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ABSTRACT

We study the change in structural properties of ice by taking initial structure of “ice VIII”, with space group symmetry
141/amd, as a function of elevating pressure up to 120 GPa in density-functional theory (DFT) level of calculations
implemented by Quantum ESPRESSO package. Consistent with the standard laws of thermodynamics, our calculations
show that the physical size (volume and cell parameters) of the unit cell compresses monotonically on increasing
pressure. We also compare our DFT results of these parameters with the available experimental values performed at
finite temperature. The comparison shows good agreement between the quantities, within 5%, with slightly higher
experimental values. At 100 GPa of pressure, hydrogen atom comes exactly at the midpoint of two boneded oxygens,
called hydrogen-bonded symmetrization, which at low pressure remains nearby one of the oxygens. This symmmetrized
structure is characterized by a new phase of the system known as “ice X” and the boundary pressure, 100 GPa, defines
the transition pressure (P ) for changing phase from “ice VIII” to “ice X”. The transition pressure (P ) of the present
work agrees well within 2% of previously reported results.
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INTRODUCTION

Ice is a simple compound and chemically formed by two  roup symmetry and tetragonal structure (Yamawaki et
atoms of the hydrogen and one atom of oxygen. In liquid  ;; 2004) which contains eight molecules per unit cell.
form, we see the same composition as water which has  The atomic arrangement of these two structures is similar
numerous applications in daily life and also in scientific except the fact that water molecules are disordered
arena as solvent, solute and biological molecule (Adhikari around their centre of mass in bee structure (Goncharov
et al. 2011). Ice and/or water is physically dominant in ~ ,; 4/ 1996). The phase transition between them as the
the universe and closely related to the many disciplines  fynction of temperature and pressure is well described by

of the scientific world. Pure ice as a solid and its mixture  yamawaki et al ( 2004). The authors describe ice VIII as
in fluid with other compounds like CH,, CO, and NH, the low temperature structure of ice VII.

at extreme conditions have the great implications in
planetary science (Lee & Scandolo, 2011; Cavazzoni et

al. 1999) and condensed matter physics/chemistry (Sloan dipole moments of them are equal and opposite, forming

& Koh, 2007; Hemley et al. 1987). the final structure antiferroelectric (Wolanin et al. 1997,
In spite of its simplicity in atomic composition, ice  Goncharov er al. 1996; Benoit et al. 1998). Detail
has complex and multiple phases (Kush ez al. 1984). structural analysis shows that each oxygen atom connects
Depending on varying environmental conditions, it is to four other oxygens (among eight nearest oxygens)
found in more than a dozen of different phases (Salzmann  \here it receives protons from two bonded neighbours
et al. 2009; Benoit et al. 2009) and few of them (like (one from each) and donates two (one to each) to the
ice VIII, ice VIII and ice X) are related to high pressure remaining two (ice rule) as shown in Fig. 1. Fig. 1 further
structures (Hirsh & Holzapfel, 1986). Above 2 GPa of jjjystrates that the hydrogen is covalently bonded and
pressure, the structures in general fluctuate in between ice received by one of the two oxygens (represented in solid
VII and VIII depending up on the temperature (Wolanin et lines) where as it is weakly bonded via hydrogen bond
al. 1997). Ice VII has body-centered cubic (bcc) structure and donated by the other (represented in dashed line).

(space group symmetry Prn3m) and contains two water  The sum of these two bond-length gives neighbouring
molecules in a unit cell with disordered hydrogen. Ice  oxygen-oxygen separation (O-H..O).

VIII on the other hand is formed with 74//amd space

Ice VIII can also be defined by two interpenetrating Ic
ice lattices which are arranged in such a way that the
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Fig. 1. Atomic arrangement in ice VIIIL. The large
atoms are oxygens and small atoms are hydrogens. The
hydrogen binds the bonded neighbouring oxygens and

are represented by the combination of solid lines (receive
protons) and dashed lines (donate protons), ice rule. The
symbol O is the central oxygen which is connected to four
of its neighbouring oxygens named as O,, O,, O, and O,.
The hydrogen in between O and O, is named as H, and
H,, H, and H, are considered on the same way.

