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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 Ahe transition from slow to fast sound has been
attributed to the interaction between opticlike modes and a solidlike fast acoustic mode.

PACS numbes): 61.12.Ex, 67.80.Cx, 62.68v

I. INTRODUCTION The complexity of these features was taken as a possible
explanation of the discrepancies existing between the results
Besides the special properties of water, which lead to awof the neutron scattering investigations reported in Refk.
interest in its own, investigation of the dynamics of water hasand [6]. Indeed, no fast sound was reported in Réf. al-
a general value because of the basic role which water playthough the absence of such a mode, which has a velocity of
in the existence and behavior of living systems. The dynamthe order of 3000 m/s, could be due to the rather restricted
ics of water has also attracted much attention because it idynamic range of this investigation. On the other hand, the
the prototype of a hydrogen-bonded network, where many ohimost dispersionless mode was observed in R&f. Fi-
the complex features shown are connected to the presence @dlly, it must be mentioned that none of the available com-
the medium strength hydrogen bonds. As the local structurputer simulations give a full account of the experimental
of water is very close to that of its solid phase under normatesults, although some of the measured features are repro-
conditions, i.e., hexagonal ice, it is quite reasonable to expeceiuced in old[7,8] and more recent computer simulations
the dynamics of the liquid to be similar to that of the solid. In[9-11].
contrast to this anticipation, the sound velocity is in liquid  Considering that x-ray scattering experiments measure a
water a factor of 2 smaller than in ice. dynamic structure factor which is related to the fluctuations
Recently, the dynamic structure factor of light water hasof the electron density induced by the atomic motion and that
been measured by ultrahigh resolution x-ray scattdirg8]  the largest part of the electron density in water is concen-
at low wave-vector transfefrom 0.2 to 1 &™), in the meV  trated on the oxygen site, it is evident that a neutron scatter-
energy range with a resolution of 1.5 meV. The results ofing investigation with adequate energy resolution and energy
this investigation add an important piece of information ontransfer range would be extremely desirable to obtain infor-
the low momentum dynamics of water which was found tomation also on the hydrogen dynamics. Of course, a neutron
be more complex than expected from a previous neutrogcattering measurement of the dynamic structure factor
scattering study4]. In particular, the fast sound, first ob- should be carried out on heavy water because of the huge
served by neutron scatterifd], was measured in more de- incoherent cross section of hydrogen in light water. The fa-
tail and the transition from the fast to the normal sound wassorable coupling of the neutron to the deuterium nucleus
investigated 2]. Moreover, the presence of an almost disper-(coherent scatteringcan be exploited to investigate the dy-
sionless mode was observgg], thus introducing a further namics of deuterium, so that the comparison with the x-ray
variable to the complex water dynamics. In Rid] it was  data, which mainly outline the oxygen motion, would enable
speculated that the dispersionless mode could have a conneg-more detailed description of the collective dynamics of
tion with the low-lying optic mode of ice,I[5], based on a water. Moreover, a properly designed neutron scattering ex-
comparison of the water spectra with those of ice measuregeriment, with a dynamic range wider than that achieved in
under similar conditions, while the fast sound was related tahe previous measuremenis,6], could help to solve the
a sort of solidlike behavior of the liquid at high frequency. disagreements between the neutron requl§]. We there-
fore investigated the dynamic structure factor of heavy water
by neutron inelastic scatterir®llS) in a wider energy range
*Present address: Dipartimento di Fisica, Politecnico di Milano,and with considerably improved resolution with respect to
Piazza Leonardo da Vinci 32, 120133 Milano, Italy. previous neutron scattering studigg6], using a configura-
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tion adequate to identify the fast sound as well as the new 1200 .
nondispersive mode observed in the x-ray scattering experi-
ments. Finally, we believe that an additional experimental
investigation of the nondispersive mode and its relation to
the transition from the normal to the fast sound is necessary,
since the presence of an opticlike mode in a liquid, the vis-
ibility of which should decrease with decreasing wave-vector
transfer, is a rather surprising result worth a confirmation.
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The present measurements were carried out at the three-
axis spectrometer IN1 installed at the hot source of the High 1200
Flux Reactor of the Institut Laue LangevifGrenoble,
France. The special properties of this instrument were fully
exploited to succeed in this experiment. Due to the intense
flux of high-energy neutrons provided by the hot source, the
experiment could be performed with a rather higbnstant
analyzey energy of 120 meV. Moreover, very tight collima-
tions of 25, 20/, 20’ and 20 were employed from the reac- 0
tor to the detector. This spectrometer configuration, in com- 20 10 hw(?neV) 1020
bination with the low background from an evacuated flight
path around the sampl& m in diameter, allowed to collect FIG. 1. Intensity versus energy transfer measured on the heavy
high quality data down to 1° scattering angle. In order towater samplgdots and the empty cellcircles. (a) Wave-vector
improve the energy resolution, a vertically focusing@81)  transferQ=0.3A~*. (b) Wave-vector transfe@=0.6 A™*.
monochromator and a vertically focusing C400) analyzer
were used. Pushing this spectrometer to its limits in resoluthe resolution of the instrument and for absolute normaliza-
tion causes, however, a remarkable reduction in intensity. tion of the data, two scans @=0.35 A" and 0.5 A were

