperfect packing of

the sample. A particular advantage of the time-of-flight neu-
tron scattering technique in the SANDALS flat plate sample
geometry is that, after normalization of the raw data to the
vanadium scattering and corrections for background, mul-
tiple scattering, and attenuation, but before correction for
self-scattering, the measured total differential scattering in-
tensity oscillates about a level �the high Q limit�, given by

lim
Q→	

I�Q� =

�tf�
i

ci�i

4�
, �4�

where � is the sample density, t is the sample thickness, f is
the packing fraction of the sample, ci is the fraction of atoms
of type i, and �i is the total scattering cross section of atoms
of type i. Since the total scattering cross section is known
from tables,20 and the composition and density of each
sample are known or measured, this high Q limit allows each
measured data set to be scaled to compensate for packing
effects. In the present instance the packing fraction varied
between �0.25 and �0.6 with a precision of about 5%. This
range reflects the variable success of packing individual
samples into the cells under the handling challenges imposed
by the need to maintain their immersion in liquid nitrogen at
all times.

Figures 1–3 show the fully corrected interference differ-
ential scattering cross-section data for D2O, H2O, and HDO
for each of the five amorphous ice samples investigated. It
should be noted that there was no sign in any of the samples
of significant small angle scattering down to the lowest Q
value accessed �0.5 Å−1�. The lack of any small angle scat-
tering in the data rules out the possible existence, in these
samples, of mesoscale inhomogeneities on length scales of
��10 Å. Of note is the absence of any evidence for re-

FIG. 1. The fully corrected experimentally measured interference differen-
tial scattering cross sections F�Q� for VHDA, HDA, LDA, ASW, and HGW
ices prepared using D2O. For clarity the functions are vertically offset by 0,
1.0, 2.0, 3.0, and 4.0 units, respectively.
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sidual crystallinity in any of the samples investigated here.
Earlier studies of HGW �Ref. 22� have shown evidence for a
small degree of residual crystallinity 5%, but this may re-
flect the difference between the structural probes. Neutrons
are essentially a bulk probe due to their highly penetrating
nature and are thus less sensitive to any surface effects that
are often enhanced in x-ray studies.

IV. STRUCTURE REFINEMENT

Detailed structural information was extracted through
the construction of a three dimensional model that is con-
strained by the independent data sets. For the five amorphous
ice systems studied here, the technique of empirical potential
structure refinement �EPSR� has been employed.17,27 This
technique uses classical Monte Carlo simulation methods to
build three dimensional structures that are as consistent as
possible with the experimental data. The process is initiated
by the equilibration of a structural model based purely on the
known chemical stoichiometry and geometry of the molecu-
lar components, the atomic density of the system, and a se-
ries of pairwise potentials based on Lennard-Jones param-
eters and charges. Once the model is equilibrated, neutron
diffraction patterns are calculated from the model, appropri-
ately weighted for the isotopic composition of the experi-
mentally measured samples, and the calculated differential
scattering cross sections compared with the data. As the first
model comparison is unlikely to reproduce the experimental
data sufficiently well, a perturbation potential is then gener-
ated, based upon the difference function between the experi-
mental data and the model. The simulation is then continued
to allow the perturbation potential to evolve iteratively.
Eventually a point is reached where the atomic and molecu-
lar configurations calculated from the model are an accept-
able match to the experimental data. At this point the pertur-
bation potential is considered to be adequately refined and
the Monte Carlo modeling is continued under the sum of the
reference plus perturbation potentials. Any desired structural
information can then be extracted via ensemble averaging
over many configurations of the molecules, all of which are
consistent with the diffraction data as well as other known
information such as the internal structure of the molecules
themselves and the atomic density of the system.

This last point is significant when investigating glassy
systems that by definition are not in a thermodynamic equi-
librium state and their structure is sensitive to their thermo-
dynamic history. This is a particularly important issue when
considering isotopically distinct samples that are produced
independently such as the H2O, D2O, and HDO systems in-
vestigated here. If a single structural model can be con-
structed that simultaneously satisfies the available experi-
mental data, then one can conclude that within the sensitivity
of the structural probe the samples are structurally analo-
gous.

