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We report results from high-resolution inelastic x-ray scattering experiments on very high density amor-
phous (VHDA) water ice samples. The inelastic response of the amorphous structures has been sampled with
high accuracy in the momentum Q range of the first pseudo-Brillouin zone. Well distinguished crystal-like
phonons have been observed, and excitations of longitudinal and transverse polarization as well as acoustic and
optic character are discerned. An averaged longitudinal velocity of sound of about 4050 m/s is established,
exceeding the values of high density amorphous (HDA) and low density amorphous ice modifications reported
in prior studies. In general, the dynamic features observed in the homogeneous VHDA structure appear to be
better resolved and distinguished than the inelastic characteristics found in the heterogeneous structure of

HDA.
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I. INTRODUCTION

The collective vibrational dynamics of the low density
amorphous (LDA) (p=~31 molecules/nm?) and high density
amorphous (HDA) (p=~39 molecules/nm?) ice structures'
have been extensively studied by inelastic x-ray (IXS) and
neutron scattering (INS) experiments.>” IXS has provided a
dynamic response of the two amorphous ice modifications
that can be termed crystal-like.>® This attribute reflects the
feature of distinguished well-defined phonon modes, which
can be described in terms of collective excitations of crystal-
line matter as being of longitudinal and transverse polariza-
tion and of optic and acoustic character. Of course, due ac-
knowledgment has to be taken of the disorder of the solid
water samples taking influence on the dynamic features,
however, leaving a distinguished dynamic characteristics
reminiscent of crystalline ice structures not observed in other
disordered materials before.

The crystal-like IXS response has been affirmed by the
INS in which features, characteristic for glassy matter were
found missing. As such high-resolution INS experiments
could not establish the presence of a boson peak, i.e., an
excess of vibrational modes obeying the Bose-Einstein
statistics.>® Beyond the consistency found within micro-
scopic dynamics, macroscopic observables governed by col-
lective excitations showed as well a satisfactory agreement
with the IXS and INS data. Measured velocity of sound and
thermal conductivity of LDA and HDA structures are men-
tioned here as examples.”!?

The observation that HDA can be annealed into an
amorphous structure of even higher density, referred
to as very high density amorphous ice (VHDA)
(p=~41 molecules/nm?)""~13 offered the opportunity of ad-
ditionally testing the crystal-like phonon hypothesis. More-
over, as it was indicated before by sampling the static struc-
ture factor in INS and IXS experiments?> and evaluated in
full detail later on'#'7 HDA, in contrast to LDA and vHDA,
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is a heterogeneous structure which can be understood as a
mixture of nonidentical structural entities on a spatial scale
of some nanometers. A priori we may expect dynamic fea-
tures established in HDA to be related to, however, better
distinguished in the vVHDA matrix owing to its homogeneity
and extreme density. This conjecture has been confirmed by
INS measurements showing the lowest Debye levels in the
vibrational density of states and, hence, the highest Debye
temperatures in VHDA (Refs. 7 and 14) and by nuclear mag-
netic resonance experiments reporting the shortest spin-
lattice relaxation times (T) for vHDA among all amorphous
ice structures.'8

Here, we extend our observation of the microscopic dy-
namics of vVHDA to high-resolution IXS experiments open-
ing up the possibility of sampling Q numbers within the first
pseudo-Brillouin zone. The presented results should be there-
fore understood as a completion of the high-resolution coher-
ent INS results sampling Q numbers within the second and
third pseudo-Brillouin zones of the amorphous ice
structures.”!” This manuscript may be as well considered as
a completion of prior IXS studies dedicated to the dynamics
of LDA and HDA.>3 Except for the sample preparation the
experimental procedure, the data evaluation and the data in-
terpretation are, hence, well described in the preceding pub-
lications.

