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Crystal-like High Frequency Phonons in the Amorphous Phases of Solid Water
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The high frequency dynamics of low-density (LDA) and high-density (HDA) amorphous ice and of
cubic ice (Ic) has been measured by inelastic x-ray scattering in the 1 15 nm21 momentum transfer (Q)
range. Sharp phononlike excitations are observed, and the longitudinal acoustic branch is identified up
to Q � 8 nm21 in LDA and Ic and up to 5 nm21 in HDA. The narrow width of these excitations is in
sharp contrast to the broad features observed in all amorphous systems studied so far. The “crystal-like”
behavior of amorphous ices, therefore, implies a considerable reduction in the number of decay channels
available to soundlike excitations which is interpreted as a sign of low local disorder.

PACS numbers: 63.50.+x, 64.70.Kb, 78.70.Ck
Amorphous polymorphism, i.e., the existence of two or
more amorphous states in the phase diagram of a chemical
substance, has recently attracted wide interest from the sci-
entific community [1]. In water, amorphous polymorphism
has received particular attention as it was associated with a
possible phase separation in the deeply undercooled liquid
[2]—this is suggested by the idea that the two amorphous
water phases may be identified with the glassy forms of
two liquid phases. In systems such as water, the ergodic
to nonergodic transition from the undercooled liquid to the
glass cannot be studied continuously as a function of tem-
perature due to homogeneous crystallization. The glassy
nature of the amorphous ice phases can, therefore, only be
established indirectly, and this has contributed in raising
controversies on the exact nature of the phase diagram of
water, and on the interrelations among the different stable
and metastable phases of this molecule [3].

The growing perception that the glassy state is a very
general state of condensed matter justifies the many ex-
perimental, theoretical, and simulation studies performed
on glasses. Among them, there is a growing interest in
the study of the collective dynamical properties at high
frequency, i.e., in the wavelength regime approaching the
interparticle distances. Here one expects that either a con-
tinuum description, valid in the hydrodynamic limit, or
the ordered-medium (phonon) picture developed for crys-
talline materials will fail as a consequence of the disorder.
The deviations can then be used to characterize and better
understand the glassy state. More specifically, there is a
number of dynamic signatures which are associated with
the glassy state [4]. Disorder scattering and anharmonici-
ties lead to excess densities of states (Boson peak) and
relaxational phenomena [5]. Recently, the overdamping
of sound waves at high frequency was proposed as a fur-
ther criterium to characterize the glassy behavior [6]. Both
the Boson peak and the overdamping behavior have been
correlated with the fragility of a glassy system. Based on
0031-9007�00�85(19)�4100(4)$15.00
systematic comparisons it is conjectured that the stronger
the glass the more pronounced are these typical dynamic
signatures [6,7]. The study of the collective dynamics of
amorphous ice at wavelengths approaching the distance
among water molecules may contribute, therefore, to the
understanding of the differences between these two phases,
and may help to shed light on such issues as their relation
to stable crystalline phases or on the existence of two dif-
ferent liquid phases.

In this Letter we present the excitation spectrum of
both amorphous forms of water, i.e., high-density (HDA)
and low-density (LDA) amorphous ice, as determined by
high resolution inelastic x-ray scattering (IXS) at momen-
tum transfers (Q) comparable to the inverse of the inter-
molecular distance. The experiment has been performed
at the very high energy resolution beam line ID16 at the
European Synchrotron Radiation Facility in Grenoble. The
instrument energy resolution was set to 1.6 meV full width
at half maximum (FWHM) using 21.748 keV incident
photons. Further experimental details can be found else-
where [8].

The HDA sample was obtained by pressurizing hex-
agonal D2O ice Ih at 77 K [9] beyond 10 kbar using
the piston-cylinder apparatus described previously [10].
The metastable compound was retrieved from the pres-
sure cell at ambient pressure and 77 K in mm-size chunks
(r � 1.17 6 0.02 g�cm3) and transferred onto the cold
finger of a precooled closed-cycle refrigerator. The ef-
fective sample thickness along the beam was �15 mm,
matching well the x-ray photoabsorption length. Above
�90 K HDA transforms with a strongly temperature de-
pendent rate to LDA (r � 0.94 6 0.02 g�cm3), which,
in turn, converts itself into cubic ice Ic at �140 K. HDA
and LDA, after proper annealing, were both measured at
60 K, while Ic after annealing was measured at 80 K. The
similarity of the temperatures allows a direct comparison
of the scattering intensities.
© 2000 The American Physical Society
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The purity of each phase was checked by measuring the
respective static structure factors, S�Q�, reported in Fig. 1
with a momentum resolution of 0.04 nm21 and by taking
x-ray photographs. Both HDA and LDA samples show the
known static structure factor [11]. No signs of Bragg peaks
(Fig. 1) or Debye-Scherrer rings (x-ray photographs) are
observed and, therefore, the samples are free of crystalline
ice XII [12,13]. There is a pronounced small-angle signal
in HDA which disappears upon annealing to LDA. Within
our energy resolution, its origin is purely elastic as will
be seen by the inelastic scans reported in the following.
As only moderate changes in the elastic small angle sig-
nal were observed with neutrons [10], it is questionable
whether the strong effect observed here is a real bulk prop-
erty of the HDA sample or whether its origin stems from
surface scattering in the powder sample.