The simulations were initialized in cubic boxes contain-
ing 1800 water molecules and of side length of 35.1, 35.9, or
38.8 Å to be consistent with the known atomic density of the
ice systems of 0.125, 0.117, or 0.094 atoms Å−3, respec-
tively. The configuration of individual molecular units within
the simulation was periodically varied within harmonic con-
straints though maintaining the correct average molecular
distances.28 This process is a necessary addition to the stan-
dard Monte Carlo simulation method as the real experimen-
tal data reflect Debye-Waller broadening from quantum zero-
point energy effects.

Figures 4–6 show the EPSR fits and residuals for the
VHDA, HDA, and LDA ice systems and demonstrate the

FIG. 2. The fully corrected experimentally measured interference differen-
tial scattering cross sections F�Q� for VHDA, HDA, LDA, ASW, and HGW
ices prepared using H2O. For clarity the functions are vertically offset by 0,
0.5, 1.0, 1.5, and 2.0 units, respectively.

FIG. 3. The fully corrected experimentally measured interference differen-
tial scattering cross sections F�Q� for VHDA, HDA, LDA, ASW, and HGW
ices prepared using a 50:50 mixture of H2O and D2O. For clarity the func-
tions are vertically offset by 0, 0.5, 1.0, 1.5, and 2.0 units, respectively.
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capability of the models to simultaneously satisfy the experi-
mental data for each of the isotopically distinct systems on
the same amorphous ice forms. The EPSR models for the
ASW and HGW systems �not shown� are indistinguishable in
quality from those of LDA.

V. RESULTS

In this study the following labels were assigned to the
atomic sites on the water molecules: O and H for the water
oxygen atom and two hydrogen atoms, respectively. The
Lennard-Jones parameters, atomic masses, and fractional
charges used to seed the modeling process taken from the
widely used SPC/E parametrization of the water molecule
are summarized in Table I �Ref. 29� with the assumed OH
and HH intramolecular distances set to 0.976 and 1.55 Å,
respectively.

A. Faber-Ziman partial structure factors and pair
distribution functions

As the structure refinement procedure results in a three
dimensional structural model that is consistent with the ex-
perimental data, it is a trivial procedure to extract experimen-
tally consistent structural correlation or distribution func-
tions. Arguably the most informative correlation functions
are the Faber-Ziman partial structure factors that tell us about
the pairwise interactions between atoms of specific type. In
the amorphous ice system, three correlation functions are
required to completely characterize the system. These are �i�

FIG. 4. The EPSR model fits �solid line� and fit residuals �broken line� to
the D2O, HDO, and H2O experimental data �open circles� for VHDA. For
clarity the model fits and experimental data are vertically offset by 1.0, 3.0,
and 5.0 units, respectively, for the D2O, HDO, and H2O samples, while the
corresponding fit residuals are vertically offset by 0.0, 2.0, and 4.0 units.

FIG. 5. The EPSR model fits �solid line� and fit residuals �broken line� to
the D2O, HDO, and H2O experimental data �open circles� for HDA. For
clarity the model fits and experimental data are vertically offset by 1.0, 3.0,
and 5.0 units, respectively, for the D2O, HDO, and H2O samples, while the
corresponding fit residuals are vertically offset by 0.0, 2.0, and 4.0 units.

FIG. 6. The EPSR model fits �solid line� and fit residuals �broken line� to
the D2O, HDO, and H2O experimental data �open circles� for LDA. For
clarity the model fits and experimental data are vertically offset by 1.0, 3.0,
and 5.0 units, respectively, for the D2O, HDO, and H2O samples, while the
corresponding fit residuals are vertically offset by 0.0, 2.0, and 4.0 units.

TABLE I. Lennard-Jones, charge, and atomic mass parameters used for the
reference potentials that seed the empirical potential structure refinement
model for the amorphous ices.

Atom type
�

�kJ mol−1�
�

�Å�
M

�amu�
q

�e�

O 0.650 3.17 16 −0.8476
H 0.000 0.00 2 0.4238
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between the water molecule oxygen sites �O–O�, �ii� between
the oxygen and hydrogen sites �O–H�, and lastly �iii� be-
tween the hydrogen sites �H–H�. The EPSR derived site-site
partial structure factors are shown in Figs. 7–9, for the five
ices investigated, and the corresponding pair distribution
functions are shown in Figs. 10–12.

An examination of the partial structure factors and pair
distribution functions for the five amorphous ices immedi-
ately highlights the similarity between LDA, ASW, and
HGW. Structural parameters evaluated for ASW and HGW
on the intermolecular length scales studied here, 18 Å, cor-
responding to half the size of the simulation box used during
the structure refinement, show these two ice structures to be
structurally indistinguishable from LDA.

