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Vibrational dynamics of amorphous ice structures studied by high-resolution neutron spectroscopy
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The dynamics of amorphous water ice structures of different densities have been studied by high-resolution
neutron time-of-flight and backscattering spectroscopy. An accurate determination of the vibrational density of
states G(w) in the energy range of phonons w=<40 meV of a many fold of structures comprising the
low-density ~ amorphous  (LDA, p=31 molecules/nm®), high-density =~ amorphous (HDA, p
~39 molecules/nm?), very-high-density amorphous (VHDA, p=~41 molecules/nm?) and modifications of
intermediate density in respect to HDA and vHDA has been achieved. Unlike the G(w) of high-density
crystalline phases IX, V, and XII, which have been measured as reference systems, the G(w) of all high-density
amorphous counterparts proves to be textureless except for a predominant peak at low energies. In vHDA this
peak is centered at about 10 meV and redshifted upon density decrease to 7 meV in LDA. A concomitant
upshift of the low-energy librational band edge from 34 to 45 meV is detected in deuterated samples. Mean-
square displacement and Debye temperatures 7, for vHDA, HDA'—a structure obtained as a transient product
of the temperature induced vHDA to LDA transformation—and LDA are extracted from the highest resolution
backscattering experiments. 7 values indicate the absence of a dominant excess of low-energy modes in
G(w), referred to as boson peak in the literature, being in agreement with the G(w) properties directly moni-
tored by the time-of-flight technique. Having applied deuterated sample material we are able to display phase
coherence effects within the phonon system in the second and third pseudo-Brillouin zone (1 A~'=Q
=5 A1) of the amorphous samples. A phase coherent signal from acoustic phonons can be followed up to

energies of at least 15 meV.
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I. INTRODUCTION

The collective translational dynamics (phonons) of amor-
phous water ice structures display features which are extraor-
dinary for inelastic properties of disordered systems. It has
been shown by inelastic x-ray scattering (IXS) experiments
that the acoustic phonon branches are well defined in a wide
range of the energy—-momentum (Aw—-Q) phase space.> A
remarkably narrow line width of the longitudinal acoustic
mode indicates long phonon lifetime and, hence, a long mean
free path. Phonon selection rules are at work governing the
intensity of the signal in scattering experiments and pointing
at unexpectedly well-defined eigenvectors of transverse and
longitudinal acoustic and optic character for a disordered
system. A qualitative comparison with the dynamic structure
factor of crystalline phases revealed a similar response of the
low-density amorphous (LDA,*> p=31 molecules/nm?)
modification with that of crystalline cubic ice I, (p
~31 molecules/nm?) and of the high-density amorphous
(HDA,? p~39 molecules/nm?) with the response of high-
density crystalline ice IX** (p=~39 molecules/nm?,

P4,2,2) and ice XII*” (p~43 molecules/nm?, 142d).
Results from inelastic neutron scattering (INS) experi-
ments showed that they are in agreement with the crystal-like
dynamics established by IXS. For example, no strong excess
of phonon modes was found in LDA when compared to ice I,
and the crystalline hexagonal modification ice 7,.3-'! Such a
mode excess is a characteristic feature of disordered systems
in particular of strong glasses to which LDA is supposed to
belong.!>!3 This excess is often termed boson peak as the
excitations follow the thermal occupation of a Bose system,
i.e., phonons. For HDA high-resolution backscattering ex-
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periments revealed a Debye temperature 7, tending to ex-
ceed the one of the polycrystalline ice /. supporting the con-
clusion of the absence of a boson peak when compared to ice
Ic and Ih.g’“

Parameters and properties which could be extracted and
conjectured from the microscopic dynamics monitored by
INS and IXS proved to be in good agreement with macro-
scopic results, which are linked to the samples’ acoustic
phonons and can be measured by different techniques. For
example, this agreement comprises velocity of sound values
and, hence, T, probed by ultrasonic experiments,'*!> as well
as thermal conductivity studies revealing a crystal-like be-
havior for LDA.!'617

Another unique feature of the dynamics of amorphous ice
structures and a remarkable analogy between macroscopic
and microscopic observables has been recently established
upon pressure-induced transformations. It was shown that
LDA, like its crystalline counterparts ice /. and I, but unlike
HDA, exhibits negative Grueneisen and Bridgman
parameters,'® an observation being in line with the conclu-
sion from ultrasonic experiments that both pressure-induced
transformations from 7, to HDA and from LDA to HDA are
due to elastic instability.'*!°2! The microscopic correspon-
dence is found again by INS measurements?>> as a me-
chanical melting process.’*~2® Consequently, the entire body
of experimental results on dynamic and thermodynamic
properties of amorphous and crystalline structures sets a
huge question mark on the discussion of thermodynamics
being responsible for the existence of amorphous structures
of different density and of phase transitions between
them.?”28

So far, the experimental work has been strongly focused
on the microscopic dynamics of LDA and HDA and only few
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TABLE I. Sample designation according to the nominal annealing temperature 7,, and annealing pressure p,,. Please note that sample 7
was first heated to 120 K before having been compressed to 1.5 GPa. All other samples were first compressed at 77 K before having applied

T,,. Spectrometers utilized for the study are indicated at the bottom.

1 2 3 4 6 7 8 9 10
T,/K 77 100 120 140 150 140 120 140 140 77
Pan/ GPa 15 15 15 15 1.5 12 1.5 1.5 1.5 1.5
spectr. IN6 IN6 IN6 IN6 IN6 IN6 IN6 IN4 IN13 IN13

information is available on the inelastic response of the very-
high-density ~ amorphous  structure  (VHDA,?*?%30  p
~41 molecules/nm?). Since VHDA, like LDA and in con-
trast to HDA, appears to be a homogeneously disordered
structure,'* we might expect the inelastic response to re-
flect dynamic properties detected with HDA in an even more
distinguished way. We aim with the present study at the es-
tablishment of the vibrational density of states of different
high-density amorphous ice structures with best energy res-
olution, and at the inspection of dispersion properties of col-
lective modes as they can be sampled by coherent inelastic
neutron scattering (CINS).

