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a  b  s  t  r  a  c  t

Various  forms  of ice  exist  within  our  galaxy.  Particularly  intriguing  type  of ice  – ‘ferroelectric  ice’  was
discovered  experimentally  and  is stable  in  temperatures  below  72  K.  This  form  of  ice can  generate  enor-
mous electric  fields  and  can play  an  important  role in  planetary  formation.  In  this  letter  we  present
Car–Parrinello  simulation  of  infrared  spectra  of ferroelectric  ice  and  compare  them  with  spectra  of  hexag-
onal ice.  Librational  region  of  the spectra  can  be  treated  as  spectroscopic  signature  of  ice  XI and  can  be
of help  to identify  ferroelectric  ice in  the  Universe.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

In the outer solar system, most water ice exists in a crystalline
phase [1,2]. Various forms of ice have been found in our galaxy, from
interstellar clouds to comets, moons and planets. Infrared observa-
tion provides evidence that crystalline ice exists on Pluto’s satellite
[3]. Below 200 MPa, crystalline ice has two kinds of structure, which
are named ice Ih and ice XI. Whether or not ice in the outer solar
system exists as ice XI is a question that has attracted scientific
interest, because ice XI is ferroelectric. Long-range electrostatic
forces, caused by the ferroelectricity, might be an important factor
for planet formation [4,5]. Recent studies concerning ice films sug-
gest that a millimeter-sized ferroelectric ice particle has a 10 000 V
charge and unusual properties for planetary formation [4,5]. Ice
sheets with a thickness of several kilometers on outer planets and
the satellites should become a huge source for an electric field
because each crystal grain will be similarly aligned due glacial flows
like in the polar ice sheets on Earth [6]. The existence of ice XI on
Pluto and Charon [7] and the formation of ice XI in space have been
predicted [4]; however, from infrared observations it is not clear
whether ice XI exists or not.

Protons of ice under high-pressure become readily ordered upon
cooling [8]. For an ice doped with 0.1 M KOH, Kawada [9] pro-
posed the existence of a transition from ice Ih to a structure with
ordered protons, ice XI. The KOH molecules are ionized, and the
OH− ions, which replace H2O sites in the ice are considered to
increase the mobility of the protons and shorten the transition
time. Using this method Fukazawa et al. [6] created samples of
ice XI which exists in the narrow temperature range 57–66 K [6].
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This is the temperature range at the surfaces of the outer planets
of the solar system – Uranus, Neptune and Pluto, their satellites
and rings, and rings and moons of Saturn. Analyzing the neutron
diffraction pattern the existence of ice XI in the laboratory condi-
tions was  proved [6]. The growth of ice XI in time in KOD-doped
ice is a matter of hours compared with astronomical timescale for
the proton ordering in pure ice, estimated for thousands of years
[6].

Infrared spectroscopy is the primary way  to detect the emission
and absorption lines of most of the molecules as well as numerous
atoms and ions in space. Spectrometers onboard infrared missions,
and the Infrared Space Observatory (ISO), as well as near-infrared
spectra from ground based observatories, have led to the discovery
of hundreds of atoms and molecules in many different regions of
space. Infrared spectroscopy can provide information about envi-
ronments which are hidden from optical view, such as regions of
star formation and the center of our galaxy. Infrared spectral stud-
ies are providing information on the role of interstellar molecules
in the formation of stars and planets. For example, infrared spec-
troscopy has shown that water is abundant in many regions of
space, mostly in its crystalline form – ice. Of special importance is
ice XI, the structural variant of commonly known ice Ih, due to its
ferroelectric properties, which could be additional factor in planet
formation processes.

Infrared spectroscopy can be very useful tool for detection of
presence of ice XI in the Universe, therefore there is a need to define
distinct spectroscopic features which differ infrared spectra of ice
Ih and ice XI. In this letter we present results of Car–Parrinello
molecular dynamics (CPMD) calculations [10] of infrared spectra
of ferroelectric ice XI and compare them with simulated spectra
of ice Ih. CPMD calculations have recently become a popular tool
for interpretation of infrared spectra of hydrogen-bonded systems
[11–22].
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Ice Ih is the hexagonal crystal form of ice. The oxygen atoms form
tetrahedral lattice and protons are arranged randomly in accor-
dance with the ice rule [23,24]. Water molecules in ice Ih form
four randomly directed hydrogen bonds. Despite proton disorder,
hexagonal ice belongs to the P63/mmc  symmetry space group, due
to the distribution of oxygen atoms. There is a small deviation from
ideal hexagonal symmetry, as the unit cell is 0.3% shorter in the
c-direction [25–27]. The crystal structure of ice Ih is not perfect,
because of lack of translational symmetry. The unit cell contains
four water molecules, however in present calculations, in order to
better simulate spectra, we considered eight water molecules.

Ice XI is the proton-ordered form of hexagonal ice. Randomly
directed hydrogen bonds in ice Ih change to an ordered arrange-
ment of hydrogen bonds at low temperatures. This process becomes
more effective with increased pressure [28]. Electronic structure
calculations show very small energetic differences [29–31]. The
energy for ice XI is about 0.02–0.016 kcal/mol lower than that of
ice Ih. Ice XI should naturally form when ice Ih is cooled below
72 K, where ice XI exists as a stable form, the process which takes
thousands of years [6]. The low temperature required to achieve
this transition is correlated with the relatively low energy dif-
ference between the two structures. Ice XI has an orthorhombic
structure with the space group Cmc21 containing eight water
molecules per unit cell. Ice XI is ferroelectric and its ferroelectric
properties have been experimentally demonstrated in monolayer
thin films [4] and in nano-confined regions.

