AB-INITIO STUD Y OF
STRUCTURE AND DYNAMICAL
PROPER TIES OF CRYST ALLINE

ICE

W. A. ADEAGBO, A. ZAYAK and P. ENTEL

Institute of Physics,
University of Duisburg-Essen,Duisburg campus, 47048 Duisburg, Germany

(Received March 18, 2004)

Abstract

We investigatedthe structural and dynamical properties of a tetra-
hedrally coordinated crystalline ice from rst principles basedon den-
sity functional theory within the generalizedgradient approximation
with the projected augmerted wave method. First, we report the
structural behaviour of iceat nite temperaturesbasedon the analysis
of radial distribution functions obtained by molecular dynamics sim-
ulations. The results shov how the ordering of the hydrogen bonding
breaks down in the tetrahedral network of ice with erntropy increase
in agreemen with the neutron diraction data. We also calculated
the phonon spectraoficein a3 1 1 supercell by using the direct
method. Sofar, dueto the direct method usedin this calculation, the
phonon spectra is obtained without taking into account the e ect of
polarization arising from dipole-dipole interactions of water molecules
which is expectedto yield the splitting of longitudinal and transverse
optic modesat the -p oint. The calculated longitudinal acoustic ve-
locities from the initial slopes of the acoustic mode is in a reasonable
agreemen with the neutron scatering data. The analysis of the vi-
brational density of states shows the existenceof a bosonpeak at low
energy of translational region a characteristic common to amorphous
systems.
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1. INTR ODUCTION

Ice, the frozenform of liquid water, is one of the most commonmaterials on
earth and in outer space,and hasimportant relevanceto a large number of
diverse elds sud as astronony, geoplysics, chemical physics, life sciences,
etc. (Petrenko and Whitworth, 1999). Ice-lh, the hexagonalform of ice is
the most commonly known phaseof ice in which ead oxygen atom hasfour
neighbours at the cornersof a tetrahedron. When water freezeghe forcesof
interaction betweenH,O moleculeswin over their thermal motion and they
form a most stable arrangemenm preciselywith hexagonalsymmetry. This is
the reasonwhy snov ak e crystals are always hexagonal. The crystal struc-
ture of ice at the atomic level marks the way thesecrystals will look. The
hydrogenatoms are covalertly bondedto the nearestoxygen atomsto form
water moleculeswhich are linked to ead other through hydrogen bonds.
The high translational symmetry is not retained at the level of the crystal-
lographic unit cell. The phasediagram of ice is very complexwith over 12
known phasesexisting, (seeFig. 1). Besidesthe ervironmental importance,
ice is also special becauseof the interesting phenomenacortained within its
structure. The crystal structure of ice is very unusual because,while the
moleculeslie on a regular crystal lattice, there is disorder in their orienta-
tions. This property leadsto many interesting characteristics in electrical
polarization and conductivity.

Numerousattempts have beenmade for the past decadego understandthe
nature of the lattice vibrations of ice, in particular, ice-lh (Marchi, Tse and
Klein, 1986). Experimertal information hasbeenobtained from infrared ab-
sorption (Whalley and Bertie, 1967),Raman scattering (Klug and Whalley,
1978)and both cohere and incoherert inelastic neutron scattering (Renker
and Blanckenhagen,1969;Prask and Trevino, 1972). On the theoretical side,
three basic approadies have beenadopted to study the lattice modes. The
earliest studiesinvolved the application of lattice dynamicsto hypothetical
proton ordered structures (Whalley and Bertie, 1967; Prask and Trevino,
1972). Later lattice dynamicswas usedto study more realistic orientation-
ally disorderedstructures (Nielsen, Townsend and Rice, 1984). The most
recent work hasutilized the moleculardynamicssimulation techniques(Tse,
Klein and McDonald, 1984). Many of the thesetheoretical studiesinvolved
the useof classicalmodeled potertial through empirical method in order to
descrike the interaction of the system(Marchi, Tse and Klein, 1986;Nielson,
Townsendand Rice, 1984). As result of all theseworks, the overall featuresof
the lattice mode spectrum in the translational region (0-300cm 1) andin the
librational region (450-950cm 1) are reasonablywell understood. Potertial-
basedempirical modelling hashad somesuccessowardsthe end, but to date,
there are no empirical potentials capableof describingthe ice dynamicsand
related properties acrossits whole spectra range and describing certain key
spectra features.

