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Abstract: A theoretical analysis of the hydrogen and oxygen
density correlation functions in liquid water predicts that,
besides the ordinary sound mode, a high frequency "optical-like"
collective mode propagates through the hydrogen atoms. Computer
simulations of the same quantities confirm the theoretical
predictions and allow a clear interpretation of the experimental
neutron scattering data.

1. Introduction
The collective dynamical properties of liquid water have

recently been investigated by neutron scattering experiments [1]
and by computer simulation (CS) [2,3], The analysis of the
experimental spectrum S(k, CO indicates the presence of a highly
broadened peak in the wavevector range 0.3< k< 1.5 A-1, whose

frequency changes almost linearly with the wavevector [1]. The

resulting high sound velocity « 3200 m/s), suggests an

interpretation of the nature of the underlying collective excitation;
namely the possibility that a "fast sound" mode can propagate in
the small patches of highly bonded water molecules [1].

A similar dispersion relation has been observed by Wojcik
and Clementi [3] in a CS study which makes use of the MCY interaction

potential between two water molecules at liquid density.
They evaluate the intermediate scattering function

F(k,t) ±<2tei3^,<C,(t)] 2 te^^J<C,(0)] > (1)
N i j

where r i 'c' represents the vector position of the centre of mass
of molecule i and N is the number of particle in the system. The
Fourier transform of F(k,t), i.e. S(k, ca shows a rather well
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cies of the resulting two modes. For a complete evaluation of
these two solutions only the knowledge of static quantities is
required; namely the partial structure factors (PSF) as a function

of the wavevector k and the second time derivatives of the
intermediate scattering functions that can be built up from the
dynamical variable under investigation. The expression of these

latter quantities are the same as that reported in eq. (1) where

now ri(c' is replaced by the vector position either of the oxygen
or the hydrogen atoms. Extensive details of the calculations will
be reported elsewhere [7].

The dispersion relation for the two eigenfrequencies Wi (k)
and co2 (k) is reported in Fig. 1. The PSF have been obtained by

performing a CS with N 108 molecules at T 310 K and g 1.0
g/cm3. We have adopted the potential model TIP4P [8] which gives
a realistic description of liquid water in a wide range of
temperature and pressure [9].
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Figure 1.
Dispersion relation for the
eigenfrequencies of the two
modes.
A) the low frequency "acoustic"

mode cui (k) :
B) the high frequency
"optical-like" mode co 2 (k)
Open circles refer to the
solution of the secular
equation under the assumption

of zero damping; the
stars refer to the peak
positions of co2 S(k, to
The spectra are obtained by
Fourier transforming the
oxygen and hydrogen intermediate

scattering functions
evaluated by computer simulation.

k/A"1
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The nature of the two solutions predicted by the theoretical
analysis is more easily understood by exploring their behaviour
in the limit of k -> 0. One finds [6]

C0tMk->0) KbT/[MS(0)] k2 (2)

û>22(k->0) KbT hi22/[3IS"(0)] (3)

In eq. (2) M is the total mass of the molecule and S(0) is any of
the three PSF, being at k 0 all coincident. The mode propagating

at frequency cui (k) (see fig. IA) is recognizable as the ordinary

sound mode and indeed its dispersion relation is found to be

very close to CO i (k) k /[KbT/MSoo (k) ] in the whole range of
explored wavevectors (Soo (k) being the oxygen-oxygen PSF). From

eq. (3) it appears that the second solution has a finite value at
k 0 and therefore the second mode can be recognized as an

''.optical-like" mode. The observed dispersion behaviour (see fig.
IB) stresses its collective nature. In eq. (3) S"(0) S"oo(0) +

S"hh (0) - 2S"on(0), where S"oo(k) represents the second derivative

of Sao (k) at k 0, hi2 is the distance between the oxygen
atom and the line joining the hydrogen ones, I is a combination
of the principal momenta of inertia. This result points out that
the rotational degrees of freedom of the molecule are involved in
the dynamics of this high frequency mode. In fact the frequency
values of this mode appear to be in the range proper to the
librational motion of the molecule, i.e. IO14 s-1 The evaluation
of the relative contributions of the two modes to the oxygen and

hydrogen density autocorrelation functions (DACF) reveals that
only the latter ones are influenced by the high frequency mode

[6]. This theoretical prediction is confirmed by the direct
evaluation of these DACF performed by CS and of the corresponding
spectra. In Fig. 2 we compare o>2S(k, co) for oxygen and hydrogen.
The variation of the low frequency peak is reported in fig. IA.
It appears to be higher than Ct)i (k) and in agreement both with
the experimental [1] and CS results [3]. In view of the nature of
this low frequency mode we can conclude that this is nothing but
the ordinary sound mode which suffers from anomalous dispersion
as pointed out in Ref. 3. The hydrogen spectrum shows a high
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frequency maximum which varies with k as reported in fig. IB,
i.e. in good agreement with the theoretical estimate.

Figure 2.
u)2S(k, ai normalized to

their maximum values as a
function of the frequency

.0

n- 5
n«50.5

0.0 *-l

ll. Ji

nsn0.5

0.0 1 ^~t
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n* 30.5

0.0

n-Z
n. Z0.5

0.0 I """t l 1

n=l0.5

0.0
0.0 0

(in units IO14 at
several wavevectors. A and B

refer to the oxygen and
hydrogen spectra respectively.

The wavevector k is of
the form k 2rin/L where L
is the cubic box length of
the computer simulation. The
value of L 14.78 A of the
present simulation leads to
a minimum wavevector kau ¦
0.4251 A"» for n 1.
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