II. EXPERIMENT

The entire set of measurements was performed with three
vHDA samples of deuterated material. Please see for a de-
tailed description of the preparational procedure Ref. 15.
One sample was prepared at the Institut Laue Langevin (ILL)
in Grenoble, France at a nominal pressure of 1.5 GPa and a
maximum annealing temperature of 145 K. We refer to this
sample as sample 1 throughout this paper. Two samples were
prepared in the physics department of the Technical Univer-
sity Darmstadt (TUD) in Germany at the nominal pressure of
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FIG. 1. (Color online) (Top) Static structure factor S(Q) of the
two VHDA samples reported here and the HDA sample presented in
detail in Refs. 2 and 3. Gray-shaded area indicates the small-angle
part of S(Q) giving evidence of an intensity excess and, hence, of
the heterogeneous character of the HDA structure. Small vertical
lines represent the applied Q sampling. (a) Inelastic intensity of
sample 1 measured at 2.00 nm™!. Lines represent fits with Lorent-
zian lines. (b) Same spectrum as (a) with suppressed elastic line.
Line with the data indicates the fit result of the pure phonon inten-
sity convoluted with the spectrometer’s resolution function.

1.1 GPa and maximum annealing temperature of 140 K. We
refer to these structures as sample 2. Figure 1 reports the
static structure factors S(Q) of 1 and 2 as compared to HDA
presented in Refs. 2 and 3. Note that for a comparative pre-
sentation the data are grossly normalized to the same integral
intensity in the Q range 2—25 nm~' with respect to the HDA
results. The shift of the strong peak in S(Q) of sample 2
toward smaller Q and its broadening is a result of the relaxed
preparational conditions p and T with respect to the forma-
tion conditions of sample 1.1

The high-resolution x-ray spectrometer ID16 at the Euro-
pean Synchrotron Radiation Facility in Grenoble, France was
utilized for the measurements and an experimental setup and
procedure as it had been reported in prior publications was
applied.>3 An energy resolution of about 1.6 meV full width
at half maximum (FWHM) was accessed with a resolution
line of Lorentzian shape. For a comprehensive presentation
and discussion of the IXS data a comparison of the moni-
tored energy-momentum (% w-Q) phase space and of the res-
olution functions with those accessed in the inelastic
neutron-scattering study of Ref. 7 is reported in Fig. 2. The
phase space mapped out by the ID16 experiment comple-
ments the Aw-Q region covered by the neutron spectrometers
IN4 and ING6 in the acoustic-phonon region Aw =20 meV.
Due to the kinematics of neutrons such a complete coverage
of the phase space at Q<1 A~' ie., typically within the
first Brillouin zone of crystalline structures, is not achievable
with INS techniques. Note that for intensity reasons the
Stokes line (energy gain of sample) has been exploited at
ID16. In Fig. 2 we have retained the convention applied in
Ref. 7 and plot the Stokes side on negative-energy scale. Any
other figures report the Stokes line on positive scale.

An accumulation of inelastic spectra was performed by
subsequent repetition of energy scans (typically 3-5) at fixed
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FIG. 2. Left-hand side reports the Zw-Q phase space coverage
by the IXS spectrometer ID16 of the European Synchrotron Radia-
tion Facility and by the neutron spectrometers IN4 and IN6 of the
Institut Laue Langevin (Ref. 7). Full lines indicate the extension of
energy scans recorded at ID16 in constant momentum Q mode. The
Stokes line is plotted here on negative-energy scale. Figure on the
right-hand side compares the resolution functions of the three spec-
trometers ID16 (FWHM=~1.6 meV), IN4 (FWHM=~0.8 meV),
and IN6 (FWHM =0.2 meV).