The ab-initio method hasrecenly gainedground not only becauseof its reli-
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ability in the study of static and dynamicspropertiesof ice (Cote, Morrison,
Cui, Jenkinset al., 2003;Morrison and Jenkins, 1999) but also becausethe
method allow to model someimportant featuressud as the ordered peri-
odic ice structure (Lee, Vanderbilt, Laarsonen,Car et al., 1993), and the
nature of hydrogen bond in di erent geometries(Xantheas and Dunning,
1993). Our presen study to understandthe microscopicnature and lattice
vibrations of ice-lh makes use of the Vienna Ab Initio Simulation Padkage
(VASP) (Kresse and Futhmeller, 1996) which is designedto perform ab-
initio quantum-mecdhanical molecular dynamics using pseudomtertials and
a plane wave basisset and the recernt implemenation of the projected aug-
merted wave (PAW) method.

The computational study preseted in this work beginswith the choiceof unit
cell of ice asdescriled in Section2, which is followed by moleculardynamics
simulation of ice in a supercell (Section 3) with the unit cell replicatedin all
directionsin order to obtain the structural behaviour in comparisonwith the
available experimertal data. In Section4 and 4.1 we presen the results of
calculated phonon spectrum of ice in the translational region, which is done
ina3 1 1supercelliny-direction, aswell asthe correspndingintegrated
vibrational density of statesin Section4.2. The anomalousbehaviour of this
ice structure obsened in the low energyregionis preseried in Section4.3.
The nal Summary of this work is preserted in Section5.

2. COMPUT ATIONAL DET AILS

As mertioned above, the calculationsin this work were carried out by using
the Vienna Ab Initio Simulation Padkage (VASP) (Kresseand Futhmeulller,
1996) which has beendesignedfor ab-initio quarntum-medanical molecular
dynamicssimulations using pseudomtentials and a plane wave basisset and
the recent implemenation of projected augmerted wave (PAW) method.
In order to investigate the structural properties of ice, we started with the
construction of ice crystal using the Bernal and Fowler rule (Bernal and
Fowler, 1933). The rule is basedon a statistical model of the position of
hydrogen atoms produced by Pauling (Pauling, 1935) using the six possible
con gurations of hydrogenatoms within Ice Ih. It is de ned asideal crystal
basedon the assumptionsthat:

Eadh oxygen atom is bondedto two hydrogenatoms at a distance of
0.95A to form a water molecule;

Eadh moleculeis oriented sothat its two hydrogen atoms facetwo, of
the four, neighbouring oxygen atoms in the tetrahedral coordination;

The orientation of adjacert moleculesis sud that only one hydrogen
atom lies betweenead pair of oxygen atoms;



Ice Ih canexist in any of a large number of con gurations, ead corre-
sponding to a certain distribution of hydrogen atoms with respect to
oxygen atoms.

The sthematic drawing shown in Fig. 2 satis es one out of the six possible
orientations of protons of the certral water moleculeaccordingto theserules.
Eadh of the oxygenatomscanbelinkedto anotheroxygenby the conbination
of a covalent bond plus a hydrogenbond to form the tetrahedral arrangemem
of oxygenatoms. A unit cell of this ice was preparedin a cubic box according
to Fig. 3 with 8 moleculesof water. All the atomic degreesof freedomwere
relaxedusing VASP with the projected-augmeted wave (PAW) formalism at
high precision. The optimum Monkhorst Padk 4 4 4 k-point wasusedin
addition to the generalizedgradiert appraximation (GGA) of Perdew-Wang
in order to descrite the excdhange-correlationand to give good description of
the hydrogenbonding of water. We useda energycut-o of 500eV because
the 2p valenceelectronsin oxygen require a large plane wave basis set to
spanthe high energystatesdescrited by the wavefunction closeto the oxygen
nucleusand alsothe hydrogenatomsrequire a larger number of planeswaves
in order to descrile localization of their chargesin real space. The lattice
constarts of the unit cell were calculatedfrom the plot of the energyagainst
the volume. The estimatedvaluesof the lattice constarts area = 6.1568A,
b= 6.1565A, c = 6.081&A. The valuesofa b6 cimply that the relaxed
structure is tetragonal with c=aratio  0.988. The experimertal lattice
constart reported by Blackman et. al. (Blackman and Lisgarten, 1958) is
6.35012652 for the cubic geometry The nal geometryobtained was used
in our molecularand lattice dynamical study of ice.

