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Inelastic neutron scattering spectra of water a few degrees below and above melting have been
measured. The excitations seen in the hot solid are analyzed in terms of the wave vector dependence
of the average frequencies characterizing the envelopes of the mostly acoustic and mostly optical
manifolds, which are confined to energy transfers below 40 meV. The spectra corresponding to the
liquid are analyzed by means of a model which includes stochastic, zero-frequency motions (long
range translational and rotational diffusion) using the values for the relevant transport coefficients
measured under high-resolution conditions. The excitation frequencies in the solid and liquid phases
follow a behavior common to other molecular liquids examined so far, approaching hydrodynamic

sound at low momentum transfers.

PACS number(s): 61.20.—p, 64.70.—p

I. INTRODUCTION

The possible existence of strong anomalous dispersion
in the propagation of collective excitations in liquid wa-
ter, evidencing phase velocities well above those char-
acteristic of hydrodynamic sound, has been a recurrent
theme since the very first discussion about this topic
by Rahman and Stillinger [1] based upon results de-
rived from molecular dynamics (MD) calculations of the
S(Q,w) dynamic structure factor. A flurry of (mostly)
numerical results followed from computer simulations,
some of them motivated by suggestions made on the basis
of kinetic-theory results [2], which predicted the existence
of “fast sound” modes in systems composed by particles
of disparate masses. The aims of such efforts thus were
to confirm or reject the presence of such anomalously
fast modes visible within the kinematic regime accessi-
ble to computer molecular dynamics simulation and in-
elastic neutron scattering (INS), as well as to clarify its
relationship with hydrodynamic sound. Two different
interpretations were then proposed to explain the appar-
ently large values for the sound velocity derived from
simulational means, stating in the first case [3] the ex-
istence of two different collective modes observable at
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low and large wave vectors, respectively, whereas oth-
ers (i.e., Wojcik and Clementi and Sciortino and Sas-
try in Ref. [2]) postulated the continuity of those col-
lective excitations, passing from hydrodynamic sound to
the high-frequency mode by means of some strong posi-
tive dispersion very much akin to that observed in sim-
ple, monoatomic liquids. In contrast, very scarce exper-
imental results have appeared regarding this topic, with
the exception of preliminary measurements by Teixeira
et al. [3], where the presence of such anomalous excita-
tion could not be proved convincingly (i.e., the results
are strongly dependent upon the model used to analyze
the inelastic intensities). To add further complication,
the measured results could not be referred to those oc-
curring at the other side of the melting transition due to
the lack of experimental data regarding the hot crystal.
As a matter of fact, to the authors’ knowledge, the only
set of dispersion curves for single-crystal ice Ih which
has appeared in the literature is that of Renker [4] mea-
sured a long time ago, although some recent progress has
been registered regarding the accurate measurements of
the vibrational densities of states at low temperatures of
solid water in several phases (hexagonal and cubic ices
as well as low- and high-density amorphous phases) [5].
The dearth of experimental neutron data regarding the
study of excitations in the ice Ih solid is attributable
to the difficulties which arise from the underlying proton
disordered lattice, something which substantially compli-
cates the assignment of the inelastic intensities following
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the traditional molecular Born—von Kirman route, since
a substantial contribution to the intensities comes from
a diffuse background [6].