On elevating pressure, inter atomic separation between
the oxygen atoms (O-H..O) decreases. In addition to the
decrease in inter atomic separation between the atoms
in the system, hydrogen (proton) between two nearest
bonded oxygens comes to midway between them. This
process brings initial structure to more symmetrized
phase of ice which is called ice X (Loubeyre et al.
1999). The transition pressure for changing ice VIII to
symmetric ice X depends on many factors. Classical
treatment for nuclei finds this pressure as 102 GPa while
the inclusion of quantum-mechanical effect reduces the
pressure significantly and shows the transition pressure
as 72 GPa (Benoit et al. 1998). Also the isotropic effect
of hydrogen plays influential role for defining pressure
required for phase transition.

In the present work, we calculate the changes in atomic
positions and cell parameters of ice by taking tetragonal
ice VIII as initial structure, in the response of elevating
hydrostatic pressure up to 120 GPa, and compare the
results with the available experimental reports. We
also discuss the change in phase of ice VIII to more
symmetrized ice X structure as a function of increase
in pressure. We also introduce theoretical details and
computational methods used for this work followed by
the results, discussion and conclusions.
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MATERIALS AND METHODS

Interaction between a set of nuclei and electrons in a
solid can be logically defined by many body problems
(Martin, 2004). Time independent Schrodinger equation
is the first option to solve these types of many-body
interactions and can be expressed as,

H W =E,, W s (1)
with Hamiltonian
;[ __ﬁz§2+iz ¢ Ze Ziv 1wZ,Z¢é 2)
R L TR Y~ T
’ Rilr=r [ M =R "R, - R, |

In equation 2, the first, second and third terms of the
equation represent Kkinetic energy of the electrons,
electron-electron Coulomb interaction and electron-
nuclei Coulomb interaction respectively. The fourth
and fifth terms on the other hand are the kinetic energy
of nuclei and the nuclei-nuclei Coulomb interaction,
respectively.

Born-Oppenheimer — approximation simplifies the
equation by assuming nuclei (heavier particle) stationary
with respect to lighter electrons (Cramer, 2004). In this
way, the total energy of the system becomes sum of the
electron and nuclei energies, and the total wave-function
can be separated for electrons and nuclei. Hence total
wave;ft_l)nction be_)co_r)nes, .

\P(I’,R) = lPe(ra R)/’L’(,,M“(R)
Once the electronic and nuclei terms in the Hamiltonian
are separated, we first solve the electronic part of the
problem which depends on kinetic energy of electrons,
electron-electron interaction and also on nuclear co-
ordinates as well. The untouched nuclear part of the
problem can be incorporated later on.

The electronic Hamiltonian, /7 (defined by equation 4),
still contains kinetic energy of interacting electrons and
coordinates of many-body electrons. However, many
body interacting electrons can be transformed to one-
electron equations by using Hartree approximation where
the electron moves under the potential of other electrons.
Hence the total electron wave function becomes the
product of one-particle wave functions. Hartree-Fock
assumption is one step advanced and incorporates Pauli-
exclusion principle by stating total anti-symmetrized
wave function in the form of a determinant of one-electron
wave functions. In this way the exchange energy, one of
the quantum mechanical effects, is included in Hartree-
Fock theory. However, the remaining quantum effects
arising from many body interactions, generally defined
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by correlation energy is still outside its coverage.

DFT has become a popular technique to deal with many-
body problems in solid state physics/chemistry and
material science since last half a century (Sholl & Steck,
2009; Grosso & Paravicini, 2000). In DFT we use the
information of ground state electron density, instead
of all electron wave functions, to calculate the ground
state energy of the system. And the ground state energy
in principle is enough to calculate many ground state
properties of the system.