This paper is structured as follows. We begin with an
introduction to the sample preparation, to the applied neutron
spectrometers, and to the experimental procedure. We con-
tinue with the results which comprise a general presentation
of coherence effects in the scattering signal, a detailed dis-
cussion of the generalized vibrational density of states G(w),
and a presentation of the mean-square displacements and of
the Debye temperatures as they can be determined from
highest resolution backscattering experiments. A comparison
of G(w) with results on high-density crystalline structures
IX, V, and XII measured as reference systems is presented.
This chapter is finished by a detailed discussion of phase
coherence properties and dispersing acoustic modes moni-
tored by CINS before in a detailed discussion chapter a link
of the results is made to literature data. We finalize this
manuscript with a summary of the most important results.

II. EXPERIMENT

Details of the sample preparation are given in Ref. 32.
Note that the samples we refer to in the present paper as 1-7
are moieties from the very samples studied by diffraction and
small-angle scattering techniques in Refs. 32 and 34. Their
inelastic response has been measured exclusively at the cold
time-of-flight spectrometer IN6G@ILL. In addition we have
measured three other samples. Two deuterated (D,O, purity
of 99.8%) very-high density structures having followed the
preparation recipe of sample 4 and a fully protonated (H,O,
millipore grade) high-density amorphous structure. An over-
view of the sample preparation conditions and spectrometers
applied is given in Table I.

In addition we have prepared and measured three high-
density crystalline samples ice IX, V, and XII. These samples
were prepared by compression of hexagonal ice at appropri-
ate temperatures. Ice XII was prepared at 77 K and rapid
compression to 1.8 GPa.>>3 Ice IX was prepared at about

170-180 K and maximum applied pressure of 1.0 GPa.**

Ice V was obtained at 240-245 K at a nominal pressure of
about 0.7 GPa.

Data have been collected at the neutron time-of-flight
spectrometers INd@ILL, IN6@ILL, and at the backscatter-
ing instrument IN13@ILL, all hosted by the European neu-
tron source Institut Laue Langevin in Grenoble, France.
IN6@ILL and IN13@ILL were introduced in our preceding
studies of dynamic properties of amorphous and crystalline
ice modifications.”!'*1-3 The thermal neutron instrument
IN4@ILL was exploited for reasons of complementarity. It
offers a moderate energy resolution but an extensive cover-
age of the Aw—Q phase space. An elastic Q range matching
the one of the INI3@ILL spectrometer was accessed with
the applied setup. Figure 1 reports the Aw—Q phase space
covered by these instruments with the incident neutron
wavelengths of 2.20 A (INA@ILL), 4.14 A (IN6@ILL),
and 2.23 A (INI3@ILL).

IN6@ILL was operated in the inelastic time-focusing
mode in which, at the expense of the neutron flux, the reso-
lution is improved drastically in the energy range of interest.
Inelastic focusing was set to 8 meV and the resulting energy
resolution in the energy range of phonons is indicated in the
right plot of Fig. 1. The resolution of IN4@ILL was 0.8 meV
at the elastic line 2w=0.

The benefit of the INI3@ILL spectrometer for the present
study is the elastic-window scan mode enabling the sampling
of the Debye-Waller factor and, hence, the mean-square dis-
placement (u(T)) of the molecules as a response to tempera-
ture changes.!!%-38 Since the Debye-Waller factor relates the
scattering intensity in the elastic window to the inelastic in-
tensity, IN13@ILL monitors the properties of the vibrational
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FIG. 1. Left, phase space coverage by the neutron spectrometers
applied in the present study as indicated. Right, calculated reso-
lution function of the high-resolution time-of-flight spectrometer
IN6@ILL stressing the particular setup of inelastic focusing at 8
meV chosen in comparison to the standard elastic focusing working
condition.
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density of states, which can be measured directly at
IN4@ILL within equivalent elastic Q range, as an effect on
the elastic intensity. Changes to the dynamics are visualized
via the elastic structure factor S(Q, w=0) with a resolution of
8 weV, hence, improved by about two orders of magnitude.
The precision and merits of this elastic-window scan tech-
nique was demonstrated in Refs. 11 and 39 in which the
recrystallization temperature of LDA into the crystalline cu-
bic modification ice /. was established at 135 K for deuter-
ated samples.

The entire set of experiments on amorphous samples at
the time-of-flight instruments comprised different tempera-
tures in the range of 2—-130 K, whereby 130 K was applied to
each sample for 30 min only to obtain reference LDA struc-
tures. All the as-prepared and LDA structures were measured
at 75 K for best statistics. Data taken at any other tempera-
tures below showed the trivial dependence of Bose-Einstein
statistics expected for harmonic phonon systems. For reasons
of clarity we focus therefore on a subset of our data in the
present manuscript. Details of the temperature scans used in
IN13@ILL experiments are presented with the data. Results
of crystalline samples could be obtained at 120 K for ice IX
and V, and at 100 K for ice XII due to their higher transition
temperatures into ice 7,.3%40-42 Note that measurements have
been performed as well on other spectrometers and with
other samples, however, with no additional information and
no deviation from the results than forwarded here.