Some recent works on the dynamics of polycrystalline
ice [7,8] carried out at relatively low temperatures, while
confirming the existence of inelastic signals with an ap-
parently large velocity dispersion, also gave a microscopic
explanation of the origin of such a feature. As shown in
Fig. 2 of Ref. 7], two well separated branches of excita-
tions are seen in the calculated S(Q,w) dynamic struc-
ture factor for the ice (harmonic) polycrystal, within the
frequency range usually assigned to translational motions
in the Z(w) (i.e., up to 40 meV, ~ 10 THz) generalized
frequency distribution (density of vibrational states). A
plot of the maximum frequency of such manifolds ver-
sus momentum transfers revealed the acoustic charac-
ter of the excitations grouped below the envelope of low
frequencies, whereas that corresponding to higher fre-
quencies was found to be strongly reminiscent of those
reported from MD simulations in the liquid phase. In
common with some other molecular materials studied
so far [9], the origin of the higher-frequency excitations
was found to be crystal modes with strong translational-
rotational character, showing nonzero frequencies at low
wave vectors (i.e., excitations of “optical” character).
The fact that such an anomalously high value for the ap-
parent phase velocity of the excitations has been found
in MD simulations using very different thermodynamic
conditions and interaction potentials could then easily be
explained from the above considerations, and also from
the fact that the quantity which is customarily plotted,
Wmaz(Q), is the frequency corresponding to the maxi-
mum of Ji(Q,w) = w2S(Q,w)/Q? (i.e., the longitudinal
current-current correlation function), where, in the liquid
phase, the low-frequency envelope only contributes as an
ill-defined shoulder at low frequencies [10].

The aim of this paper is thus to provide experimental
evidence regarding the collective dynamics in water at
both sides of the freezing point. Such an exercise enables
a comparison between the characteristic excitations in
the hot solid and those in the liquid within a narrow range
of temperatures so that most of the differences between
the spectra corresponding to the different phases have
to be attributed to the loss of long-range translational
order. The present work thus complements that already
reported [7,8] which was entirely focused on the study
of polycrystalline ice at low temperatures, and provides
an experimental benchmark which can be used in the
future to contrast the results of MD simulations, and thus
to improve the interparticle potential models employed
there.

II. EXPERIMENTAL AND DATA ANALYSIS
DETAILS

A. Experiment

The neutron measurements reported in this paper were
carried out using MARI, a direct geometry chopper spec-
trometer located at one of the beam lines of the ISIS

pulsed neutron facility, Rutherford Appleton Laboratory
(Oxon, U.K.). The incident energy was set to 78.6 meV
in order to cover a reasonable kinematical range at low
wave vectors without degrading substantially the reso-
lution in energy transfers. The achieved energy resolu-
tion was of about 1 meV, estimated from the vanadium-
standard-sample runs as the half-width at half maximum
(HWHM) of the elastic peak. Such kinematic conditions
are to be compared with those of the previous exper-
iment [3], which employed basically the same incident
energy (79.6 meV) but the achieved resolution in energy
transfers (2.38 meV) was substantially poorer. From pre-
vious experience with thermal triple-axis spectroscopy for
a variety of molecular liquids [11], the effect of degrading
the instrumental resolution to such an extent translates
into substantial changes in the line shapes which become
difficult to compare with those measured under higher-
resolution conditions unless such windowing effects are
removed by some means such as deconvolution [12]. As a
matter of fact, convolution of the model scattering func-
tions with a resolution function of the same width as that
used by Teixeira et al. [3] will result in strongly distorted
line shapes so that a substantial part of the scattering ap-
pears as inelastic to the naked eye. The sample (99.9%
deuterated water) was contained in a holder consisting of
two concentric thin walled aluminum cans of annular sec-
tion (particularly suitable for the vertical arrangement of
the detector banks on MARI) of dimensions 4.9 cm and
4.1 cm, as outer and inner diameter, respectively, and
6.3 cm of length. The free space between both cylinders
was filled with the liquid sample through capillary tubing
connected to an external reservoir. The temperature was
controlled by means of a closed circle refrigerator which
circulated a cryogenic mixture.

The measurements were carried out at two temper-
atures, right below (T' = 270 K in the hexagonal Ih
ice phase) and above (T =~ 280 K in the liquid phase)
the melting point under atmospheric pressure. Finally, a
third set of data was taken with the empty cell in order
to correct the scattering from the sample holder. In sum-
mary, the experiment consisted of four runs: two of them
corresponding to the sample at two different thermody-
namic states, another run with the empty container, and
an additional one with a standard vanadium foil.

