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Abstract. We have determined the normal modes of ice VIII, a 16-molecule supercell, using
ab initio calculations. The dynamical matrices so obtained are diagonalized and the eigenvectors
projected on to the stretching, bending and libration modes of each water molecule in turn. We
can therefore accurately correlate the symmetry assignments of the zone centre modes and the
corresponding frequencies of these dynamical results with Raman, infrared and neutron scattering
data. In particular, using neutron scattering data, we obtain excellent agreement with the frequencies
of theυRyB1u phonon mode which is inactive in Raman or infrared spectroscopy.

1. Introduction

The vibrational spectra of the various forms of ice are of considerable interest from a variety
of experimental and theoretical points of view [1]. In particular, it has proven difficult to
understand the inelastic incoherent neutron scattering (IINS) of the proton-disordered ices [2].
We have therefore attempted the first complete analysis of the vibrational modes of ice VIII
which, being proton-ordered and having a relatively high symmetry unit cell, is relatively
accessible toab initio methods. A previous attempt at such a comparison was made by Silvi
et al [3]. The present results for all of the modes of vibration largely agree with these limited
results and yield values that compare well with the best Raman, infrared and IINS data.

Ice VIII belongs to the space groupI41/amd (D19
4h) with a supercell of 16 molecules

[4]. It is stable at high pressures and the protons show antiferroelectric ordering [5]. The
structure consists of two independent interpenetratingI41md ferroelectric ice Ic sublattices
(with all D-type [2] hydrogen bonds) with dipole moments oppositely directed along the
c-axis. The structures of these sublattices separately satisfy the Bernal–Fowler ice rules
[6]. The two sublattices are not perfectly centred with respect to one another; however,
the situation of perfect centring would cause the oxygen atoms in each sublattice to lie in a
body centred arrangement (withz0 = 0.125). Instead, the oxygen atoms of each lattice are
displaced a distance 0.5δ along thez-axis, ‘downwards’ in one lattice and ‘upwards’ in the
other, so that the two lattices are displaced byδ (0.23 Å) from the centred positions. This
causes each water molecule to possess two non-hydrogen bonded neighbours at separations of
2.86 Å (at zero pressure and temperature) that are shorter than for the four hydrogen bonded
neighbours (2.99 Å). The experimentally determined [7] lattice parameters werea = 4.80 Å
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andc = 6.99 Å and we have calculated equivalent values ofa = 4.85 Å andc = 7.05 Å There
are seven other water molecules within a O–O distance of 3.43 Å. This nearly closed-packed
arrangement makes the density high: 1.56 g cm−3 at zero pressure for H2O–ice VIII.

Wong and Whalley [8] have analysed the measured Raman spectra of H2O and D2O
ice VIII recovered at∼100 K and zero pressure in the frequency range 50–4000 cm−1. Also,
more recently, Tayet al [9] have used the same conditions to study the infrared spectrum of
ice VIII in the range 50–500 cm−1. We have also compared the calculations with the IINS data
[10], and these are generally in closer agreement with our calculated results (see table 2). The
neutron modes are summed over all frequencies in the Brillouin zone (BZ) and so are expected
to peak at the zone edge. Fortunately, all but one of the IINS peaks in the data are very narrow,
hence the corresponding dispersion curve must be very flat (i.e. dispersion is not important).
This means that the zone centre frequency is virtually coincident with the zone edge. From
considerations of symmetry [11], ice VIII has 26 zone centre normal modes belonging to ten
irreducible representations (see table 1),

0R = 3A1g + 3B1g + 3A2u + 3B2u + A2g + A1u + B1u + B2g + 5Eg + 5Eu.

From these 26 modes, 12 are Raman active (A1g, B1g, B2g and Eg), eight are infrared active
(A2u, B1u, A1u and A2g) while six are totally inactive to Raman or infrared (B2u, B1u, A1u and
A2g) but are observable with neutron scattering.