A properly designed sample cell was employed to opti-performed by insertip a 2 mmtick Vanadium plate into the
mize this difficult experiment. The sample was contained insample cell. As the Vanadium sample had the same extended
a flat, vacuum tight, & 4x0.85cn? aluminum cell. The size as the water sample, the normalization run was per-
wall thickness was less than 1 mm but still thick enough toformed in exactly the same configuration as used for the
minimize the deformation of the cell under vacuum. In ordersample measurements. Moreover, the same background was
to reduce the amount of multiple scattering, a honeycomblikexpected to affect the Vanadium measurements. This proce-
Cd grid (0.6 cm edge was mounted inside the cell. The dure minimizes the effect of the nonperfect uniformity of the
effect of the Cd grid was to decompose the sample into manincoming beam as both the sample and the Vanadium stan-
smaller samples having an almost cylindrical shape. This scdard were uniform slabs with the same size.
lution does practically not influence the transmission for the After normalization of the measured data to the same
present experiment which is confined to the small wavemonitor counts, the background intensityto be subtracted
vector transfer region, where the scattering angle at thérom the data collected with the sample is given by the fol-
sample is always very small due to the rather high incomindowing standard relationship:
energy. The Cd grid was found to reduce the multiple scat-
tering contribution by more than a factor of 2. lp=1,+Tp(le—1,), (D)

All the measurements were carried out at 293 K on a
99.99% deuterated heavy water sample. The scattered intewherel is the measured empty cell intensity, is the in-
sity from the water sample was measured at five wave-vectdensity measured with the sample substituted by a full ab-
transfersQ, namely atQ=0.3, 0.35, 0.4, 0.5, and 0.6 A sorber(e.g., Cd andTy, is the transmission of the sample for
Special attention was paid to the background subtractiomeutrons with 120 meV energy, i.e., the energy selected at
which, although rather small, is a non-negligible contributionthe analyzer. In order to optimize the background subtraction
especially to the tails of the scattering function. This is ob-and as the intensity from the absorber was measured only at
vious taking into account that, at a given wave-vector transQ=0.3 A1, the contribution from the empty cell was ana-
fer, the highest energy transfers are attained at the smallelyized at first. In Fig. 1 the intensity data measured from the
scattering angles, i.e., next to the incident beam. The backsample aQ=0.3A* and 0.6 A are shown in comparison
ground from the empty cell, with the honeycomblike Cd grid with the corresponding empty cell data. From this figure it is
in place, was measured at the sa@&alues as the sample, apparent that the empty cell contribution, at the smallest
while the background produced outside the sample regioscattering angles next to the incident beam, can be described
was measured & =0.3 A~! with the sample substituted by by a rather smooth function reaching the higher values at the
a highly absorbing 2 mm thick Cd plate. An additional mea-two ends of the scans and having a central peak, which
surement on the water sample after removing the Cd grideems to be due to an almost elastic process. In order to
was carried out aQ=0.3A" 1. These data were used to determine the best estimate figr, the empty cell data were
check the multiple scattering correction. In order to measur@lotted against the scattering angt&. 2ll the data, irrespec-

