Density of phonon states in cubic ice Ic
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Abstract

The measurement of the H-projected density of phonon states (H-DOPS) of polycrystalline
ice Ic has been performed with an unprecedented accuracy, and in a sample having an almost
perfect crystallographic purity, as it was obtained from the transformation of ice XVIIL. Re-
sults are compared with new accurate measurements of H-DOPS in ice Th, and with centroid
molecular-dynamics (MD) computations. The differences between the experimental H-DOPS
in these two forms of ice are subtle, but quantitatively measurable. In addition, they are repro-
duced semi-quantitatively by computational methods, demonstrating the effectiveness of this

innovative simulation tool for reproducing the dynamical properties of the ice structures.
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Introduction

The investigation of microscopic properties of ice has always attracted an extreme interest of re-
searchers in many different science fields. Aside its fundamental role in biological systems, ice
represents a paradigmatic case of study for material science because this simple molecular crystal
gives rise to a complex phenomenology, among which the ice "anomalous" properties and poly-
morphism are only two of the most significant aspects.! Indeed, since the beginning of the 20"
century with the Tamman’s and Bridgman’s studies,>> a lot of experimental and computational
efforts are being made to characterize, both from structural and dynamical points of view, the dif-
ferent crystalline phases that water ice can assume,* also in order to better understand the role
played by the hydrogen bond in the anomalous properties of liquid water.> To date, 19 different
polymorphs of ice have been experimentally discovered and structurally determined, even if sev-
eral more have been computationally predicted.®® At ambient pressure, hexagonal ice Th is the
stable form of ice, but, for a long time, the existence of a further polytype of ice I, i.e. the cubic
ice Ic, represented a long debated issue in the water ice research area.!? Its presence in nature,

especially in the atmosphere, was inferred by various experimental observations, !

among which
the Scheiner’s halo is the most suggestive, ' but the low difference in free energy between the two
polytypes '3 hinders the possibility to easily access this phase. As a matter of fact, a lot of attempts
were made in the past to synthesize pure ice Ic,'*!> but all the claimed cubic ice I forms were
essentially stacking-disordered forms of ice I, named ice Isd, with larger or lower "cubicity", i.e.
proportion of cubic stacking sequences present in the sample, determined by the route followed in
the sample synthesis. 41 Only recently two independent experimental studies have revealed new
routes to obtain structurally pure cubic ice, either by heating an ice XVII sample,!” or by evacu-
ating a C, hydrogen hydrate, '3 together with another recent study demonstrating the effectiveness
of the heterogeneous nucleation for the ice Ic synthesis. '

The microscopic dynamics of water ice, in all of its structural forms, either crystalline or

amorphous, is of great importance and has been deeply investigated.!'?%-2* The differences in

the phonon density of states among several phases of ice can be revealed by comparing inelastic



neutron scattering data measured on high-resolution spectrometers, which enable to record scatter-
ing events with an exchanged wave vector Q # 0, not accessible by the standard photon scattering
techniques, e.g. IR and Raman.?’ Referring to the common hexagonal ice Th, easily obtained by
freezing liquid water at ambient pressure, since 1969 few experimental studies have been devoted

2026 while a cor-

to determine accurate phonon dispersion curve on fully deuterated single crystal,
rect assignment of the measured phonon spectral features to the different phonon branches, also
supported by lattice dynamics calculations, was performed by Li et al.?! On the contrary, as for
the more elusive cubic structure of ice I, the experimental outcomes presented in the same paper?!
cannot be fully assigned to a pure cubic structure, but rather to a stacking-disordered form of ice
I, as the analysed sample was obtained by warming recovered ice II and VI samples. !4 Useful
indications about the phonon dynamics can be obtained from density functional theory (DFT) sim-
ulations regarding the proton-ordered form of ice Ic,%’ while, for its proton-disordered counterpart,
reliable computational results are still missing.

In this paper we will present the results of a combined experimental and computational study
on the H-DOPS of H,O cubic ice. The same kind of investigation on the hexagonal phase Ih,
obtained by the transformation of the mentioned cubic ice sample, has allowed us to quantitatively

measure and successfully interpret the differences in the phonon spectra of the two polytypes,

further confirmed by centroid molecular dynamics (MD) simulations.