B. Correction procedures and data reduction

Before a reliable total observed intensity Iops(Q,w) is
obtained, some corrections have to be done in order to
remove spurious effects from the experimental thermal
neutron time-of-flight spectra. The corrected experimen-
tal intensities could then be expressed as

Iobs(Qyw) = S(Q’w) ® R(Q»w)s (1)

where S(Q,w) is the dynamic structure factor suitable
to be analyzed in terms of physically meaningful models
and the one to be determined in the end, and R(Q,w)
is the instrumental resolution function. The symbol ®
denotes the convolution of the two functions and @ and
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w are, respectively, the momentum and energy transfers.

The corrections to be done have to account for the
following effects: multiple scattering, container scatter-
ing, and background. Before performing those correc-
tions, the experimental double differential cross section
d?0(p,w)/dwdQ) (with ¢ being a fixed scattering angle
and Q the solid angle) was converted from (¢,w) space
to (Q,w) space making use of MARI standard programs
which essentially interpolate from the experimental data
to a rectangular (Q,w) grid.

In every thermal neutron scattering experiment
the measured cross section includes both single- and
multiple-scattering events. In order to isolate the single-

w(meV)
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scattering cross sections, the contribution of multiply
scattered neutrons was evaluated by means of a com-
puter simulation code. For this purpose the MSCAT pro-
gram, based on a Monte Carlo simulation code developed
by Bischoff and extended by Copley first and Verkerk
and co-workers later [13] was employed. The program
effectively simulates the current scattering experiment
and calculates a total scattering function S:(Q,w) ~
Sms(Q,w) + Ss5(Q,w), where ms and ss denote multiple
and single scattering. This computation requires a more
or less precise knowledge of the model function for single-
scattering events as input of the program. In this case, a
set of smoothed experimental data themselves were used

Bl Above 500.000
216.482 - 500.000
93.542 - 216.482
40232 - 93.542
17.115- 40232
7.001- 17.115
2.745- 7.091
0.880- 2.745

0.860 FIG. 1. Countour plots for

the raw experimental intensi-
ties for D20 ice Ih (upper
frame) and water (lower frame).
The scattered intensity is given
in arbitrary units. Notice the
asymmetry in the spectral dis-
tribution of ice as commented
on in the text. The difference in
scattering intensities between
the solid and liquid can be at-
tributed to the increased den-
sity in the liquid, as well as to
the broadened quasielastic con-
tribution.

Above 500.000
217.070 - 500.000
94.385 - 217.070
41.188 - 94.385
18.117- 41.188

8.114- 18.117
3.778- 8.114
1.806- 3.778
[ ] ©Below 1808
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as input to model S;,,(Q,w). After removing the simu-
lated multiple scattering, the resulting single-scattering
contribution was taken as a new input, S}, (Q,w). The
iterative process stopped when S}, (Q,w) =~ S,:(Q,w).
Although an annular geometry is not explicitly taken into
account by the program, we have run it considering our
setup consisting of one empty cylinder sample container
“made” of heavy water. The final multiple scattering was
about 10% of the total intensity.

An empty can run was used to ground effects. Vana-
dium data allowed us to get a normalized Iops(Q,w).