Q=0.6 A1
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inside the DO cylinders. The evaluation of the MS is a
complex task since the knowledge of the sample scattering
function is requireda priori at every incoming neutron en-
ergy. The scattering function of water, as obtained from me-
dium resolution measurements and in a wide energy range, is
reported in Ref[13]. However, it appears quite difficult to
include all the features of the experimental scattering func-
tion, which extends over an energy range in excess of 300
meV, in an MS simulation. Although the incoming energy

Intensity (arb. units)

0 . | : | never exceeded 140 meV in the present experiment, it seems
0 2 4 almost impossible to have an accurate simulation of the MS
26 (deg) on that fine mesh necessary to be used in the small energy

range of the present measurements. Therefore, we preferred
Yo model the scattering function of water by means of an
analytic function as input for the MS simulation and to rely,
at the same time, on the experimental data collected without
) - i the Cd grid, i.e., with an increased MS contribution, as a
tive of the energy transfer, are shown in Fig. 2. An inspeCpeck of the accuracy of the simulation. The model scatter-
tion of this figure points out that the empty cell data lie on 8ing function had to be simple, however containing the most

single smooth curve which is independent of the energymnorant features of the scattering function of water, rel-

transfer, apart from the elastic peak contributions which 0Cxyant for an MS simulation. We assumed a scattering func-

cur at different positi_ons.. Itis therefqre reasonable to assumg,, consisting of a quasielastic contribution, accounting for
the empty cell contribution be described by a smooth curvene itfusionlike processes, plus a Gaussian peak which

dependent only on the scattering angle plus an elastic peafyjates the inelastic contributions. It was given by the fol-
which is probably due to small angle scattering of the a'“m"lowing relationship:

num container. This behavior is further emphasized in the

measurement performed at 0.3 Awith the sample substi- W
tuted by the Cd plate. The resulting data are shown in Fig. 3 Spod Q. @)= DOW
together with the empty cell data at the same wave-vector me
transfer. From Fig. 3 it is clearly seen that the elastic peak is +efb(w+wG)2], )
due to the aluminum cell, as it is practically absent in the Cd

data, whereas the remaining features of the spectrum are NRhere po=e 2"o is the measured Debye—Waller factor,
affected by the addition of the Cd plate. Therefore, the |n—pl:1_po and 8= (1/kgT). In the first term, describing the

tensity |, was modeled by a smooth function 0f2s ob-  guasielastic scattering from the diffusing atordgjs given
tained from a global fit to all the experimental data on they,

empty cell and the differencd {—1,) was obtained as the
measured empty cell data minus this smooth function. The 7D Q2

value of the transmissioifi, for the D,O sample, obtained W= TDQZ
using the measured heavy water cross sedtid) at 120 0
meV neutron energy, turned out to be 0.70. By subtradtjng whereD.=2.2x 10 5 cr®s t is the measured diffusion co-
from the intensity measured with the water sample in place o=

. N efficient of water andr=0.5 ps is the experimentally deter-
the scattering contribution due to the sample alone was d%ined relaxation time[14]. In the Gaussian termp
duced. :