3. MOLECULAR DYNAMICS

In our molecular dynamics simulation, the nal relaxed geometryin Fig. 2
(or Fig. 3 was replicated in all directions using the calculated valuesof the
lattice parametersto produce64 moleculesof water which form the hexagonal
structure showvn in Fig. 4. Herethe moleculardynamicssimulation wasdone
for the -p oint only in a box of dimension12411356 12411356 12259675
A3 correspnding to the density 1.01 gcm 2 to be comparedto the real
density of ice Ih and ice Ic which is 0.92 gcm 3. Molecular dynamics was
carried out for 3 ps using a time step of 0.5 fs. The angle H-O-H of the
ice structure was comparedwith liquid water at the di erent temperatures
as can be seenin Fig. 5. For ice structure, the H-O-H angle was found to
be 107.8 comparedto liquid water caseat di erent temperature or isolated
water moleculealso calculated with VASP which is found to be 104.5 and
105.4 degreerespectively, ascanbe seenin Fig. 5. The angleshown by solid
iceis anindication that the oxygencerire presenesits tetrahedral structural
units. Also, the range of the angular distribution for the high temperature
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water (or supercritical water) is wider and broader than the correspnding
liquid water at ambient temperature and the solid ice cases.

The radial distribution functions for the solid ice accunulated over a 3 ps
run are plotted at two di erent temperatures, 100 K and 220 K. The goo

and gon in Fig. 6, and g4y in Fig. 7 at 100K, all exhibit the long-rangelike
order whencomparedto the short rangeorder of liquid water. Thereis awell
pronounced rst peakof goo at 2.75A at 100K and alsothe position of the
rst minimum is deeper whencomparedto the liquid water radial distribution

functions. This result is comparableto the result obtained usingthe classical
TIP4P modelled potential (Svishdev and Kusalik, 1994) The result of the
radial distribution function of oxygen atoms, goo, 0Xxygen-hydrogen atoms
don (Fig. 8), and hydrogenatoms (Fig. 9) at 220K were fairly comparable
with available neutron diraction scattering data of Soper (Soper, 2000).
The position of the rst peak (VASP calculation) shavs very little di erence
from 100K while the height of the peakis lower for 220K dueto the e ect

of ertropy increaseof the hydrogen atoms which results from re-oriertation

of protons that tendsto force apart more oxygenatomsto a larger distance.
The positions of the secondminimum for 100 K and 220 K solid ice are,
respectively, 4.8 A and 4.9 A. The experimertal result is slightly shifted to

the right to the value5.1 A for 220K. The deviation from experimertal value
might be due to the phaseof crystalline ice under consideration.

4. LATTICE DYNAMICS

In this study phonondispersioncurvesare calculatedby usingthe PHONON

padkagedeweloped by K. Palinski (Parlinskin, 2002)which hasbeendesigned
to take input data of Hellmann-Feymannforcescalculatedwith the help of an
ab-initio electronic structure simulation program sud as VASP. We carried
out the lattice dynamicsstudy of ice by usingthe geometryof eight-molecule
primitiv e cell discussedn the Sectionl1. The calculations of force constarts

wascarried out by consideringa3 1 1 supercellcortaining 24 moleculesof
water which is obtained by matching 3 tetragonal unit cells. At the rst step
of the calculation, the PHONON pacdageis usedto de ne the appropriate
crystal supercellfor useof the direct method. As donefor the primitiv e unit

cell, all the internal coordinates were relaxed until the atomic forceswere
lessthan 10 4 eV/A. The relaxed geometryforal 1 1 supercell from

the initial con gurations cortaining 8 moleculesis shavn in Fig. 3. The

starting geometry of the moleculesin the simulation box shown is sud that

no hydrogen bonds were presen but the positions of oxygen atoms follow

the tetrahedral orientation. After the relaxation, all the protons perfectly
point to the right direction of oxygenatomsand make the required hydrogen
bonds necessaryas indicated by the dotted lines in Fig. 3 to presene the

tetrahedral orientation of the ice structure.