Methods

Sample preparation

The H,O cubic ice sample for the present INS experiment was obtained starting from a hydrogen
filled ice in the Cy phase, i.e. a Hy-H>O binary compound synthesized in a powder form at high
pressure (above 4 kbar) and at temperature 7=250 K, that can be recovered at ambient pressure
by quenching it at 77 K. Further details about the high-pressure synthesis procedure, performed at

IFAC-CNR (Italy), are reported in Ref. [29]. The sample was then transferred in an optical vacuum



tight cell, inserted in a cryostat and equipped with a gas handling system, that allowed us, first
by means of Raman scattering, to check the quality of the starting sample and second, to apply
the necessary annealing treatment so as to obtain an empty ice XVIL3%3! The recovered ice XVII
sample was then shipped to the ISIS facility (RAL, STFC, U.K.) in a Dewar cooled by a liquid
nitrogen bath. The ice XVII powder was then transferred in a standard flat aluminium cell (1 mm
thickness) equipped with two temperature sensors placed at the opposite sides of the cell body to
ensure a good thermal control and placed into the TOSCA cryostat through a standard center stick.
All the handling procedures of the recovered samples, both Cy filled ice and ice X VII, were always
performed in a dry nitrogen atmosphere keeping a good thermal contact with a liquid nitrogen bath

to preserve the sample phase.

Experiment

The measurements have been performed on TOSCA, 3? a neutron spectrometer devoted to the study
of the vibrational dynamics through the Inelastic Neutron Scattering (INS) technique. TOSCA is
a crystal-analyzer inverse-geometry spectrometer with final energy, E1, fixed at about 3.3 meV,
selected via two sets of pyrolytic graphite crystals placed at two selected scattering angles. High-
order Bragg reflections are eliminated through a beryllium filter kept at low temperature. The ex-
cellent energy resolution (Aliw/Ey ~ 1.5% +3%) and the wide region of accessible energy transfer
(hw = Ey— E, from 3 to 500 meV, where E|) is the incident energy) make the TOSCA spectrom-
eter particularly useful to study the vibrational dynamics of the polycrystalline ice sample. All
the neutron measurements reported in this work have been performed at 7 = 20 K. The collected
time-of-flight data®3 were automatically transformed into energy transfer spectra by a dedicated
routine present in the MANTID software.>* Owing to the fully hydrogenated nature of the sample,
a 3 h acquisition time was sufficient to collect an INS spectrum with a extremely small statistical

error, crucial to pinpoint differences between the ice Ic and Ih.



Simulation

We took a 3 x 3 x 3 supercell of ice Ic!7 as well as 5 x 3 x 3 of ice Ih from Hayward-Reimers

and simulated these two samples at 170 K and 50 K, with lattice constants a=6.37451 Aand
a=6.36434 A, respectively.!” We carried out centroid dynamics with 64 beads in the i-PI software

137 as part of the MBX software package, >3

package3® using the many body water potential MB-po
in conjunction with Nosé-Hoover thermostat, 39.40 Ewald summation,*! and a time-step of 0.1 fs
for 100 ps, including 10 ps for system equilibration.

The MB-pol interaction model, used together with centroid MD, has been noted to perform
very well for simulating ice thermodynamic and dynamical properties.**** We obtained the lat-
tice phonon DOS from the Fourier cosine transformation of the averaged velocity autocorrelation

function of the oxygen atoms.*! In addition, the phonon dispersion curves were also extracted from

the MD data.*

Results and discussion

Preliminarly, the neutron spectrum of the recovered H>O ice XVII sample was measured at T = 20
K for about 1 h (integrated proton current, [IPC=168.4 uAh), verifying that no deterioration of the
ice XVII sample during its shipping to ISIS, the filling of the TOSCA cell, and its insertion in the
cryostat has occured. After this check, the sample was heated to 150 K and kept at this temperature
for about 1 h, so to induce the transition from ice XVII to ice Ic. Then the sample was cooled again
to 20 K and the spectrum of ice Ic was measured for about 3 h (IPC=583.6 uAh). Afterward,
the sample was heated at 268 K and maintained at this temperature for about 1 h to induce the
transition from ice Ic to ice Ih. Finally, the sample was cooled down to 20 K and the spectra of ice
Ih was measured for about 10 h (IPC=1811.1 g Ah). The analysis of the experimental INS data on
ice Ic and Th was done in a way similar to what has been presented in Ref. [46]. The first two steps
consisted in the subtraction of the empty-cell scattering contributions, and the correction for the

well-known self-shielding attenuation, both performed through the analytical approach proposed



by Sears.*’” Then multiple scattering contributions made of two (or more) inelastic scattering events
have been approximately estimated and found rather small in the @ interval of interest (namely,
below 130 meV). For this reasons no multiple scattering corrections were operated on the two
INS spectra. Finally, in order to calculate and subtract the multiphonon terms in our data, we set
up a self-consistent procedure*® already successfully used on a number of ice samples.* Such

an approach, which fully exploits the incoherent approximation,>°

was completely justified for a
polycrystalline material formed by H,O, leading almost directly to the desired H-DOPS. This is
due to the much larger neutron cross section, and lower mass, of the proton than that of the oxygen
nucleus.

