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Brillouin neutron scattering in heavy water: Evidence for two-mode collective dynamics
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A high resolution(1.5 me\} inelastic neutron scattering experiment was carried out, aiming at an accurate
investigation of the high frequency and low momentum dynamic response in heavy water. The experimental
data confirm the existence of a dispersionless mode, besides the ordinary longitudinal collective dynamics. A
simplified model, based on the interaction of two vibrational branches, is proposed to interpret the observed
features of the dynamic spectra. The validity extent of this scheme is proved by applying it to room tempera-
ture neutron and x-ray data, to temperature and pressure dependent x-ray data, and to room temperature
neutron data of vibrational density of states. The overall successfull results provided by this model, in con-
junction with the combined analysis of the x-ray and neutron data on collective dynamics, enable a deeper
insight into the complex mechanisms of the water dynamics and provide a simple phenomenological explana-
tion for the transition from ordinary to fast sound.
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[. INTRODUCTION isothermal sound are shown versus the wave vegtand in
In a recent papefl] we reported an accurate inelastic comparison Wlth. the dens[ty of states measured over the
neutron scattering investigation of the collective dynamics @M€ energy region. There is a clear correspondence between
the peak at-6 meV in the density of states and the average

heavy water over an extended dynamic range, which wa _ . X
optimized to study the so-callefdst sound[2-5]. The ex- energy values associated to the dispersionless mode mea-

periment in Ref.[1] was carried out on a top performance Sured in Refs[1,5]. -
three-axis spectrometer installed at the High Flux Reactor of N the x-ray investigations of Ref$6,7], the transition

the Institut Laue-LangevigILL, Grenoble. The results of from the hydrodynamiordinary sound at low wave-vector
that investigation revealed that the fast sound could be urifansfer to thefastsound at large wave-vector transfers was
ambiguously observed by inelastic neutron scattering, andlescribed as due to a structural relaxation process. The oc-
more interestingly, that a second mode, which is almost discurrence of different dynamic regimes, characterized by fast
persionless and behaves like an optic mode, was preserﬁf‘d ordinary sound velocities, was explained in terms of the

inelastic x-ray scattering in the experiment described in Ref. 25 : : : 25
[5]. However, later x-ray scattering measuremg6i3] were * neutron Ref. [2] o

interpreted in terms of a single mode with a simple linear 2 i SR 20
dispersion. That seeming contradiction is probably related to S 45l i 15 &
the experimental difficulties in observing the dispersionless g f 3
mode by means of an x-ray probe. Indeed, the intensity as- g 1ot . ' ; 10 <
sociated to this mode is smaller than in the neutron §ike [ _o_cp’ P -

and its contribution to the x-ray dynamic structure factor can S50 Q/"‘/ ° 5

be neglected when analyzing the fast sound. The neutron and 0 2 . . . 0
x-ray findings were first interpreted by [ as an indication 0 0.4 0.8 1.2

for the dispersionless mode being mainly located on the hy-
dL%gtg:: (gfauti?il;m ?’tr?emc?c,)r:,;/:lhljgihor?rgbz)nuutctt;\;esfe:ésr:gf C;P n FIG. 1. Summary of the excitation energies observed in water

P o 9- P azy inelastic neutron scattering experime(itangles from Ref[1],
addl_tlonal mode was also strongly suppo_rted by_ th? results q ots from Ref.[2]), and by inelastic x-ray scattering experiments
the mcoh_erent neutron scattering e)_(perlment in light Watefcircles from Ref.[5]). The solid lines are the dispersion relations
reported in Ref[8], where a well defined peak at the same jqqciated to the fast sourd,=3200 msl) and to the hydrody-
energy as the dispgrsionless collective modg was observed ri{émic sound(co=1320 ms?), with the dashed lines representing
the measured density of states. We emphasize that the expeffiz continuations. The dot-dashed line is the dispersionless mode
ment of Ref.[8] provides the measurement of the spectrumgiscussed in Ref[1]. The curve with crosses on the right is the
projected onto the hydrogen nuclei, that is it is a very sensiexperimental density of states of light water measured in F3f.

tive probe of the dispersionless mode. The experimental situand shown over the same energy scale. We note the correspondence
ation is summarized in Fig. 1, where the excitation energiegetween the peak in the density of states and the energy associated
fhw(Q) associated to the fast sound and to the hydrodynamit the dispersionless mode.
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associated to the density fluctuatiof8]. The proposed end, we mention an even more recent molecular dynamics
Q-dependent relaxation model was also successfully appliesimulation study[11] on the hydration water of a protein
to the interpretation of the pressure- and temperatureerystal, where it was reported that the dynamics of hydration
dependent x-ray datf6,7]. However, we observe that, de- water share many of the spectral features of bulk water. This
spite the satisfactory overall description of the water collecinvestigation, demonstrating the central role of the dynamics
tive dynamics under different thermodynamic conditions,of hydration water, proved, once again, the importance of
this model does not tal_<e into account the ad_ditional in_tensityéccessing to a deeper understanding of the water dynamics,
at ~6 meV observed in the neutron scattering experimentgither in itself or for the impact it has in fields like life
[1.8] . - science[11].

An alternative description of the complex features of the . o present the results of a different inelastic scat-
water dynamics is that provided by the phenomenologica{ering éxperiment on heavy water, again using neutrons

interaction model proposed in Rdfl]. The model is based . . "
on the idea that leaving an elementary excitation, with anWhICh are more sensitive to thg presence of 'Fhe additional
namics at 6 meV. The experiment was designed to con-