Q positions of the multianalyzer unit. For some scans at a
single sample different illuminated sample volumes were
chosen. Prior to and after the inelastic scans the quality of
the samples was checked by monitoring S(Q) as it is indi-
cated in Fig. 1. By this procedure we could, on one hand,
attest the identity of the two samples prepared at the TUD
and of the signals upon illuminating different sample vol-
umes. On the other hand, we could confirm that no beam
damage had been done to the samples during any of the
inelastic scans. These findings allow us to comprise all scans,
according to their Q numbers and irrespective of the sample
volumes illuminated, of the ILL structure and of the two
TUD samples into two sets 1 and 2, respectively. Standard O
sampling applied during the study is indicated in Fig. 1 by
small vertical lines. The dynamic structure factor S(Q,w)
was obtained from the raw data following established proce-
dures and its parametrization by a suite of Lorentzian lines
was followed according to prior data evaluation
approaches.”>! Figure 1(a) reports a spectrum taken at Q
=2.0 nm~! and fit results accounting for the elastic line and
the phonon peak taking both, the annihilation (anti-Stokes
line, negative-energy scale) and the creation (Stokes line,
positive-energy scale) process, into account.

As it can be judged from Fig. 1, both vHDA 1 and 2
structure factors S(Q) are featured by an even profile in the
Q range 1-16 nm~!. In the case of HDA the enhanced
small-angle signal gives evidence of the heterogeneous char-
acter of the amorphous matrix.'*!7 This signal is of purely
elastic intensity. However, due to the extensive Lorentzian-
shaped energy resolution of the IXS spectrometer reported in
Fig. 2 the entire low-Q region of S(Q,w) is obscured and
inelastic signal masked by the elastic line making its inter-
pretation a challenging task.>® This argument applies with
even higher severity to the signal in the vicinity of the strong
peak in S(Q), i.e., at Q>12 nm~' in LDA (see Ref. 2) and at
0>16 nm~!' in HDA and vHDA. An interpretation of acous-
tic phonons in amorphous ice structures is practically impos-
sible at Q numbers exceeding the ones applied in our study.
Nonetheless, in the case of VHDA samples the appreciably
reduced elastic intensity at Q numbers reported here allows
us to subtract the elastic resolution measured independently
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with a standard scatterer from the S(Q,w) signal of the
samples and to elegantly suppress the elastic line contribu-
tion as it is indicated in Fig. 1(b).

All fits have been performed to the S(Q,w) data for con-
sistency with prior data evaluations. Note, that we focus in
the following presentations on the difference profiles as they
offer a more detailed view on the phonon line shapes. We
retain, however, the designation of dynamic structure factor
S(Q, w) to the difference profiles. If not stated otherwise, all
reported S(Q, ) have been normalized to the intensity of the
elastic peak.

Data of ice IX and XII are shown here as polycrystalline
references. They have been adopted from Refs. 3 and 19
which describe details of sample preparation and of the ex-
perimental procedure. It is noteworthy that the preparations
of ice IX and XII followed in both cases in analogy to the
formation of high density amorphous structures the compres-
sion of ice I, however, either at higher temperatures
T~160 K for ice IX (Refs. 20 and 21) or higher compres-
sion rates for ice XII.>!??> The presentation of the results has
been adapted here to the presentation of the VHDA data
whereby the intensity of the polycrystalline spectra has been
normalized with respect to the intensity of the vHDA spectra
at corresponding Q numbers.

III. RESULTS

Figures 3 and 4 report the dynamic structure factor
S(Q,w) of samples 1 and 2 in the low (Q=<6.5 nm™!) and
high (7.25=0Q=15.5 nm™!) momentum range, respectively.
Similarities of the data sets recorded with the two samples
are obvious. Hence, subtle differences which can be conjec-
tured from the detectable distinctness of S(Q) of samples 1
and 2 as shown in Fig. 1 are concealed by the statistics of the
weaker signal in the inelastic channels of S(Q, w).

From a qualitative inspection of the signal profiles, we
may separate the results into three Q regimes in which dif-
ferent features become observable. At Q=<4.25 nm™! the
line shape of the inelastic response can be approximated by a
single Lorentzian line. The center position of the peak fol-
lows a linear dependence upon increasing Q accompanied by
an increase in the peak width. At Q=5.0 nm~' the single
peak becomes visibly distorted from a single Lorentzian line
characteristics and a distinct second peak develops at mo-
mentum numbers 5.0<Q=9.5 nm™! centered at an energy
of about 9 meV. This second peak does not show any obvi-
ous dispersive behavior, whereas the first one remains dis-
persive up to about 11 nm™, its center position taking on
energies of 20-24 meV.

