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We report elastic and inelastic neutron scattering experiments on different amorphous ice modifications.
It is shown that an amorphous structure (HDA') indiscernible from the high-density phase (HDA),
obtained by compression of crystalline ice, can be formed from the very high-density phase (VHDA) as an
intermediate stage of the transition of VHDA into its low-density modification (LDA’). Both HDA and
HDA' exhibit comparable small-angle scattering signals characterizing them as structures heterogeneous
on a length scale of a few nanometers. The homogeneous structures are the initial and final transition
stages VHDA and LDA/, respectively. Despite their apparent structural identity on a local scale, HDA and
HDA' differ in their transition kinetics explored by in situ experiments. The activation energy of the
VHDA-to-LDA' transition is at least 20 kJ/mol higher than the activation energy of the HDA-to-LDA

transition.
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Amorphous polymorphism is strongly linked to water,
where for the first time two distinct amorphous modifica-
tions, namely, a high-density amorphous (HDA, p =
39 mol/nm?®) and a low-density amorphous (LDA, p =~
31 mol/nm?) ice state, could be prepared [1]. The exis-
tence of HDA and LDA and the characteristics of the
transition between these two modifications, often referred
to as first-order-like, have triggered major experimental
and theoretical efforts that all aim for a conclusive expla-
nation of amorphous polymorphism [2]. In particular, it has
been conjectured from molecular dynamics (MD) simula-
tions that water in the supercooled region exhibits a second
critical point and a first-order transition line separating two
liquid phases towards lower temperatures [3]. In this pic-
ture, HDA and LDA are supposed to be glassy representa-
tives of these two liquids.

The scenario of two supercooled liquid phases has been
recently questioned by the discovery of a third disordered
modification apparently distinct from HDA and LDA and
called, due to its higher density (p = 41 mol/nm?), very
high-density amorphous (VHDA) ice [4]. Moreover, the
latest computer simulations are in apparent agreement
with this finding suggesting the presence of ‘“multiple
liquid-liquid transitions in supercooled water” [5].

Amorphous systems such as liquids are isotropic and
thus possess by definition no particular global symmetry. In
the glassy state, they are also nonergodic; i.e., they are
prone to relax their structures following distinct energetic
pathways that may or may not be accessible during the
experiment. Thus, unless there are clear indications for
thermodynamic transitions, it is not possible to assign
distinct phases to an amorphous system. The evolution of
an amorphous system as a function of temperature, pres-
sure, and time may, however, be characterized via the
changes encountered in local structural units. These can,
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e.g., be studied with wide-angle diffraction. If the struc-
tural changes are significant, this approach allows for a
characterization of the amorphous states. We would like to
recall that, due to the nonergodic nature of the sample,
what we call a state is not necessarily completely charac-
terized by thermodynamic variables but may well depend
on the sample history. In the case of water the nearest-
neighbor coordination number has been proposed as a
criterion to distinguish LDA, HDA, and vHDA (coordina-
tion number of four, five, and six, respectively) [6,7].
Another approach recently used in MD simulations bases
the analysis not on the coordination number but on the ring
structures encountered in the system [8]. The important
question remains whether the local characterization is
sufficient and whether the thus classified states actually
correspond to distinct phases.

In this Letter, we present diffraction and inelastic neu-
tron scattering experiments on both HDA and vHDA
samples. HDA (D,0) has been formed by slow compres-
sion of crystalline ice I;, to 18 kbar at 77 K [9]. vHDA
samples have been obtained by heating HDA (D,0)
samples at high pressure [4]. Here, we present data col-
lected with three vVHDA samples formed at p = 10.5 kbar,
T = 145 K (sample 1); p = 10.5 kbar, T = 155 K (sam-
ple 2); and p = 16 kbar, T = 155 K (sample 3). After the
vHDA structure is formed, all samples are cooled at the
indicated p to T = 77 K and retrieved from the pressure
cells, crushed into millimeter-sized chunks, and placed into
proper sample containers. Please note that throughout this
Letter we will refer to the amorphous ice modifications
obtained from vHDA by heating as HDA’ and LDA’. We
will show that HDA and HDA', a modification of amor-
phous ice obtained by the heating of vHDA at ambient p,
are indistinguishable in terms of local structure and dy-
namics as probed in reciprocal space by neutron scattering.
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The amount of small-angle scattering gives evidence that
HDA and HDA' are both heterogeneous structures.

Diffraction experiments have been carried out at the
high-flux instrument D20 (A = 2.4 and 1.3 A) and inelastic
data have been collected at the time-of-flight spectrometer
IN6 (A=4.1A), Institut Laue-Langevin, Grenoble,
France. Standard data corrections for empty container
scattering (IN6) and detector calibration of both instru-
ments have been applied. Elastic data are normalized to
the coherent part of the IN6 response, allowing a compari-
son of all data sets with each other [10]. The in situ trans-
formations of VHDA into LDA’ have been followed in a
helium atmosphere of 200 mbars, and the corresponding
data evaluation has been carried out according to Ref. [11].
During the inelastic experiments, 1-2 mbars of helium
pressure have been applied.

