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High-resolution neutron scattering measurement of the dynamic structure factor of heavy water
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The low momentum collective dynamics of heavy water has been investigated by means of neutron three-
axis spectroscopy. Working at the resolution limit of this instrument, an energy resolution of 2.6 meV was
achieved for a constant analyzer energy of 120 meV. This good resolution allowed us to establish definitely
that the collective dynamics of water is dominated by the presence and interaction of opticlike and acousticlike
branches, coupling at wave-vector transfers of 0.3 to 0.35 Å21. The transition from slow to fast sound has been
attributed to the interaction between opticlike modes and a solidlike fast acoustic mode.

PACS number~s!: 61.12.Ex, 67.80.Cx, 62.60.1v
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I. INTRODUCTION

Besides the special properties of water, which lead to
interest in its own, investigation of the dynamics of water h
a general value because of the basic role which water p
in the existence and behavior of living systems. The dyna
ics of water has also attracted much attention because
the prototype of a hydrogen-bonded network, where man
the complex features shown are connected to the presen
the medium strength hydrogen bonds. As the local struc
of water is very close to that of its solid phase under norm
conditions, i.e., hexagonal ice, it is quite reasonable to exp
the dynamics of the liquid to be similar to that of the solid.
contrast to this anticipation, the sound velocity is in liqu
water a factor of 2 smaller than in ice.

Recently, the dynamic structure factor of light water h
been measured by ultrahigh resolution x-ray scattering@1–3#
at low wave-vector transfer~from 0.2 to 1 Å21!, in the meV
energy range with a resolution of 1.5 meV. The results
this investigation add an important piece of information
the low momentum dynamics of water which was found
be more complex than expected from a previous neu
scattering study@4#. In particular, the fast sound, first ob
served by neutron scattering@4#, was measured in more de
tail and the transition from the fast to the normal sound w
investigated@2#. Moreover, the presence of an almost disp
sionless mode was observed@3#, thus introducing a further
variable to the complex water dynamics. In Ref.@3# it was
speculated that the dispersionless mode could have a con
tion with the low-lying optic mode of ice Ih @5#, based on a
comparison of the water spectra with those of ice measu
under similar conditions, while the fast sound was related
a sort of solidlike behavior of the liquid at high frequenc

*Present address: Dipartimento di Fisica, Politecnico di Mila
Piazza Leonardo da Vinci 32, 120133 Milano, Italy.
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The complexity of these features was taken as a poss
explanation of the discrepancies existing between the res
of the neutron scattering investigations reported in Refs.@4#
and @6#. Indeed, no fast sound was reported in Ref.@6# al-
though the absence of such a mode, which has a velocit
the order of 3000 m/s, could be due to the rather restric
dynamic range of this investigation. On the other hand,
almost dispersionless mode was observed in Ref.@6#. Fi-
nally, it must be mentioned that none of the available co
puter simulations give a full account of the experimen
results, although some of the measured features are re
duced in old@7,8# and more recent computer simulation
@9–11#.

Considering that x-ray scattering experiments measu
dynamic structure factor which is related to the fluctuatio
of the electron density induced by the atomic motion and t
the largest part of the electron density in water is conc
trated on the oxygen site, it is evident that a neutron scat
ing investigation with adequate energy resolution and ene
transfer range would be extremely desirable to obtain inf
mation also on the hydrogen dynamics. Of course, a neu
scattering measurement of the dynamic structure fa
should be carried out on heavy water because of the h
incoherent cross section of hydrogen in light water. The
vorable coupling of the neutron to the deuterium nucle
~coherent scattering! can be exploited to investigate the d
namics of deuterium, so that the comparison with the x-
data, which mainly outline the oxygen motion, would enab
a more detailed description of the collective dynamics
water. Moreover, a properly designed neutron scattering
periment, with a dynamic range wider than that achieved
the previous measurements@4,6#, could help to solve the
disagreements between the neutron results@4,6#. We there-
fore investigated the dynamic structure factor of heavy wa
by neutron inelastic scattering~NIS! in a wider energy range
and with considerably improved resolution with respect
previous neutron scattering studies@4,6#, using a configura-
,
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tion adequate to identify the fast sound as well as the n
nondispersive mode observed in the x-ray scattering exp
ments. Finally, we believe that an additional experimen
investigation of the nondispersive mode and its relation
the transition from the normal to the fast sound is necess
since the presence of an opticlike mode in a liquid, the v
ibility of which should decrease with decreasing wave-vec
transfer, is a rather surprising result worth a confirmation