associated linear dispersion, to interact with a dispersionles%y : ) .
mode brings about a splitting of the low-frequency from the Irm and more deeply |'nvest|g_ate the presence o'f t_he disper-
high-frequency branches. In Rdfl] it was shown that the sionless m_ode and its mteractlon_Wlth the acoustlcllke_ mode.
interaction model, although in a rather crude and extremely Nerefore it was carried out at higher energy resolution and
simplified manner with respect to the richness and compleleth better statistics. Referring to the data collectgd previ-
ity of the water dynamics, is able to account for the observe@Usly [1], we judged that 1.5-meV energy resolution was
excitations and their dispersion, namely the dispersionlesddequate to determine the dynamic structure factor with suf-
mode and the linearly dispersing acousticlike mode which idiciently high accuracy. Indeed, such a resolution is quite
associated to a low propagation velocity at low wave-vecto@dequate to deal with the rather broad features of the water
transfer and to a high velocity at large wave-vector transferSPectra and it has the advantage of being comparable with-
The relaxation and the two-mode interaction schemes ardat employed in the high resolution x-ray experiments. This
both phenomenological, although a larger degree of comwould enable a meaningful comparison of neutron and x-ray
plexity remains associated to the relaxation model, and botHata= despite the 'dlfferent analytic functions describing the
suggest possible interaction mechanisms of the density fluddStrument resolution.
tuation mode with the system as a whole, as a key to explain
the sound propag_ation in water. In the struct_ural relaxation Il. EXPERIMENT
model, the relaxation time is related to formation and break-
ing of hydrogen bonds, and the collective mode propagates The preferred choice for carrying out the present experi-
in a medium which may appear as a solidlike network ofment was the three-axis neutron spectrometer IN1 on the hot
molecules or as the ordinary liquid structure, depending orgource at the ILL, where inelastic scans were collected in the
the mode frequency]. In the interaction model, the inter- fixed final wave-vector configuration, namédy=6.2 A as
action between the collective mode and the system dynamigglected by a vertically focusin@00 Cu crystal analyzer.
is essentially confined to the 6-meV band. Under both the'he low d-spacing(331) vertically focusing Cu monochro-
interpretation schemes, the interactions of the collective exmator was mounted. Very tight collimations of 220’, 20/,
citation are treated on an empirical basis, although the difand 30 were employed from the reactor to the detector. This
ferent microscopic mechanisms lead to a different interprespectrometer configuration, in combination with the low
tation of the ordinary to fast sound transition in water. Thebackground from an evacuated flight path around the sample,
main difference between the two models remains, in oud m in diameter, enabled the collection of high quality data
opinion, the relaxation model not accounting for the disperdown to 1° scattering angle, and, despite the tight collima-
sionless excitation at6 meV, whose existence is proved by tions, a sufficiently high intensity was available at the
the incoherent neutron scattering experimgjtand by the ~ sample. The elastic energy resolution, corresponding to such
Brillouin neutron scattering experiment of R¢1]. The ex-  a configuration, was determined by inelastic scans on a va-
perimental information available at present is not enough tdadium standard at the exchanged wave vedr$.2 A
assess the validity of one model against the other and botandQ=0.4 A", and it turned out to be 1.5 meV. Consider-
could be used as a starting point for interpreting the comple¥g the rather high value of final energy, i.e., 80 meV, a
features of the water dynamics. relative energy resolution better than 2% was quite a good
Additional data come from molecular dynamics simula-achievement. The kinematic regid@,%w) spanned in the
tions that, recently, provided convincing evidence for thepresent experiment is sketched in Fig. 2 in comparison with
presence of two vibrational mod¢$0], which were related that accessible to the previous neutron experiniéhtand
to longitudinal and transverse dynamics in water. Althoughtogether with the dispersion relations associated to the col-
the simulation result applies to the motion of the center oflective modes, as measured in REE]. This figure shows
mass only, it gives further ground to the picture of a twothat the(Q,%w) region covered by the two experiments was
mode dynamics possibly existing in water. Of course, theappropriate to investigate the propagation of collective exci-
analysis of the center of mass motion cannot be directly aptations in water.
plied to interpret the neutron scattering data. The neutron The sample was D, 99.99% deuterium rich, with a
data are remarkably affected by the deuterium motion, whictlarge size matching the full cross section of the incoming
is likely going to be different from the oxygen motion. In the beam and an optimal thickness appropriate to reduce the
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FIG. 3. Intensity of the vanadium standard versus energy trans-
fer, measured aQ=0.2 and 0.4 A (dots. The solid lines are
Gaussian curves with 1.5 meV FWHM describing the instrument
resolution function12].

FIG. 2. Kinematic regionQ,%w) accessible to the present in-
vestigation(80-meV final neutron energy and 1° scattering apngle ~ The procedure applied to correct the experimental data,
and to the neutron experiment of R¢t] (120-meV final neutron ~ Which schematically consists of monitor normalization,
energy and 1° scattering angl@he dashed lines are the dispersion background subtraction, MS and attenuation corrections, and
relations associated to the collective excitations in water, as deabsolute normalization was described in detail in R&f.
scribed in Ref[1]. Here, we briefly comment only on the measurements de-

signed to test the accuracy of the MS subtraction. The MS
multiple scatteringMS) contribution in the scattered inten- contribution was obtained by a simulation procedure and the
sity. The geometric characteristics of the sample containequality and reliability of the calculation were checked
had been optimized in the experiment of R@fl, and hence against the experimental data of the sample measured with
the same sample cell was used for the present measuremeraaigd without the honeycomb grid. Indeed, the effect of the Cd
It was a slab shape@ cmx 4 cmx 0.8 cm pure aluminium  grid is that of decomposing the whole available volume into
cell with a window thickness of 0.5 mm. To reduce MS, themany almost cylindrical little volumes and its insertion in-
same honeycomb shaped cadmium grid, successfully used #ide the cell amounts to an MS reduction that the simulation
Ref. [1], was mounted inside the cell. Each hexagonal holimust account for properly. The intensity scattered from the
low of the grid had an edge length of 0.6 cm and the samavater sample in the two configurations, with and without the
depth as the cell thickness, i.e., 0.8 cm. grid, was simulated at the wave-vector trans@es0.3 AL,