Figure 10(I) shows the Brillouin zonebelongingto the relaxed structure of
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our (model) ice shovn in Fig. 3. Figure 10(Il) shows the Brillouin zoneused
in the analysisof the measuredphononspectrafor the model structure of D,O
ice. Let us say onceagainthat the relaxedstructure shavn in Fig. 3 hasthe
long-rangeorientational orderwhile the actual structure of icelh hasno long-
rangeorientational order. Therefore,in the analysisof the measuredphonon
dispersioncurvesof D,0, oneusesanother model for ice shovn in Fig. 4. We
have to keepthis in mind when comparing our calculated dispersion curves
with the measuredfrequencies.For the ewvaluation of the phonon dispersion
curves we have usedthe direct ab-initio force constart method (Parlinskin,
Li and Kawazoe, 1997),wherely the forcesare calculatedwith VASP via the
Hellmann-Feymann theorem in the total energy calculations. Usually, the
calculations are done for a supercell with periodic boundary conditions. In
sud a supercell, a displacemen u(0; k) of a singleatom inducesforcesF (k)
acting on all other atoms,

X
F (k) = (k1% u (1%9: (1)

10

This expressionallows to determinethe force constart matrix directly from
the calculated forces(seeParlinski et. al.) (Parlinskin, Li and Kawazce,
1997; Parlinskin, 2002). The phonon dispersion branches calculated by the
direct method are exact for discrete wave vectorsde ned by the equation

exp(2 k. L)=1 )

whereL = (L,; Lp; L¢) arelattice parametersof the supercell. A relatedtech-

nique hasrecenly beenusedto obtain accuratefull phonon dispersionsin

highly symmetric structures of Ni,GaMn (Zayak, Entel, Enkovaara, Ayuela

et al., 2003).

In order to obtain the complete information of the values of all force con-
stants, every atom of the primitiv e unit cellswasdisplacedby 0.02A in both

positive and negative non-coplanar,x, y and z directionsto obtain pure har-

monicity of the system. We usea 3 1 1 supercell which implies that

3 points in the direction [100] are treated exactly accordingto the direct

method. The points are [ 00], with = 1, 1/3, 2/3. We calculate forces
induced on all atoms of the supercell when a single atom is displacedfrom

its equilibrium position, to obtain the force constart matrix, and hencethe

dynamical matrix. This is then followed by diagonalization of the dynam-

ical matrix which leadsto a set of eigervaluesfor the phonon frequencies
and the correspnding normal-mode eigervectors. The vibrational density of

states(VDOS) is obtained by integrating over k-dependert phononfrequen-
ciesfrom the force-constah matrix in supercellsderived from the primitiv e

moleculeunit cells.



4.1 Phonon disp ersions of crystalline ice

The phonon dispersion curves calculated for our ice crystal in [100] direc-
tion are shown in Fig. 11 for low lying energy vibrations. According to

the geometry of the supercell, the low-frequency(or low-energy0-50 meV)

acoustic modes can be comparedto Renker's inelastic neutron scattering
measuremen (Renker, 1973) along the [0001] direction (A) of hexagonal
symmetry shavn in Fig. 10, taken from reference(Li, 1996),though our cal-
culation was doneonly along the Cartesiandirection [100]of the cubic cell.
Our transverseand longitudinal acoustic (LA/T A) dispersionsare well be-
haved when comparedto someother modelled calculations or experimertal

results (Renker, 1973)in the high symmetry directions A of hexagonalice
as showvn in Fig. 11(c). We can also compareour result to the Cote et. al.

result in Fig. 11(b) (Cote, Morrison, Cui, Jenkinset al., 2003), where they
have recenly usedthe ab-initio method to obtain the phonondispersionsin

the translational frequencyrangefor the ice structure in the Brillouin zone
of the orthorhombic eight-moleculeunit cell. Altogether our LA and TA dis-
persionsare better than Cote's LA/T A in comparisonto the experimertal

curvesin Fig. 11(c). Our dispersioncurvesin [100]direction can aswell be
comparedto the dispersion curves obtained using a dynamical model with

two force constarts to descrike the low frequencief vibrations of hexagonal
ice as proposedby Faure (Faure, 1969).