Hohenberg and Kohn were the people who first defined two
theorems to relate ground state energy with the electron
density (Hohenberg & Kohn, 1964). The theorems define
ground state energy of the inter-acting electrons as the
unique functional of electronic charge density p(r) and
furthermore ensure that the functional has its minimum
value for the true ground state electron density. Kohn-
Sham after a year developed a formalism for the practical
applications of DFT in cu rent computational approach
(Kohn & Sham, 1965). The algorithm represents the
original interacting electrons into a non-interacting
electron moving under the effective potential created by
other electrons and nuclei. The total energy functional
can now be divided into kinetic energy, Hartree energy,
energy due to nuclei and exchange correlation energy as
defined by equation (5) in order.

p(r)p(r)d rdr

BT o1+ f + V(o) d r+E, 1p] -(5)

r r I
Variation of this equation (5) with respect to density
gives a set of one-electron Schrodinger like equations
which are called Kohn-Sham equations,

1 -2 - — -
[_E V 4V (NIY, (= Y,(r) .cccceeeinin (6)
Where effective potential V. is given by,
r a’ r.
V., (N=V,, + jp( Mdr o )
lr—r |
such that v = 9EaclPl (8)
op(r)
In equation 7, ¥V, is the external potential due to nuclei

and the remaining electrons and V/, is the exchange-
correlation potential. Kohn-Sham equations calculate the
Kohn-Sham eigen values ( £;), Kohn-Sham orbitals and
then electron density. Hartree and exchange correlation
energy are the functional of electron density and can be
solved in self consistent manner. The kinetic energy of
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the electrons and energy due to external potential (nuclei)
can be incorporated according to the system used. For
computational work, we start from the initial charge
density by using the information of atomic configurations,
calculate the effective potential and then solve the Kohn-
Sham equations to find the ground state parameters.

For our purpose density-functional theory calculations
were performed by using Quantum-ESPRESSO package
(Giannozzi et al. 2009; Scandolo et al. 2005). The
electron-ion interaction was taken into account with
ultrasoft pseudo potentials. Perdew-Burke-Ernzerhof
(PBE) form of generalized-gradient approximation
(Perdew et al. 1996) was chosen to describe the exchange
and correlation part of the electron-electron interaction.

The unit cell parameters (a =4.574 A and ¢ = 6.621 A) of
ice VIII containing eight water molecules in tetragonal
lattice structure with space group /41/amd were taken
from the X-rays diffraction experiment (Yamawaki
et al. 2004). Convergence tests of the system were
then carried out with respect to lattice parameter a and
kinetic energy of wave functions. The parameters of the
structure were then finalized accordingly. K-point mesh
of 4x4x3 Monkhrost-pack grids in the first brillouin zone
was set according to its reciprocal property in k-space
with respect to the geometry in real space. The external
parameters as well as internal co-ordinates were relaxed
at the selected pressures which are mainly consistent
with the experimental values (Yamawaki ef al. 2004).

RESULTS AND DISCUSSION

In this section, we present and discuss the main finding
of our calculations and compare them with the previously
reported values. We begin the section with defining initial
structure which is followed by the analysis on changing
structural parameters due to compression. The section
finally includes the discussion on change in phase from
initial structure of ice to symmetric hydrogen-bonded
ice, called “ice X”.

Defining initial conditions

Before calculating the structural and electronic properties/
parameters of any material by using density functional
theory (DFT), we need to select a proper building block
cell of the sample and its ground state structure. As
discussed in introduction section, ice VIII structure of
our choice has a tetragonal unit cell. To define the lattice
constant corresponding to equilibrated tetragonal unit cell
and then its cell parameters, the sample was optimized at
varying values of a, one of the cell sides (shown in Fig. 2)
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Fig. 2. Total energy variance with lattice parameter
(a) of tetragonal ice VIIL.