FIG. 7. The EPSR estimated oxygen-oxygen partial structure factors
�SOO�Q�−1� for VHDA, HDA, LDA, ASW, and HGW that are consistent
with the measured experimental data. For clarity each function is vertically
offset by 0.0, 2.0, 4.0, 6.0, and 8.0 units, respectively.

FIG. 8. The EPSR estimated oxygen-hydrogen partial structure factors
�SOH�Q�−1� for VHDA, HDA, LDA, ASW, and HGW that are consistent
with the measured experimental data. For clarity each function is vertically
offset by 0.0, 2.0, 4.0, 6.0, and 8.0 units, respectively.

FIG. 9. The EPSR estimated hydrogen-hydrogen partial structure factors
�SHH�Q�−1� for VHDA, HDA, LDA, ASW, and HGW that are consistent
with the measured experimental data. For clarity each function is vertically
offset by 0.0, 1.5, 3.0, 4.5, and 6.0 units, respectively.

FIG. 10. The EPSR estimated intermolecular oxygen-oxygen pair distribu-
tion functions gOO�r� for VHDA, HDA, LDA, ASW, and HGW. For clarity
each function is offset by 0.0, 1.0, 2.0, 3.0, and 4.0 units, respectively.

194502-6 Bowron et al. J. Chem. Phys. 125, 194502 �2006�
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The pair distribution functions provide us with informa-
tion on the interatomic distance correlations between the at-
oms; they can be integrated to give the average number of
atoms within a given distance range around an arbitrary atom
placed at the origin. This information, presented via the run-
ning coordination number N�r�, is shown for gOO�r� and
gOH�r� in Figs. 13 and 14.

A first neighbor coordination number analysis of gOO�r�
and NOO�r� �Fig. 13� shows that LDA, ASW, and HGW are
almost perfectly fourfold coordinated, with each water mol-
ecule surrounded on average by four neighboring water mol-
ecules in the intermolecular distance range from
2.5 to 3.3 Å. This is consistent with the optimal hydrogen
bonding coordination number of two hydrogen atoms H
bonded to each water oxygen atom that is shown by the first
peak in the distance range from 1.4 to 2.4 Å of gOH�r� and
NOH�r� �Fig. 14�. The relative positions of the first and sec-
ond peaks in gOO�r�, 2.7�5� and 4.4�5� Å, additionally tell us
that the mean O–O–O angle in the LDA network is �111°,
close to the ideal tetrahedral angle of 109°. We can thus
conclude that the short range structures of LDA, ASW, and
HGW all relate closely to a hydrogen bonded tetrahedral
network of water molecules.

The structures of HDA and VHDA are somewhat more
complex. A coordination number analysis for these ices of
gOO�r� and NOO�r� in the distance range from 2.5 to 3.1 Å
shows �Fig. 13� that each oxygen atom is again immediately
coordinated by approximately four neighboring water oxy-
gen atoms. In contrast to LDA, where NOO�r� remains close
to this value up to a distance of �3.4 Å, by this point the
oxygen coordination number in HDA rises to �5 and to a
value of �6 in VHDA. Again gOH�r� and NOH�r� tell us that
each water oxygen is hydrogen bonded to two hydrogen at-
oms in the distance range from 1.4 to 2.4 Å, corresponding
to a four-coordinated hydrogen bonded network. These find-
ings are thus consistent with the “interstitial” nonbonded wa-
ter molecule model first presented in Refs. 9 and 10.

B. Bhatia-Thornton partial structure factors and pair
distribution functions

Bhatia and Thornton30 showed that it was possible to
formulate the partial structure factors for a binary system in
such a way as to show the correlations between the particle
number density N and concentration of atomic species c in
the system. These three partial structure factors are termed
SNN�Q�, SccQ, and SNc�Q�. SNN�Q� reflects the density corre-
lations between the atomic sites regardless of their chemical
species, effectively treating all atoms as equal. Scc�Q� in con-
trast represents the correlations between the differing chemi-
cal species and SNc�Q� the cross correlations. It is worth
pointing out here that because to within 1 part in 10−7 there
are two hydrogen atoms attached to every oxygen atom in
water, the concentration-concentration fluctuations must be
close to zero at large distance scales �Q�0�. Hence only the
NN Bhatia-Thornton structure factor can show significant
positive deviations above zero at small Q.