The intensity scattered from the heavy water sample waghe difference between the two calculated intensities was
measured at 293 K at seven wave-vector transfer valuesonvoluted with the four-dimensionalQ,w)-dependent
namelyQ=0.2, 0.25, 0.3, 0.35, 0.4, 0.45, and 0.5*ACare-  resolution function of the spectrometer and normalized to the
ful measurements of all possible background contributionenergy-integrated intensity scattered without the Cd grid.
were carried out. This was necessary to accomplish goodihe resulting curve is compared with the corresponding ex-
guality data after the background subtraction, especially operimental difference in Fig. 4, where it is apparent that the
the tails of the scattering function. Indeed, at a giggrthe  MS simulation accounts for the measured data very well.
highest energy transfers, which correspond to the tails, ar€his result is even more notable considering that no free
attained at the smallest scattering angles, that is in configiadjustable parameters are introduced to work out the com-
rations of the analyzer-detector next to the incident beam angarison.
resulting in a higher background. The scattering from the Having assessed the reliability of the MS simulation, ex-
empty cell was measured at the sa@ealues as the sample, tended calculations were carried out to correct the data at
while the background produced outside the sample region
was measured @=0.25 and 0.3 A with the sample sub-
stituted by a highly absorbing 2-mm-thick Cd plate. Addi-
tional measurements &=0.3 A! were collected on both 0.008
the sample and the empty cell after removing the cadmium
honeycomb grid. The purpose of these measurements was 3
that of having an experimental check for the subtraction of
the MS contribution.

As anticipated, the elastic resolution of the instrument
was measured by inelastic scan€s0.2 and 0.4 A on a
2-mm-thick vanadium plate inserted into the sample cell. 0 . . . .
The vanadium spectra, which are shown in Fig. 3, were very 8.0 4.0 o ?rﬁOeV) 4.0 8.0
well reproduced by the theoretical resolution function calcu-
lated according to the standard Cooper and Nathans proce- FiG. 4. Intensity from the water sample collected w(ft¥) and
dure [12] for the specific three-axis configuration. The without(J) the honeycomb Cd grigsee text The relative intensity
present experimental resolution was very well described by difference at thekth energy point,AJ=(J3,—=39)/Z, Jy, is shown
Gaussian function with 1.5 meV full width at half maximum versus the energy transfer @=0.3 A™L. Dots: experimental data.
(FWHM). Full line: curve calculated with the present MS simulation.
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ited quasielastic peak, purely inelastic features are present.
The energy resolution of this experiment, which is sharper
than that of Ref[1], enables us to better define the disper-
sion of the collective mode and to investigate the contribu-

tion below the extended wings of the quasielastic peak, as

0.04 discussed in the next section.

0
0.16
0.12
0.08
0.04

0

IIl. DATA ANALYSIS

Se(Q,7iw) (MeV™)

The quantitative analysis of the present data proceeded
from the two-mode model introduced in R¢1] to describe
the data there collected. Due to the complexity of the water
spectrum, which resembles that of hexagonal(ibe [14],
the two-mode model has an overall validity which is con-
fined to the energy band below 15-20 meV. Over the win-
dow 0-15 meV, the main feature of the energy spectrum is
the ~6-meV peak for liquid water and an optic phonon at
%out the same energy for ice |Ih. Higher frequency modes

present neutron experiment. The experimental datds and the - S .
" ; . . are present, however, their contributions to the propagating
best-fitting curveglines), calculated according to the two-mode in- Lo . . P -
longitudinal density fluctuations in liquid water are not in the

teraction model described in the text, are shown also on an ex- . . .
panded scale energy window here investigated. By the present model, we

are not suggesting that all the optic modes in ice lh collapse

every wave-vector transfé. The MS intensity was convo- into just one opticlike mode in the liquid, but we are exploit-
luted with the spectrometer resolution function and it wasing at most the experimental evidence of a density of states
subtracted from the measured data. The resulting intensitjeaked at~6 meV. Therefore the assumption of a single
was normalized imposing the condition that the integral ofdispersionless mode should be regarded as representative of
the experimental dynamic structure factffQ.%w) be @ set of clogely spacgd modes falling within the same energy
equal to [47b2S(Q)+ 0]/ [4mh2+ 0], S(Q) being the band, the width of which is brought about by the envelope of
static structure factof13], b and o, the coherent scattering the modes or by some intrinsic damping mechanism. Over
length and the incoherent cross section of the bound moi€ investigated frequency region, the dispersionless mode
ecule. This normalization procedure produced the same r&2n be expected to interact with acoustic modes.
sults, within the experimental errors, as the standard normal- Quite schematically, the model amounts to the simplifying
ization to vanadium. assumption that the inelastic dynamics of water at high fre-
An overall view of the experimental dynamic structure dUency and low momentum can be described by two mutu-
factor is presented in Figs. 5 and 6 versus energy and at tily interacting modes: an almost dispersionless mode and an
wave-vector transfers of the measurements. A close inspe@poustmllke mode. As a result of the interaction, the linear

tion of the figures reveals that, apart from a resolution lim-diSpersion remains associated with a low velocgyat low
wave vectors and a high velocity, at large wave vectors.

-4 0 4 8 4 0 4 8
ho (meV)

FIG. 5. Dynamic structure fact@.,Qfiw) of heavy water ver-

0.2 r——T——T——T7— ] We observe that similar predictions about the velocity come

~ 016} 04 A 05A - out from the study of Ref[15] on the fast sound in a crys-
5~ 012 ] talline system made by disparate-mass components, which
GEJ 0.08 has the theoretical support of the linearized hydrodynamics.
~ 004 According to the model, the calculated dispersion rela-
=z tions w,(Q) associated to the two interacting modes turn out
< 0 to be[1]
O o6 0.4 A do.03

o 4 o 5.5 A&
o 012 wg + wgi \s”(wg— cué)2 +43

-0.02

0.08 wi(Q) =
0.04

0

2 ’

/ . ’\.\ -_0.01

10 -10 -5 0 5 10
ho (meV)

where o is the frequency of the dispersionless modsg,
=c,.Q is the dispersion of the unperturbed acousticlike mode
and B(Q) describes the coupling between the modes. As de-