At even higher momentum numbers the inelastic signal
takes on a profile reminiscent of the density of states G(w) of
high density amorphous ice structures.” This is accomplished
at Q numbers above 9.5 nm~!, at which in relation to the
intensity of the peak at 20-24 meV emanating from the dis-
persive mode a boost in intensity at the low-energy 9 meV
peak as well as above 24 meV is detected. Note that this
intensity boost happens at Q numbers conform with the onset
of the second pseudo-Brillouin zone which we interpret as
the half distance Q,,/2 to the position Q,,~23 nm™! of the
first strong peak in S(Q) of vHDA (Fig. 1).
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FIG. 3. (Color online) Dynamic structure factor S(Q, w) in con-
stant Q presentation of samples 1 (blue, full symbols) and 2 (red,
empty symbols) taken at Q numbers given in the figures. Data taken
at 2 nm~! are multiplied by a factor of two for matching y scales.
Two different x scales have been chosen for a clear presentation of
the profile details. Note the dispersive character of the strong peak
following grossly a linear dependence upon Q.

As we deal here with purely coherent signal this S(Q, w)
profile reminiscent of G(w) is only a gross approximation to
the real vibrational density of states. To substantiate the co-
herence effect within the high-Q data we have performed an
incoherent approximation to the data of crystalline ice XII. A
crystalline counterpart has been chosen for which the most
accurate data on coherent and incoherent scattering signals
are available from experiments at ID28 at the European Syn-
chrotron Radiation Facility and at TOSCA at the ISIS neu-
tron spallation source of the Rutherford Appleton Laborato-
ries, respectively.!° Figure 5 reports the incoherent dynamic
structure factor as it has been measured at 20 K at TOSCA at
ISIS and calculated from the coherent signal in the Q range
12.5-15.5 nm™! for the equivalent temperature.

The comparison indicates a very good incoherent approxi-
mation within the energy range of the nondispersive peak
below 20 meV. Note, for example, that the complex line
shape of the strong peak and the mode gap at around 18 meV
are well reproduced within the coherent data. At energies of
about 24 meV the coherent signal visibly overemphasizes the
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FIG. 4. (Color online) Dynamic structure factor S(Q,w) of
sample 1 (blue, full symbols) and sample 2 (red, empty symbols) in
constant Q presentation. Q numbers given in the figures correspond
to the vicinity of the first pseudo-Brillouin-zone boundary. Note the
dispersive character of the strong peak up to energies of more than
20 meV.

peak emanating from the dispersive mode at lower Q. The
phase space covered is not sufficient for a satisfactory inco-
herent approximation. An analogous conclusion can be hence
drawn on the dynamic properties of the vHDA. The domi-
nant peak at energies of 20-24 meV and at Q numbers as
high as 15.5 nm~! originates from the dispersive mode at
lower Q.

Figure 6 reports parameters obtained from Lorentzian fits
to the spectra whose inelastic signal can be approximately
described by a single line at Q=3.5 nm™! and two lines at
4.25 nm~'=0Q=9.5 nm~!. Shown are the positions of the
peaks, their full widths at half maximum I' and the intensity
in respect to the intensity of the elastic line. Note that the
vertical bars plotted with the data points representing the
dispersion relation correspond with and indicate the obtained
I'. Obtained reliability parameters are of the order of the data
symbols. Two data sets are plotted for sample 1. The “long”
data set has been measured in the entire energy range of
phonons —20 meV-40 meV. The “short” data set has been
restricted to the energy range of the dispersive mode
-5 meV-25 meV, only. It reproduces therefore with good
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FIG. 5. (Color online) Dynamic structure factor S(Q, ) of ice
XII measured with incoherent neutron scattering at TOSCA at ISIS
and coherent IXS at ID28 at ESRF (Ref. 19). IXS signal has been
computed from the spectra in the vicinity of the Brillouin-zone
boundary 12.5-15.5 nm™!. Note the excess signal in the coherent
data above 20 meV giving evidence of an incomplete incoherent
approximation.

accuracy the peak position in the plotted Q range. The full
width at half maximum I' and in particular the intensity of
the peaks are less reliable numbers.