II. EXPERIMENT

The present measurements were carried out at the th
axis spectrometer IN1 installed at the hot source of the H
Flux Reactor of the Institut Laue Langevin~Grenoble,
France!. The special properties of this instrument were fu
exploited to succeed in this experiment. Due to the inte
flux of high-energy neutrons provided by the hot source,
experiment could be performed with a rather high~constant
analyzer! energy of 120 meV. Moreover, very tight collima
tions of 258, 208, 208 and 208 were employed from the reac
tor to the detector. This spectrometer configuration, in co
bination with the low background from an evacuated flig
path around the sample, 1 m in diameter, allowed to collec
high quality data down to 1° scattering angle. In order
improve the energy resolution, a vertically focusing Cu~331!
monochromator and a vertically focusing Cu~400! analyzer
were used. Pushing this spectrometer to its limits in reso
tion causes, however, a remarkable reduction in intensity

A properly designed sample cell was employed to op
mize this difficult experiment. The sample was contained
a flat, vacuum tight, 83430.85 cm3 aluminum cell. The
wall thickness was less than 1 mm but still thick enough
minimize the deformation of the cell under vacuum. In ord
to reduce the amount of multiple scattering, a honeycomb
Cd grid ~0.6 cm edge! was mounted inside the cell. Th
effect of the Cd grid was to decompose the sample into m
smaller samples having an almost cylindrical shape. This
lution does practically not influence the transmission for
present experiment which is confined to the small wa
vector transfer region, where the scattering angle at
sample is always very small due to the rather high incom
energy. The Cd grid was found to reduce the multiple sc
tering contribution by more than a factor of 2.

All the measurements were carried out at 293 K on
99.99% deuterated heavy water sample. The scattered in
sity from the water sample was measured at five wave-ve
transfersQ, namely atQ50.3, 0.35, 0.4, 0.5, and 0.6 Å21.
Special attention was paid to the background subtract
which, although rather small, is a non-negligible contributi
especially to the tails of the scattering function. This is o
vious taking into account that, at a given wave-vector tra
fer, the highest energy transfers are attained at the sma
scattering angles, i.e., next to the incident beam. The ba
ground from the empty cell, with the honeycomblike Cd g
in place, was measured at the sameQ values as the sample
while the background produced outside the sample reg
was measured atQ50.3 Å21 with the sample substituted b
a highly absorbing 2 mm thick Cd plate. An additional me
surement on the water sample after removing the Cd
was carried out atQ50.3 Å21. These data were used t
check the multiple scattering correction. In order to meas
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the resolution of the instrument and for absolute normali
tion of the data, two scans atQ50.35 Å21 and 0.5 Å21 were
performed by inserting a 2 mmtick Vanadium plate into the
sample cell. As the Vanadium sample had the same exten
size as the water sample, the normalization run was p
formed in exactly the same configuration as used for
sample measurements. Moreover, the same background
expected to affect the Vanadium measurements. This pr
dure minimizes the effect of the nonperfect uniformity of t
incoming beam as both the sample and the Vanadium s
dard were uniform slabs with the same size.