FIG. 6. Same as Fig. 5, but at the largest wave vectors measure’ibed in Ref.[1], a sensitive choice foB(Q) is B(Q)
in the present neutron experiment. The bottom right panel shows. Q@ Bo €XP(-AQ), that is, the interaction is assumed to in-
on an expanded scale, the experimental ddtas in comparison ~ crease linearly at lov@ and to decay exponentially at large
with the resolution functioisolid line) at Q=0.4 A%, to emphasize Q values. An appealing characteristic of this model is the
the effect of the instrument resolution on the side structures of théimple and straightforward interpretation of the transition
inelastic peak. from the ordinary sound, associated to the low-
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Q velocity ¢, to the fast sound associated to the higQ- good quality empirical fits to the experimental data. More-

velocity c,.. Indeed, in the low® limit one has over, in the two-mode model, the meaningful quantities are
the frequencies.(Q), which represent the effective disper-

4(Q) = wy sion relations. They are obtained from the set of the best fit

and parameters accordingly to the model and to the numerical

procedure described in the following.
2 Bﬁ To prove the capabilities of this fitting model, the data
0-(Q=Q%=Q Cw_?' @) measured in the present experiment were fitted simulta-
0 neously with those collected in the previous neutron experi-
It is interesting to observe that, within this model, the unperment[1] using the same set of parameters. The only excep-
turbed sound velocity is,,, that is the velocity associated to tion was allowing the amplitude parameteggQ) anda.(Q)
the fast sound. On the other hand, the alternative interpretag be different for the two sets of data, which reflects the
tion of the transition from ordinary to fast sound in terms of different experimental conditions of the two measurements.
viscous relaxatiori6,9] refers tocy as the unperturbed mode The overall fit of theS,dQ.%iw) data by means of Eq2)
VelOCity with the fast sound resulting from the relaxation Ofwas found to be of Satisfactory quahty for all the measured
the sound mode through its interaction with a random fieldyave-vector transfers and for both sets of data. Indeed, the
inside the system. reducedy? values were about the same, namely 1.6 for the
The experimental dynamic structure facRg{Q,%w), as  present set of data and 1.8 for the data of Réf. The
obtained from the data reduction procedure described in Seaumber of free parameters of the fit can be further reduced
I, consists of the cross-section-weighted sum of the dynamigy observing thaf’;(Q) shows a negligibly small, if anyQ
structure factor and its self-term. The empirical tWO-mOdedependence_ Then, a meaningful assumption was consistent
model was exploited to describe the purely inelasti(? coherenfith keepingl'y(Q)=T;, that is constant. With this position,
component of the response related to the collective modegpe fit of all the measured neutron spectra was carried out
while the quasielastic scattering due to both coherent angsing seven nonline@-independent parameters, namEly
incoherent cross sectipns was modeled by L_orentzian fun w,, Bo, N and a., and the four amplitudeay(Q), a;(Q),
tions. The optimal choice for the model functi®RodQ.@)  anda,(Q), which are linear fitting parameters. The number
to be fitted to the experimental data, after convolution withyt nonlinear parameters could be further reduced to five by
the resolution function of the spectrometer, was then using the condition of Eq(1) with ¢, bound to be equal to
_ the value measured at ultrasound frequency, i.e., 1326, ms
Snod Q. @) = %(Q,w) * gI(Q’w) *8 Qo) +S5(Quo) and by assuming_(Q)=«,(Q). In the end, since the data of
2 Ref. [1] were not sensible to the presence of the broader

with Lorentzian%(Q,w) in the fit, because of the rather coarse
resolution of that experimeri2.6 me\j, the same values for

$(Q,0) = fiw/kgT a)(Q)  T'n(Q) a,(Q) were assumed for the two sets of data. The following
’ 1-exp-fiwlkgT) 7 w?+T3Q)’ best fit values were obtained for ti@@independent param-

eters: AI';=1.5+0.1 meV, #c,,=20.0+0.5 meV/AY, ie.,

holkeT a,(Q) T4(Q) C,=3040+80 m/s, #wy=6.0x0.5meV, ie., w27

S(Q,w) = ST =1.45+0.15 THzA=3.3+0.5 A, anda,=120+1.0 meV A.
1-exg-hwlksT) m w°+I1(Q) We observe that the combined fit of the present and the Ref.
[1] data provided parameters with values identical, within the
S(0.0) 1 a,(QI'.(Q,w) quoted errors, to those found in R¢l]. This result gives
Iw = L
1 - exp- fiolkgT) [0? - w3 (QT +THQw)
T T T T T
1 Qr-Qu) T
a_ _ , W L
1 - exd- fiwlkgT) [0 - 02(Q)]*+ '(Q, w) 0.12f
I'(Q) =DQ?/(1+7DQ?, D being the measured self- @_
diffusion coefficient of watef16] (D=2.2x 1075 cn¥? s N 0.08[-
and 7 the residence time with the value given in REf7]. r
I'1(Q), I'i(Q, w), a(Q), ay(Q), anda.(Q) were left as free 0.041-
parameters. With this choice, the number of free parameters r
of the fit was rather large and to reduce it we used the same o0 0'2 . 0'4 . ole

assumption as in Refl1], namely the damping function
I'.(Q,w) given byZl',(Q, w)=a.Quw.

We comment that, as in RefL], the purely inelastic con- FIG. 7. Wave-vector dependence of the strength integy@D)
tributions are fitted by two damped harmonic oscillatorsof the broad Lorentzian compone8f(Q, ) of the neutron fit. The
(DHOs). Although the use of two DHO could appear rather continuous line is the model functidi fo[ 1 - sifQd)/(Qd)] fitting
restrictive, it is just an easy to handle tool which providesthe z,(Q) data(see texxt

Q (A
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FIG. 8. Wave-vector dependence of the strength inte@al®) 0 sy
andZ,(Q) associated to the-) and the(+) vibrational modes, and 0 0.3 0.6 0.9 1.2
described bys (Q, w) andS,(Q, w) in the fit to the present neutron Q A"

data (filled symbol9. The results obtained in the neutron experi- ) ) ) ) o
ment of Ref.[1] are also shown by open symbols, for comparison  FIG. 9. Dispersion relations of the collective excitation in water.