_ 2 : .
The background-free scattered intensity still contains the. 41N 2MW¢ andWg, wg ,Cg are the full width at half maxi

contribution from multiple scatteringMS) of the neutrons mum (FWHM)’ the center aqd the normalization factor of
the Gaussian curve, respectivelys and wg were left as

free parameters to be fixed by comparison with the experi-
mental test data. The reasons for choosing such a model
& 2004 ) scattering function were supported by both the generally
g known water dynamics and the specific kinematic constraints
. ® 3 of the present experiment. Indeed, because of the rather
3 small energy range of the present measurements, most of the
1004 o o o contributions to the MS were expected to come from the
@, O s % e scattering function extending approximately over the same
WN’ i energy range. Moreover, considering the rather high incom-
ing neutron energy, the higQ region of the scattering func-
tion was expected to mainly contribute to the MS. Therefore,
the frequency dependence of the scattering function could be
approximated by that appropriate for incoherent scattering,
FIG. 3. Intensity versus energy transfer measured on the emptyhich probes diffusion processes and the density of states. It
cell (circles and the Cd absorbédots at the wave-vector transfer iS important to observe that, since at high wave-vector trans-
Q=03A% fers the quasielasti@iffusion) contribution is rather broad

FIG. 2. Scattered intensity from the empty cell as measured i
all the scans versus the scattering angleThe solid line is the best
fit to the full data set excluding the elastic peaks.
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FIG. 4. Calculated multiple scattering contributi@olid line) in
comparison with the experimental test détity at Q=0.3 A1
and versus energy transfer. Both the experimental and the calcu-
lated data shown in the figure are obtained by taking the difference
between the intensity scattered from the water sample without and
with the Cd grid. The experimental data are binned to reduce the
error.

and fairly small, genuine inelastic processes mainly contrib- T T
ute to the MS intensity which was then expected to be -20 -10 0 10 20
weakly dependent on energy. Moreover,@aependence of ho (meV)
the MS contribution was expected considering that the
present measurements were confined to the s@atgion FIG. 5. Experimental dynamic structure factor of heavy water
[15]. The MS simulation was carried out using a properlyVversus energy transfer and at the wave-vector transfer values of the
modified version of the simulation code which was successiéasurements. The experimental daiecles are also shown on a
fully applied to the analysis of diffraction dafd6]. Com- scale expanded by a factor of(Bot9 to emphasize the |nglast|c
paring the experimental data with the simulation results fOIs:tructures. The SO!Id Ilngs are the curves calculated according to the
the two cases with and without the Cd grid, we were able td'tted model described in the text.
fix the free parameters appearing in the scattering function. ] ] ]
Quite generally, the simulation results confirmed the anticiPurpose, the results obtained from the vanadium run, which
pations about the energy and wave-vector dependences §fan experimental d_etermlnatlon of the resolution, are shown
the MS contribution. It is worth noting that the results of the in Fig. 6. The vanadium data were analyzed according to the
MS simulation were quite insensitive to the details of theS@me procedure as the water data. In Fig. 6 the energy reso-
scattering function, the most important parameter being th&ition curve, expected with the present instrument configu-
Debye—Waller factor which was fixed in agreement with theration and calculated according to Rg£7], is also shown.
experimental data reported in RéL3]. The results of the First of all, it is important to ob_serv_e that the resolution is
MS simulation are shown in comparison with the experimen-~2.6 meV FWHM, a value which is the top performance
tal test data in Fig. 4, where it is observed that the simulatiorPresently achievable on a three-axis at such a high incoming
reproduces the experimental results rather well. neutron energy. Moreover, sgch a resolution is compara_ble
The calculated multiple scattering contribution was con-With the best ultrahigh resolution x-ray measurements which
voluted with the instrument resolution function, calculated
according to the standard Cooper and Nathidg proce- 600
dure using the known parameters of the instrument. The re-
sulting intensity was then subtracted from the measured data.
Using the measured vanadium data for normalization, the
dynamic structure factor of the,D sample was obtained on
an absolute scale. Finally, the incoherent contribution to the
dynamic structure factor was subtracted by assuming it to be
described by a very narrow Lorentzian function, as already
introduced in Eqg.(2). Since the width of this Lorentzian
function was always smaller tharn0.1 meV in the preser®
range, the correction for the incoherent contribution -10 0 10
amounted to the subtraction of a Gaussian function having fieo(meV)
the same width as the elastic resolution function. The result- Fig. 6. Intensity versus energy transfer measured on the vana-
ing coherent dynamic structure factors are shown in Fig. Bjium standard ap=0.5 A~ (dots. The solid line is the calculated
versus the energy transfer and at the different wave-vectQastrument resolution function. The inset shows the wings of the
transfer values. neutron and x-ray resolution functions on an expanded vertical
The quality of the present data must be discussed in corscale. The solid line is the present resolution function and the
junction with the instrument resolution function. For this dashed line is the resolution function of RE3].
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view of the complex behavior of the dynamic structure factor
of D,O, a data treatment based on a fitting of the experimen-
tal data to a damped harmonic oscillator modet4] seems