After normalization of the measured data to the sa
monitor counts, the background intensityI b to be subtracted
from the data collected with the sample is given by the f
lowing standard relationship:

I b5I a1Tb~ I e2I a!, ~1!

where I e is the measured empty cell intensity,I a is the in-
tensity measured with the sample substituted by a full
sorber~e.g., Cd! andTb is the transmission of the sample fo
neutrons with 120 meV energy, i.e., the energy selecte
the analyzer. In order to optimize the background subtrac
and as the intensity from the absorber was measured on
Q50.3 Å21, the contribution from the empty cell was an
lyzed at first. In Fig. 1 the intensity data measured from
sample atQ50.3 Å21 and 0.6 Å21 are shown in comparison
with the corresponding empty cell data. From this figure it
apparent that the empty cell contribution, at the small
scattering angles next to the incident beam, can be descr
by a rather smooth function reaching the higher values at
two ends of the scans and having a central peak, wh
seems to be due to an almost elastic process. In orde
determine the best estimate forI a , the empty cell data were
plotted against the scattering angle 2q. All the data, irrespec-

FIG. 1. Intensity versus energy transfer measured on the he
water sample~dots! and the empty cell~circles!. ~a! Wave-vector
transferQ50.3 Å21. ~b! Wave-vector transferQ50.6 Å21.
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tive of the energy transfer, are shown in Fig. 2. An insp
tion of this figure points out that the empty cell data lie on
single smooth curve which is independent of the ene
transfer, apart from the elastic peak contributions which
cur at different positions. It is therefore reasonable to assu
the empty cell contribution be described by a smooth cu
dependent only on the scattering angle plus an elastic p
which is probably due to small angle scattering of the alu
num container. This behavior is further emphasized in
measurement performed at 0.3 Å21 with the sample substi
tuted by the Cd plate. The resulting data are shown in Fig
together with the empty cell data at the same wave-ve
transfer. From Fig. 3 it is clearly seen that the elastic pea
due to the aluminum cell, as it is practically absent in the
data, whereas the remaining features of the spectrum are
affected by the addition of the Cd plate. Therefore, the
tensity I a was modeled by a smooth function of 2q as ob-
tained from a global fit to all the experimental data on t
empty cell and the difference (I e2I a) was obtained as the
measured empty cell data minus this smooth function. T
value of the transmissionTb for the D2O sample, obtained
using the measured heavy water cross section@12# at 120
meV neutron energy, turned out to be 0.70. By subtractingI b
from the intensity measured with the water sample in pla
the scattering contribution due to the sample alone was
duced.

The background-free scattered intensity still contains
contribution from multiple scattering~MS! of the neutrons

FIG. 2. Scattered intensity from the empty cell as measure
all the scans versus the scattering angle 2u. The solid line is the bes
fit to the full data set excluding the elastic peaks.

FIG. 3. Intensity versus energy transfer measured on the em
cell ~circles! and the Cd absorber~dots! at the wave-vector transfe
Q50.3 Å21.
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inside the D2O cylinders. The evaluation of the MS is
complex task since the knowledge of the sample scatte
function is requireda priori at every incoming neutron en
ergy. The scattering function of water, as obtained from m
dium resolution measurements and in a wide energy rang
reported in Ref.@13#. However, it appears quite difficult to
include all the features of the experimental scattering fu
tion, which extends over an energy range in excess of
meV, in an MS simulation. Although the incoming energ
never exceeded 140 meV in the present experiment, it se
almost impossible to have an accurate simulation of the
on that fine mesh necessary to be used in the small en
range of the present measurements. Therefore, we prefe
to model the scattering function of water by means of
analytic function as input for the MS simulation and to re
at the same time, on the experimental data collected with
the Cd grid, i.e., with an increased MS contribution, as
check of the accuracy of the simulation. The model scat
ing function had to be simple, however containing the m
important features of the scattering function of water, r
evant for an MS simulation. We assumed a scattering fu
tion consisting of a quasielastic contribution, accounting
the diffusionlike processes, plus a Gaussian peak wh
simulates the inelastic contributions. It was given by the f
lowing relationship:

Smod~Q,v!5p0

W

p~v21W2!
1p1CGebv/2@e2b~v2vG!2

1e2b~v1vG!2
#, ~2!

where p05e22WD is the measured Debye–Waller facto
p1512p0 andb5(1/kBT). In the first term, describing the
quasielastic scattering from the diffusing atoms,W is given
by