Data treatment has been performed in analogy to the data
processing discussed in detail in Refs. 11, 31, and 36. The
normalization of the generalized density of states G(w) com-
puted from IN4@ILL and IN6@ILL data has been per-
formed to 12 modes in the energy range 0.5-40 meV. How-
ever, please note that for the structures of highest density the
librational mode intensity is apparently superimposed with
the phonon signal above 34 meV. For these reasons the very
high density data were normalized in respect to HDA G(w)
in the range of 0.5-30 meV. This is well justified as through-
out all the studied high-density structures their density of
states is homogeneously distributed with no distinguished
texture in the range of 15-40 meV. Moreover, a normaliza-
tion of the LDA reference data to equal intensity showed
only a scatter of 2%—-3% from the applied normalization.

III. RESULTS
A. Coherent signal and time-of-flight spectroscopy

The use of deuterated sample material for the core of our
experiments has been considered mandatory. As we have
presented in a recent paper the phonon density of states of
amorphous structures require an unequivocal experimental
identification and discrimination from the phonon properties
of high-density crystalline phases, in particular from the one
of ice XII.3 This is best done by monitoring static correla-
tions of the sample material via the coherent scattering from
deuterated samples. Since all utilized spectrometers map out
the iw—Q phase space simultaneously, they offer a direct
access to the static structure factor, i.e., the observable in
diffraction experiments, by appropriate data processing
S(20)=[S(20,w)-dw. The scattering angle 20 can be fur-
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FIG. 2. Contrast plot of vVHDA (left) and LDA (right) inelastic
response monitored at the time-of-flight spectrometer IN6@ILL.
Time-of-flight channel number and scattering angle are chosen as
natural units of the measurement for presentation. The strong elastic
intensity is centered around time-of-flight channel 424 and sup-
pressed here for clarity reasons. Time channel width corresponds to
5.875 microseconds.

ther converted into Q via the Bragg relation.’”3® S(Q) data
will be presented in the subsequent paragraphs.

A coherently scattering sample offers as well the oppor-
tunity of monitoring phase coherence properties within the
inelastic channels. Figure 2 reports this intensity for sample
5 in the VHDA and LDA structures. The elastic window has
been suppressed for a distinct presentation of the inelastic
response since the elastic intensity exceeds the inelastic one
typically by 2-3 orders of magnitude. The pronounced inten-
sity between time-of-flight channels 200 and 300 corre-
sponds to the strong maximum in G(w) at 7-10 meV, which
is reported below. The dispersive line between channels 300
and 400 corresponds to the acoustic phonons of the two
structures within the 2nd pseudo-Brillouin zone. Note that
the points of origin of acoustic phonons (I" point) in higher
order Brillouin zones are the Bragg peaks in crystalline
samples and the intense peaks in amorphous material. The
downshift of the dispersing acoustic branch from vHDA to
LDA reflects the shift of the strong peak toward smaller 20
and, hence, (@ numbers upon the structural
transformation.3>43

B. Vibrational density of states

Figure 3 reports the static structure factor S(Q) of the
samples studied and the G(w) of the very high-density
samples.

The results of samples 4 and 8 taken at IN6@ILL and
IN4@ILL, respectively, are compared directly. Despite the
pronounced resolution difference, factor 4-5, between these
spectrometers and the different phase space mapped out, all
features are well reproduced in both runs. This indicates that
the smooth and untextured G(w) profiles of the studied
samples are not resolution-limited effects of the experiment.
It is well established that the intensity at energies below
about 40 meV stems from eigenmodes of translational char-
acter (phonons), which are characterized by displacements of
the entire water molecule from its center of mass. Therefore
we may safely state that no distinguished mode peaks or
gaps are present in the phonon density of states of high-
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FIG. 3. (Color online) Static structure factors S(Q) and general-
ized density of states G(w) of very high-density amorphous struc-
tures as it is indicated in the figure. Samples 1-5 are studied at
IN6@ILL with \;=4.14 A, sample 8 is measured at IN4@ILL with
N;=2.2 A. Gray shaded area marks the energy range in which the
onset of librational mode intensity in sample 5 is observed. Except
for 5 all data sets are shifted for clarity.

density amorphous structures. The accuracy of this statement
is given by the resolution function of the IN6G@ILL setup
plotted in Fig. 1 and will be stressed later on by the results
on crystalline samples.

Another obvious feature of the very-high-density amor-
phous structures is the excess of intensity at energies above
about 34 meV. This high-energy mode band is associated
with librational degrees of freedom whose eigenfrequency
depends on the moment of inertia of the water molecule.***
It is therefore highly sensitive to the density of the sample
and to the sample material, deuterated or protonated. Higher
densities, as well as augmented moments of inertia, shift the
librational band toward lower energies. There is some indi-
cation in the present data that the onset of librational inten-
sity is shifted progressively from about 34 meV in sample 5
to 40 meV in sample 2 and HDA structures,’ i.e., with de-
creasing density of the material. At least in the case of
sample 5 translational and librational bands apparently over-
lap and a clear assignment of translational and librational
eigenmodes is a priori not possible on pure experimental
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FIG. 4. (Color online) Generalized density of states G(w) of
different amorphous structures as it is indicated in the figure. Figure
at bottom stresses the low-energy properties of the inelastic signal
in a Debye plot G(w)/(hw)>. Black shaded area indicates the range
of data computed from Debye temperatures determined at
IN13@ILL and the gray shaded area indicates its extent corrected
for the coherent signal.

grounds. However, we expect this ambivalence to be lifted
for protonated sample material as librational modes should
be shifted by about 15 meV to higher values.%30:46

Figure 4 reports the low-energy part of G(w). Experi-
ments probing phonon dispersion properties and intensities
as a consequence of phonon selection rules have shown that
the intensity in this energy range is dominated by acoustic
phonons with a contribution of low-energy optic phonon
sheets of transverse polarization giving rise to the character-
istic strong peak.!?3¢ This peak is visibly redshifted upon
decreasing the sample density from 10 meV in vHDA sample
5 to 7 meV in LDA structure. In accordance to the shift a
narrowing and, hence, a concomitant intensity increase of
this peak is observed as well. In agreement with prior results,
only the LDA structures show a texture on the G(w)
profile.3-10-3146-48 Degpite the restrictive intensity selection
rules acting in Raman scattering experiments a comparable
trend from broad, textureless inelastic features in high-
density amorphous structures toward narrower, textured re-
sponse in LDA and a redshift of the predominant peak have
been observed.*->!