Features of the infrared spectrum of ice XI became better known
due to theoretical studies performed in our laboratory which are
presented in this letter.

2. Computational methods

We  considered several structures of ice in our calculations
[29,30]. Geometry optimizations and vibrational frequency calcu-
lations were performed to characterize the key stationary points on
the potential energy surface (PES) for unit cell of ice. We  have also
performed a vibrational analysis of the optimized crystal structures.
The calculations were performed using Car–Parinello molecular
dynamics program package [32].

Three-dimensional periodicity was fully implemented in our
calculation. The CPMD simulations were carried out in the unit
cells fixed to the experimentally determined size and taking into
account only the positions of atoms. The BLYP density functional
[33], together with a plane-wave basis set, with a kinetic energy
cutoff of 240 Ry, were used in the simulations. The Goedecker
atomic pseudopotentials [34] were used for the treatment of the
core electrons. The fictitious orbital mass was set to 300 a.u. The
simulations were performed for two temperatures 4 K and 40 K for
ice XI and 60 K for ice Ih, by means of Nosé thermostat. The molecu-
lar dynamics time step was set to 1.5 a.u. In calculations there were
331 000 steps, the first 71 000 ones were cut. The total simulation
time for each structure was 12.00 ps.

The vibrational spectra were calculated using Fourier transfor-
mation of the dipole autocorrelation function obtained from the
dipole trajectories generated by the CPMD simulations, facilitated
by the scripts of Kohlmeyer [35]. The dipole dynamics was  cal-
culated using the maximally localized Wannier functions of the
Vanderbilt type [36]. From time dependence of the dipole moment,
the function of the product of the absorption coefficient with the
refraction index was calculated as a function of a wavelength. In
last step we used procedure, based on Krammers–Kronig relation
between electric susceptibility and light refraction index, to extract
the absorption coefficient as a function of wavelength from the
product of the absorption coefficient with the refraction index. This
function directly translates into the shape of the infrared absorption
band.

Table 1
Optimized geometry of water molecules in the crystal of ice XI.

Molecule Bond Bond Angle
[Å] [Å] [◦]

1 H1 O1 0.995 H3 O1 0.996 H1 O1 H3 106.33
2  H1 O1 0.995 H3 O1 0.996 H1 O1 H3 106.33
3  H2 O2 0.999 H2 O2 0.999 H2 O2 H2 107.75
4  H2 O2 0.999 H2 O2 0.999 H2 O2 H2 107.75
5  H1 O1 0.995 H3 O1 0.996 H1 O1 H3 106.33
6  H1 O1 0.995 H3 O1 0.995 H1 O1 H3 106.33
7  H2 O2 0.999 H2 O2 0.999 H2 O2 H2 107.75
8  H2 O2 0.999 H2 O2 0.999 H2 O2 H2 107.75

3. Results and discussion

3.1. Geometry analysis

There are 16 crystallographic non-equivalent proton-ordered
configurations of ice Ih, shown in Figure 1, with an orthorhombic
structure of eight water molecules per unit cell [29,30], however
electronic structure calculations show very small energetic differ-
ences (0.02–0.016 kcal/mol) between these structures. The Cmc21
structure (structure A) is the most stable and corresponds to ice
XI. In calculations of spectra of ice Ih we considered only five struc-
tures of 16 possible, because these structures were invariant during
simulation process, whereas in the remaining 11 unit cells signifi-
cant changes in their structures were observed, i.e. proton transfer
between two  neighboring molecules. All 16 structures satisfied ice
rules in the simulation process. Because of changes in the struc-
tures in the 11 unit cells, it was  impossible to obtain IR spectra for
those structures, therefore they were not considered in the present
calculations of the IR spectra The theoretical infrared spectra of
ice Ih were obtained as the average of spectra for all five structures,
including that of ice XI, whereas the spectrum of ice XI was  obtained
for the its own  structure.

The results of optimization procedure, which was done prior
to dynamical calculations, are listed in Table 1. Calculated equilib-
rium bond lengths and angles slightly exceed their initial values
(by about 0.03 A and 2–3◦ respectively). Analyzing the data from
Table 1 it can be noticed that within the unit cell there are two sets
of molecules with similar geometry (set I: 1, 2, 5, 6 and set II: 3,
4, 7, 8). The differences between sets are mainly caused by various
molecular neighborhoods which are responsible for the presence of
slightly different hydrogen bonds. Based on the trajectories of the
nuclei, obtained from Car–Parrinello molecular dynamics simula-
tions, the average bond lengths and bond angles were calculated
in the next step at temperatures 4 K and 40 K. It was observed that
equilibrium inter-atomic distances are almost equal to the aver-
aged ones. Some of the bond lengths at 4 K are slightly shorter than
at 40 K. In the case of the bond angles, simulation at 4 K gives val-
ues larger than the equilibrium ones by ∼0.5◦ for the set I and ∼0.2◦

for set II. At 40 K the respective bond angles are larger by ∼0.8◦ and
∼0.2◦ than the equilibrium values. At higher temperatures two  sets
of molecules tend to get similar because the influence of molecu-
lar neighborhoods on the geometry of water molecules becomes
smaller.

3.2. Infrared spectra of ice Ih and ice XI

Simulation of infrared spectra of ice Ih at 60 K and ice XI at 4
and 40 K, using Car–Parrinello method of molecular dynamics, is
presented in Figure 2. Band frequencies are listed in Table 2 and
compared with the available experimental data for ice Ih.

In order to assign peaks to particular sets of water molecules, the
power spectra of atoms belonging to different atomic groups were
calculated. The three prominent bands are present in the IR
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