W5
\D0Q2

11tD0Q2 ,

whereD052.231025 cm2 s21 is the measured diffusion co
efficient of water andt50.5 ps is the experimentally dete
mined relaxation time@14#. In the Gaussian term,b
54 ln 2/WG

2 andWG ,vG ,CG are the full width at half maxi-
mum ~FWHM!, the center and the normalization factor
the Gaussian curve, respectively.WG and vG were left as
free parameters to be fixed by comparison with the exp
mental test data. The reasons for choosing such a m
scattering function were supported by both the gener
known water dynamics and the specific kinematic constra
of the present experiment. Indeed, because of the ra
small energy range of the present measurements, most o
contributions to the MS were expected to come from
scattering function extending approximately over the sa
energy range. Moreover, considering the rather high inco
ing neutron energy, the highQ region of the scattering func
tion was expected to mainly contribute to the MS. Therefo
the frequency dependence of the scattering function could
approximated by that appropriate for incoherent scatter
which probes diffusion processes and the density of state
is important to observe that, since at high wave-vector tra
fers the quasielastic~diffusion! contribution is rather broad

in

ty
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and fairly small, genuine inelastic processes mainly cont
ute to the MS intensity which was then expected to
weakly dependent on energy. Moreover, noQ dependence o
the MS contribution was expected considering that
present measurements were confined to the smallQ region
@15#. The MS simulation was carried out using a prope
modified version of the simulation code which was succe
fully applied to the analysis of diffraction data@16#. Com-
paring the experimental data with the simulation results
the two cases with and without the Cd grid, we were able
fix the free parameters appearing in the scattering funct
Quite generally, the simulation results confirmed the ant
pations about the energy and wave-vector dependence
the MS contribution. It is worth noting that the results of t
MS simulation were quite insensitive to the details of t
scattering function, the most important parameter being
Debye–Waller factor which was fixed in agreement with t
experimental data reported in Ref.@13#. The results of the
MS simulation are shown in comparison with the experim
tal test data in Fig. 4, where it is observed that the simula
reproduces the experimental results rather well.

The calculated multiple scattering contribution was co
voluted with the instrument resolution function, calculat
according to the standard Cooper and Nathans@17# proce-
dure using the known parameters of the instrument. The
sulting intensity was then subtracted from the measured d
Using the measured vanadium data for normalization,
dynamic structure factor of the D2O sample was obtained o
an absolute scale. Finally, the incoherent contribution to
dynamic structure factor was subtracted by assuming it to
described by a very narrow Lorentzian function, as alrea
introduced in Eq.~2!. Since the width of this Lorentzian
function was always smaller than;0.1 meV in the presentQ
range, the correction for the incoherent contributi
amounted to the subtraction of a Gaussian function hav
the same width as the elastic resolution function. The res
ing coherent dynamic structure factors are shown in Fig
versus the energy transfer and at the different wave-ve
transfer values.

The quality of the present data must be discussed in c
junction with the instrument resolution function. For th

FIG. 4. Calculated multiple scattering contribution~solid line! in
comparison with the experimental test data~dots! at Q50.3 Å21

and versus energy transfer. Both the experimental and the ca
lated data shown in the figure are obtained by taking the differe
between the intensity scattered from the water sample without
with the Cd grid. The experimental data are binned to reduce
error.
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purpose, the results obtained from the vanadium run, wh
is an experimental determination of the resolution, are sho
in Fig. 6. The vanadium data were analyzed according to
same procedure as the water data. In Fig. 6 the energy r
lution curve, expected with the present instrument confi
ration and calculated according to Ref.@17#, is also shown.
First of all, it is important to observe that the resolution
;2.6 meV FWHM, a value which is the top performan
presently achievable on a three-axis at such a high incom
neutron energy. Moreover, such a resolution is compara
with the best ultrahigh resolution x-ray measurements wh

u-
e

nd
e

FIG. 5. Experimental dynamic structure factor of heavy wa
versus energy transfer and at the wave-vector transfer values o
measurements. The experimental data~circles! are also shown on a
scale expanded by a factor of 5~dots! to emphasize the inelasti
structures. The solid lines are the curves calculated according to
fitted model described in the text.