To finalize the presentation of G(w) data Fig. 5 indicates
the dynamics of samples 6 and 7, which were formed having
followed a modified preparational path. There is a good cor-
respondence of the data sets of sample 6 with sample 4 and
of sample 7 with sample 3 in particular in the low-energy

064303-4



VIBRATIONAL DYNAMICS OF AMORPHOUS ICE...

i 1F — #1LDA] 2
So06f s IS RN
[ 1r 1~ o
S r 1E ] My
E I 1t # ]
=041 A . @7 10T
3 T |3 #6 ] o
&5 o02F 1 105 &

i 1k 1 2

0 T S R BRI RTINS I R 0 5

0 5 10 15 0 5 10 15 20

fio [meV] fio [meV]

FIG. 5. (Color online) Generalized density of states G(w) of the
amorphous structures 6 and 7 compared to 4 and 3, respectively.
Data on 5 and LDA are given as guide to the eye. Figure on right
stresses the low-energy properties of the inelastic signal in a Debye
plot G(w)/ (hw)?.

Debye regime. However, the strong peak of sample 7 appears
to be somehow narrower than the one of sample 3. Conse-
quently, the qualitative behavior of the inelastic response of
these samples reflects the behavior of the elastic signal in
which an overall good match of the S(Q) response has been
observed with subtle deviations for example of the peak
width.3?

C. Elastic structure factor and Debye temperatures 7'

As it is shown in Figs. 4 and 5 a Debye plot
G(w)/ (hw)*—hw indicates a progressive softening of the
amorphous matrix and, hence, a decrease in Debye tempera-
tures T and a reduction in the average velocity of sound v
passing from vHDA to LDA. Following the Debye theory of
harmonic crystals’?> both quantities Tj, as well as o are
linked to the density of states by

- k_?g G(w) -1/3 (1)
D=1 36 K2e? ’
ky=~8.617-10"2 meV/K, (2)
B N G(w) |3
vz[C-‘—/-ﬁzwz] ) 3)
and
C=~4.6905- 107 meV? s>, (4)

Nonetheless, due care has to be taken to the coherent signal
of the samples and, as far as 0 is concerned to the sample
density N/V, which is not known accurately.

A technique of probing T, more accurately is given by the
elastic-window scan technique of IN13@ILL. Figure 6 re-
ports mean-square displacements {(u*(T)) obtained for
samples 9 and 10. After the scan of vHDA to a temperature
of 100 K sample 9 was annealed at 110 K for about 60 min.
to form a structure HDA' intermediate in respect to VHDA
and LDA. Figure 6(a) reports the elastic structure factor
S(Q,w=0) and Fig. 6(b) the difference elastic structure fac-
tor
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FIG. 6. (Color online) (a) Elastic structure factors S(Q, w=0) of
VHDA, HDA’, and LDA structures of deuterated sample 9. (b) Cor-
responding difference structure factors Sq;; (Q) and (c) correspond-
ing mean-square displacements {(u*(T)). (d) Mean-square displace-
ments {(u*(T)) of the structures HDA, LDA, and ice I, of protonated
sample 10. Full lines with the (u?*(T)) data represent Debye fit re-
sults. (u*(T)) and fit results of HDA’ and LDA sample 9, and of
LDA and ice /. sample 10 are shifted for clarity.

Saitr (@) = Sx(Q,w=0) = Syypa(Q,w=0) (5)

of sample 9 in the three structural states X—vHDA, HDA',
and LDA, all measured at 2 K. The total intensity of the
difference profiles I=[|Sy;(Q)|-dQ indicates that HDA'
corresponds to a structure obtained when about 40% of the
vHDA to LDA transformation was accomplished.

Phase transformations are manifested in the (u*(T)) pre-
sentation shown in Fig. 6(c) and Fig. 6(d) for samples 9 and
10, respectively, by an abnormal excess of data errors and/or
by an abrupt and persistent data deviation.'!*® This way the
rapid change from HDA’ to LDA and from HDA to LDA can
be identified at 110-120 K in 9 and 10, respectively, and the
recrystallization of LDA can be attested between 130 and
145 K in both samples.

Debye temperatures listed in Table II are obtained with
Debye fits to data in the temperature range of structural sta-
bility of the samples. They are in good agreement with data
obtained during extensive experiments on the HDA and LDA
structures.'!3* We may utilize the deuterated data for a con-
sistency check with the Debye plot of Fig. 4. The range of
the Debye level data when changing from vHDA to LDA is
sketched by the black area. To account for the excess of
intensity in the low-energy part of the data due to the coher-
ence of the signal, we have applied the scaling argument
discussed in detail in preceding papers.!!3® The correspon-
dence of the rescaled IN13@ILL data indicated by the light
gray shaded area and the Debye levels in G(w)/(hw)? is
reasonably good.

D. High-density crystalline ice IX, V, and XII

The untextured profile of the G(w) of high-density amor-
phous ice structures is a notable feature. To stress its signifi-
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TABLE II. Debye temperature T}, and expected Debye levels D=G(w)/ (fw)? obtained from the present

data at top and reported in Ref. 11 at bottom.