These partial structure factors are simply related to the
previously discussed Faber-Ziman partial structure factors
and can be calculated for a water system by the following
linear sums:

SNN�Q� = cO
2 SOO�Q� + cH

2 SHH�Q� + 2cOcHSOH�Q� ,

SNc�Q� = cOcH�cO�SOO�Q� − SOH�Q�� − cH�SHH�Q�

− SOH�Q��� ,

FIG. 11. The EPSR estimated intermolecular oxygen-hydrogen pair distri-
bution functions gOH�r� for VHDA, HDA, LDA, ASW, and HGW. For clar-
ity each function is offset by 0.0, 0.5, 1.0, 1.5, and 2.0 units, respectively.

FIG. 12. The EPSR estimated intermolecular hydrogen-hydrogen pair dis-
tribution functions gHH�r� for VHDA, HDA, LDA, ASW, and HGW. For
clarity each function is offset by 0.0, 0.5, 1.0, 1.5, and 2.0 units,
respectively.
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Scc�Q� = cOcH�1 + cOcH�SOO�Q� + SHH�Q� − 2SOH�Q��� .

�5�

cO and cH are the concentrations of oxygen and hydrogen
within the system, here 1/3 and 2/3, respectively. Figures
15–17, respectively, show the Bhatia-Thornton SNN�Q�,
Scc�Q�, and SNc�Q� partial structure factors for VHDA, HDA,
LDA, ASW, and HGW.

Strictly speaking the Bhatia-Thornton structure factors
are only truly meaningful when considering a binary atomic
system. In the case of a monomolecular system such as ice, it
is inevitable that every oxygen atom will be coordinated to
two hydrogen atoms at a distance of 0.98 Å and these mol-
ecules by definition must be distributed throughout the
sample volume on all length scales. To take into account the
molecular nature of amorphous ices we calculate the inter-
molecular Bhatia-Thornton partial structure factors and cor-
responding Bhatia-Thornton partial distribution functions.
By removing the intramolecular correlations from these
functions the intermolecular correlations between number
density and concentration are enhanced. The intermolecular
Bhatia-Thornton structure factors are shown in Figs. 18–20
and the corresponding partial distribution functions in Figs.
21–23.

An examination of the Bhatia-Thornton structure factors,

either including the intramolecular terms or in their absence,
and comparing them with the total D2O total structure factors
�Fig. 1� for the amorphous ices, allows us to determine the
dominant factor that gives rise to the first diffraction peak in
the total structure factor. The comparison between the total
intramolecular plus intermolecular SNN�Q� structure factor
�Figs. 15 and 18� with the pure intermolecular function sat-
isfactorily confirms that the first diffraction peak is solely a
function of the intermolecular organization and not the result
of a dominant intramolecular correlation length. The peak is
known to be associated with the intermediate range order in
a system and can arise from either the topology of the atomic
or molecular network or from chemical fluctuations within
the system. The fact that the first diffraction peak is a char-
acteristic of the SNN�Q� partial structure factor tells us that in
the amorphous ice system, the intermediate range order is
governed by the network topology and not by fluctuations in
the chemical composition. With hindsight this is obvious; as
previously stated the system is monomolecular and thus the
only means by which intermediate range order can be gen-
erated in this system is through the topology of the amor-
phous network. Stated another way this shows that the struc-
tural differences between the different ice structures are not
due to chemical fluctuations.

A further observation one can make is that the Scc�Q�,

FIG. 13. Comparison of gOO�r� �solid lines� and NOO�r� �broken lines� for VHDA, HDA, LDA, ASW, and HGW illustrating the relationship between
interatomic separation and coordination number of oxygen neighbors around any arbitrarily selected oxygen within the ice structure.
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FIG. 14. Comparison of gOH�r� �solid lines� and NOH�r� �broken lines� for VHDA, HDA, LDA, ASW, and HGW illustrating the relationship between
interatomic separation and coordination number of hydrogen neighbors around any arbitrarily selected oxygen within the ice structure or vice versa.

FIG. 15. Bhatia-Thornton number-number partial structure factors, SNN�Q�
for VHDA, HDA, LDA, ASW, and HGW. For clarity each function has been
offset by 0.0, 2.0, 4.0, 6.0, and 8.0 units, respectively.