FIG. 6. Intensity versus energy transfer measured on the v
dium standard atQ50.5 Å21 ~dots!. The solid line is the calculated
instrument resolution function. The inset shows the wings of
neutron and x-ray resolution functions on an expanded vert
scale. The solid line is the present resolution function and
dashed line is the resolution function of Ref.@3#.
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attain a FWHM of;1.5 meV, although with the pronounce
side wings arising from the almost Lorentzian resoluti
function characteristics of the x-ray spectrometers. On
contrary, the resolution function of a neutron three-axis sp
trometer is practically a Gaussian~see inset in Fig. 6!. The
data in Fig. 6 also point out that the performances of
instrument were almost perfect as the agreement betwee
calculated resolution and the experimental data is excell
Moreover, the wings of the measured resolution function
very symmetric as apparent from the extended and go
statistics scan shown in Fig. 6. Since the resolution func
of the instrument is so symmetric and the wings of the
nadium scan do not extend into the inelastic part of the sp
tra, we are confident that the inelastic signal observed in
the scans on heavy water~Fig. 5! can safely be attributed to
the sample response function.

A close inspection of Fig. 5 suggests a wave-vect
dependent structure of the inelastic signal, although i
rather complex. A guess on the general behavior of the
namic structure factor can be obtained from the thr
dimensional view of the data which is shown in Fig. 7. Fro
this overall picture, both an almost wave-vector-independ
mode and a dispersive mode can be identified. These re
are in good qualitative agreement with the x-ray results.
inspection of the highQ region whereS(Q,v) departs from
zero, one can infer a velocity of the dispersive mode in
cess of 20 meV/Å21, that is larger than 3000 m/s. Such
value is much larger than the sound velocity in D2O at 293 K
measured by ultrasound spectroscopy@14#, which is equal to
1360 m/s. This result, although obtained in a qualitative w
is in complete agreement with the results of Refs.@1# and@4#.

III. DATA ANALYSIS AND DISCUSSION

More accurate results on the atomic dynamics in D2O can
be obtained by a quantitative analysis of the present data

FIG. 7. Experimental scattering function in heavy water ver
the energy transfer and the wave-vector transfer.
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view of the complex behavior of the dynamic structure fac
of D2O, a data treatment based on a fitting of the experim
tal data to a damped harmonic oscillator model@1–4# seems
a rather restrictive approach. The high number of parame
needed in such a fit would result in badly defined parame
leading to only qualitative conclusions as in the case of
analysis reported in Ref.@3#. Therefore, we tried to develop
model of empirical nature and requiring a smaller number
parameters to describe the basic physics in an intuitive fa
ion. The model exploits the observations reported in Re
@1–4,6,18# in particular the presence of an almost dispersio
less mode, which is evident in the density of states as m
sured in Ref.@18# by an incoherent neutron scattering expe
ment. The model should contain two modes with t
following characteristics: one of the modes should be alm
wave-vector-independent while the other has to be an ac
ticlike mode associated with a small velocity at low wav
vector transfer and a high velocity at high wave-vector tra
fer. A two-mode system having these characteristics is
where a wave-vector-independent mode interacts with
acoustic mode. Ifb(Q) describes the interaction, the fre
quencies of the two modes,v1 andv2 , are given by

v1
2 5 1

2 @v0
21va

21A~v0
22va

2!214b2#, ~3!

v2
2 5 1

2 @v0
21va

22A~v0
22va

2!214b2#, ~4!

where v0 is the frequency of the dispersionless mode a
va5c`Q is the unperturbed acoustic dispersion relatio
with c` the sound velocity of the acoustic mode. If the i
teraction parameterb(Q) depends linearly onQ, then the
low Q sound velocity~normal sound! c0 turns out to be
given by

c05 lim
Q→0

v2

Q
5Ac`

2 2S b

Qv0
D 2

. ~5!

At high Q the energy difference between the two mod
increases and one expects the interaction to decrease
increasingQ value. Therefore a sensible choice forb(Q) is
the following:

b~Q!5b0Q exp~2lQ!. ~6!