purposes. The dashed lines are a guide to the eye. The continuous lines are the dispersion curves associated (@)
and 2w,(Q) obtained by a global fit of the two-mode interaction

N model to the neutron data of the present and Rgfexperiments.
support to the reliability of the whole procedure. The onlyThe neutron data, that necessarily lie on the calculated curves, are

difference betwe(_an the present fitting model and that Qf Refidenth‘ied by open circles. The x-ray data resulting from the experi-
[1] was the addition of the second broader Lorentzian tQuent and the analysis described in RES] are also shown for
model the quasielastic peak. Such a Lorentzian was necegsmparison purposasiots.

sary to obtain a good quality fit of the present data, which are

at higher resolution although spanning a slightly smaller dy-, .
namic range. It was not required to fit the previous datafor the present and the old set of neutron data, and, notwith-

because of their lower resolution, although it was compatible‘Starmllng the quite different experimental conditions, a sub-

with them Stantial overall agreement between the two sets of corre-
The weigths of the four components which comprise theipondlngh?a;a |s§[:r[])aée?t.)As to(;@ajepe_ndefnce ,{C.L(Q)’
dynamic structure factor, and the analysis of the modé' 'S roughly found thak- Q) is a decreasing function @,

strengths can be obtained by calculating the following inte\Vhile Z+(Q) is an increasing one. Itis interesting to note that
grated intensities: the sum ofZ_(Q) andZ.(Q) is smaller than the overall con-

tribution expected for coherent scattering from the static
+o0 structure factor estimate. This proves that coherent scattering
Zon(Q) = f do $5,1(Q,), also is contributing to the quasielastic peak, as expected over
w the present wave-vector region, and in agreement with the
observation of a remarkable quasi elastic peak in the always
+oe fully coherent x-ray measurements.
Z.(Q) =f do S(Q,0). Finally, the dispersion curves associated to the fitting pa-
'°° rametershw_(Q) and Aw,(Q), which again compare quite

The values here obtained for th&integrals agree, within well with the results quoted in R(.alfl]., are shown in Fig. 9
normalization errors, with those calculated in Réf. As to for sake of'completeness. In th'§ figure, the 'results of the
their Q dependenceZ;(Q) is an increasing function of the x-ray experiment of Ref[5], obtained by _the fit there de-
wave vectorQ, as apparent from Fig. 7. This behavior, sc_nbed, are also shown. Although the fitting procedures ap-
coupled to theQ independence of, over the presen® p!|ed to th(_a analysis of. the x-ray and the neutron data are
range, suggests that the quasielastic scattering in water at lo jfterent, Fig. 9 empha5|zes.the excellent agreement between
Q is mostly accounted for by the two contributions modeledt e results of the two experiments.

by the Lorentzian functions of the fit. The first contribution,

described by the narrow Lorentzian functi§h(Q, ) with IV. VALIDATION OF THE INTERACTION MODEL

associated widtH ((Q), can reasonably represent the self- AGAINST THE LITERATURE DATA

diffusion of water molecules, whereas the second much The analysis performed so far has been applied to treat the
broader Lorentziar$j(Q, ») embodies the dynamics of fast gata of two coherent neutron scattering experiments, both
processes, possibly related to confined motions, as it is sug@arried out at room temperature. The simple model of two
gested by the value of th@-independent width;=2.28  coupled modes accounts simultaneously for all the features
X 10*?s°%. The range of the conjectured confined motion canphserved in the spectra. Nonetheless, the validity of such a
be deduced by fitting the experimen&l(Q) data with the  model should be scrutinized against a wider set of experi-
low-Q limit of the simple model functionf(Q)=fo[1  mental data on the atomic dynamics in water. In the follow-
-sin(Qd)/(Qd)], f, andd free parameters. We found a dis- ing, we apply the present model to the analysis of the ex-
tanced~4 A, that is, a size of the confinement region com-tended set of x-ray inelastic scattering data reported in Ref.
parable with the size of the tetrahedral network of the wate{6] and of the density of states data measured by incoherent
molecules. inelastic neutron scattering in liquid light water and reported
The integral<Z,(Q) are shown in Fig. 8 as a function @  in Ref. [6].
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A. Analysis of the x-ray data at 277 K p=1bar T=277 K
The large body of inelastic x-ray scattering data reported 0016 0,225 A° '
in Ref.[6] represents an ideal ground to test the capability of 0.008F 1
the present model to interpret the features of the water dy-
namics. A first set of x-ray data are those measured at 277 K 0 :
and normal pressure, that is in thermodynamic conditions — 3{ \‘
R . . < 0.008f 4 S
quite similar to those of the neutron scattering experiments. >
The same dynamic behavior, apart from a probably small £ 0 P
isotopic effect, is expected to be observed in the two experi- = 0375 A" |
ments, once the different probe-to-sample coupling is taken § 0-008-_¢f‘}
into account. The direct coupling of neutrons to the atomic 3
nuclei, via a short range potential, makes them a perfectly @ 0 0525 A"
suited probe of the dynamics of nuclei, whilst this is ob- 0.008_—;/} \(’x
served via the electron-nucleus coupling when probing the = *
system with photons. In water, the electron cloud is mostly O prme= ]
centered on the oxygen atom and the dynamics probed by 08 A’
x-ray scattering is largely dominated by the oxygen motion, 0~008'J.-L{'L[ \\,\_‘
that is it is closely related to the motion of the center of mass oks : .
of the water molecule. The large coherent cross section of 20 -10 0 10 20
deuterium makes, on the other hand, the neutron scattering ho (meV)

experiment in heavy water especially sensitive to the deute-
rium dynamics.
We carried out a new fit to the x-ray data at 277 K and

FIG. 10. Dynamic structure fact@.,4Q,%w) of light water at
T=277 K and normal pressure, versus energy transfer and at the