FIG. 16. Bhatia-Thornton concentration-concentration partial structure fac-
tors Scc�Q� for VHDA, HDA, LDA, ASW, and HGW. For clarity each func-
tion has been offset by 0.0, 0.5, 1.0, 1.5, and 2.0 units, respectively.
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Fig. 16, look remarkably similar to the diffraction data for
light water, Fig. 2. This is because the negative neutron scat-
tering length of H compared to the positive scattering length
for O means that the net scattering length of this sample is
close to zero, so the light water diffraction pattern is domi-
nated by the concentration fluctuations.

Figure 21, ginter,NN�r�, allows an interesting comparison
of the atomic organization of the network structure, whether

the observer is situated on either an oxygen or hydrogen
atomic site. In the short distance range ��3 Å, clear oscil-
lations are visible in this function for the low density amor-
phous ice systems LDA, ASW, and HGW. Such fluctuations
are indicative of a well defined local order. In contrast, the
short range network connectivity in the high density and very
high density ice phases is considerably more homogeneous

FIG. 17. Bhatia-Thornton number-concentration partial structure factors
SNc�Q� for VHDA, HDA, LDA, ASW, and HGW. For clarity each function
has been offset by 0.0, 0.5, 1.0, 1.5, and 2.0 units, respectively.

FIG. 18. Intermolecular Bhatia-Thornton number-number partial structure
factors SNN�Q� for VHDA, HDA, LDA, ASW, and HGW. For clarity each
function has been offset by 0.0, 2.0, 4.0, 6.0, and 8.0 units, respectively.

FIG. 19. Intermolecular Bhatia-Thornton concentration-concentration par-
tial structure factors Scc�Q� for VHDA, HDA, LDA, ASW, and HGW. For
clarity each function has been offset by 0.0, 0.5, 1.0, 1.5, and 2.0 units,
respectively.

FIG. 20. Intermolecular Bhatia-Thornton number-concentration partial
structure factors SNc�Q� for VHDA, HDA, LDA, ASW, and HGW. For clar-
ity each function has been offset by 0.0, 0.5, 1.0, 1.5, and 2.0 units,
respectively.
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and the primary topological structural fluctuations appear be-
yond this distance. These differences thus appear to reflect
the distortion of the dominant tetrahedral local structural mo-
tifs in the more dense materials but in all the amorphous ice
phases topological characteristics are seen to fluctuate up to
length scales of at least 10 Å.

As a next step it is now interesting to compare the fea-
tures in Fig. 22, ginter,cc�r�, with the features seen in the
Faber-Ziman pair distribution functions shown in Figs.
10–12 to learn about how the chemical ordering of the hy-
drogen and oxygen sites is reflected in the local structure.
Peaks in ginter,cc�r� reflect correlations between like chemical
species as a function of distance, while troughs reflect cross
correlations between unlike species. The trough at 1.77 Å
relates to the hydrogen bonding interaction between water
oxygen atoms and neighboring molecule hydrogen atoms,
while the sharp peak at 2.7 Å reflects the strong correlations
between the oxygen atoms within the fourfold coordinated
network. For completeness it is worth acknowledging that
the broad feature in the region between 2.0 and 2.5 Å reflects
the range of like species correlations between hydrogen at-
oms. Compared to the tetrahedral oxygen feature at 2.7 Å,
this region reflects the higher level of structural disorder in
the hydrogen site correlations by virtue of the enhanced
breadth and reduced intensity of this feature. In particular,
this enhanced hydrogen site disorder appears to be slightly
more marked in the VHDA and HDA phases. What is par-
ticularly evident is that, on short length scales 3.1 Å, all
the amorphous ice phases are structurally quite similar and
demonstrate that the local structure is largely dominated by
the intrinsic chemical ordering associated with the water
molecule’s two donor and two acceptor hydrogen bonding
sites. However, beyond this length scale marked differences
appear between VHDA, HDA, and LDA/ASW/HGW.

A particular strength of the Bhatia-Thornton formalism
is the insight that these partial structure factors can provide
into the long wavelength limit fluctuations present in the
system, as reflected in the value of the partial structure fac-
tors as Q→0. In particular, Scc�0� reflects the long range

FIG. 21. Intermolecular Bhatia-Thornton number-number partial distribu-
tion functions gNN�Q� for VHDA, HDA, LDA, ASW, and HGW. For clarity
each function has been offset by 0.0, 2.0, 4.0, 6.0, and 8.0 units,
respectively.