The decomposition of the inelastic signal into two lines,
dispersive and nondispersive, at 4.25 and 5.0 nm~' tends to
overestimate the separation of the assumed modes or to level
out their intensities. This can be best seen with the param-
eters obtained with sample 1. Despite this local numerical
ambivalence the energy of the nondispersing mode
(9.10.1 meV) and the average longitudinal velocity of
sound (v;=4053 =10 m/s) can be reliably determined from
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FIG. 6. (Color online) (Top) Dispersion relation Aw(Q) of
vHDA samples 1 and 2. Solid line reports a linear fit to the phonon
dispersion in the Q range up to 3 nm™!. The averaged longitudinal
velocity of sound is approximated as 4053 = 10 m/s. (Middle) Full
width at half maximum I'(Q) of the dispersive peak of the acoustic
longitudinal mode approximated by Lorentzian lines. (Bottom) In-
tensity of the acoustic (full symbols) and optic (open symbols)
mode in relation to the elastic peak intensity.
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FIG. 7. (Color online) Dynamic structure factor S(Q, w) of poly-
crystalline samples IX (red empty symbols) and XII (blue full sym-
bols) and amorphous sample 1 (black solid line). Q numbers are
given in the figures. Data on polycrystalline samples are adapted
from Ref. 3.

fits to all data sets reported in Fig. 6. Both are clearly aug-
mented when compared with results on HDA
(7.8+0.2 meV and v;=3640=*70, respectively) and con-
form with results from inelastic neutron-scattering
experiments.>” ~ When  taking into  account v,
=4053 =10 m/s, the Debye temperature obtained from neu-
tron backscattering experiments, and approximating the den-
sity of vHDA with 41 molecules/ nm?>, we obtain a trans-
verse velocity of sound v, of 2000 m/s. I' numbers of HDA
are as well reported with the phonon peak linewidths in Fig.
6. They match the upper values of the entire set of VHDA
results.

For the readers’ convenience we compare in Fig. 7 some
selected spectra of ice IX and XII samples with the response
of vHDA sample 1. There are two points becoming particu-
larly obvious from this simple qualitative comparison. First
of all, it is obvious that the vHDA spectra conform to the
signal of the polycrystalline counterparts. The conformity
comprises the properties of the dispersive phonon as well as
the general variation in the spectral profile upon Q changes.
Note that in the case of the crystalline materials this intensity
variation is governed by complex selection rules owing to
the crystals’ symmetry.>32% In more detail, it is as well ob-
vious that despite a slightly augmented linewidths the peak
positions identified in VHDA are in closer agreement to ice
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XII than to ice IX peak positions. A feature anticipated by
the correspondence of the vibrational density of states dis-
cussed in Ref. 7 and of the averaged longitudinal velocity of
sound v, reported in Ref. 3 as 3660 = 130 m/s for ice IX and
4060 =50 m/s for ice XII, albeit, the velocity of sound data
necessitate a thorough experimental cross-check for the mass
effect of protonated and deuterated sample material %727

IV. DISCUSSION

It has been shown in some recent experimental studies
that vHDA may be understood within the framework of
amorphous ice structures as a homogeneously disordered
matrix of highest density among all other disordered ice
structures found so far. Correspondingly, in x-ray and
neutron-scattering experiments it is characterized by extreme
properties. For example, it shows the highest O value of the
first peak position in S(Q) and the smallest peak
width,!415:17.28.29 Ttq vibrational density of states G(w) gives
evidence of the lowest Debye level and highest energy of the
predominant phonon peak both resulting in the highest De-
bye temperatures of all amorphous ice structures.”'* This
observation proved to be in agreement with the temperature
dependence of the Debye-Waller factor.®