a rather restrictive approach. The high number of parameters
needed in such a fit would result in badly defined parameters
leading to only qualitative conclusions as in the case of the
analysis reported in Reff3]. Therefore, we tried to develop a

= 0.050 model of empirical nature and requiring a smaller number of
parameters to describe the basic physics in an intuitive fash-
ion. The model exploits the observations reported in Refs.
[1-4,6,18 in particular the presence of an almost dispersion-
less mode, which is evident in the density of states as mea-
sured in Ref[18] by an incoherent neutron scattering experi-
ment. The model should contain two modes with the
following characteristics: one of the modes should be almost
wave-vector-independent while the other has to be an acous-
ticlike mode associated with a small velocity at low wave-
vector transfer and a high velocity at high wave-vector trans-
fer. A two-mode system having these characteristics is one
where a wave-vector-independent mode interacts with an
acoustic mode. IfB(Q) describes the interaction, the fre-
quencies of the two modes,, andw_, are given by

FIG. 7. Experimental scattering function in heavy water versus 2 _1p 2, 2 VAV 2
the energy transfer and the wave-vector transfer. i =3[wit it V(0= 0y) +467], ()]

S, sw) (meV-1)

2 _1 2 2 2 2\2 2
attain a FWHM of~1.5 meV, although with the pronounced o~ =3[wpt wz— V(wyg— wz) "+ 467, )

side wings arising from the almost Lorentzian resolution , . .
. o where wq is the frequency of the dispersionless mode and
function characteristics of the x-ray spectrometers. On the : L ; ;
w;=C,Q is the unperturbed acoustic dispersion relation,

contrary, the resolution function of a neutron three-axis SPECith . the sound velocity of the acoustic mode. If the in-
trometer is practically a Gaussidsee inset in Fig. 6 The teractiocc)n arameteB(Q) ge ends linearly orQ tr-1en the
data in Fig. 6 also point out that the performances of th P B P y '

instrument were almost perfect as the agreement between t 2y Q sound velocity(normal souni ¢, tums out to be

calculated resolution and the experimental data is excellend!Ve" by

Moreover, the wings of the measured resolution function are o g

very symmetric as apparent from the extended and good- Co= lim ——= 1 Ni-(—) ) (5)
statistics scan shown in Fig. 6. Since the resolution function -0 Q Quo

of the instrument is so symmetric and the wings of the va-

nadium scan do not extend into the inelastic part of the spect high Q the energy difference between the two modes
tra, we are confident that the inelastic signal observed in afncreases and one expects the interaction to decrease with
the scans on heavy watéfig. 5 can safely be attributed to increasingQ value. Therefore a sensible choice Q) is

the sample response function. the following:
A close inspection of Fig. 5 suggests a wave-vector- _
dependent structure of the inelastic signal, although it is B(Q)=pBoQ exp(—AQ). (6)

rather complex. A guess on the general behavior of the dy- .
namic structure factor can be obtained from the three!3y means of Eq(5), the model produces a sound velowyy