Table 1. Correlation of the point groups of the intra- and inter-molecular motions in ice VIII.υ1υ3
andυ2 denote the symmetric stretch, anti-symmetric stretch and bending motions, respectively, and
these correspond to the intra-molecular modes. Tx , Ty and Tz denote translations of the molecules
parallel to theirx, y andz axes; and Rx , Ry and Rz denote rotations about thex, y andz axes,
defined for each molecule; they axis of rotation being coincident with theCv axis, thez axis of
rotation being normal to the plane of the water molecule and passing through its centre of mass
and thex axis of rotation being defined as the cross product of they andz axes of rotation. The
translational and rotational motions correspond to inter-molecular modes.

Molecular point group
Molecular and site symmetry group Space group
motions symmetry species symmetry species

υ1, υ2,Tz A1 A1g + B1g + A2u + B2u

Rz A2 A2g + A2u + B1u + B2g

Ry , Tx B1
}

Eg + Eu
υ3,Rx ,Ty B2

2. Computational methods

The electronic properties of the ice VIII lattice have been described using theab initio
pseudopotential method as implemented in the CASTEP code [12]. Here Kohn–Sham
electronic states are described within a plane wave basis set, and the generalized gradient
approximation (GGA) [13] to density functional theory is used to describe electron–electron
correlations. This level of approximation has been shown to give a good description [14]
of the properties of hydrogen bonds which are central to this study. A norm-conserving
pseudopotential is used to describe the oxygen atoms and a bare Coulomb potential to describe
the proton. The kinetic energy cut-off of the plane-wave basis set is relatively high (800 eV) in
order to ensure convergence. In each case, the total energy was minimized with respect to all
the structural parameters, including atomic positions and lattice vectors (but without allowing
for the zero point energy of the protons).
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The dynamical properties of the lattices under consideration are then modelled within the
harmonic approximation. The zone centre dynamical matrix associated with the supercells is
obtained [15, 16] by a finite-difference method, based on the evaluation of the atomic forces
when atoms are shifted from their equilibrium positions. Each of the ionic degrees of freedom is
shifted in both directions about its relaxed position in order to obtain the rows of the dynamical
matrix as follows. We first write the total energy of the lattice as a Taylor expansion [17]:

E = E0 +
1

2

∑
ij

Aijuiuj +
1

6

∑
ijk

Bijkuiujuk (1)

whereE0 represents the equilibrium lattice energy andui is a general coordinate of an ion
relative to the minimum energy configuration (i labels both the ion and a particular Cartesian
direction). Aij describes the harmonic response of the lattice and is used to construct the
dynamical matrix from:

Dij = 1

mjm
1/2
j

Aij (2)

where themi represent the ionic masses.
The force on the general coordinate is written as:

Fi = −dE

dui
= −

∑
j

Aijuj − 1

2

∑
jk

Bijkujuk. (3)

We now independently shift each general coordinate by an amount±1 and minimize the total
energy with respect to electronic degrees of freedom in order to obtain forces on all the ions
in this distorted configuration. Taking differences of theF±1mi we now obtain:

F−1mi − F +1m
i = 1Aim. (4)

This shift in opposite directions ensures cancellation of any cubic terms of the expansion whilst
the quartic terms will be small enough to ignore. The magnitude of the shift must be large
enough to overcome errors in the forces due to the noise produced by grid errors and small
enough to ensure that the response of the ions is still harmonic. The shift is chosen to be 0.1 Å
in all cases [18].

3. The frequencies of the zone centre vibrations in ice VIII

For ice VIII (with all D-type hydrogen bonds) the water molecules are on sites ofC2v (mm2)
symmetry which is also the symmetry of the isolated water molecule. As a result of this,
anti-symmetric stretch and symmetric stretch motions will not couple to each other at the zone
centre. This geometrical constraint was necessary for the experimental (Raman and infrared)
interpretation of the total spectra of the zone centre modes, since a less restrictive geometry
would have allowed mixing of the symmetric and anti-symmetric motions making it impossible
to tell if the total spectra was pure or mixed.