. . wave vectors measured in the x-ray experiment reported in[&ef.
normal pressure, reported in Rgf], by using the model The solid lines are the best-fitting curves resulting from the fitting

functlon_ given In Eq(2). To make the X-ray Versus NEutron ¢ yhe x-ray data by means of the present interaction model, with all
comparson I.ndependent of data—reductlon. related_effects, ﬂlﬁe nonlinear parameters already fixed by the companion fit to the
x-ray dynamic structure factor was normalized as in the neUseytron data(see text The data and the calculated curves are

tron case, that is imposing the integral 8§f(Q,%®) beé  shown also on an expanded scale.

equal to the static structure factsfQ). The accurate x-ray
static structure factor measured in R@f8] was used. The so
normalizedsS,,{Q,%w), after convolution with the experi-

'T‘e"“a' resolution function of the x-ray instrume#l, were sition of the(+) mode from an opticlike to an acousticlike
fitted to the x-ray data.
On the assumption that the same dynamics is probed bcharacter.
ump i y pro Y The overall results obtained by applying the present inter-

the two experiments, the fit was performed by keeping the .. ) g .
arameter€- on ¢ m.. andx fixed and equal to the values action model to the analysis of the x-ray data, which are
provided b 1’thg nwéutfé)n fit. These conc;traints amount tmostly sensitive to the dynamics of the water molecule cen-
Ipeavin theyam litudesy(Q) .a (Q). anda.(Q), which are Rer of mass, are not in contradiction with the simple picture
. 9 P Bol%), a1t S of two interacting modes, one with a well-defined acoustic-
Imt_ear parameters, as the only free parameters of the x-ray fi ike character and the other with opticlike characteristics.
This ultimately reflects the different coupling of the two

probes to the system. The results are shown in Fig. 10 wheRﬁ To discuss photon and neutron data on a quantitative base,
the high quality of the fit is apparent. We observe that th e exploited the representation of the dynamic structure fac-

; . . or by means of the three partial atom-atom correlation func-
broad Lorentzian functloﬁsi(Q,w) of the model function tions which can be defined in water, namelyo(Q, ),

[Eq. (2)], which was necessary to accurately fit the neutro oo
data, had a negligible effect on the fit of the x-ray dataITSOH(Q’w)’ and$4(Q, ). The coherent contribution to the

Indeed, a fit of the same quality as that shown in Fig. 10 was

the corresponding—) mode from acousticlike to opticlike,
while the opposite increasing trend 2f(Q) reflects the tran-

obtained neglecting this contribution. This result is brought 0.03 T ' ' 0.03
about by the extended wings of the x-ray almost-Lorentzian 0.02| o2
resolution function which mask possible contributions from G n R
the broad Lorentzia®;(Q, w) of the model. N o1l /‘m loo1 &

The relative weight of the various contributions to the .
x-ray dynamic structure factor was given by thentegrals 0 . —— g

. X : 0 02 04 06 02 04 06

calculated with the parameters resulting from the fit to the Q A

x-ray data. Smooth dependences were obtainedZ§®)
gnd Zl(Q)- In Fig. 11,Z_ (Q) and Z,(Q), resulting from the FIG. 11. Wave-vector dependence of the strength integrals
integration of the x-ray data, are shown as a functioQof 7 (Q) andz,(Q) associated to th¢-) and (+) vibrational modes,
The observed decreasing trend 2f(Q) vs Q is consistent  described byS.(Q,w) andS,(Q, w) in the fit to the x-ray dat6].

with the behavior expected from a continuous transition ofThe solid lines are a guide to the eye.
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dynamic structure factor probed in neutron scattering experi- 7310

ments, i.e.SV(Q, w), can be written as

A

2 aB bab,BSaB(Ql w)

2b2 + b2

-5
>
o]}

SYQ,w) = , )

A
00— & 24 oo
where the sums run over the atoms of the water molecule and 0 020406 020406
bp=6.67 fm andby=5.45 fm are the scattering lengths of Q (A7)
deuterium and oxygen, respectively. The three partial corre-
lation functions have similar weights and the correspondin% FIG. 12. Wave-vector dependence of the structure factors of

. . . ydrogen(filled and open circlesand oxygen(filled and open tri-
dynamic correlations are expected to equally contribute t% ngles, separately associated to the low-lyifg) and the upper

the neutron cross section. In the case of x-ray scatterlngh_) vibrational modes. The solid lines are analytic expressions for

since the motion of each nucleus has a complex ‘F.md d'smbthe hydrogen structure factors associated to the two modes.
uted effect on the electron cloud, only an approximate ver-

sion of Eq.(3), with validity confined to low wave vectors, . ,
can be written. The dynamic structure facts?(Q,w), exceeds=5(Q) by about a factor 3 on average, that is by a

which is always coherent at low wave-vector transfers, ig/alué which is close to the square root of the oxygen to

then written as hydrogen(deuterium mass ratio. Although the structure fac-
tors were obtained under several approximations, including
E the use of data measured on light and heavy water, the over-
ZaZﬁSaB(Q1 w) . .
S¥(Q,w) = ap , (4) all trend here found is perfectly meaningful. The observed
ZZﬁ +Zé wave-vector transfer dependence of the structure factors is

generally simple, and, together with the prevailing hydrogen

tivelyS¥ is dominated almost contribution at large wave vectors, gives further account for
oxygen, respectivelyS™(Q,w) is dominated almost com- o 'searce visibility of the dispersionless opticlike mode by

pletely from the oxygen-oxygen term, while the OXygen-y av scattering.
hydrogen term contributes by about 25% and the hydrogen-
hydrogen term by less than 2%. Although Ed) has a
limited validity, it suggests that x-ray scattering experiments B. Analysis of temperature- and pressure-dependent
probe mainly the oxygen contribution, with the other two x-ray data

correlation functions hardly detectable. These characteristics . .
make the comparison of neutron and x-ray scattering experi- The analysis applied so far to the x-ray data at 277 K and

ments extremely appealing, since a wealth of im‘ormatioHﬁIormal pressure can be equally applied to the temperature-
; and pressure-dependent x-ray data, also reported in&ef.