The static structure factor S(Q) of sample 2 is reported
inFig. 1. S(Q) of HDA and vHDA is measured at 75 K, that
of HDA' is obtained during in situ annealing at 113 K. S(Q)
of LDA’ is determined after annealing at 135 K. Figure 1
demonstrates that it is possible to select an intermediate ice
modification HDA’ such that the S(Q) of HDA’ and HDA
coincide. Furthermore, it can be shown that to any modi-
fication encountered along the transition from HDA to
LDA [11] we find a matching partner along the transition
from vHDA to LDA’. In terms of S(Q), the transition states
of HDA to LDA appear as a subset of the transition states
of VHDA to LDA’. Characteristic features of both transi-
tions are the continuous down-shift of the maximum in
S(Q) and the transient broadening of the intermediate
maximum, which shows the largest width in the middle
of the transition [11,12]. This is demonstrated in the inset
of Fig. 1 by the S(Q) of VHDA and HDA’ and by an
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FIG. 1. Static structure factor S(Q) of vHDA sample 2 (H),
HDA' (®), and LDA’ (0J), as obtained from vHDA sample 2, and
of HDA (solid line), as produced by compressing ice I;,. Please
note that HDA’ and HDA are hardly distinguishable. The gray
shaded area indicates a Bragg peak from the sample container.
The inset reports the maximum of S(Q) for vHDA samples 1, 2,
and 3. Equally shown are HDA' and SSH sample 2.

intermediate state identified as the state of strongest het-
erogeneity (SSH), as discussed below.

The initial transition stage is a matter of the thermody-
namic conditions, i.e., p and 7, during sample preparation.
This point is substantiated equally in the inset of Fig. 1
where the main peak of S(Q) is plotted for samples 1, 2,
and 3. VHDA of sample 1 appears as an apparent inter-
mediate state between VHDA and HDA’ measured with
sample 2. It can be matched by an intermediate S(Q) of
sample 2 transforming into LDA’. The sample preparation
concerning p and T is fully reproducible; however, we
cannot exclude that the final state obtained is conditioned
by the history, i.e., by the state of the relaxation of the
sample at the time when p and T were applied.

Another basic characteristic of the transitions is a tran-
sient enhancement of S(Q) at Q =< 0.6 A~'. Figures 2(a)
and 2(b) report on the S(Q) determined with sample 1 in
the states vHDA, HDA', and LDA/, and a HDA sample at
IN6 and with sample 2 in the states VHDA, HDA’, and
LDA’ and the state of strongest heterogeneity (SSH) at
D20, respectively. The striking feature is that HDA, as an
initial state, and HDA/, as an intermediate state, show a
clear enhancement at Q < 0.6 A~'. This enhancement is
absent in VHDA and LDA/, and, as reported by us in
Refs. [13,14], it is equally missing in LDA. The low-Q
signal gives evidence for the heterogeneous nature of the
states that in terms of the wide-angle S(Q) are intermediate
to vHDA and LDA'. This holds no matter how the inter-
mediate modifications were obtained in our experiments.

The enhanced signal in the low-Q range coincides well
with the behavior of the wide-angle S(Q). This is directly
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FIG. 2. (a) S(Q) small-angle signal of vHDA (H), LDA’ (),

HDA' (®), and HDA (<) measured at IN6 and (b) of vHDA (H),
LDA’ (O0), HDA’ (#®), and SSH (O) measured at D20 (sample 2
in Fig. 1). (¢) D(r) calculated for vHDA, LDA’, and SSH from
Fig. 1.
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demonstrated by the broadening of the structure factor
maximum in the raw data (Fig. 1). It can also be visualized
by computing the Fourier transform D(r) of S(Q) shown in
Fig. 2(c) [15]. Obviously, in contrast to the properties of
vHDA and LDA/, oscillations in D(r) of SSH are strongly
suppressed beyond r > 10 A, indicating an apparent re-
duction of spatial correlations in the intermediate states.
Please note that variation of the signal at Q < 0.65 A™!
have been suppressed for the computation of the data
shown in Fig. 2(c), thus leaving D(r) unperturbed by the
low-Q regime.

The one-to-one correspondence of VHDA-to-LDA’ and
HDA-to-LDA states does not hold only for the elastic
signal but is equally observed for molecular vibrations.
In Fig. 3(a) we report the direct time-of-flight signal
1(20, TOF) measured at 75 K with sample 1 at IN6 and
averaged over the 20 range sampled by the spectrometer.
Figure 3(b) shows the corresponding generalized density of
states G(w). It is obvious that no significant difference can
be detected in the spectra of HDA and HDA'. The charac-
teristic maximum in G(w), which is due to low-energy
optic modes in the crystalline counterparts, shifts towards
lower energies when vHDA transforms into LDA’ and the
sample density decreases, a feature as well observed for the
diversity of crystalline phases [16,17]. Within the accuracy
of the experiments, the G(w) of VHDA does not show any
fingerprints of H-bond penetration, whose effect on the
inelastic response should result in a pronounced splitting
of the strong maximum.