A qualitative view of the differences between the fre-
quency distributions between ice and liquid samples can
be seen from contour plots of the raw intensities shown
in Fig. 1. Well-defined finite-frequency features are seen
in the graph corresponding to ice as a band of intensities
going from ~ 2 meV at Q ~ 1.7 A~ up to 6-7 meV for
momentum transfers above 2.2 A~1. The asymmetry in
the intensity distribution for energy-gain and -loss sides
can be attributed to both the asymmetry in the instru-
mental resolution at low energies due to contamination
with the moderator “storage term” and the detailed bal-
ance effects. Because of the strong elastic scattering of
the crystals, the effects of such an asymmetry are par-
ticularly notorious for the solid and not so prominent for
the liquid. In contrast, the plot regarding the liquid evi-
dences a smoother behavior, and the existence of a clear
inelastic response is inferred from the broad range of en-
ergy transfers covering substantial intensities (up to at
least 20 meV). Also notice that if the observed response
of the liquid were quasielastic in origin, a narrowing in
the intensity distribution could be expected for wave vec-
tors about the maximum of S(Q), static structure factor,
that is = 1.8 A~ (de Gennes narrowing), whereas a be-
havior just opposite to that is observed in the referred
plot.

C. Data analysis

The total intensity as derived after the correction pro-
cedures is given in terms of the coherent and incoherent
contributions to the cross section as

d?c d?c
dwd} dwdQ)

Lon(Qu) = A [

| o @), @
coh inc

where A represents a global scaling constant. Since closed
form expressions for the resolution function are difficult
to derive for a chopper spectrometer, the estimate mea-
sured with the vanadium standard was used to approxi-
mate this quantity. The coherent and incoherent contri-
butions to the cross section are then expressed in terms
of the relevant dynamic structure factors as

d%o
m woh - Ucthcoh(Q7“J)
= 0eon [S°(Qw) + 51(Q,w)] (3)
d*c
m e = a'incsinc(Qaw)

= Oinc [SI(Qaw) +SM(Q’w)]’ (4)

where 0con,inc stand for the coherent or incoherent cross
section per molecule.

The coherent scattering has been approximated as re-
sulting from two contributions, S°(Q,w) and S'(Q,w),
which represent the zeroth- and finite-frequency contri-
butions (one-phonon collective excitation). The mod-
eling of the former term depends on whether the sam-
ple is in solid or liquid state, being in the first case the
strictly elastic component of the structure factor [i.e.,
S(Q,w = 0)]. In the case of the liquid state this term
is modeled under the Skold approximation from the re-
spective incoherent scattering quantity which is described
below. The inelastic scattering at nonzero frequencies
comprised in Eq. (3) is modeled in terms of a damped
harmonic oscillator (DHO) model [14]

dwwe Ty

1 =H
$H@w) =Honlw) Cr—aays 140715

()

with n(w) = [1 — exp (—Aw)]~! being the thermal oc-
cupation factor [3 = (kgT)~!], wo the oscillator bare
frequency with a linewidth specified by the damping co-
efficient I'g, and Hg the strength of the single-phonon
excitation. The physical frequency of such an oscillator is
given by the renormalized quantity Q¢ = (w} + I'%)"/2
and in the present case this quantity has to be inter-
preted, at least in the case of polycrystalline ice, as an
average frequency corresponding to the center of gravity
of the manifold of excitations under consideration. Also
notice the fact that the damping coefficient I'g gives a
measure of the apparent broadening in terms of homoge-
neous and heterogeneous contributions, as arising from
excitations of different frequencies which cannot be re-
solved and from finite-lifetime effects, respectively.

The terms regarding incoherent scattering given in
Eq. (4) also have a somewhat different meaning depend-
ing upon the physical state of the sample. For the solid,
the first term is given from the calculated Z(w) [7], vi-
brational density of states, as

R2Q% Z
SI(Q7w) = 2M’;Qnol E:J)

{n(w) +1}, (6)

where M,,,; was taken as the free-atom mass [i.e.,
Mo = (20’D Mp + oo MO)/(2¢7D + 00), where the
subscripts D and O identify the coherent cross sections
of deuterium and oxygen, respectively]. A different ap-
proach is followed for the melt where these terms repre-
sent incoherent quasielastic scattering given by

5:1(Qw) = S (Qw) -
= exp(—Qz(uz)) [Strans(Q7w) ® Srot(va)] )
(7

where Strans(Q,w) represents the contribution from the
translational motion, which can be approximated with a
random-jump-diffusion model by the Lorentzian

1 T(Q) D:Q?
Tw?+T2(Q) ’ 1+ D,Q%ro

(8)

Strans(va) = Ft(Q) =
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The low-frequency rotational motions of the molecules
are approached in terms of the well-known Sears expan-
sion [15] as follows:

Srot(Qsw) = (2 + 1)j7(Qa)

l
o M+ +T4(Q) (9)
w? + {1+ )T + Te(Q))2

All the parameters appearing in Eqgs. (8) and (9) were
taken from Ref. [16].