D,0 H,0
VHDA HDA' LDA HDA LDA ice I
T,/K 231(10) 222(8) 203(4) 235(10) 215(6) 225(5)
D/meV-3 0.46(3) 0.51(3) 0.67(2) 0.43(3) 0.57(3) 0.49(2)
T,/K 223(9)® 202(3) 230(6) 217(2) 224(7)
D/meV-3 0.51(4) 0.68(2) 0.46(2) 0.551(9) 0.50(3)

#As-prepared HDA reported in Ref. 11.

cance and the accuracy of the measurement Fig. 7 reports the
inelastic response of crystalline ice IX, V, and XII samples in
comparison to sample 5. They may be considered as a pic-
torial reference for the quality and reliability of the presented
G(w) of the amorphous structures. A more detailed presenta-
tion of ice XII dynamics is given in Ref. 36.

At the top part in Fig. 7 the static structure factor S(Q) of
the three deuterated crystalline samples is shown. Left col-
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FIG. 7. (Color online) Generalized vibrational density of states
G(w) of different crystalline structures as it is indicated in the fig-
ure. On top the static structure factor S(Q) of the samples are
shown. Left column reports the G(w) in the entire range of phonon
modes. Right column presents the low-energy region of the spectra.
The vHDA sample 5 is plotted for comparison.

umn indicates the respective G(w) in the entire range of
phonons up to the edge of the librational bands. All features
identified in this range are in very good agreement with data
reported elsewhere.*® The presentation in the right column
focuses on the acoustic region stressing its detailed response.

Note, for example, the many fold of peaks resolved in
G(w) of ice IX and the distinguished shoulders at the low-
energy flank of the predominant peak at about 10 meV in all
samples. Other characteristic features of the crystalline
phases are intensity gaps in their G(w) separating the pre-
dominant peak from the higher energy phonon part. They are
detectable at 12—16 meV in ice IX, 14-21 meV in ice V, and
13-20 meV in ice XII, whereby, dynamics of ice V and XII
are marked by an additional pronounced mode gap at 19 and
18 meV, respectively. Such details are absent in the inelastic
response of the high-density amorphous samples.

Peaks and shoulders in G(w) are due to van Hove singu-
larities of phonon sheets at which the group velocity v
=dw(Q)/dQ=~0 at some point of the phase space.’”38>
Some of them are due to Brillouin zone center I' modes,
which can be Raman or infrared active.>>>> We have there-
fore indicated the energy positions of these peaks and shoul-
ders in Table III.

There are two interesting features which are worth being
noted from the crystalline response. One point is the low-
energy shoulder at the dominant peak of the samples whose
energy is marked by an asterisk in Table III. This peak can be
interpreted as due to a van Hove singularity of acoustic pho-
non sheets of transverse polarization in some direction of the
crystal. It is apparently lowest in energy in ice V although
Brillouin scattering experiments indicate an average velocity
of sound of ice V higher than the one of ice III/IX.36-8

The other notable point is the progressive loss of defined
modes in the optic phonon region of the spectra (fiw
>20 meV) upon density increase in the sequence of the
polycrystals. In fact, this feature is clearer worked out by the
inelastic incoherent experiments presented for example in
Refs. 46 and 59 for ice IX and V and in Ref. 36 for ice XII.
To a certain degree there is resemblance of the optic phonon
response of ice XII and the high-density amorphous struc-
tures not unlike it has been reported for Raman scattering
signals.’!

E. Collective modes and phase coherence

According to the concept of translational dynamics of
glasses introduced in Refs. 60—62 the collective aspect of
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TABLE III. Dynamic characteristics in microelectronvolt evoked by van Hove singularities detected in the responses of the crystalline

modifications ice IX, V, and XII.

PHYSICAL REVIEW B 78, 064303 (2008)

ice IX

6.5% 7.6 8.4 8.7 9.0 9.9 11.0 16.3 18.5 21 22.5 25 27.5 29
ice V

5.8% 7.4 8.5 9.8 13.5 16 18 21 22.5 36
ice XII

7.0% 9.0 10 12 17 20

acoustic phonon modes should be manifested in the coher-
ence properties and, hence, in the form factor of the inelastic
response. In a simplified picture, disorder is supposed to per-
turb the collective motion of the water molecules and reduce
their coherence aspect in the scattering signal. In such a sce-
nario a quasi-incoherent signal Sgn.(Q,w)~B(w)-Q? is
evoked on the expense of the coherent contribution
Seon(Q,0) =A(w)-S(Q)-Q? due to the destruction of phase
coherence. A(w) and B(w) are related to the spectral density
and the Debye-Waller factor of the scatterers. The suppres-
sion of any S(Q) signature within the inelastic S(Q, w) signal
is supposed to mark the breakdown of collective dynamics in
the benefit of localized vibrations.

The dynamic structure factor S’(Q,w) of sample 8 in the
vHDA and LDA structure is reported in Fig. 8 in a constant
energy presentation. Data have been scaled by the spectral
density according to S"(Q,w)=S(Q,w)/[S(Q,w)-dQ, which
results in a suppression of the spectral density factors A(w)
and B(w). A variation of the intensity not conforming to an
incoherent signal S’(Q,w)>*Q? dependence, which is indi-
cated by the solid lines, can be followed up to the highest

energy plotted. As well, a progressive suppression of the in-
tensity modulation can be observed.

For a quantitative evaluation of an energy limit, beyond
which coherence effects are apparently suppressed a fitted
F(Q)=a,+b, Q% background signal, has been subtracted
from the data sets and the remaining Q-modulated intensity
has been integrated. This data evaluation process is indicated
in Fig. 9. On the right hand side the difference signal
S"(Q,w)-F(Q) of the LDA structure is reported for three
selected data sets. On the left hand side the integrated signal
is reported scaled for simplicity to unity value for the low-
energy data (2-5 meV) of LDA.