In the approach we have adopted, it is not necessary to rely on this high symmetry, since we
are splitting the total spectra into the stretching, bending, rotational and translational regions
of the vibrational spectrum. If we relied on examining the total for the computed spectra, we
would only be able to accurately study ice VIII and ice Ic (with all D-type hydrogen bonds).
In fact, in addition to these two phases, we have studied ice Ih, ice IX, ice II, ice VI and an
interpretation of ice VII, all modelled within the supercell approach [4]).

For ice VIII, we have found the eigenvectors of the zone centre modes for the symmetry
coordinates of all the stretching, bending, rotational and translational bands. These are listed
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in table 2, as are the corresponding frequencies. Because these four main spectral regions are
well separated from each other in frequency and because the two stretching frequencies do not
mix at the zone centre, the symmetry coordinates are found to be a good approximation to the
normal coordinates. The exceptions to this situation are the two Eg translational symmetry
coordinates, which couple together, as do the two Eg and the two Eu rotational coordinates.

The symmetry coordinates for the modesυRy A2g, υRy A1u, υRy B2g andυRy B1u are
normal coordinates since they are alone in their class. Diagrams of the symmetry coordinates
as well as the presentation of the measured Raman spectra of ice VIII are available in the paper
Wong and Whalley [8], and the far infrared spectra of ice VIII are presented in the paper by
Tayet al [9].

The superscripts on the symmetry coordinates in table 2 represent the four distinct
molecules in ice VIII, where the pairs of superscripts (1 and 2), (3 and 4) always represent the
molecules appearing in the same sublattice. Symbols (R) and (IR) appearing next to a given
frequency denote measured Raman and infrared frequencies respectively.

4. Discussion

4.1. The zone centre modes of ice VIII

The symmetry coordinates of all the stretching, bending, rotational and translational bands
and the corresponding zone centre frequencies are listed in table 2. Comparisons with the
experiment are made in the columns headed [19] and [10]. In all cases, the calculated
frequencies and the vibration symmetries coincide with the experimental assignments with
reasonable accuracy.

4.1.1. The O–H stretching vibrations.Of the six modes in this region, we find three modes
with the same assignments and in the same order of frequency as did Wong and Whalley when
they investigated the three Raman bands in this part of the spectra of ice VIII (see table 2). The
υ1B1g, υ3Eg andυ1A1g modes were found by calculation to have isotopic ratios of 1.3867,
1.3610 and 1.3875, respectively, whereas Wong and Whalley obtained experimental isotopic
ratios for these modes of 1.365, 1.342 and 1.364, respectively.

The order of theυ1B1g andυ3Eg bands are reversed between H2O and D2O. This is due
to a difference in the isotope shifts and is also in agreement with Wong and Whalley.

4.1.2. Bending vibrations. We disagreed with the (tentative) assertion of Wong and Whalley
in the sequence of the frequencies of the two Raman active bands. The Raman-active
vibrations were found to be [8] theυ2B1g andυ2A1g vibrations with frequencies 1677 cm−1

and 1346 cm−1, with isotope ratios of 1.365 and 1.335, respectively. We found these same
assignments and they had frequencies 1523 cm−1 and 1583 cm−1 with isotope ratios 1.3703
and 1.3663, respectively.

4.1.3. Rotational vibrations. The three calculated frequencies, with the equivalent
experimental values in brackets are: 840.6 (874.2), 481.1 (494.0) and 473.7 (548.4) (see
table 2). These were considered by Wong and Whalley to be the three bands due to the
rotational vibrations and were described as being the rotational fundamentals occupying an
octave of frequency. The modes determined in our calculation also have this behaviour. The
frequency of the IINS corresponding to the middle of these values was 483.9, which is very
close to our calculated value. We found good agreement with the IINS data for the Raman,
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infrared inactiveυRyB1u (H2O) mode and also excellent agreement for the fully deuterated
structure.