Although ewerywherealongthe -p oint, our dispersionsare completely de-
generatein the optic region whereasCote's dispersionsin Fig. 11(b) shav
somesplittings, the so-calledlongitudinal/transv ersal optic (LO/TO) split-

tings whoseorigins is explainedbelow, while at the zoneboundary, someof
the dispersionsare non-degenerateunlike our results. Our inability to re-
producethesesplittings at the -p oint is due to the direct method approad
in which absolute periodicity of the crystal accordingto Born-von Karman
conditions was considered. The splitting of LO and TO branchesfor long
wavelengths occurs in almost all crystals which are heteropolar (partially

ionic sudh as GaAs) or ionic (such asNaCl) at the -p oint, and only for in-

frared active modes(Srivastava, 1990). The long-rangepart of the Coulonb
interaction causeghe splitting of the k = 0 optic modesraising the frequency
of LO modesabove thoseof TO modes. The long-rangepart of the Coulomb
interaction correspnds to the macroscopicelectric eld arising from ionic
displacemets. Ice is a tetrahedrally covalertly bonded polar systemwhose
dipole-dipole interactions give rise to the electric eld when they are dis-
turb ed. The origin of the splitting is thereforethe electrostatic eld created
by long wavelength modes of vibrations in sud crystals. Usually a micro-
scopicelectric eld inuences only the LO modeswhile TO modesremain
unaltered. The eld thereforebreaksthe Born-von Karman conditions, as a
consequenceavith a direct method only nite wave vector k 6 0O calculations
are possible. Elongated sub-sugercellsare neededto recover the k ! 0 limit

of the LO phononbrandc (Parlinskin, 2002).
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In our result there are two transverse acoustic branches which are highly
degenerateand a longitudinal acousticbranch. The rst optical branch of
the dispersioncurvesis degeneratewith the transverseacousticbranchesat
energy 9.0 meV. The transverse and longitudinal velocities of sound are
calculated from the initial slopes of the correspnding transverse and lon-
gitudinal acoustic branches of the dispersion curvesin the long wavelength
limit. The experimertal valuesof velocities reported in Table 1 are those of
longitudinal and transverse sound waves propagating along the c-direction
of single crystals of ice at 257 K. It is well known that velocities of sound
depend much on the direction of propagation and also on the temperature.
Inelastic X-ray scattering data from water at 5 C shaws a variation of the
soundvelocity from 2000to 3200m/s in the momertum rangeof 1-4 nm 1.
The so-calledtransition from normal to fast soundin liquid water at 4
meV, the energy of sound excitations which is equal to the obsened sec-
ond weakly dispersedmode, was reported to be due to the reminiscen of a
phonon branch of ice Ih of known optical character (Sette, Ruocco, Krisch,
Masciozecaio et al., 1996). We can concludethat our calculated values of
longitudinal velocity, v, is in a reasonablerange of velocity of soundin ice
along the [100]-directionchosenfor our calculation. We must also stressthe
fact that our phonondispersionswere calculatedat O K.

4.2 Vibrational density of states of crystalline
ice

In order to understandthe mode of collective vibration of moleculesof water
in ice from a spectroscopicpoint of view, we needto considerthe three nor-
mal modesof an isolated water moleculeshovn in Fig. 12 asphasesof water
vapour; liquid water and ice consist of distinct H,O moleculesrecognized
by Bernal and Fowler in 1933, which explained one of the factors leading
to the Pauli model of the crystal structure of ice. The fact that the forces
between the moleculesare weak in comparisonwith the internal bonding
resultsin a simple division of the lattice modesinto three groupsinvolving
the internal vibrations, rotations, and translations of the molecules.The fre-
guencyof the rst two groupsdepend primarily on the massof the hydrogen
or deuterium nuclei, and the frequenciesof the translations depend on the
massof the whole molecule (Petrenko and Whitworth, 1999). A free H,O
moleculehasjust three normal modesof vibration illustrated in Fig. 12. The
comparatively small motions of the oxygen atoms are required to keepthe
certre of massstationary, and thesemotions result in the frequency 3 being
slightly higherthan ;; thesedepend on the force constart for stretching the
covalent O-H bond, while the bending mode , dependson the force con-
stant for changingthe bond angle. In the vapour the free moleculeshave a
rich rotation-vibration infrared spectrum (Benedict, Gailar and Plyler, 1956),



from which the frequenciesof the molecular modesare deducedto be:

3656.65cm 1 453.4meV,
1594.59cm ! 197.7meV,
3755.79cm 1 465.7meV.

1
2
3

For ice the band around 400meV is thusrati ed with the O-H bond stretch-
ing modes ; and 3. The frequenciesare thus loweredfrom those of the free
moleculesby the hydrogen bonding to the neighbouring molecules,but as
a single molecule cannot vibrate independertly, this coupling also leadsto
complexmode structures involving many molecules.