Fig. 2 shows the variation of the total energy of the system
with the cell parameter a. The energy is seen minimized
at around a = 4.66 A (8.8 Bohrs) and this becomes the
best choice for two sides (a,b) of the tetragonal unit
cell. Within the limit of the intervals selected during
the calculations and the number of significant figures,
the calculated value lies within 2% of the experimental
observation (Yamawaki et al. 2004). The remaining
side of the cell, ¢, was chosen as (V2 x a) according
to its standard structure. Further calculations are also
performed to see the total energy variance with respect to
kinetic energy of wave functions for electrons, as a part
of convergence tests (Fig. 3).
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Fig. 3. Total energy variance with kinetic energy of
the electron wave-functions. Cut off at 35 Ry is a
good approximation in this case.

The total energy variance with respect to the kinetic
energy of the wave function, as shown in Fig. 3, has
been done to choose the cut off value for the kinetic
energy of wave function without much compromising
in its accuracy. The wave functions for electrons in
momentum space, in principle, are expanded up to
infinity for accurate calculations. The expansion however
takes a lot of computational cost and not practical to
attain. Finally the competition between the accuracy
and the computational cost of the system enforces us
to compromise somewhere between them and leads to
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truncate energy for wave functions at some value by
taking care of the required accuracy. In Fig. 3, the total
energy of the system becomes nearly independent to the
kinetic energy of the wave functions when it rises above
35 Ry. This makes sense to choose its cut off at 35 Ry.

Compression of the structure

The initial structure of tetragonal ice VIII at 5 GPa is
compressed by hydrostatic pressure in the steps of few
GPa up to 120 GPa. The initial pressures up to 47.1 GPa
are basically chosen in consistent with the previously
reported experimental results where as the pressures
beyond 60 GPa are selected in the steps of 10 GPa.
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Fig. 4. Pressure dependence of the volume of ice VIII. The
black solid line represent our calculated values where as
up-triangles represent the experimental values at 87 K
(Yamawaki et al. 2004).

Table 1. Represents the comparison between experimental
and calculated unit cell volumes of ice VIII at varying
pressures (Yamawaki et al. 2004).The absolute and
percentage differences between them (with respect to
calculated ones) are also mentioned.

Pressure | Calculated V | Experimental | Diff. | Diff. %
(GPa) (A V(A (A
11.5 119.404 124.34 4.936 | 3.969
15 114.123 119.47 5.347 | 4.476
24.5 104.099 107.42 3.321 | 3.091
28.4 101.212 106.26 5.049 | 4.751
34.8 96.646 99.221 2.575 | 2.596
47.1 90.299 91.279 0.980 | 1.074

The hydrostatic pressure applied to the unit cell
exerts equal force in all the directions. This obviously
compresses the unit cell. Fig. 4 and table 1 show that
the compression elevates monotonically with increasing
pressure. The comparison of the quantities from the
reference experiment and our DFT calculations reflects
acceptable range of agreement (maximum difference
between them is less than 5% with respect to the
calculations), with slightly higher experimental values.
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One can see the difference in temperatures as the
experiments were performed at 87 K and the counterpart
DFT calculations are done at 0 K. It is logical to expect
that the increasing temperature enhances volume of the
unit cell and inter-atomic separation. A separate work
performed by Besson et al (1994) approves the expansion
of'ice by 3.9% on elevating temperature from 0 K to 300
K. It implies that the inclusion of temperature-cffect
DFT calculations further narrow down the differences.
Among the calculated volumes of the unit cell at different
pressure, volume at 60 GPa is compressed by 36.39%
comparing to that at 5 GPa. In addition to the compression
in volume, we report change in cell dimensions (a & ¢) of
the sample due to growing pressure (Fig. 5).
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Fig. 5. Pressure dependence of the cell parameters
along a and c directions. The calculated values of a
and c are represented by black solid lines where as
their experimental counterparts are represented by
blue circles and green up triangles respectively.

In spite of isotropic pressure acting on any solid body,
because of varying structural compactness, it is not
necessary that the material should be squeezed by equal
proportion in all the directions. Fig. 5 shows almost
isotropic compression along a and ¢ directions of
tetragonal ice VIII on elevating pressure in the steps of
few GPa. This can be quantified by observing calculated
values of the unit cell sides, a and ¢, which at 60 GPa are
decreased by 13.7% and 14.59% respectively, comparing
to that at 5 GPa. Fig. 5 further shows that within the limit
of temperature effect, the experimental cell sides fit well
with the present results.