. . ; o o at low Q’'s which is smaller thar., at highQ'’s. This finding
dimensional view of the data which is shown in Fig. 7. Fromresembles the results presented in RE9] on the fast sound

tmh'j d(év;?j"apl(;?rg}s?\?éhrﬁg dilT;ﬁtbvgai\éz-nvtﬁggr-lltlr?eespee?g:urt;% a disparate-mass crystalline system and obtained from a
P X ell-founded calculation. As, could have been determined

are in good qualitative agreement with the x-ray results. By S -
inspection of the higlQ region whereS(Q, ) departs from only at lowerQ values than accessible in the present experi

zero, one can infer a velocity of the dispersive mode in eX_ment, we tookco=1360 m/s from Refl14] and kept it fixed

1 . throughout the data analysis. In this way our model contains
et e satt * raccall nly o ssental prameessandoy, because
measured by ultrgsound spectroscop| Wh)i/ch is equal to Bo is then defined by Ed5). The two-mode model was then
1360 m/s. This result, although obtained in a qualitative Waydescrlbed by the following coherent dynamic structure fac-

is in complete agreement with the results of REf$and[4]. tor:

SCOh(Q!w):Sel(Qlw)+S—(Qlw)+s+(Q!w)! (7)
I1l. DATA ANALYSIS AND DISCUSSION
where
More accurate results on the atomic dynamics j®[R@an

be obtained by a quantitative analysis of the present data. In Se(Q,w)=2a,(Q)d(w),
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S:(Q) =2 (Q) o TrwlkaT) 20- {

I'(Q,w)
(02— 02)*+T%Q,w)’

B o(meV)

that is the quasielastic peak was approximated @yfanc- . —o=g= 4
tion since, as also discussed previously, it is very narrow in ~ ¢

the present experimental conditions. Moreover, each inelas- 0 - | - | -
tic mode was assumed to be described by a damped har- 0.0 0.4 0.8 1.2

monic oscillator with the same broadening function QA7)

F(Q'“.)) =2Quw [15,20. Equa‘uqn(?) was fitted 'tc') the whole FIG. 8. Dispersion relation as deduced from the present experi-
experimental data set leaving the coeﬁICIemg(Q), ment (solid line) in comparison with the results of the x-ray scat-
a-(Q), a C.., wo and\ as free parameters. In this way the tgring experiments reported in Refd—3] (dots. The open sym-
number of free parameters of the fit was reduced with respegjo|s ~ indicate the results from neutron scattering. They lie
to the procedure of Ref§1—4] and the determination of the necessarily on the calculated cuntese text The dashed lines are

physically !mportant parametecs, al’l(?i wo Was more acCu- reference linear dispersion curves corresponding to the velocities
rate. The fit was carried out by varying the four parametersindc, (see text

a, C,, wg, and\, which appear in the various equations in

an entangled nonlinear form. The coefficierts(Q) and  for the normal sound velocity. This result, which was already
a.(Q) were obtained for each choice of the four nonlinearsuggested in Ref.1], is apparent from the comparison be-
parameters by a linear fitting to the data at each wave-vectaween the present data in,© and the data of Ref§1—3] in
transferQ. The values of..(Q) were finally used to derive H,O.
integrated intensitieZ.. (Q), as we will discuss in the fol- A more gquantitative comparison with the x-ray experi-
lowing. As our model depends explicitly on the wave-vectorment is obtained by superimposing the x-ray data to the dis-
transferQ, the model scattering function of E(¥) was con-  persion relation produced by using the best-fit parameters of
voluted with the four-dimensionalQ, w)-dependent resolu- the present experiment. The plot is shown in Fig. 8 where,
tion function. for clarity, we indicate by open circles the frequencies as
The results of the fitting procedure are shown in Fig. 5 inobtained from the neutron experiment. This presentation is
comparison with the experimental data. Quite generally theedundant because the circles lie necessarily on the disper-
quality of the fit is fairly good, as the model function repro- sion curves as obtained by the fits. Nevertheless, the circles
duces the important features of the experimental scatteringidicate from which data the dispersion curves were derived.
function. Therefore, we can consider the fitting parameters a$he agreement observed in Fig. 8 shows that the interpreta-
meaningful within the present empirical model, especiallytion of the data by the described model is meaningful as
the two parameters which define the dispersion relation, i.edifferent approaches were followed to reduce the x-ray data.
C. and wy. The best values obtained faor, and wy were |t is very interesting to observe that the lower branch of the
C.=21x2meV/A~1, that is 3206:320m/s, and%w, present model fits extremely well the data obtained by x-ray
=5.5x0.3meV. By, A, and a turned out to be 105 scattering, and this is a region where both experiments are at
+14meVV A, 3=1 A, and 16-3 meV A, respectively. The their technical limits. The present model was also applied to
present value ofiw, is in very good agreement with the fit the x-ray data by holding fixed the parametet<.,, w,,
position of a clear peak in the density of states as measureghd\ and leaving the coefficients(Q) anda. (Q) as free
in Ref.[18]. The value ofc., is coincident with that deduced parameters. The fit performed &=0.4A"! is shown in
from the x-ray scattering data in light watgk—3] and very  Fig. 9 where, again, a very good agreement between the
close to that obtained in a previous neutron experiniéht model and the experimental results was found.
carried out with a smaller incoming neutron energy and a Finally the mode strengths as measured by the integrals
broader resolution. The present results suggest that a con-
fined dynamic range can cause a lack of observation of the 1 [+
fast sound, as it occurred in RéB]. Indeed, the main dif- Z.(Q)= §f dw S.(Q,w)
ference between the present experiment and that of[BEf. o