We can now discussthe vibrational density of states, VDOS, for H,O ice
basedon the lattice dynamics obtained from the results of our calculation
and compare them to some of the well known spectra of ice sud as in-
frared and Rahman spectra and inelastic neutron scattering data. The total
VDOS calculatedfrom the phonon dispersionsfor our ice structure is shavn
in Fig. 13. Also shown in Fig. 15 is the correspnding partial VDOS for
both hydrogenand the oxygen atomsin the ice system. We note that these
phonon DOS are not complete since the summation is not done over the
whole Brillouin zone,but only in the [100]direction of the cubic symmetry.
The distribution of the partial DOS is given by

1 X o .
q je (kik;p)iw (ki) (3)
K;j

gk ()=

wheree (k;k;j) isthe -th Cartesiancomponert of the polarization vector
for the k-th atom; n is the number of sampling points and d is the dimension
of the dynamical matrix (Parlinskin, 2002). The total VDOS is calculated
by summing all the partial cortributions. Figure 13 shows the total VDOS
together with the full phonon dispersion curves along the [100] direction.
Also showvn in Fig. 14 is the enlargemen of the intermolecular frequency
rangeon which we superimposethe inelastic neutron-scatteringspectra data
extracted from Ref. (Cote, Morrison, Cui, Jenkins et al., 2003). The com-
parisonis madewith the ice Ih data though our ice structure is not perfectly
hexagonalbut still there is very little di erence betweenthe neutron data
for ice Ih and ice geometryusedin our calculation in the translational region
as explained below. There are well de ned separatedpeaksin the whole
range of the vibrations. The illustrativ e discussionin Fig. 12 can be well
understood if we considerthe partial DOS in Fig. 15. The covalently O-H
stretching mode of both phaseand anti-phase, analogousto the frequencies
1 and 3 for isolated free water molecules,can be seenclearly in Fig. 15(b)
in the energy range (350-410meV) or frequency range (3010-3400cm 1).
We can notice that the collective motion of oxygen is almost static when
comparedto the collective cortributions from the hydrogenatoms. Accord-
ing to the Rahman spectra, a strong peak is obsened at 382.3meV (3083
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cm 1 at 95 K) (Bertie and Whalley, 1967; Whalley and Bertie, 1967) for
D,0O. If we take into accourt the massdi erence between deuterium and
hydrogen atoms (i.e., isotope e ect), the peakswhich are obsened at 2950,
3000 (very short), 3250,and 3270cm ! are in good range when compared
to the experimertally obsened valuesfor ; and 3. In the intra-molecular
bendingregion, analogousto the frequency , for an isolated water molecule
(1580-1680cm 1), there is an interesting feature. Our results shav that, of
all the cortributions resulting from the collective motion of hydrogenatoms
asconribution from collective motion of oxygen atomsis recessie, only one
of the componerts of the collective motions of hydrogen atoms cortributes
to the intra-molecular bending modesand it is one that is dominart. Fig-
ure 15(b) givesan exampleof sud cortribution being dominated mainly by
the y-componernt of the intra-molecular vibration of the O-H. This means
that intra-molecular bending of the angular motion takes place mostly in
onedirection.

Tanaka hasidentied hydrogen-bond bending modeswith negative expan-
sion coe cien ts ass&iated with this region (Tanaka, 1998). If we go further
down to the low frequencyregion sucd as 600-1200cm * called the molecu-
lar librational regionand then to (0-400cm 1) called the moleculartransla-
tional region,wherewe estimatedthe soundvelocities from the correspnding
phonondispersioncurve, the VDOS peaksof thesemodesof vibration agree
very well with the experimertal obsenation from inelastic neutron scattering
data. The generalagreemen of the featuresin the translational optic region
is good with all the three distinct peakspresen at 400, 270and 105cm *
(Li, 1996).

4.3 The boson peak in ice

The high frequency(0.1-10 THz) or energy(0.4136-41.36neV) excitations
have been experimertally shovn to have linear dispersion relations in the
mesoscopienomentum region ( 1-10nm !). Somany amorphousmateri-
als display low temperature anomaliesin their speci ¢ heatsthat they are
generally regardedas being universal properties of the glassystate. These
anomaliesare usually of two kinds. The rst concernsobsenation that, while
many crystals obey the Debye law C / T2 for temperatureslessthan say,
1K, glasseswith the samechemistry frequertly display the law C / T at
correspndingly low temperature (Phillips, 1996). This secondobsenation
is tied in with the appearanceof the ubiquitous Bosonpeak (BP) in inelastic
neutron and Raman spectra (Buchenau, Zhou, Nucker, Gilroy et al., 1987).
The name Boson peak thereforerefersto the fact that the temperature de-
pendenceof its intensity scalesroughly with the Bose-Einsteindistribution.