The fact that HDA and HDA' are identical in terms of
S(Q) and G(w) poses the question of their alikeness in the
framework of thermodynamics. To explore this point,
in situ experiments of the transition from vHDA to LDA'
have been performed on sample 2 (five portions of
~0.5 ml each) at temperatures 109, 113, 114, 115.5, and
117 K. Figure 4 shows the evolution of S(Q) in the wide-
angle 1,,(¢, T) (top figure) and small-angle I (z, T) (bottom
figure) regime [18]. By definition, 1,,(#, T) equals 1 for
vHDA and 0 for LDA’. Indicated as the gray shaded area
is the stage of the transition at which HDA' is identified. It
becomes immediately clear that at a given temperature

vHDA transforms into LDA’ on a longer time scale than
HDA converts into LDA. The characteristic time constants
7(T) of the transition follow an Arrhenius line with an
activation energy AE = 65 kJ/mol, i.e., a AE of at least
20 kJ/mol higher than for the HDA-to-LDA transition
[11]. In other words, HDA’ is structurally stable in the
temperature range in which HDA transforms rapidly to
LDA.

By combining a logarithmic term, which takes care of
aging [19], with an Avrami-Kolmogorov expression, which
describes a first-order transition, it is possible to reproduce
I(T, t) analytically for the HDA-to-LDA transition [11].
This is not the case when starting the annealing process
from vHDA. As can be seen from Fig. 4, the transition from
HDA' to LDA’ becomes nearly uncontrollable at any tem-
perature once it has set in. Such a rapid transition kinetics
is a priori incompatible with the higher activation energy
found for 7(T) when the system is in equilibrium.
Therefore, an additional energy scale must be at work.
Given the speed of the transition, the evacuation of latent
heat from the sample, and thus the temperature control,
becomes a real experimental challenge.

Indeed, following the vHDA-to-LDA' transition in high-
vacuum the vHDA samples recrystallize directly. In con-
trast, LDA can be obtained from HDA at any pressure. This
behavior can be easily understood by comparing the acti-
vation energies of the VHDA-to-LDA' transition with the
activation energy = 66 kJ/mol of recrystallization of hy-
perquenched glassy water [20]. This shows that the vHDA-
to-LDA’ transition energy is very close to the recrystalli-
zation limit of low-density amorphous ice modifications.
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0.4 0.6 0.8 0 5 10 15 20 FIG. 4. Top panel: Kinetics of the vVHDA into LDA’ transition

determined with sample 2 shown in Fig. 1. The nominal tem-
peratures are given in the figure. The gray shaded area indicates
the position of HDA' and, respectively, HDA in the plot. Bottom
panel: Kinetics of the transient intensity at low-Q shown in
Fig. 2(b).

125506-3



PRL 94, 125506 (2005)

PHYSICAL REVIEW LETTERS

week ending
1 APRIL 2005

In summary, we have shown that HDA, produced by
compression of hexagonal ice I}, and HDA/, obtained as an
intermediate phase in the course of the transition vHDA to
LDA/, give indiscernible responses in elastic and inelastic
neutron scattering experiments. A pronounced and tran-
sient low-Q signal gives evidence for heterogeneity in both
HDA and HDA'. Thus, they are similar beyond the local
structural level. Despite the fact that HDA and HDA' are
indiscernible in terms of their S(Q) and G(w), they are
energetically not identical as shown by the differences in
transition kinetics. It is not possible to tell from our experi-
ments what properties are responsible for this energetic
difference. However, it is reasonable to conjecture that the
inequality holds as well for the final transition states LDA
and LDA’ [21,22].

The resemblance of the HDA and HDA' response func-
tions shows unequivocally that static experiments probing
local properties in reciprocal space, here, in particular,
wide-angle diffraction, are insufficient to fully characterize
the nonergodic system. The existence of a transient low-Q
diffraction signal demonstrates the importance of collect-
ing information in a region of reciprocal space as large as
possible to decide upon the spatial homogeneity of the
samples. This does not hold only for experiments applying
temperature as a control parameter, but includes any study
using some external force, e.g., pressure [19], to which the
nonergodic sample is forced to respond. Resemblance in
terms of homogeneity still does not mean that we deal
physically with the same system. Only time depending
experiments give us information on the energy states ex-
plored by the system [19,23,24]. In fact, HDA and HDA'
are unequivocally different in this respect.

The present findings in no way question the two-liquid
scenario. The seemingly homogeneous structures vHDA
and LDA/’ are good candidates for the glassy counterparts
of the thermodynamic liquid states [3]. Concerning local
structure, both HDA’ and HDA belong to the vHDA basin
of states. The transition from VHDA to LDA’ involves
heterogeneous intermediate stages, among which we find
HDA'. Tt bears all signs of a phase transition, including the
abrupt nearly singular change of local structural order
between HDA' and LDA’. No other transitions or transition
stages justifying the presence of more than the two homo-
geneous structures could have been identified [5]. As far as
the properties of the wide-angle S(Q) reported here and in
Ref. [11] are concerned, they are in agreement with re-
cently published results from molecular dynamics simula-
tions [8,22]. A computation of the properties observed in
S(Q) in the low-Q range, however, requires a larger simu-
lation box size than the one used in [8,22].
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