FIG. 22. Intermolecular Bhatia-Thornton concentration-concentration par-
tial distribution functions gcc�Q� for VHDA, HDA, LDA, ASW, and HGW.
For clarity each function has been offset by 0.0, 0.5, 1.0, 1.5, and 2.0 units,
respectively.

FIG. 23. Intermolecular Bhatia-Thornton number-concentration partial dis-
tribution functions gNc�Q� for VHDA, HDA, LDA, ASW, and HGW. For
clarity each function has been offset by 0.0, 0.5, 1.0, 1.5, and 2.0 units,
respectively.
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fluctuations in the composition. Naturally, if the intramolecu-
lar terms are included in this function, the Q→0 limit ap-
pears to tend toward a value very close to 0, reflecting the
absence of any long-range atom-type fluctuations and consis-
tent with the known monomolecular composition of the
sample. In contrast Sinter,cc�0� appears to tend towards a value
very close to the product of cOcH=0.2222 �Fig. 19�, which
would indicate random mixing of the two components in
terms of the intermolecular interactions. This reflects the iso-
tropic nature of the amorphous material and the largely fea-
tureless form of ginter,cc�r� beyond the first molecular coordi-
nation shell �Fig. 22�. Naturally, the extent of this picture is
limited by the minimum Q value of 0.5 Å−1 investigated in
this work, and can only therefore attest to fluctuations on
length scales ��10 Å. A recent neutron diffraction study of
the small angle scattering of the amorphous ices31 has high-
lighted a low Q contribution in the structure factor of HDA.
This signal becomes apparent at Q values below 0.5 Å−1,
investigated in the present work, and continues to rise below
the minimum Q value of 0.3 Å−1 investigated in Ref. 31.
This small angle scattering signal corresponds to structural
texture on length scales greater than 20 Å in the HDA sys-
tem that cannot be directly addressed by the data presented
here. One possible explanation for this signal is the develop-
ment of mesoscale texture in the structure of HDA samples
during their formation due to the need to accommodate
stresses within the water network. The absence of the small
angle signal in the VHDA and LDA systems would then
suggest that this stress induced structure can effectively be
annealed out during their formation as both these glasses can
be produced by thermal treatment of HDA either at high
�VHDA� or ambient pressure �LDA�.

As the long wavelength limit of Scc�Q� tends to 0 �Fig.
16�, the corresponding limit for SNN�Q� is dominated in a
system under thermodynamic equilibrium by the isothermal
compressibility limit. For water at ambient conditions this
limit is �0.18 per atom. This limit is not well defined in a
nonequilibrium structure such as a glass; the data available
here to the Qmin of 0.5 Å−1 point towards typical waterlike
behavior, with a very small value for SNN�Q� as Q goes to
zero �Fig. 15�.

C. The total x-ray structure factors

For completeness we calculate the structure factors for
the amorphous ices as they would be expected to be mea-
sured by x-ray diffraction. As x-ray sources are far more
accessible than neutron sources and often provide the only
practical means to rapidly verify the structure of an ice
sample produced in a laboratory, x-ray structure factors con-
sistent with the neutron scattering data can be useful in fu-
ture work on the amorphous ice system. Figure 24 thus
shows the x-ray structure factor that would be consistent
with the three isotopically distinct neutron scattering data
sets collected for each of the amorphous ice samples. By and
large this is very similar to the Faber-Ziman oxygen-oxygen
partial structure factor as x rays are weighted towards the
regions of higher electron density, though at low Q, the hy-
drogen correlations become significant. For LDA and HDA,

these simulated x-ray structure factors, based on models de-
rived from the neutron data, are highly comparable to those
available for comparison in the literature.14,32