Phase change to ice X

In this section we report the change in bonded oxygen-
oxygen separation (d,, ), oxygen-hydrogen separation
(d,,) and the nature of hydrogen bonding in between
the oxygens as a function of pressure (Fig. 6). While
decreasing the oxygen-oxygen separation on increasing
pressure, d, , reaches to a critical distance where the
position of hydrogen comes to a single minimum potential
instead of its fluctuations in between two minima at low

18

pressure structure of ice (ice VIII). This new situation
creates a new phase of ice which is known as ice X. The
ice X in Fig. 6 can be recognized by the symmetrization
of hydrogen bonding in between the oxygens.

Fig. 6 shows an interesting behaviour of d , , separation as
a function of pressure. As we see in Fig. 1, hydrogen joins
a pair of oxygen atoms where it is close to one of them
by being almost one-third of the total oxygen-oxygen
separation comparing to two-third of the distance from
its distant counterpart. On elevating pressure, however,
its distance from the nearer one increases and from the
distant one decreases. Thus, the difference between bond
lengths decreases on moving up the compression until
hydrogen comes exactly at the mid point of the bonded
oxveens.

O-H distance (A)
. S

1-..*&--‘-‘—“" .

. I . I
0 50
Pressure (GPa)

Fig. 6. Pressure dependence of oxygen-hydrogen
separation. The symbols H1 connects oxygens O and
O,, and H, connects O and O, as defined in Fig. 1.

Fig. 6 also implies that separation between the bonded
oxygen atoms (d,, ) decreases on increasing pressure.
This compression (change) in bond-length reaches to
13.98% at 60 GPa (d,, , =2.40 A) comparing to its initial
separation (2.79 A) at 5 GPa. We have also observed the
position of the proton and oxygen-oxygen separation,
containing the proton in between them, up to 120 GPa. The
calculations show that the symmetrization of hydrogen-
bonding which defines the structural transition from ice
VIII to ice X, occures at 100 GPa. This change in phase of
ice into a more symmetrized structure, which is already
defined in this section as ice X, is characterized by the
oxygen-oxygen separation d,, , = 2.30 A. This number
is very near to to previous study performed by Wolanin
et al. (1997) (d,, = 2.32 A), and others (Loubeyre et
al. 1999). The same separation between the oxygen
atoms (d,, , = 2.32 A) during the symmetrization of ice
channels has been observed in our separate calculations
for methane hydrate clathrates (Pantha et al. 2014). The
transition pressure for the symmetrization of ice by DFT
calculations on the other hand has been mentioned as 102
GPa by Benoit et al. (1998). The pressure of course is
close enough with our estimation.



CONCLUSIONS

Our DFT calculations show that the external (cell sides)
and the internal (interatomic separation) parameters
of ice, taking ice VIII as initial structure, decrease
monotonically on elevating hydrostatic pressure up to
120 GPa. The separation between the bonded oxygens
at transition pressure (100 GPa), 2.30A, is similar to
the other DFT calculations (Benoit et al. 1998) and
experimental results (Wolanin ez al. 1997). We have also
calculated the transition pressure, 100 GPa, for changing
ice VIII structure to ice X. Further calculations on smaller
interval of pressure may precisely predict the transition
pressure for symmetrization of hydrogen bonding in high
pressure ice structure.

Better ab initio approach may consider nuclei of the
system as quantum particles to include the quantum-
mechanical effects on transition pressure and critical
oxygen-oxygen separation for the symmetrization of
hydrogen bonding. Also the isotropic effects of hydrogen
can be addressed by taking an account of deuterium along
with the proton of the present work. Magnetic properties
and minute study of hydrogen ordering, which defines
the boundary between ice VIII and ice VII structures, can
be an immediate extension of the present work.
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