is the minimum scattering angle achieved. A rather low scat- f the two modes comprised in the present model were cal-
tering angle was instead obtained in the experiment reporte P P

in Ref. [4] and carried out on the IN8 spectrometer at thecula’[ed. In the classical limj20], under the assumption of a

ILL. In that case, the dynamic range was wide enough tOsolidlike behavior of the system, the integral is given by

detect the fast sound. On the other hand, the experiment of 9
Ref. [6] was carried out on the time-of-flight spectrometer _ (hQ)" keT _,

. o Z.(Q) 2 FL(Q), 8
MARI at the neutron spallation source ISIS and the mini- 2M  (fiw.)
mum scattering angle was slightly larger. In fact, the experi-
ment on MARI stimulated a more detailed search for signalsvhereF .. (Q) are the structure factors of the modes &b
from the wg mode. Finally, the present data on the soundthe mass of the molecule. Note that (Q) does not depend
propagation in water show that the isotopic effect on theon the dampind’. The experimental values & . (Q) are
propagation of the fast sound is negligible, as it is the casgiven in Table I. In Fig. 10 we plot the structure factors
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FIG. 10. F2(Q) provided by the present model versus wave-

FIG. 9. Dynamic structure factor of light water versus energyyector transfefsee text F? (Q), dots;F2(Q), triangles. The sum
transfer aQ=0.4 A~ ! as obtained by the x-ray scattering measure-F2 (Q) + F2 (Q) is also shown by open circles.

ments of Ref[3]. The experimental dai@ircles are also shown on
a scale expanded by a factor ofdots. The solid line is the fit to

the x-ray data as obtained by applying the present model described IV. CONCLUSIONS
in the text The present experiment has definitely shown the existence
2 of a complex collective excitation in water when the wave-
w . . .
F2(Q)~Z.(Q) —. 9) vector transfer is smaller than 0.6 A This conclusion can
- B Q be drawn directly from the inspection of the experimental

12 . . _ data of Fig. 7. However, more detailed information is ob-
For Q=0.4A"",F%(Q) is practically constant. Such a be tained from the dispersion relation provided by the model

havior would be expected for an unperturbed longitudinal_ _ . . )
acoustic(LA) mode[15]. The slight decrease &2 (Q) for applied to fit the data. The presence of a localized mode with

) . an energy of~5.5 meV (44 cm 1), which is possibly due to
smallerQ's could be attributed to the fact that, due to the 5 o |ative motion of nearest neighbor water molecules, has
coupling to the opticlike modew,, the structure factor