Selections of inelastic spectra are reported in Figs. 2
and 3. In both amorphous ice phases and in the cubic
crystalline phase there are well-pronounced resonances.
In order to derive the energy position, h̄V�Q�, and the
width, h̄G�Q�, of the excitations, they have been fitted by
various model functions. They all give similar results. We,
therefore, present only the analysis in terms of Lorenz-
ian functions convoluted with the experimentally deter-
mined instrument resolution. This resolution function
corresponds to the central peak at E � 0 in Figs. 2 and 3
that, as discussed previously, is due to the static disorder in
the samples and to small angle scattering from the sample
environment (see Ref. [8]). The fits give excitation
energies h̄V�Q� which scale linearly with the momentum
transfer Q in the limit of small Q (Fig. 4). As x rays, like
neutrons, couple directly to the longitudinal component
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FIG. 1. Static structure factor of high-density (HDA) and low-
density (LDA) amorphous ice as measured on the inelastic x-ray
beam line prior to the inelastic experiments. No signs of Bragg
peaks are observed, indicating that both amorphous phases are
free of crystalline ice XII contaminations. The inset shows the
diffraction pattern of cubic ice.
of the density fluctuations, the excitations can be readily
identified with the longitudinal acousticlike branches. The
sound velocities are cHDA � 3550 6 50 m�s, cLDA �
3550 6 50 m�s, and cIc � 3750 6 50 m�s, respectively.
The differences among these values are small, and this is
in agreement with the similar Debye level found in these
three materials by inelastic neutron scattering experiments
(INS) [10]. In both LDA and HDA the resonances become
broader with increasing Q transfer. The determination of
the absolute resonance widths, h̄G�Q�, is complicated by
two facts: (i) the values for G�Q� are highly correlated
with the background, and (ii), particularly in HDA,
the features appearing with increasing Q on the low
frequency side of the acousticlike peaks interfere with the
fit. Because of these reasons we consider that a systematic
dependence of G�Q� on Q cannot be established although,
as seen in Fig. 4, a description of G�Q� by a quadratic
function is possible on purely statistical grounds [14].
Independent of the exact Q dependence, the width of
the resonances remains by far smaller than the excitation
energy, h̄V�Q�, for all the considered Q values. This
result is very different from the observation made so far

-10 0 10 20
0

1

2

3

 hω (meV)

Q = 2.0 nm-1 

Q = 3.5 nm-1 

Q = 5.0 nm-1 

Q = 6.5 nm-1 

Q = 8.0 nm-1 

(70)

(54)

(42)

(52)

(45)

0

1

2

3

0

1

2

3

0

1

2

3

0

1

2

3

HDA 

-10 0 10 20
 hω (meV)

Q = 2.0 nm-1 

Q = 3.5 nm-1 

Q = 5.0 nm-1 

Q = 6.5 nm-1 

Q = 8.0 nm-1 

(8.0)

(12)

(17)

(32)

(68)

LDA 

-10 0 10 20
 hω (meV)

Q = 2.0 nm-1 

Q = 3.0 nm-1 

Q = 4.0 nm-1 

Q = 6.0 nm-1 

Q = 7.0 nm-1 

(5.5)

(5.3)

(2.6)

(3.6)

(3.6)

CUB

FIG. 2. Inelastic x-ray spectra of high-density amorphous
(HDA), low-density amorphous (LDA), and crystalline cubic
ice (CUB) at the indicated Q values lying mainly in the first
pseudo-Brillouin zone. The dashed lines are fits to the signal
using Lorenzian line shapes convoluted with the resolution
function (equally indicated). The solid lines represent the
inelastic contribution to the total fits. The numbers in brackets
on the left of the elastic line give the elastic intensities in
arbitrary units. Note the close resemblance of the sharp inelastic
response of both amorphous phases to the crystalline phase.
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FIG. 3. Inelastic x-ray spectra of high-density amorphous
(HDA), low-density amorphous (LDA), and crystalline cubic
ice (CUB) at high Q values in the second pseudo-Brillouin
zones. The dashed lines give the resolution functions. The
elastic intensities are given in brackets. For these high Q values
the excitations become part of a broad intensity distribution
reminiscent of the density of states.

in other glassy systems. There, in fact, one observes an
acoustic phononlike resonance with a quadratic depen-
dence of G�Q� on Q up to a value Q � Qm where the
width G�Qm� starts to be comparable to the frequency
V�Qm�. At Q larger than Qm it is no longer possible to
observe well-defined excitations.