Features established in the present study are in line with
those observations. Here we have found a strongly aug-
mented velocity of sound of the dispersive mode and the
highest-energy value of the nondispersive low-energy excita-
tion. Both are to be seen in direct relation to the response
established by neutron-scattering techniques with the differ-
ence of a distinct phase space coverage. Due to the kinematic
properties of x rays the inelastic response monitored here
within the first pseudo-Brillouin zone at Q<<11.5 nm™' is
governed by direct-scattering processes. Applying the no-
menclature established for crystalline materials we may state

that the sampled momentum Q corresponds with the very
momentum ¢ of the collective mode without the contribution
of a lattice vector evoking umklapp-scattering processes, i.e.,

é=thlt§, with Gy =0. The information content of the
data merits, hence, from comparatively simple selection rules
governing the intensity of the dynamic structure factor
S(q,w).

We wish to point out two of these selection rules which
are instructive for understanding the intensity evaluation
upon Q variation, restricting our consideration at the begin-
ning to crystalline structures of high symmetry. One phonon
selection rule is given by the scalar interaction of the probe
with the scatterers, valid for both neutrons and x rays in the
energy range considered here.”>? This scalar interaction
prohibits the detection of modes whose polarization vector is
perpendicular to the phonon propagation vector, i.e., the mo-
mentum ¢. The other selection rule is given by the averaging
over pair-correlation functions within the S(g,w) and gov-
erns the intensity of optic modes. Considering the case of
Q=g=0, averaging over a basis of identical scatterers with
opposite amplitudes (+a) and (—a) results in null intensity.
This applies to any optic mode irrespective of its polariza-
tion, longitudinal or transverse. Consequently, deep within
the first Brillouin zone the probability of detecting an optic
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FIG. 8. Sketch of phonon dispersion in energy-momentum
phase space. Indicated are the averaged longitudinal and transverse
acoustic phonons and two bands of optic excitations related to the
acoustic modes. The contrast increase toward higher Q numbers on
the optic as well as the transverse acoustic bands indicate the scat-
tering intensity expected from a simple inspection of phonon selec-
tion rules and approximately observed in the IXS experiment.
Dashed vertical lines indicate the Q sampling by the IXS experi-
ment. See text for details.

phonon is strongly reduced when compared to an acoustic
mode characterized by in-phase moving scatterers, i.e., with
the amplitudes (+a) and (+a). For these two reasons only a
single peak is detectable at 9 =<5.0 nm™. It is due to a dis-
persive mode of longitudinal polarization, i.e., the longitudi-
nal acoustic phonon.

These strict rules are lifted when lattice vectors come into

play Gpq#0 at higher QO numbers. An even more drastic
perturbation is expected in disordered systems, in which the
attributes of transverse and longitudinal polarization, Bril-
louin zones, lattice vectors, and, to some extent, acoustic and
optic modes are ill defined and only applicable in an approxi-
mative way. However, note that within the high-energy band
at hw=24 meV the intensity increases visibly at Q numbers
corresponding with the second pseudo-Brillouin zone as it
may be expected for optic phonons. The nondispersive,
hence, optic peak at 9.1 meV becomes clearly detectable at
momentum numbers higher than 5 nm~!, and since it is
crossed by the longitudinal acoustic mode without taking any
obvious influence on it, its polarization is predominantly of
transverse character. We have summarized this simplified se-
lection rule discussion in Fig. 8 in a sketch reporting the
ill-defined phonon dispersion as it has been introduced in
Ref. 7. Here it is decorated by optic phonons and the hypo-
thetical detectability of the mode bands.

Another important observation connected to the applied
deuterated sample material is the absence of any fingerprint
of the librational band. We have shown by INS that in deu-
terated VHDA samples this librational band sets in at ener-
gies as low as 34 meV.” The missing signature of the libra-
tional band in the IXS experiment is, however, expected as
the amplitudes of the librational modes are determined by the
movement of the hydrogens which result in a minor contri-
bution to the IXS cross section. The result that the here de-
tected intensity within the vibrational region Aw=40 meV
complies well with any other ice sample measured with IXS
shows that the coupling of librations and phonons is, if at all
present, very weak leaving the phonons unperturbed. Note
that the shortened energy scale of Fig. 3 is done for presen-
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tation reasons; the measured intensity is null up to energies
of 40 meV, i.e., beyond the plotted region.