4.1.4. Translational vibrations. If the sublattices of ice VIII were centrally located to each
other (which they are not), then the rigid body motions of the sublattices would form a threefold
degenerate vibration at the edge of the Brillouin zone, and there would be no Raman activity.
The lowering of the symmetry moves these vibrations to the zone centre and splits them
into υTzA1g andυTx , υTzEg vibrations. The A1g and Eg modes correspond to the relative
displacement along and perpendicular to thec-axis. We have recently analysed this motion in
detail [4]. These particular motions do not involve any variation of either internal or hydrogen
bond-related coordinates; see table 2. The IINS data for Raman active modes in this region
for ice VIII have been obtained by Li and Adams [21]. These workers reported a peak at
147.6 cm−1 which could either be the A1g or the Eg mode. Our results are in closer agreement
with the Hartree–Fock calculations of Silviet al[3], who obtained the zero pressure frequencies
156.1 (148.0) and 159.3(150.4) cm−1 for the hydrogenated A1g and Eg modes, respectively,
where the corresponding fully deuterated result is given in brackets, with frequency differences
3.2 and 2.4 cm−1. We calculated the same set of frequencies as 158.4 (150.0) and 158.0
(152.2) cm−1, with frequency differences 0.4 and 2.2 cm−1. The lowest neutron peak is at
118.5 cm−1.

5. Conclusions

We have carried out extensiveab initio calculations of the modes of vibration of ice VIII. The
calculated frequencies and the related displacement symmetries are in excellent agreement
with the Raman/infrared measurements. In general, the calculated frequencies are some
3–10% lower than the measured values except for the mode where the calculation is actually
higher than in the experiment. The isotopic shifts also follow the experimental trends. The
calculation also correctly identifies all the IINS peaks, including those that are inactive to
Raman and infrared. This calculation has thus effectively simulated the hydrogen bonding and
non-hydrogen bonding interactions in ice VIII. The small residual errors are probably due to
zero point energy effects (anharmonicity in the energy surface).
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[5] Ojamäe L, Hermansson K, Dovesi R, Roetti C and Saunders V R 1994J. Chem. Phys.1002128–37
[6] Bernal J D and Fowler R H 1933J. Chem. Phys.1 515–48



Projected vibrational density of states in ice VIII 821

[7] Whalley E 1976The Hydrogen Bond—Recent Developments in Theory and Experimentsvol 3, ed P Schuster
et al (Amsterdam: North-Holland) ch 29, pp 1425–70

[8] Wong P T T andWhalley E 1976J. Chem. Phys.642359–66
[9] Tay S P, Klug D D and Whalley E 1985J. Chem. Phys.832708–11

[10] Kolesnikov A, Li J-C, Ross D K, Sinitzin V V, Barkalov O I, Bokhenkov E L and Ponyatovskii E G 1992Phys.
Lett.A 168308–12

[11] Koster G F 1957 Space Groups and Their Representationed F Seitz and D Turnbull (Massachusetts:
Massachusetts Institute of Technology) vol 5 (reprinted fromSolid State Phys.(New York: Academic))

[12] Payne M C, Teter M P, Allan D C, Arias T A and Joannopoulos J D 1993Rev. Mod. Phys.641045–97
[13] Perdew J P and Wang Y 1992Phys. Rev.B 4612 947–54
[14] Hamann D R 1997Phys. Rev.B 5510 157–60
[15] Morrison I, Jenkins S, Li J-C, Xantheas S S and Payne M C 1997J. Phys. Chem.B 1016146–50
[16] Ackland G J, Warren M C and Clark S J 1997J. Phys.: Condens. Matter9 7861–72
[17] Dolling G 1996Meth. Comput. Phys.151
[18] Jenkins S 1999PhD ThesisUniversity of Salford
[19] Nielson G and Rice S A 1984J. Chem. Phys.804456–63
[20] Klug D D, Handa Y P, Tse J S and Whalley E 1989J. Chem. Phys.902390–2
[21] Li J-C and Adams M 1996Europhys. Lett.34675–80