D. The structure of HDA

Several recent studies have investigated the transforma-
tion of VHDA and HDA to LDA and vice versa.31–35 These
studies have suggested that many distinct amorphous states
can exist. The fact that the density of HDA is intermediate
between VHDA and LDA allows us to test whether HDA
could be formed from a mixture of the two limiting cases.
Loerting et al.34,35 have recently shown that there is a step-
wise character to the formation of VHDA from LDA, appar-
ently indicating that HDA is indeed a distinct structural state,
while the annealing studies of Tulk et al.32 and Koza et al.33

indicate that many distinct structural states between HDA
and LDA can be accessed by annealing the dense ice system
and calling into question whether HDA should, in fact, be
considered only one of the complex intermediate structures
that are expected to be produced in annealing VHDA and
following its transformation to LDA. To investigate the rela-
tionship between the recovered HDA sample studied here
and the recovered VHDA and LDA samples, we have there-
fore performed a simple two component analysis of gOO�r�.
Figure 25 shows the best fit linear combinations obtained
either by fitting the height of the first peak in gOO�r� or by
fitting the intermediate density of the HDA system. It is clear
from this figure that the sample of HDA studied here is struc-
turally distinct and not directly related by a simple linear
combination of the two other amorphous states.

FIG. 24. The EPSR estimated x-ray total structure factors �Sx-ray�Q�−1� for
VHDA, HDA, LDA, ASW, and HGW, that would be consistent with the
measured experimental neutron scattering data. The x-ray weighting factors
were calculated using the independent atom form factor approximation. For
clarity each function is vertically offset by 0.0, 2.0, 4.0, 6.0, and 8.0 units,
respectively.
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VI. CONCLUSIONS

The Faber-Ziman partial pair distribution functions dem-
onstrate clearly that the atomic level structures of ASW and
HGW are the same and indistinguishable from that of LDA.
There are also no significant structural differences between
these three systems on length scales up to about 10 Å.
Within the precision of these measurements all three of these
low density ices are essentially fourfold coordinated hydro-
gen bonded structures, with each water molecule donating
and accepting two hydrogen bonds. All three structures do
indeed resemble closely a tetrahedral random network of hy-
drogen bonded water molecules.

The reanalysis of the data for HDA and VHDA confirms
that these structures are more complex. Interestingly, in the
first neighbor region up to about 3.1 Å from a central water
oxygen, these networks are still on average tetrahedrally co-
ordinated, with each oxygen site donating and accepting two
hydrogen bonds to neighboring molecules. Just beyond this
region, however, the oxygen coordination number rises to
�5 for HDA and �6 for VHDA, consistent with the “inter-
stitial” concept proposed earlier.9,10 We emphasize that these
interstitials themselves are also on average fully hydrogen
bonded water molecules, so there must be a considerable
degree of hydrogen bond bending in these materials com-
pared to LDA.

The Bhatia-Thornton analysis uncovers some further in-
teresting aspects of these structures. The first diffraction peak
in all five structures is confirmed to be solely a function of
the intermolecular organization, and is not the result of a
dominant intramolecular correlation length �or of “chemical
ordering”�. More interestingly, the short range network con-
nectivity in the two higher density systems is more homoge-
neous than in the lower density LDA/ASW/HGW structure,
and is a consequence of a greater distortion of the dominant
local tetrahedral structural motif in the higher density sys-
tems. Presumably related to this observation, there is a
higher degree of hydrogen site disorder in HDA and VHDA
than in LDA/ASW/HGW. This analysis also shows clearly
that on the short length scales 3.1 Å, all these amorphous
ices are structurally quite similar, being dominated by the
intrinsic chemical ordering forced by the water molecule’s
ability to simultaneously donate and accept two hydrogen

bonds. It is beyond this length scale that the marked differ-
ences are found between VHDA and HDA on the one hand,
and LDA/ASW/HGW on the other.

The Bhatia-Thornton analysis throws interesting light on
the long wavelength fluctuations in these systems. Within the
limits of the data �the Qmin of 0.5 Å−1 limits the length scales
probed to ��10 Å�, the way in which the structure factors
for all these structures approach the Q→0 limit is consistent
with a random mixing in terms of intermolecular interac-
tions. Furthermore, the results are consistent with waterlike
compressibility behavior.

Finally, the finding that the sample of HDA studied here
is structurally distinct and not directly related to a simple
linear combination of VHDA and LDA emphasizes that on
the length scales of this structural study, up to distances of
�10 Å, these materials do, in fact, have independent struc-
tural forms. The Bhatia-Thornton analysis allows us to asso-
ciate the differences between these three structures predomi-
nantly with variations in the local topology and not to local
chemical ordering. The chemical ordering, as stated earlier,
is similar for all three amorphous systems, though with de-
creasing degrees of short range hydrogen site disorder as the
structures are sequentially compared from VHDA to HDA to
LDA.
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