By means of Eq.~5!, the model produces a sound velocityc0
at low Q’s which is smaller thanc` at highQ’s. This finding
resembles the results presented in Ref.@19# on the fast sound
in a disparate-mass crystalline system and obtained fro
well-founded calculation. Asc0 could have been determine
only at lowerQ values than accessible in the present exp
ment, we tookc051360 m/s from Ref.@14# and kept it fixed
throughout the data analysis. In this way our model conta
practically only two essential parametersc` andv0 , because
b0 is then defined by Eq.~5!. The two-mode model was the
described by the following coherent dynamic structure f
tor:

Scoh~Q,v!5Sel~Q,v!1S2~Q,v!1S1~Q,v!, ~7!

where

Sel~Q,v!5a0~Q!d~v!,

s



i
la
h

on

e
pe
e

er
in

a
ct

to

-

in
th
o-
rin
s
ll
i.e

e
ur
d

co
th

.
a
rt
he
t
t

te
ni
er
a
n
th
as

dy
e-

ri-
dis-
s of
re,
as
is

per-
cles
ed.
eta-
as

ata.
the
ray
e at
to

the

als

cal-
a

eri-
t-

lie

s

3616 PRE 62C. PETRILLO, F. SACCHETTI, B. DORNER, AND J.-B. SUCK
S6~Q,v!5a6~Q!
1

12exp~2\v/kBT!

3
G~Q,v!

~v22v6
2 !21G2~Q,v!

,

that is the quasielastic peak was approximated by ad func-
tion since, as also discussed previously, it is very narrow
the present experimental conditions. Moreover, each ine
tic mode was assumed to be described by a damped
monic oscillator with the same broadening functi
G(Q,v)5aQv @15,20#. Equation~7! was fitted to the whole
experimental data set leaving the coefficientsa0(Q),
a6(Q), a, c` , v0 andl as free parameters. In this way th
number of free parameters of the fit was reduced with res
to the procedure of Refs.@1–4# and the determination of th
physically important parametersc` andv0 was more accu-
rate. The fit was carried out by varying the four paramet
a, c` , v0 , andl, which appear in the various equations
an entangled nonlinear form. The coefficientsa0(Q) and
a6(Q) were obtained for each choice of the four nonline
parameters by a linear fitting to the data at each wave-ve
transferQ. The values ofa6(Q) were finally used to derive
integrated intensitiesZ6(Q), as we will discuss in the fol-
lowing. As our model depends explicitly on the wave-vec
transferQ, the model scattering function of Eq.~7! was con-
voluted with the four-dimensional (Q,v)-dependent resolu
tion function.

The results of the fitting procedure are shown in Fig. 5
comparison with the experimental data. Quite generally
quality of the fit is fairly good, as the model function repr
duces the important features of the experimental scatte
function. Therefore, we can consider the fitting parameter
meaningful within the present empirical model, especia
the two parameters which define the dispersion relation,
c` and v0 . The best values obtained forc` and v0 were
c`52162 meV/Å21, that is 32006320 m/s, and \v0
55.560.3 meV. b0 , l, and a turned out to be 105
614 meV2 Å, 361 Å, and 1063 meV Å, respectively. The
present value of\v0 is in very good agreement with th
position of a clear peak in the density of states as meas
in Ref. @18#. The value ofc` is coincident with that deduce
from the x-ray scattering data in light water@1–3# and very
close to that obtained in a previous neutron experiment@4#
carried out with a smaller incoming neutron energy and
broader resolution. The present results suggest that a
fined dynamic range can cause a lack of observation of
fast sound, as it occurred in Ref.@6#. Indeed, the main dif-
ference between the present experiment and that of Ref@6#
is the minimum scattering angle achieved. A rather low sc
tering angle was instead obtained in the experiment repo
in Ref. @4# and carried out on the IN8 spectrometer at t
ILL. In that case, the dynamic range was wide enough
detect the fast sound. On the other hand, the experimen
Ref. @6# was carried out on the time-of-flight spectrome
MARI at the neutron spallation source ISIS and the mi
mum scattering angle was slightly larger. In fact, the exp
ment on MARI stimulated a more detailed search for sign
from the v0 mode. Finally, the present data on the sou
propagation in water show that the isotopic effect on
propagation of the fast sound is negligible, as it is the c
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for the normal sound velocity. This result, which was alrea
suggested in Ref.@1#, is apparent from the comparison b
tween the present data in D2O and the data of Refs.@1–3# in
H2O.