The dominating feature in both data sets is the constant
plateau up to energies of 8—10 meV and the rapid drop off
onto another plateau of about null value starting at 15-16
meV. Hence, an apparent reduction of collectivity starts close
to the position of the low-energy optic modes of transverse
polarization and proceeds diminishing the signal coherence
across the energy range of the strong maximum in G(w) (Fig.
4). This behavior is grossly sketched in the figure by solid
lines.
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FIG. 8. (Color online) Dynamic structure factor S’(Q,w) in a constant energy presentation measured at INA@ILL. Energy values are
given in the figures. Full lines correspond to an a,,+b,,- O fit of the (quasi-)incoherent signal and background contribution. Data sets and fits
are shifted to match a,=0 and 0.5 for LDA (blue squares) and vHDA (red squares), respectively.
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FIG. 9. (Color online) Left, coherent intensity of vHDA and
LDA as indicated in the figure. See text for details. Right, bulk
coherent signal of LDA after subtraction of (quasi-)incoherent sig-
nal and background contribution F(Q)=a,+b,- 0 at the indicated
energies.

Note that the data are featured by some characteristics.
These characteristics are the deviation of the low-energy
vHDA plateau by about 25% from the value determined for
LDA, and the trend of the high-energy plateaus toward val-
ues lower than null, despite the elevated error bars. We show
in Sec. IV that these effects and the loss of coherence signal
can be understood within a simple scenario of acoustic
phonons in a disordered structure.

Figure 10 reports on the dynamic structure factor
S'(20, w) of the samples measured at IN6. As the Q range of
the high-resolution experiment is too narrow for a proper
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background fit with F(Q), we aim here at a qualitative com-
parison only, and the x axis of the data is kept in natural units
of the experiment, i.e., the scattering angle 20. In analogy to
the data of Fig. 8 a modulation of the inelastic signal remi-
niscent of the elastic line at Zw=0 meV can be unequivo-
cally followed up to an energy of 10 meV. This modulation
ceases to be obvious at about 14 meV corresponding well
with the limit evaluated in Fig. 9. Within the quality of the
data the limit of ceasing phase coherence shows universal
validity independent of the density and structure of the
samples.

IV. DISCUSSION

The particularly remarkable feature of the dynamics of
high-density amorphous ice structures is the smooth profile
of the generalized vibrational density of states G(w) in the
energy range of translational excitations at Aw=40 meV.
Except for a pronounced broad peak in the range 7-10 meV,
whose intensity is reported to be dominated by optic modes,
the inelastic response appears to be untextured. Density
variation causes a systematic and continuous variation of
features in G(w) as it is evidenced in Figs. 3-5. G(w) of the
highest density structure 5 is characterized by a wide, tex-
tureless peak centered at about 10 meV. Upon density de-
crease, this peak shifts toward lower energy and takes on the
minimum value of about 7 meV in the LDA structure. It is
progressively narrowed and featured in the LDA structure by
a texture reminiscent of the G(w) properties of crystalline ice
I, and ice 1,579 Concomitantly, the low-energy edge of the
librational band is shifted from about 34 to 45 meV (LDA) in
the deuterated samples.
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FIG. 10. Dynamic structure factor S’ (20, w) in a constant energy presentation extracted from high-resolution experiments performed at
IN6@ILL. Each column of data represents selected energy slices of the samples indicated in the top figure. Energy values valid for each of

the data lines are indicated in the left figures.
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The overall trend of the first peak in G(w) and of the
librational band upon density changes may be expected as
they have been well established as a general feature in the
dynamics of crystalline counterparts.*® It is therefore a ge-
neric behavior of ice modifications. The textureless profile of
G(w) is, however, the more remarkable as amorphous ice
structures proved to show in IXS experiments the sharpest
phonon excitations of disordered samples so far measured.!
As a consequence, an analogy of G(w) of high-density amor-
phous ice modifications and of liquid water might be
apparent,’>%* however, CINS and IXS experiments probing
the dynamic structure factor S(Q,w) give evidence of a
markedly distinct behavior of the collective excitations,4-60
questioning the justification of a substantial comparison of
phonon properties of the solid amorphous with the liquid
phase. Moreover, even within the experimental reports of
spectral density data a link between the liquid and solid
amorphous structures is questioned.®”-%

The untextured response of G(w) has to be particularly
stressed as our data are at contrast to data sets published in
the literature trying to comment on the inelastic response of
amorphous ice structures.*>*89-71 Qur prior study of the ice
XII dynamics constitutes a first approach on trying to scru-
tinize this contrast and reports in detail on the experimental
procedure required when purely incoherent inelastic neutron
scattering is involved.?¢

It has been recently demonstrated that the redshift and
narrowing of the pronounced low-energy peak in G(w) is not
a property of the as-prepared high-density structures. It can
be well reproduced by following the evolution of the amor-
phous matrix during the temperature induced transformation
of some high-density amorphous modification into LDA.3!
Consequently, G(w) reflects in an equivalent way the
changes and properties of the static structure
factor.3132.3443.72 The wide-angle diffraction response S(Q)
of the amorphous structures follows a systematic and con-
tinuous variation, which reflects the microscopic density of
the sample as the position of the first peak in S(Q) and the
homogeneity of the sample as the width of this peak. This
feature can be concluded from the S(Q) data in Fig. 3 taking
into account that the density of the structures is progressively
reduced in the inverse sequence 5—1 (LDA).