about the water dynamics can be obtained from the simulta]- ) . "

neous and common analysis of the data. n partlcu_lar, the data at the thermodynamic con@uons sum-
The independent knowledge of tizintegrals for both marized in Table | were selected for t_he analysis. Since the

neutron and x-ray data can be exploited to distinguish th et of parameters deduced from the .f't to the room tempera-

dynamic features related to oxygen and hydrogen atoms. If+/'€ data cannot be used here, the fit of the complete set of

deed, under the assumption of a solidlike behavior of th& Ty data was carried out _by I_ettlng all the parameters fr‘??'y

system, the integrals can be written as chang_e. The same n_ormallzatlon as for the normal condition

experiment was applied. The quality of all the fits was found

whereZ, and Z5 are the atomic numbers of hydrogen and

1Q? . . to be comparable with that at 277 K and normal pressure.
Z,(Q) ={2n[w.(Q)] + 1}w (Q)E W WeFL(QF4(Q), The most relevant parameters of the fit, namelyand wy,
£ ap and the corresponding? values, are also listed in Table I.
(5) The results show that at 3000 bars and 277 K there is a

. small effect onc,, although the ratioc./cq is equal to
wheren(w) is the Bose factor, the sums run over the hydro'1.58t0.04, whereas it is equal to 2.13+0.05 at 277 K and

gen and the oxygen atoms, the weights are related t0 o ma| pressure. This finding is consistent with the increase
neutron and photon scattering amplitudes through of the interaction parameterB, from 98%3 to

f 106+3 meV¥ A when the pressure is increased from 1 to
W, = ——— 3000 bars. The resulting picture is that an increase of pres-
Ea fi sure at fixed temperature, which in turn produces an increase

of density, gives rise to an increase of the interaction be-
with f, equal tob,, for neutrons and t&, for photons. The tween the two modes, while the energy of the mode is only
partial structure factorf,(Q) and F5(Q), associated to the marginally affected. This behavior can be explained by ob-
two modes and distinct for the two atoms, can be obtainederving that the water dynamics at short wavelength is domi-
from the combined analysis of neutron and x-ray datanated by the local atomic arrangement, which does not ap-
through Eq.(5). The structure factors so deduced are showrpreciably change on changing the density over the present
in Fig. 12. The hydrogen structure factor was found to bdimited range(less than 10% On the other hand, the in-
larger than that of oxygen, as expected. In particlHFg(Q) crease of density produces a corresponding increasg. of
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TABLE I. Thermodynamic temperaturd) and pressurép) conditions associated to the inelastic x-ray
scattering measurements of RE], here reanalyzed by applying the two-mode interaction m¢sis text
The mass density and the hydrodynamic sound velocity, corresponding to theT, p) points, after Ref[6],
are also listed. The parameters associated to the fast sound velocity, dnab, that is the energy of the
dispersionless mode, obtained by the present fit to the x-ray data are reported together with the corresponding

X2 values.

T p p Co C frwg

(K) (barg (g cnd) (ms? (ms? (meV) X

277 1.00 1.000 1430120 3040+80 6.0£0.5 1.68
277 3010 1.109 2020+40 3200+£80 6.0£0.5 1.17
273 900 1.042 1567+6 3040+80 6.0£1.0 0.90
300 1.00 0.977 1510+20 2740+80 5.0£1.0 0.88
333 400 1.000 1627+8 2580+80 3.2£1.0 0.90
373 1020 1.001 1742+7 2430+80 3.2+1.0 0.76
413 1530 0.993 1801+2 2280+80 4.0+1.0 1.17
453 1550 0.965 176010 2050+80 4.0£1.0 0.80

The dependence afy on the compressibility, which is an from 6 to 3.5 meV, ofwy when increasing the temperature at
extended property of the system, reduces the effects of thelmost constant density. A neutron scattering experiment de-
local atomic arrangement. The interaction between the tweoted to the study of the hydrogen spectrum over the same
modes, which accounts for the transition fragito c.,, also  thermodynamic conditions would be extremely desirable to
can be considered an extended property of the system anerify the shift of the peak towards lower energy.

hence it is expected to depend on the density. A similar trend

for ¢, was observed in Ref7], where the data were ana- C. Hydrogen density of states

lyzed using a single DHO. This is an indication that the e inelastic incoherent neutron scattering experiment on
behavior ofc., is, as expected, only marginally model depen—"ght water, presented in Ref8], can be interpreted by

dent and seems to be an intrinsic feature of the water dynameans of the two-mode model with parameters determined

ICS. . . . by the fits discussed so far. Indeed, the density of states,
Further information can be gained from the temperatureyhich is measured by the experiment of RE8], can be

dependent data. As an example, the results of the present figcylated by using thes.(Q) dispersion relations and the

to the x-ray data are compared with the experiment in Figg, e rimental atomic structure factors associated to the two
13. The_ excellent quality of all these fits suggests that th‘?nodes, as obtained from tEeintegrals through Eq5). This
interaction model can be successfully applied over the whole, oo qure is appropriate to treat a quasiharmonic solid in the
thgrmodynamm range which was investigated by x-ray scaty,-oherent approximation. Actually, the incoherent approxi-
tering, and not only to treat the neutron data at normal COngaiion s also a suitable scheme to describe the dynamics of
ditions. An effect worth to note is the appreciable decreasey,q jight water sample because of the large incoherent cross

section of the proton, which dominates the response. In the

-1 -1 A1
. O'Z.A — 04 A — 077 . harmonic solid, theH-weighted density of states of asth

o.006f } f; f& ] eigenmode is given by

__o0o004f Ly 7 i 300 K

AR AN VA A 00) = 3, oo - wda)F@TF. ©

E oot} A 4 R Bz

g 0008 7% f"*.‘ fy 187K where the sum runs over thgvalues within the first Bril-

g % A/ R louin zone andw4(q) is the eigenfrequency of thés,q)

m% 0.015¢ :"; A 1 mode. Equation6) can be applied to a liquid system by
001f [% FAY 1453 K making, however, some assumptions. First of all, a damping
0-005'___'} ; ’ /\\ mechanism of the crystal modes has to be brought in, which