A more quantitative comparison with the x-ray expe
ment is obtained by superimposing the x-ray data to the
persion relation produced by using the best-fit parameter
the present experiment. The plot is shown in Fig. 8 whe
for clarity, we indicate by open circles the frequencies
obtained from the neutron experiment. This presentation
redundant because the circles lie necessarily on the dis
sion curves as obtained by the fits. Nevertheless, the cir
indicate from which data the dispersion curves were deriv
The agreement observed in Fig. 8 shows that the interpr
tion of the data by the described model is meaningful
different approaches were followed to reduce the x-ray d
It is very interesting to observe that the lower branch of
present model fits extremely well the data obtained by x-
scattering, and this is a region where both experiments ar
their technical limits. The present model was also applied
fit the x-ray data by holding fixed the parametersa, c` , v0 ,
andl and leaving the coefficientsa0(Q) anda6(Q) as free
parameters. The fit performed atQ50.4 Å21 is shown in
Fig. 9 where, again, a very good agreement between
model and the experimental results was found.

Finally the mode strengths as measured by the integr

Z6~Q!5
1

2 E2`

1`

dv S6~Q,v!

of the two modes comprised in the present model were
culated. In the classical limit@20#, under the assumption of
solidlike behavior of the system, the integral is given by

Z6~Q!5
~\Q!2

2M

kBT

~\v6!2 F6
2 ~Q!, ~8!

whereF6(Q) are the structure factors of the modes andM is
the mass of the molecule. Note thatZ6(Q) does not depend
on the dampingG. The experimental values ofZ6(Q) are
given in Table I. In Fig. 10 we plot the structure factors

FIG. 8. Dispersion relation as deduced from the present exp
ment ~solid line! in comparison with the results of the x-ray sca
tering experiments reported in Refs.@1–3# ~dots!. The open sym-
bols indicate the results from neutron scattering. They
necessarily on the calculated curves~see text!. The dashed lines are
reference linear dispersion curves corresponding to the velocitiec`

andc0 ~see text!.
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F6
2 ~Q!;Z6~Q!

v6
2

Q2 . ~9!

For Q>0.4 Å21,F1
2 (Q) is practically constant. Such a be

havior would be expected for an unperturbed longitudi
acoustic~LA ! mode@15#. The slight decrease ofF1

2 (Q) for
smallerQ’s could be attributed to the fact that, due to t
coupling to the opticlike modev0 , the structure factor
F1

2 (Q) takes up part of the eigenvector of the modev0 . The
eigenvector of the modev0 is expected to provide a smalle
structure factor than the LA mode.F2

2 (Q) at largeQ’s is
mainly attributed to the modev0 . The trend ofF2

2 (Q) to-
wards smallerQ’s is opposite toF1

2 (Q). F2
2 (Q) is increas-

ing because it takes up part of the eigenvector of the
mode. Within the error bars,F1

2 (Q) andF2
2 (Q) have com-

parable values atQ50.35 Å21. Therefore we can conclud
that the uncoupled modes cross near this value. This m
that for largerQ values,F1

2 (Q) is mainly related to the LA
mode andF2

2 (Q) to the opticlike mode. The sumF1
2 (Q)

1F2
2 (Q) is supposed to be equal to the sum of the in

vidual structure factorsFLA
2 (Q)1Fv0

2 (Q). This quantity is

also given in Fig. 10. As we assume thatFLA
2 (Q) is indepen-

dent ofQ andFv0

2 (Q) should vanish forQ towards zero, we

would have expected that the sum decreases for the sm
Q values. However, within the errors the sum remains c
stant for theQ values investigated here. The other observ
Q dependencies ofF6

2 (Q) are in good agreement with ou
two-mode model.