Dove et. al. demonstratedthat the Bosonpeak ariseslargely from a atten-

ing of the dispersion of the transverseacoustic modes,in a manner similar
to that which occursin a crystalline material at its Brillouin zone bound-
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ary (Dove, Harris, Hannon, Parker et al., 1997). This ideais not new, being
originally suggestedby (Leadbetter, 1969), and recenly deweloped further
by (Elliott, 1996; Taraskin, 1997; Taraskin and Elliot, 1997). A standard
way of extracting the boson peak (BP) from the vibrational spectrum is
to plot g(E)=E? (as donein Fig. 16(b)), sincein the Debye approximation
g(E) E? at low energy In Fig. 16 we showv the plot of g(E) and the
correspnding g(E)=E? in the translational low energyrangefor the ice ge-
ometry in our calculation. According to the Debye law, it is expected that
g(E)=E? should be constart for the whole range of energy This constart
relation is only obtained at energieslarger than 40 meV in agreemenh with
the experimertal obsenation range for the BP as mertioned above. There
is an anomaloussharp peak at 3.5 meV which can be ascribed to the region
of low-energy exessvibrational excitation of the so-calledBP. The reason
for this peak is unknown since we have a crystalline structure for our ice
geometry The peakrevealsthe anomalousbehaviour of hydrogen bonding
in the crystal ice which shows similarity in the behaviour asin the results of
an inelastic neutron scattering study of a crystalline polymorph of SiO, ( -
guartz), and a number of silicate glasseqpure silica, SiO,) with tetrahedral
coordination (Harris et al., 2000). Also amorphoussolids, most supercaol
liquids and the complex systemsshov this anomalouscharacter (Grigera,
Martin, Parisi and Verrocchio, 2003).

5. SUMMAR Y

Our MD simulation, carried out through the analysisof radial distribution

functions of the ice crystal, shows fair agreemenin the positions of peaksin
comparisonwith neutron di raction data.

The phonon dispersion calculations in [100] direction shovs a good result
especially in the acousticregion in comparisonwith experimert. Our optic
modesare degenerateat the -p oint dueto application of the direct method
usedin this calculation which does not take into accour the e ect of po-
larization arising from dipole-dipole interactions of water moleculeswhich
is expected to yield a signi cant e ect in the splitting of longitudinal and
transverseoptic modesat the -p oint. We intend to include this polariza-
tion e ect in our future work through the calculation of e ectiv e chargeten-
sorsusing the Berry phaseapproad to seeactually if there will be splitting.

Our calculated longitudinal acousticvelocity agreeswell with the longitudi-

nal acousticvelocity from inelastic neutron scattering data. The vibrational

density of statesreproducesall the featuresin covalertly O-H stretching re-
gion, intra-molecular bending region, molecular librational region aswell as
in the molecular translational region, when comparing our results to some
infrared spectra, Rahman spectra as well as inelastic neutron scattering re-
sults.

The analysisof the vibrational density of statesshavs a bosonpeak, a char-
acteristic feature commonto amorphoussystems,at low energyof the trans-
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lational region. The anomaloussharp peak of g(E)=E? at 3.5 meV, which
can be ascribed to the region of low-energyexessvibrational excitation of
the bosonpeak, might be due to the anomalousbehaviour of hydrogenbond-
ing sincewe have a perfect crystal. The origin of this anomalousbehaviour
of this abnormal peak in non-crystalline solids and supercaol liquids is still
subject of scierti c debate.
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TABLES

Table 1 Velcocities of soundcalculatedfrom the initial slope of the phonon
dispersioncurvesof ice in [100]direction comparedto the exper-
imental result.
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Fig. 1
Fig. 2

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Fig. 10

FIGURE CAPTIONS

The phasediagram of the stable phasesof ice.
The tetrahedral unit from which the hexagonalice is created.