An obvious question concerning the phonon linewidths
arises from the heterogeneous character of HDA
structures'*~!7 which can be judged upon from the ascending
signal toward low Q numbers and the augmented linewidth
of the first peak in S(Q) data of Fig. 1. One might expect the
phonon mean-free path and phonon lifetime to be reduced
and, thus, phonon linewidths I" to be enhanced in HDA when
compared to the phonons of the homogeneous VHDA matrix.
Indeed a qualitative inspection of the spectra at low Q indi-
cates a broadening of the HDA peaks. However, no clear
support can be offered by the results from the parametriza-
tion of the spectra. As it is shown in Fig. 6 the I' of HDA
tends to be at the upper value of all data estimated for the
vHDA samples. In spite of the complex physics determining
the intensity and line shapes of the modes, this trend is far
from establishing unequivocally a phonon broadening and a
reduction in mean-free path and lifetime of the longitudinal
acoustic mode. Nonetheless, we may term the qualitative and
quantitative observations as being conform to a scenario of
reduced phonon lifetimes due to the mesoscopic structural
heterogeneity of HDA.

It is important to note that the I' computed in all amor-
phous ice structures LDA, HDA, and vHDA finds a corre-
spondence with linewidths of some crystalline structure. A
resemblance has been established between the inelastic re-
sponse of LDA and ice /. and the conclusion of an analogy
of HDA and vHDA with ice IX and ice XII is suggestive, not
excluding other high density crystalline forms. In view of the
augmented longitudinal velocity of sound and of the energy
of the transverse optic modes ice XII may be a better analog
for vHDA. In this respect all the amorphous ice samples
reflect crystal-like phonon properties.

From a qualitative comparison of the spectra with data
obtained on liquid samples’*33 a conclusion upon a resem-
blance of the dynamics of liquid and the amorphous water
ice structures appears to be inappropriate. It is indeed by no
means justified when computed parameters such as velocity
of sound and phonon linewidths are considered. Note that the
application of pressure augmenting the densities of liquid
samples toward the ones of the high density amorphous
structures results, for example, in an even more dramatic
departure of the phonon linewidths of the liquids from the
disordered solids.>*~36

It is rather tempting to interpret the crystal-like phonon
properties as a consequence of highly ordered local struc-
tures resembling a single or some crystalline counterparts.®’
The application of a single locally crystal-like structure may
be justified for the homogeneous structures LDA and vHDA,
less intuitive for HDA as an obvious mixture of distinct local
structures and definitely not applicable to the strongly het-
erogeneous amorphous modifications intermediate with re-
spect to HDA and LDA.'%15

The amazingly distinguished and characteristic inelastic
response in IXS and INS experiments should be rather con-
sidered as a bench marking result for simulation and model-
ing approaches trying to account for the nature of the mani-
fold of amorphous ice structures. The vibrational inelastic
response is determined by the second derivatives of all the
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atomic potentials underlying the formed amorphous matrix.
It constitutes therefore a more stringent testing platform than
any elastic response reflecting the distribution of the poten-
tial minima only. As we have shown here and in prior pub-
lications the elastic response is monitored with the inelastic
signal by IXS experiments and measured simultaneously by
INS.