FIG. 9. Dynamic structure factor of light water versus ener
transfer atQ50.4 Å21 as obtained by the x-ray scattering measu
ments of Ref.@3#. The experimental data~circles! are also shown on
a scale expanded by a factor of 5~dots!. The solid line is the fit to
the x-ray data as obtained by applying the present model desc
in the text.

TABLE I. Experimental values ofZ6(Q) as deduced from the
present data~see text!.

Q
~Å21! Z2(Q) Z1(Q)

0.30 0.029660.0014 0.012060.0014
0.35 0.034360.0014 0.015860.0013
0.40 0.032560.0012 0.022160.0011
0.50 0.040360.0009 0.023360.0009
0.60 0.042360.0010 0.026660.0009
l

ns

-

ller
-
d

IV. CONCLUSIONS

The present experiment has definitely shown the existe
of a complex collective excitation in water when the wav
vector transfer is smaller than 0.6 Å21. This conclusion can
be drawn directly from the inspection of the experimen
data of Fig. 7. However, more detailed information is o
tained from the dispersion relation provided by the mo
applied to fit the data. The presence of a localized mode w
an energy of;5.5 meV~44 cm21!, which is possibly due to
a relative motion of nearest neighbor water molecules,
been clearly identified and found to be in agreement with
results of previous x-ray scattering investigations@3#. Such a
mode, with a similar frequency, has been observed in ice@5#.
This localized mode has the effect, through the interact
with the unperturbed acoustic mode, of reducing the veloc
of the low frequency~perturbed! sound. The present mode
has the merit of describing the transition from the long wa
length ~perturbed! sound to the unperturbed sound in a ve
simple way, taking into account the now well assessed p
ence of the localized mode. The unperturbed sound velo
in the liquid, observed as 32006320 m/s, is much closer to
the sound velocity in the solid with about 4000 m/s. A
alternative model which can describe the transition from n
mal to fast sound is employed in Refs.@21#, @22# although
the presence of the almost dispersionless mode is not ta
into account.

The integrated intensitiesZ6(Q), see Eq.~8!, as obtained
from the fit to the experimental data have also been analy
Very generally one can remark that integrated intensities
tracted from inelastic neutron scattering data are less reli
than, say, peak positions. Nevertheless, the interpretatio
theZ6(Q), by plotting the mode structure factorsF6

2 (Q) in
Fig. 10, confirms the validity of our model. The model a
sumes aQ-independent structure factor for the uncoupl
LA mode and for the opticlike mode a structure factor whi
vanishes forQ towards zero.

Finally, the mode strengths obtained by the neutron s
tering can be compared with those obtained by fitting
present model to the x-ray data atQ50.4 Å21 as reported in
Ref. @3#. From the neutron data atQ50.4 Å21 one hasZ2

50.0325(12) andZ150.0221(11). From the x-ray data, th
corresponding values are:Z250.0109(10) and Z1

50.0158(10). These data show that the visibility of the o
ticlike mode is smaller in the x-ray dynamic structure fact

FIG. 10. F6
2 (Q) provided by the present model versus wav

vector transfer~see text!. F2
2 (Q), dots;F1

2 (Q), triangles. The sum
F2

2 (Q)1F1
2 (Q) is also shown by open circles.-

ed
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This means that the eigenvector of this mode has larger c
ponents on the deuterium atoms.

We are convinced that the description of the lowQ col-
lective dynamics of liquid water by means of the pres
model is quite accurate as it accounts for the observed
tures of the dynamic structure factor as determined by b
neutron and x-ray experiments. Of course, the dynamic
ec
s

ec
re
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er

t
w
a
2

ri,

v

s.
-

t
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of

water is far too complex to be fully described by the pres
small set of parameters. The adequacy of this model in
scribing the dynamic structure factor suggests, however,
the high number of eigenvectors intervening into the wa
dynamics contribute mainly to two frequency regions. Th
picture is in agreement also with the results of the investi
tion carried out in Ref.@23#.
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