Let us take the position, QM, of the first sharp diffrac-
tion peak as an indicator for the extent of structural cor-
relations in the two amorphous phases. This allows us
to define a pseudo-Brillouin zone [15] which extends to
QM�2 � 10 nm21 in HDA, and to QM�2 � 8 nm21 in
LDA. The quantity Qm�QM has so far always been found
smaller than 0.5 [6]. In the two amorphous ice phases stud-
ied here, excitations are very well defined up to Q-transfer
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FIG. 4. Frequencies V�Q� (open symbols) and linewidths
G�Q� (full symbols and equally shown as vertical bars) as
obtained by fitting Lorenzian functions to the inelastic x-ray
spectra (fits shown in Fig. 2). The solid lines are linear fits to
V�Q�. Dashed lines are Q2 fits to G�Q�. The good description
of G�Q� by a Q2 function in the case of HDA should be taken
with care, as the signal is definitely not Lorenzian-like for Q
values larger than 5 nm21 (see Fig. 2).
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values approaching QM. In Ref. [6] the possible exis-
tence of a relation between the value of Qm�QM and the
degree of fragility of the considered glass [16] has been
suggested. The high value of Qm�QM, which seems to
approach unity in these two glasses, would imply that
amorphous ices, and especially LDA, are the extreme end
of fragile glasses. This is in clear contradiction to the view
that water passes through an inflection in the deeply super-
cooled region where the liquid behavior changes from ex-
tremely fragile to strong and ends up in the strong glassy
state represented by LDA [17,18].

The observed similarity of LDA and ice Ic [19] holds
equally for the excitations at �7 meV (Figs. 2 and 3),
which appear at higher Q and recall the transverse dynam-
ics found in ice Ih and liquid water [8]. In fact, as in these
systems, the excitations set in around 5 nm21 and become
more pronounced beyond QM�2. In HDA the resemblance
is less pronounced [20]. The translational part of the den-
sity of states for Ih, Ic, and LDA, as obtained from INS
spectra [10], is peaked around 6.5 meV (D2O). It is, there-
fore, to be expected that the IXS spectra show excitations
in this energy region at low Q due to umklapp processes
[21]. These processes take place via the Bragg peaks in
the crystalline state and via the static structure factor in
the case of LDA [22].

Despite the well-defined character of the low Q excita-
tions in the two amorphous ice phases when compared to
other glasses, one recovers a clear indication of the disor-
dered character from the evolution of the inelastic spectrum
at larger Q values. The spectra of LDA and HDA are less
structured, lacking the sharp features observed in ice Ic.

To conclude, we reported on an IXS measurement of the
S�Q, E� of the two known phases of amorphous ice. This
has allowed us to show that these two states of the wa-
ter molecule possess a surprisingly crystal-like dynamic
response. In both HDA and LDA the sound wave excita-
tions are well defined. These experimental findings are in
sharp contrast to the results found so far in other glasses
and glass forming materials. In these systems, in fact, an
important broadening has always been observed in the in-
elastic part of the dynamic structure factor S�Q, E�. In
this Q region the scattering experiment becomes sensitive
to the topological disorder which opens decay channels
for sound excitations in addition to those available in the
crystal. These channels are found practically absent in the
case of the amorphous ice phases indicating a very low
degree of local disorder. Structural results are controver-
sially discussed and to date do not give a clear picture of
the topology [23,24]. Experimentally only the pair correla-
tion functions are directly accessible. Higher order corre-
lations, among these the orientational correlation function,
must be obtained in an indirect way [25], e.g., via the dy-
namic response. We deduce from our data highly intact
hydrogen bond networks both in LDA and to some lesser
degree equally in HDA. Although an intact network in it-
self is no warranty for the absence of decay channels —
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e.g., an infinite random framework of corner-linked SiO2
tetrahedra can undergo large phonon-assisted distortions
[26]—it seems a necessary condition. In LDA this net-
work is perfectly annealed as it is not obtained via a fast
quench from the liquid. Because of the constraints of the
network the number of states the system can sample on
the ps time scale should be small, i.e., there is a small
configurational entropy, a view which is compatible with
molecular dynamics data [18]. HDA is expected to possess
a larger configurational entropy, and on this basis one can
justify that HDA has more “glassy behavior” than LDA.

Apart from structure and bonding the dynamical proper-
ties of the water molecule influence the decay of soundlike
excitations both in crystalline and amorphous ice. We just
want to point to the clear separation of translational and
librational bands which independently of the structural
details arises from the very small moment of inertia of the
water molecule. This separation closes decay channels —
e.g., present in SiO2 [27]—involving resonances of acous-
ticlike and librational modes, and may equally explain the
absence of strong excess intensities in the inelastic neutron
scattering data [10]. Temperature and the concomitant
anharmonicities equally have to be given proper consid-
eration in the discussion [27]. In the end only detailed
molecular dynamics calculations on well-characterized
ensembles combined with experiments on similar systems
will be able to unambiguously give the reasons for the
crystal-like dynamic response of amorphous ice phases.
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