However, if we reduce modeling efforts to molecular-
dynamics (MD) simulation only the experimentally estab-
lished S(Q,w) poses a stringent requirement of a minimum
box size. This applies to the experimentally established
small-angle signal'” as well as to the phonon dynamics. If we
characterize the number of molecules in a simulation box by
n X512, we may formulate a relation between the molecular
density p=N/V of the sample, the velocity of sound v,
the simulation box size, and the minimum energy that can
be calculated as Q=2m[nXx512/p] '3, hw,,=CvQ, C
=1/1519 meV (m/s)"' nm. Hence, for VHDA with p
~41 molecules/nm’ and a box size of 512 molecules MD
results do not contain any information on the longitudinal
0;=4050 m/s and transverse ©v,=2000 m/s acoustic
phonons below 7.2 and 3.6 meV, respectively. For a com-
plete calculation of the S(Q=1.25 nm™', ) a simulation box
of more than 5200 molecules (> 10) is required, cutting off
the longitudinal acoustic phonons below 3.3 meV, anyhow.
To access features at 0.5 meV, which constituted a typical
low-energy limit in our high-resolution time-of-flight
experiments,®® a simulation box of more than 1.5
X 10° molecules (n>3000) is necessary to account for the
longitudinal acoustic modes correctly and without creating
any correlation peak in the low-Q region of the static struc-
ture factor.!”

Owing to the currently limited computation power we
might not expect a soon response from MD simulations on
such a huge number of molecules. A combined molecular
and lattice dynamics approach appears to be a technique far
more promising for obtaining modeled results.>*-*! Those re-
cently published data offer, however, not only a promising
perspective for modeling S(Q, w) of amorphous ice samples
but they pose some important questions concerning the reli-
ability of modeled results. The inelastic response obtained in
the energy range of acoustic phonons of HDA when com-
pared to the results of ice I, does not conform with any
experimental results published. This holds for the density of
states of HDA measured by INS at ambient pressure® "' and
in situ,*> and of HDA obtained as a transient product of the
vHDA to LDA transformation.'"* Within the Debye frame-
work of harmonic solids the modeled excess of G(w) HDA
over ice I, data is not in agreement with the phonon velocity
of sound determined from IXS (Refs. 2 and 3) and super-
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sonic measurements.’?”#34* The modeled data do not com-
ply either with the Debye temperatures computed from
highest-resolution neutron backscattering results.®’

To be very clear at this point, this disagreement does not
question the excellent quality of the studies performed, but it
simply points out that the properties of the HDA structure
formed by computation methods do not agree with the be-
havior of a real HDA sample. The reasons for this discrep-
ancy can be manifold, e.g., size of the simulation box, ther-
modynamic ensemble, or potentials applied and remain to be
examined. However, it is as well very clear that those rea-
sons might have left equivalent effects in other molecular-
dynamics results published in an impressive number of pub-
lications and re-examined in numerous reviews over the last
few years.*-0

V. SUMMARY AND CONCLUSIONS

We have applied high-resolution inelastic x-ray spectros-
copy to study phonon properties of very high density amor-
phous ice structures with a focus on the first pseudo-
Brillouin zone. The dispersion of a longitudinal acoustic
mode with an averaged velocity of sound of =4050 m/s has
been established. An averaged eigenvector of this mode is
detectable up to energies of 22 meV. In analogy to the re-
sponse of LDA and HDA another nondispersive mode has
been observed with an approximated energy of 9.1 meV. This
mode becomes detectable at Q numbers higher than 5 nm™!
marking its character as transverse optic.

In  accordance to the density of VvHDA
~41 molecules/nm~' higher than the density of HDA
~39 molecules/nm~! the quantified numbers tend toward
more extreme values than those established in HDA. More-
over, in accordance to the pronounced homogeneity of the
vHDA matrix all dynamic features appear to be more dis-
tinctly distinguished than those found in the heterogeneous
structure of HDA. The observed features are in full agree-
ment with inelastic neutron-scattering results on very high
density amorphous ice modifications established, however,
within the second and third pseudo-Brillouin zone.”

The entire set of INS and IXS experimental data covers
hence a (Q range of three pseudo-Brillouin zones
(1.25-50 nm™!) and the entire energy range of collective
translational modes (0—40 meV). Since the sampled coherent
dynamic structure factor S(Q,w) offers the entire informa-
tion of the pair correlation functions in Fourier space, com-
prising naturally the one-dimensional information on the
static structure factor S(Q), the present data with the coher-
ent INS results’ establish a complete and accurate experi-
mental report of the dynamics and static properties of amor-
phous water ice structures.
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