0 0 10 10 0 10 10 0 10 for the present interaction model is contained into the
ho (meV) S,.(Q, w) functions and results into
FIG. 13. Dynamic structure factd®..{Q,%w) of light water 0u(@) :2 S;(q,w)[Fs (q)]2 (7)
versus energy transfer, at constant density and at three temperature * g Z:(q) H

values. The x-ray experimental dai@oty are from Ref.[6]. The
solid lines are the best-fitting curves to the x-ray data obtained byith g.(w) the densities of states associated with7the(Q)
applying the present interaction model. modes. To carry out the sum over the Brillouin zone in the
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FIG. 14. Density of vibrational states in light water versus en-
ergy. The experimental neutron datioty from Ref.[8] are shown
in comparison with the curvésolid line) calculated in the frame-
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FIG. 15. Temperature dependence of the fitting parameters
(dot9 andfwg (triangleg obtained by fitting the present interaction
model to the temperature-dependent x-ray data of Fo&f.

work of the interaction modeglsee text. The two contributions to
the calculated density of states, originating from the (Q) mode
(short-dashed lineand theZw,(Q) mode (long-dashed lingare
also plotted to emphasize the different wave-vector dependence of The primary conclusion we can draw from the present
the two contributions. analysis is that the interaction model provides an adequate

liquid system, we made the ansatz that the Brillouin zone i§lescription of the whole set of spectra available from neutron
approximated by a spherical region with a radius equal t&nd x-ray inelastic scattering experiments in the energy re-
Qo/2, Qo being the wave vector corresponding to the firstgion below 20 meV. The most appealing result is the deter-
maximum of the static structure factor, which4<1.97 A in ~ mination of the hydrogen and oxygen structure factors, a
heavy watef13]. The sum in Eq(7) was then converted into result made possible by the combined use of x-ray and neu-
the spherical integral from 0 ty/2, and the hydrogen tron data within the same model, and which enables a deeper
structure factoF}, was approximated by means of the simpleinsight into the water dynamics at an atomic level. Within a
interpolation function shown in Fig. 12. The so calculatedsolidlike model, the atomic structure factors provide an esti-
density of states is shown in Fig. 14 against the experimentahate of the water density of states in good agreement with
data of Ref[8], which were normalized by a scale factor to that measured by incoherent neutron scattering. Unfortu-
make the comparison clear. nately, there are no molecular dynamics simulations provid-
Considering the approximations contained in this proceing the independent dynamics of both hydrogen and oxygen
dure, which heavily relies on the solid state approach outin water, and therefore suitable for a comparison with the
lined in Egs.(6) and(7), the resulting agreement between theresults of the present work. Carrying out such a comparison
curve calculated with the present model and the experimentabould represent a stringent test for the details of the inter-
data is excellent. We believe that the observed agreement ismolecular potentials employed in the simulations.
further, and rather convincing, argument in support of the The validity of the interaction model to describe the water
interaction model as an interpretation scheme of the wateslynamics in thermodynamic conditions different from the
dynamics, which favors a solidlike picture of the collective standard ones has been proved by the successful fit of the
modes in liquid water, over the high frequency range extemperature and pressure dependent x-ray data. A systematic
plored by neutron and x-ray techniques. In Fig. 14 the spetrend of the fitting parameters as a function of temperature at
cific contributions arising from the two modes used in thealmostconstant density was found. In particular, a systematic
present model of water dynamics are also plotted. The dedecrease of both,. and w, when increasing the temperature
composition of the density of states shows that the peak obwas observed. This trend is visible in Fig. 15 where the two
served in the experimental data should be linkeddo(Q).  parameters are shown as a function of the temperature. It is
The fw_(Q) branch contributes mainly over th@ region interesting to note that the ratio between the two parameters
close toQ,/2, where it approachesw,. As a consequence, is almost constant. These characteristics suggest that the fre-
the dispersionless mode appears to play an important role fgiuencies of the two modes are related to the same intermo-
interpreting the peak observed in the energy spectrum. Thiecular force field, which softens on increasing the tempera-
good agreement observed in Fig. 14 indicates also that thetare, i.e., a behavior consistent with a solidlike interpretation
is only a very small effect due to the mass differefiegdro-  of the high frequency dynamics is suggested. We note also
gen vs deuteriumnon the position of the peak located at that the interaction parametgd,, as determined from the
~6 meV. Therefore the dispersionless mode should be ax-ray data, rapidly decreases from 106+3 mdVat 277 K
tributed to the water molecule complex and hence to théo 42+3 meVfA at 333 K and then more slowly down to
local tetrahedral arrangement present in liquid water at roor28+3 me\? A at 453 K. This trend is probably related to a
temperature. Finally, we remark that these conclusions haveore localized nature of the opticlike mode, brought about
been achieved by making use of both neutron and x-ray datdy the progressive disentanglement of the long range hydro-
which were both necessary for refining the parameters of thgen bond network, occurring at higher temperatures. A fur-
present model. ther effect is related to the growth of defects and interstitial

V. CONCLUSION
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water molecules in the hydrogen bond network with increasing out the fundamental features of the water dynamics out
ing pressure, which disrupts the tetrahedral local structuref the extremely complex spectra in a rather intuitive fash-
and weakens the hydrogen bonds. Indeed, the decrease jgh. Notwithstanding the appealing simplicity of this solid-
bothc.. andw, was observed with increasing the temperaturgike model, we remind that its validity should not be ex-
at constant density, that is with increasing also the Ioressur{ended beyond the limits of an empirical realm. Indeed, the
This behavior is in agreement with the picture sketche omplexity of the water dynamics cannot be fully accounted

above, which was established by the recent accurate molecp—rb limited set of bhenomenological parameters. We al
lar dynamic simulation of Ref19]. orbya ed setof phenomenological parameters. Ve also

In summary, we want to remark once more the empiricalbe”eve that the investigation of other prototypical hydrogen-

nature of the interaction model used to rationalize the entir@onded liquids would help to assess the ability of the inter-
large set of experimental observations coming from neutro@ction model in describing a class of systems and not simply

and x-ray measurements. The model has the merit of poinivater.
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