It has been as well shown that there are only two struc-
tures which can be termed homogeneous,*' namely the struc-
tures of highest and lowest density, i.e., VHDA (here sample
5) and LDA. Intermediate amorphous structures comprising
HDA' and the as-prepared HDA are of heterogeneous nature
and, hence, structural mixtures of some kind.?3!-3473 This
heterogeneity is apparently not reflected in the presented in-
elastic data, a statement not only applicable to the density of
states but also to the extent of phase coherence, as it is dis-
cussed in Sec. III E. However, the validity of this statement
is hampered and limited by the accuracy and significance of
the data treatment procedure. Whereas this accuracy is high
for the obtained G(w) it is relaxed for the phase coherence
discussion. The obstacle of a reliable separation of the inco-
herent and/or quasi-incoherent signal from the coherent one
and the sampling of the inelastic response in the second and
higher pseudo-Brillouin zones'>3¢ reduce the significance of
the extracted phase coherent intensity in Fig. 9. The approxi-
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FIG. 11. Dispersion of acoustic phonons of transverse (v,
=2000 m/s) and longitudinal characteristics (v;=4000 m/s) in a
structure with ill-defined translational symmetry. Horizontal lines
indicate the Q sampling by the INA@ILL experiment whose spectra
are reported in Fig. 8.

mated value of 15 meV for the energy of apparently ceasing
phase coherence should be seen as a lower limit of the real
extent of phase coherence.

We wish to substantiate this statement with a very simple
but instructive scenario of acoustic phonons in a disordered
sample. Figure 11 reports the phase space as it has been
approximately accessed on IN4@ILL and horizontal lines
indicate the constant energy slices as they have been shown
in Fig. 8. Dark and light gray shaded areas correspond with
averaged acoustic phonon dispersions of transverse and lon-
gitudinal character, respectively. They have been calculated
following two simple assumptions: (1) Any transverse acous-
tic phonon propagates with the velocity of sound v,
=2000 m/s and any longitudinal one with v;=4000 m/s,
i.e., in good approximation to the values of polycrystalline
ice, and as we will show in a proceeding study, as well as to
the velocities of sound of vHDA. (2) The translational sym-
metry is ill-defined allowing for a variation of the symmetry
center between 2.0 and 2.6 A‘l, hence, with an average
value 2.3 A~! matching the approximative spatial correla-
tion in very high-density amorphous ice (VHDA).

It is immediately obvious from this presentation that we
expect to loose phase coherent signal from about 8—10 meV
on due to the progressive loss of intensity by transverse
acoustic phonons (dark shaded area). The extent of the spec-
tra shows that the fit F(Q) to the background, as it was per-
formed, overestimates the (quasi-)incoherent contribution,
since it is matched to potentially coherent signal in particular
at the high Q limit of the spectra. Consequently, this very
simple scenario offers an intuitive explanation to the coher-
ence loss above 10 meV and the trend toward negative val-
ues of the extracted coherent intensity of Fig. 9.

The strong variations of symmetry centers and velocities
of sound with different amorphous structures alter the
sketched acoustic phonon scenario, accordingly. Therefore,
the reliability of the incoherent and quasi-incoherent back-
ground estimation varies and causes, for example, the depar-
ture of the low-energy VHDA value in Fig. 9 from unity
when normalized to the numbers of LDA.

The reliability of the G(w) features is not only established
by the simultaneously monitored structure factor S(Q) of the
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samples in the coherent inelastic neutron scattering (CINS)
experiments. A cross check with observables reported in the
literature shows a good correspondence of properties deter-
mined by the Debye level of the density of states. This holds
for a direct comparison of the G(w) obtained from neutron
scattering experiments,®! it can be conjectured from prop-
erties of the inelastic signal in Raman scattering
experiments,**! as well as from properties linked to the
phonon system such as the velocity of sound,'*!
Grueneisen—parameters,'® and thermal conductivity.'®!7-?8 In
this respect the Debye-Waller factors, mean-square displace-
ments, and, hence, Debye temperatures 7}, obtained from the
backscattering experiments are of particular virtue, since
they are sampled with high accuracy and are not subject to
normalization procedures except the one to the low-
temperature measurements canceling out zero-point oscilla-
tions. Throughout all of our measurements the computed 7,
correspond well with the Debye levels G(w)/(fiw)?> com-
puted from the time-of-flight experiments. This applies to the
amorphous systems, as well as to the crystalline modifica-
tions ice I, I, and XII.'136

Both techniques—neutron time—of—flight and backscatter-
ing spectroscopy—exclude the presence of an excess signal
in the low-energy part of the spectra, often referred to as
boson peak. There is a substantial discussion in the amor-
phous ice literature about the existence of such a low-energy
dynamic feature. Experimental approaches identified this
transient low-energy feature in the as-prepared HDA inelas-
tic response, which does not follow the Bose-Einstein statis-
tics of a phonon system.”*~78 The excess signal being subject
to saturation effect by temperature increase has been conjec-
tured to be due to the presence of two-level systems. As we
have outlined in a prior publication'' this experimentally es-
tablished inelastic feature is not in contrast with our inelastic
neutron scattering data. However, it is in contrast with an
excess of vibrational modes of boson type, i.e., with a boson
peak. A simple mode excess due to lattice dynamics’*" can-
not be brought in agreement with our results of G(w) and in
particular of the Debye temperatures 7. It is as well at con-
trast to the results from supersonic experiments probing the
velocity of sound and material constants of amorphous and
crystalline structures.'®!

As far as the as-prepared HDA structure is concerned, it
has been shown by inelastic x-ray scattering (IXS) experi-
ments that its longitudinal velocity of sound v; is indeed
reduced in comparison to crystalline ice /. and 7,.">8! This
finding is in excellent agreement with results from the super-
sonic experiments. The smaller v, is, however, counter bal-
anced in the density of states data G(w) by a higher trans-
verse velocity of sound v, (Ref. 14) and in particular by the
higher molecular density N/V of the amorphous sample [Eq.
(4)]. In fact, all T}, determined for HDA in our experiments
show the trend to be augmented over the crystalline counter-
part values. This counter balance effect by the sample den-
sity is lifted for the LDA structure’!'' and its higher
G(w)/(hw)? value is an effect of the softer matrix leading to
smaller T'p.