Initial and the relaxed geometry of the unit cell of ice. The ice
structure wasinitially paded in a cubic unit cell with initial lat-
tice constart taken from the literature (Lee, Vanderbilt, Laarso-
nen, Car et al., 1993)to be 6.35A. There are no hydrogenbonds
in the initial preparedstructure shavn on the left but were per-
fectly formed after the relaxation. The relaxed geometry hasthe
valuesof a b 6 c which implies that the relaxed structure is
tetragonal with c=aratio  0.988.

Relaxed crystalline structure of ice produced from the geometry
in Fig. 2 by replicating in all direction by the calculated lattice
parameters.

Distribution of H-O-H anglein ice and water (in arbitrary units).
The comparisonis done for the ice at 220 K and liquid water
simulated at room temperature (298 K) and at high temperature
in the supercritical regime. The H-O-H anglesof ice structure are
larger comparedto those of liquid water.

Radial distribution functions gop and gony at 100 K and 220 K
obtained with VASP. There is a gradual lossof long-rangeorder
at 220K ascan be noticed in its 2nd and 3rd peaksof goo when
comparedto the results for 100K.

Radial distribution functions gy at 100K and 200K obtained
with VASP. There is a gradual \loss of peaks" obsened for tem-
perature 100K at 2.5,4.4,4.8and 5.4 A dueto the lossof long-
rangeorder asthe temperature increases.

Radial distribution functions goo and gon at 220K obtained with
VASP comparedto neutron diraction scattering data (NDS)
(Soper, 2000).

Radial distribution functions gy obtained with VASP at 220K
comparedto neutron di raction scattering data (NDS) (Soper,
2000).

(I) Brillouin zonefor the cubic symmetry usedin our VASP calcu-
lation of the ice system. Our phonondispersionsare calculatedin
[100]ky-direction, (I1) The rst Brillouin zonefor the structure of
ice Ih with origin at the point . A =3c and M :%a , Where
a andc arethe vectorsof the reciprocal lattice (Petrenko and
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Whitworth, 1999). The dispersion curves are commonly drawn
alongthe lines of symmetry A, M, and K.

(a) With VASP calculatedphonondispersioncurvesoficein [100]
direction of the tetragonal unit cell comparedto (b) dispersion
relationsin the translational frequencyrangefor the ice structure
plotted along the Cartesian directions from zone certer to zone
edgein the Brillouin zoneof the orthorhombic eight-moleculeunit
cell (Cote et. al. (Cote, Morrison, Cui, Jenkinset al., 2003))and
(c) the experimertal dispersionof D,0O ice accordingto Renker's
model (Renker, 1973). The di erence in scaleof (c) from (a) and
(b) is dueto the isotopic e ect becauseof di erence in the masses
of hydrogenand Deuterium atoms.

The three normal modes of an isolated water molecule. Mo-
tion with frequency ; can be regardedas symmetric stretch, »
as bendingand 3 as anti-symmetric (Petrenko and Whitworth,
1999).

Total vibrational density of states (VDOS) of ice basedon the
lattice dynamicstogetherwith full phonondispersioncurves. The
VDOS shaw all the important regionssud asthe intermolecular
translational, librational, bending and the stretching frequency
range.

Enlargemen of calculated total vibrational density of statesin
Fig. 13 shawing the intermolecularrangeof frequencies.The bro-
ken line is taken from the inelastic neutron scattering data avail-
able through Ref. (Cote, Morrison, Cui, Jenkinset al., 2003).

Partial density of statesof ice basedon the lattice dynamics. (a)
shows the x, y and z componerts of VDOS for the oxygen atoms
in the H,O ice. (b) shovsthe x, y and z VDOS for correspnding
hydrogenatoms for the whole range of frequencies.It is interest-
ing to noticethat in the intra molecularbendingregion(1580-1680
cm 1), only oneof the componerts of the VDOS of hydrogen(say
y) dominateswhile x and z cortribute less. The cortribution from
the oxygen atoms can be regardedas being completely recessie
in this region.

Plot of the VDOS g(E) and the correspnding g(E)=E? vs. E for
the region of translational mode. The bosonpeakis found in the
low-energyregionat 3.5 meV.
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Table1: W. A. Adeaglo et. al.

10° m=s Experimert? Theory
Via 4.04 4.86
V1A 1.80 3.02

a8 (Gammon, Kiefte, Clouter and Denner, 1983)
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Figure 3: W. A. Adeaglo et. al.

Figure 4. W. A. Adeagho et. al.
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