In spite of the approximate character of the multiphonon self-consistent procedure, which assumes
a purely incoherent, harmonic, and isotropic treatment of the multiphonon contributions, its prac-
tical implementation showed a rapid convergence of the method, and made possible a reliable
extraction of the one-phonon component of the self scattering law,° from which the H-DOPS,
Zn(w), of both Ic and Ih could be extracted up to @ = 130 meV, that is the region where the libra-
tional bands end. Bending and stretching bands of H,O have been clearly left out of the analysis
since the neutron spectrometer used was not optimized for their accurate detection as the Q values
corresponding to their typical 7@ ranges were by far too high.

It is worth noticing that a very accurate result would require the subtraction of the tiny O con-
tributions from the experimental estimates of Zg(®). The magnitude of these contributions was
estimated with the help of the MD simulations and found to be totally negligible in the librational
part of the phonon spectra, while quite small, but still visible, in the lattice one. However, since
lattice phonons always correspond to collective motions of the H,O molecules seen as single rigid
units, then the H and O contributions to the density of phonon states in this spectral zone show
exactly the same spectral shape. For this reason, the O scattering corrections to Zy(®) could be
rigorously performed by scaling the overall intensity of the lattice part of Zy(®) (i.e., that in the
ho range from O to 50 meV) by an appropriate factor, and then normalizing the corrected Zy(®)

to the requested area.



The extracted Zy () for the starting phase of ice XVII, and both cubic and hexagonal ice I, are

reported in Figure 1.
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Figure 1: Hydrogen-projected density of phonon states of the ice XVII (green line), ice Ic (red line),
and ice Ih (blue line) extracted from INS data collected at 20 K on TOSCA neutron spectrometer.
To ease the comparison, the red and green curves are vertically shifted of 0.0025 meV~1 and
0.0050 meV ™1, respectively.

From this plot we can easily recognize two well-separated groups of bands relative to the rigid
H>0O molecule vibrations, i.e. the lattice phonon modes, both acoustic and optic (h®w < 45 meV),
and the librational modes, i.e. wagging, rocking and twisting?’ (65 meV < hw < 130 meV).
By looking at the former type of bands of both ice I structures, one can observe that the lattice
phonon region of Zy(w) is quite similar to what can be observed in other ice forms, even at high
pressure, 2! but is different from the lattice bands pertaining to empty hydrate structures, like ice
XVIS! and ice XVIL 432 that show a cleft of the main acoustic peak at about 7 meV. Also the
librational bands show a quite different shape passing from the open and channelled structure of

the ice XVII to the cubic and hexagonal structure of ice I, with a more intense principal peak at
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about 70 meV and a deeper groove placed at 80 meV in the ice XVII. This spectral change, quite
common in the ice landscape, e.g. the open structure of the ice II,?! is explainable by the different
environment experienced by the water molecule when so different ice structures are considered.
In addition, by comparing the measured spectra of the cubic and hexagonal ice, it appears quite
clear that the acoustic band is the most sensitive to the different arrangement of layers present in
the two structures. Such marked differences were not reported by Li et al.,?! probably because
of the lower cubicity of their sample. Moreover, the substantially identical onset of the acoustic
band reflects the same long-range order that the H,O molecules experience in both structures. On
the other hand, in the optic band no change of the shape is recorded passing from ice Ic to ice Ih,
but rather a different intensity ratio of the peaks located at 27 meV and 38 meV, in a way similar
to what has been measured by Raman spectroscopy on the lattice band (200-320 cm™') during
the Ic-Ih phase transformation.?® Small differences can be also found in the librational region of
Zn (), in particular for the shallower and less pronounced dip at about 92 meV.

Through centroid MD simulations, we have calculated the density of phonon states, which is
compared in Figure 2 with the same quantity extracted from INS spectra. On average, the compar-
ison with the computed Zg(®) shows a surprising good quality, similar to what was obtained for

clathrate hydrates of various structures, >3-4

and the simulated curves show the same type of shape
change passing from the cubic to the hexagonal structure.

