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Observation of New Short-Wavelength Collective Excitations in Heavy Water
by Coherent Inelastic Neutron Scattering
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A coherent-inelastic-neutron-scattering experiment was performed on liquid D20 at room tem-
perature. We observe for the first time the collective high-frequency sound mode as predicted by
computer molecular-dynamics simulations. We interpret the excitation to be a mode propagating
within the hydrogen-bonded patches existing in liquid water, and distinct from the ordinary sound
wave.

PACS numbers: 61.12.Fy, 61.25.Em

Short-wavelength collective excitations in dense
atomic liquids are in general difficult to observe by
coherent inelastic neutron scattering. We may define
the evidence of the collective excitations by the ex-
istence of a peak or a shoulder in the dynamic struc-
ture factor S(Q, co) on each side of the central line, in
the Q range of, say, 0& Q & 1.2 A '. The neutron-
scattering experiments performed so far indicate that,
for neon at a liquid density 1.2 g cm 3 and T= 26.5 K,
the excitation exists up to Qo- ~ 1.0, and for liquid
rubidium and lead near their melting points up to
Qo. ~ 4.0, 2 where a- is the effective hard-core diam-
eter of the atoms. From the computer molecular-
dynamics simulations of hard spheres by Alley and co-
workers, 4 it was established that the collective excita-
tion exists up to Qo. ~0.5. It was generally believed
that the damping of the short-wavelength excitations
depends critically on both the steepness of the repul-
sive part and the depth of the attractive part of the po-
tential. For liquid metals, the repulsive part is general-
ly softer and the attractive well deeper. This may be
the reason why the excitation is observable up to
higher Q. More recently, the existence of a collective
mode in simple fluids has been discussed explicitly in
terms of the kinetic theory of dense fluids. s These au-
thors claimed that collective excitations can be defined
in dense fluids up to Qo- ~ 30 and that the behavior of
S(Q, co) is dominated by these modes for all Q in
which they exist. 5

In this paper we report for the first time an observa-
tion of new collective modes in a molecular fluid: wa-
ter. From a point of view of the intermolecular in-
teraction, water is a rather special case. Take, for in-
stance, the ST2 model potential which has been shown

to be successful in predicting various properties of wa-
ter. 6 This potential consists of superposition of a
Lennard- Jones potential between the molecular
centers and directional electrostatic interactions which
mimic the hydrogen bonding. A new feature of this
potential, as compared with that of the simpler liquids,
is the presence of a directional and strong attraction
between molecules. Our experimental results lead us
to conjecture the existence of a new collective mode
which we shall call schematically the "high-frequency
mode, " which is different from the ordinary sound
wave in water. This kind of mode was already predict-
ed in an earlier computer molecular-dynamics simula-
tion (CMD) of Rahman and Stillinger and more re-
cently also by Impey, Madden, and McDonald. We
shall, in the following, compare our experimental
results with these CMD predictions.

The experiment was performed on the three-axis
spectrometer IN8 at the Institut Laue-Langevin. The
experiment poses some problems because the collec-
tive excitations in water can be observed only in a very
narrow window of the (Q, co) space. To reach the en-
ergy transfer at small momentum transfer, one has to
use high-energy incident neutrons. In order to im-
prove the performance of the instrument at small
scattering angles, the distances monochromator-
sample and sample-analyzer have been increased. A
He-filled box 1.5 m both before and after the sample
eliminated air-scattering contributions to the back-
gr ound.

The sample was D20 (99.950/o isotopic purity). It
was contained in a rectangular cell of 5 (width) X6
(height) &0.7 (thickness) cm3 in aluminum. The win-
dows had O. l-mm thickness. In order to reduce the
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FIG. 3. (a) Representation of the dispersion curve, which
gives a velocity equal to 3310 m s '. Dots: experimental
points. Solid line: best linear fit by Eq. (2). Dashed lines:
predictions of CMD from Ref. 7 (a) and from Ref. 8 (b).
Dot-dashed line: dispersion curve of the ordinary sound
wave. The corresponding velocity (1390 m s ') is measured
up to 5 GHz by Brillouin light scattering (Ref. 11). (b)
Linewidth, I', plotted against 02. Dots: experimental
points. Solid line: best linear fit. Dot-dashed line: corre-
sponding line for the normal sound wave, as measured by
Brillouin light scattering (Ref. 11).

that our fitting procedure is not affected by the multi-
ple scattering. This velocity is in good agreement with
predictions of CMD simulations both by Rahman and
Stillinger and by Impey, Madden, and McDonald. It
is about two times the low-frequency adiabatic sound
velocity as measured by Brillouin light scattering"
[»g. 3 (a)].

The two possible interpretations of the "high-
frequency sound" cannot be completely tested in the
present experiment. However, it is clear from the Q
dependence of the absorption of the normal sound
mode that its observation is unlikely at high Q.

We believe that this high-frequency sound mode
cannot be interpreted as the high-Q limit of the ordi-
nary sound wave as it was the case in similar experi-
ments with neon, t rubidium, 2 or lead. 3 Experimental-
ly the observed excitation has a solidlike character and
we interpret it as a collective excitation propagating in
the local hydrogen-bond structure likely to exist in wa-
ter. We can give the following arguments in support
of this interpretation: (a) The wavelength associated
with the observed Q range is around 20 A, comparable

with the extension of the patches of hydrogen-bonded
molecules. '2 (b) The damping I of the modes as ob-
tained from the fitting procedure is proportional to Q
[Fig. 3 (b) ] and much smaller than the equivalent
damping of the ordinary sound extrapolated to this Q
range. " (c) The observed velocity of the collective
excitations is similar to the velocity of sound in ice.

It is striking that our experimental observation
agrees so well with what has been predicted by CMD
simulations. The energy of the mode as a function of
Q agrees numerically quite well with the CMD of Im-
pey, Madden, and McDonald, while agreement with
Rahman and Stillinger is within the statistical error of
the simulation. On the other hand, Impey, Madden,
and McDonald predicted heavy damping beyond
Q & 0.5 A ' while Rahman and Stillinger predicted
much lower damping up to Q= I A '. Our results
[Fig. 3(b)] show that the damping increases at least as
Q2. For Q ) 0.5 A ', the damping increases dramati-
cally but the error bars are very large as well. The
large error bars on frequency and damping for the two
larger values of Q reflect the fact that the shoulder is
less pronounced. The signal-to-noise ratio was so high
that in the future experiments we may improve the
resolution further.
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