When taking into account the deuteration effect on the 7},
the as-prepared vHDA, e.g., sample 5, indicates a T}, close to
the one of ice XII of about 340 K.?¢ The deuteration effect is
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due to the higher mass M of the D,O molecule taking influ-
ence on the energy scale of G(w) by wo 1/VM. Within the
HDA, LDA, and ice I, backscattering data it is observed as a
reduction of T}, (Table II) by 10-15 K.!1-3¢

Despite the contrast upon the low-energy properties of
G(w) the overall behavior of the simulated data in Refs. 80
and 82, as well as Refs. 83—85, corresponds reasonably well
with the results obtained experimentally. This applies to the
textureless profile of the high-density amorphous response,
to the redshift of the pronounced peak below 10 meV upon
density decrease and to the concomitant hardening of the
librational band.

The presence of acoustic phonons up to energies of about
15 meV indicated by the phase modulated spectra S(Q, )
(Figs. 7 and 8) is not an unexpected feature of the amorphous
ice dynamics. It is rather in agreement with prior CINS and
IXS experiments on amorphous and on crystalline ice struc-
tures. In the case of experiments on single crystal and poly-
crystalline ice I, and I, samples,"-%38%87 a Jongitudinal acous-
tic phonon whose eigenvector can be followed to energies
exceeding 20 meV is reported. A comparable behavior has
been attested for the dynamics of the high-density polycrys-
tal ice XII.3® The phase coherence detected in the different
amorphous structures is therefore a remnant of the crystalline
ice dynamics. As for crystalline samples the CINS signal is
detected via umklapp scattering processes of acoustic

phonons Q=G * ¢, which are directly detectable at low

Q=¢ numbers by IXS. We conjecture that the rather well-
defined phase coherence of the amorphous signal up to 8—10
meV in the second pseudo-Brillouin zone reflects the
crystal-like dynamics of the direct process within the first
pseudo-Brillouin zone sampled by IXS. Both signals—the
one obtained via the direct process, as well as the one ob-
tained via umklapp scattering—are visibly unaffected by any
hypothetical boson peak.

Let us finish the discussion with the obvious question
whether the presented dynamic response can assist any of the
structure models for LDA, HDA, vHDA, and other suppos-
edly distinguished amorphous structures that have been dis-
cussed in the literature. It is of importance to stress that in all
our spectroscopic studies be it on the transformation of HDA
to LDA, vHDA to LDA, or some annealed HDA and vHDA
structures the inelastic response showed a continuous varia-
tion and evolution.’?! We could not establish any distinct
dynamic features, which would mark one or some of the
intermediate and/or annealed structures as particular “states.”
To be specific, the significance of some “expanded”
HDAS8%# cannot be confirmed by the CINS and IXS results.
Neither can be found a signature accentuating a particular
local molecular configuration in HDA as it is conjectured
from modeling diffraction data of LDA, HDA, and
vHDA %091

The observation of a progressive reduction of defined in-
elastic features upon density increase could be understood as
being in qualitative agreement with the conclusions pre-
sented in the pioneering diffraction works on LDA and
HDA. 939293 They explain the structure of the high-density
amorphous sample as a deformed fully bonded water net-
work with progressively distorted O—O-O bond angles with
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respect to the tetrahedral coordination established on a local
scale in LDA. The extremely textureless density of states
G(w) of vHDA might be understood in this context as due to
bond angle distortions more pronounced than in HDA. How-
ever, without a successful and comprehensive modeling of
the inelastic response of the different amorphous modifica-
tions the validity of such a conclusion is elusive.

For this very reason, we wish the inelastic neutron scat-
tering data presented here and in prior publications to be
understood as additional and complementary information to
diffraction data and to results from other spectroscopic tech-
niques. Since the vibrational dynamics is governed by the
force constant distribution, hence, the second derivative of
the atomic potentials, it is a highly sensitive probe of mo-
lecular arrangements present in a sample. We hope that the
extraordinary dynamic features of the amorphous water ice
structures detected by IXS and CINS will find its application
and offer some help for cross checking of computer-
generated amorphous water structures.

V. SUMMARY AND CONCLUSIONS

In the present study we have determined the generalized
vibrational density of states G(w) of amorphous ice struc-
tures of different density on samples prepared from deuter-
ated material. We have established characteristic dynamic
features in G(w), which are a pronounced peak in the range
of 7-10 meV, a textureless profile in the entire energy range
of translational excitations Aw=40 meV and a librational
band edge at energies as low as 34 meV in the highest den-
sity structure measured. A redshift of the low-energy peak
from 10 to 7 meV, its concomitant narrowing, and a harden-
ing of the librational band from 34 to 45 meV has been
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observed upon reducing the density of the amorphous sample
from about 41 molec./nm? in vHDA to 31 molec./nm? in
LDA. The structureless profile of G(w) was emphasized by
the comparison to data obtained on the high-density crystal-
line structures ice IX, V, and XII.

No pronounced excess of modes in the low-energy region
of G(w) was observed. This finding was cross checked by the
determination of Debye temperatures 7}, via the sampling of
the Debye-Waller factor. Both experimental approaches, the
direct determination of G(w), of the Debye level G(w)/(fiw)?
and, hence, of Tp, on one hand, and its determination by
sampling of the Debye-Waller factor, on the other hand, sup-
ply values in agreement with experimental data reported in
the literature. A detailed comparison and discussion of the
experimental results with simulated data has been given

Having followed the glass idea of reduced phase coher-
ence in the presence of disorder we could establish correlated
and collective modes up to energies of at least 15 meV. This
finding was independent from the amorphous structure and
its density, i.e., VHDA, HDA, or LDA.
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