Furthermore, in Figure 3 the simulated phonon dispersion curve has been plotted side by side
with the experimental H-DOPS for both ice Ih and Ic in the energy region of the lattice phonon
modes. Most of the peaks in the H-DOPS curves have a clear correspondence in energy with the
flat (i.e. zero derivative) regions of the dispersion curves. So from this comparison, in the case
of ice Ic, it is possible to clearly assign a purely acoustic and optic character to the first spectral
band centred around 10 meV and the last centred around 37 meV, respectively. However, as for
the intermediate bands at 19 meV and 28 meV, one observes that they originate from the partial

overlapping of different phonon branches, with the former having mainly an acoustic character,

while the latter a substantial optic character. It is worth noting that this kind of assignment is in
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Figure 2: Comparison of the hydrogen-projected density of phonon states belonging to ice Ic
and ice Ih (lattice phonon bands, lower panel, and librational bands, upper panel) extracted from
INS data collected at 20 K on TOSCA neutron spectrometer, and from centroid MD simulations
performed at 50 K.



accordance with what has been observed for the ice Ih case.?!%7
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Figure 3: MD simulated phonon dispersion curve at 50 K (left plots) and experimental H-DOPS
extracted by TOSCA INS data at 20 K (right plots) for the two ice I polytypes (hexagonal structure,
upper panel; cubic structure, lower panel). Both right plots share the same energy axis and the
dotted lines are only a guide for the eye.
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The good performance of MB-pol and centroid MD in Figures 2 and 3 is rather striking, al-
though this general approach has shown to be very robust in performance related to the ice vibra-
tional properties.*>** Indeed, it seems that the quality of this highly accurate polarisable water
model, in tandem with quantum dynamics, is needed to truly capture the intricacies of ice poly-
types with near-quantitative accuracy. This appears to emerge from the rich interplay of quantum
effects at low temperatures together with with the need for highly accurate electronic-structure-
trained wave-functions>’ under the conditions of condensed-matter crystal symmetries. The two
Ih and Ic optic modes at 28 and 37 meV are reproduced to some extent, as well as the 19 meV Ic
one. In general, for these peaks classical MD based on standard pairwise potentials is less good
than polarisable potentials, and even sophisticated Thole-type models>* are not as good as the MB-
pol used in the present study. However, it must be borne in mind that quantum dynamics was not
employed in the Burnham’s study, which compared, inter alia, different popular potential modes
for ice Th. The present centroid-MD/MB-pol predictions are quantitatively superior to various re-
cent DFT prediction of phonon DOS in ice polymorphs, especially ice Th, which have still shed
important and interesting light, nonetheless, on contributions from O-O interactions and hydrogen

bonding.>>~>’

However, the present computational results in Figures 2 and 3 are more similar in
phonon character for the two polytypes of ice I to experimental than DFT results of Ref.s 22-27,
owing to the combined accuracy of MB-pol and also to centroid-MD sampling, with the latter an
especially important feature at 50 K. Still, for the relatively minor discrepancies between the ex-
perimental and simulation results in Figures 2 and 3, these are explained mainly by MB-pol’s slight

differences in hydrogen-bonding structure and symmetry, and possibly by the imperfect nature of

centroid-MD to capture fully and rigorously dynamical effects.>

Conclusions

The INS measurements reported in this study have led to the determination of the density of phonon

states for the cubic structure of ice I. Owing to the accuracy of the measurements on the pure cubic
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phase and on the hexagonal one, which is directly obtained by warming the same sample, we
were able to effectively compare the dynamics of these two phases, quantitatively measuring the
subtle, but significative, spectral changes before and after the phase transformation. The combined
effect of the high resolution of the experimental data and the reliability of the centroid-MD/MB-
pol computational method have also allowed to perform a clear assignment of the spectral bands
for both ice I polytypes, demonstrating the high effectiveness of this innovative computational
approach to reproduce the dynamics of the ice systems. This combined study represents so far,
to our knowledge, one of the most accurate attempts to computationally investigate phonons in
ice, despite the approximate character of the centroid-MD, given the very accurate nature of the
MB-pol model. In this perspective, in the future it will be particularly interesting to perform INS
measurements on a single crystal of cubic ice in order to have a direct access to the different phonon

dispersion curves, as well as to study the ice Ic dynamics considering a possible proton ordering.
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