> X been clearly identified and found to be in agreement with the
F(Q) takes up part of the eigenvector of the maale The  oqits of previous x-ray scattering investigati¢8k Such a
eigenvector of the mode is expected to provide a smaller mode, with a similar frequency, has been observed ifi5te
structure factor than the LA mod&2(Q) at largeQ's is  This localized mode has the effect, through the interaction
mainly attributed to the mode,. The trend ofF? (Q) to-  with the unperturbed acoustic mode, of reducing the velocity
wards smalleQ’s is opposite toF2 (Q). F2(Q) is increas-  of the low frequency(perturbed sound. The present model
ing because it takes up part of the eigenvector of the LAhas the merit of describing the transition from the long wave-
mode. Within the error bar;2 (Q) andF? (Q) have com- length(perturbed sound to the unperturbed sound in a very
parable values a@=0.35A"1. Therefore we can conclude simple way, taking into account the now well assessed pres-
that the uncoupled modes cross near this value. This measice of the localized mode. The unperturbed sound velocity
that for largerQ values,Fi(Q) is mainly related to the LA in the liquid, observed as 32820 m/s, is much closer to
mode andF2 (Q) to the opticlike mode. The su2(Q)  the sound velocity in the solid with about 4000 m/s. An
+F2(Q) is supposed to be equal to the sum of the indi-lternative model which can describe the transition from nor-
vidual structure factor§,(Q)+F?2 (Q). This quantity is mal to fast sound is employed in Ref21], [22] although

) o o the presence of the almost dispersionless mode is not taken
also given in Fig. 10. As we assume tIF@(Q) is indepen-  into account.

dent ofQ andF?, (Q) should vanish foQ towards zero, we The integrated intensities. (Q), see Eq(8), as obtained
would have expected that the sum decreases for the smalléom the fit to the experimental data have also been analyzed.
Q values. However, within the errors the sum remains conVery generally one can remark that integrated intensities ex-
stant for theQ values investigated here. The other observedracted from inelastic neutron scattering data are less reliable
Q dependencies df2(Q) are in good agreement with our than, say, peak positions. Nevertheless, the interpretation of
two-mode model. theZ..(Q), by plotting the mode structure factdF‘@t(Q) in

Fig. 10, confirms the validity of our model. The model as-
sumes aQ-independent structure factor for the uncoupled
LA mode and for the opticlike mode a structure factor which
vanishes forQ towards zero.

TABLE |. Experimental values of .. (Q) as deduced from the
present datdsee texk

(Acgl) Z.(Q) 7.(Q) _Finally, the mode strengt_hs obtained by the neutron scat-
tering can be compared with those obtained by fitting the

0.30 0.0296-0.0014 0.0128:0.0014 present model to the x-ray data@t=0.4 A~! as reported in

0.35 0.03430.0014 0.0158 0.0013 Ref. [3]. From the neutron data &=0.4A" ! one haszZ_

0.40 0.03250.0012 0.022%0.0011 =0.0325(12) an&, =0.0221(11). From the x-ray data, the

0.50 0.0403 0.0009 0.02320.0009 corresponding values areZ_ =0.0109(10) and Z,

0.60 0.04230.0010 0.0266 0.0009 =0.0158(10). These data show that the visibility of the op-

ticlike mode is smaller in the x-ray dynamic structure factor.




3618 C. PETRILLO, F. SACCHETTI, B. DORNER, AND J.-B. SUCK PRE 62

This means that the eigenvector of this mode has larger conwater is far too complex to be fully described by the present
ponents on the deuterium atoms. small set of parameters. The adequacy of this model in de-

We are convinced that the description of the I@acol-  scribing the dynamic structure factor suggests, however, that
lective dynamics of liquid water by means of the presentthe high number of eigenvectors intervening into the water
model is quite accurate as it accounts for the observed fealynamics contribute mainly to two frequency regions. This
tures of the dynamic structure factor as determined by botlpicture is in agreement also with the results of the investiga-
neutron and x-ray experiments. Of course, the dynamics dfon carried out in Ref[23].
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