The term S, (Q,w) represents a multiexcitation con-
tribution which, at these relatively high temperatures,
becomes rather substantial at large wave vectors. For
its computation, the Gaussian approximation [17] was
followed. Notice that because of the high temperatures
under consideration (i.e., no sharp features are visible
even in the solid), as well as the substantial contributions

from incoherent scattering (0con/0ine = 15.416/4.08, i.e.,
approximately 21% of the total scattering), such approxi-
mation for multiphonon effects should be rather realistic.
Explicitly, the contributions of multiexcitations are cal-
culated as [17,18]

$1(Q.w) = exp [~2W(Q)] 7 exp [0/ A% (0) (2, ),

T=w/A, y=2W(Q)exp( (10)

—1
2A272(0))’
o y" exp (—z2/2n)
Flz,y) =Y L 2RU2/2n)
( v) nzz:z n! V2rn

where the quantities W(Q), A, and ~(0) are calculated,
in the case of polycrystalline ice, from the Z(w) density
of states given in a previous paper, and from the same
quantity derived from MD simulations [1] for the melt

FIG. 2. The left column (open trian-
gles) shows constant-Q spectra for the solid,
for wave vectors below (0.56 A~'), about

the maximum of the first Bragg reflection
(1.87 A~1), and well above it. The column
at the right hand side (filled triangles) shows
the spectra of water for the same values of
the momentum transfer. Solid lines joining
the experimental points are guides to the eye.
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according to

w /Ow dwZ) (0, (11)

0 =
v(0) Mo "

Ky = ?1 /0 dwZ(w) coth (FwB/2) ,

(12)
2_ 4Ka 1
A= 5m0) T 0O
2 (Q) = ZZTQJ/O dw@ coth (AwB/2).  (13)

Notice that both the multiexcitation and incoherent con-
tributions as well as those regarding single-particle dy-
namics are added to the model scattering laws and do not
involve additional parameters to be refined during the fit-
ting. Also, the ratio of quasielastic to inelastic intensities
is governed by the values of the oscillator strength Hg
of Eq. (5), for which no closed form (sum-rule) expres-
sion is available because of the highly damped nature of
the motions, although it is expected to show oscillations
which are in phase with those of the §(Q) static structure
factor.

In order to compare the present results with those re-

ported by Teixeira et al. [3], the intensities for the liquid
were also analyzed using the oversimplified model

w

Lops(Q,w) = [Aé(w =0)+ Bm

r
QN wzrz} ®RQw), (19

where §(w = 0) once folded with the experimental reso-
lution is used to mimic all the quasielastic processes and
the second term is a damped harmonic oscillator with
frequency w, and decay constant I'. Notice that the rela-
tive weights of the elastic and inelastic contributions are
given by the A, B constants which are considered as free
parameters.

III. RESULTS

A comparison of two sets of corrected spectra corre-
sponding to the hot solid and liquid, covering a represen-
tative set of momentum transfers below 3 A=, is shown
in Fig. 2, for an interval of energy transfers which covers
more than 90% of the spectral power within the referred

0.010 0.06
Q=095A"

0.005}F 0.03

§

It
=)
0

S(Q, w) ( meV ! )

:

FIG. 3. A comparison between the experi-
mental intensities (symbols) for ice (left) and
liquid water (right), and the approximation
in terms of the model functions given by Egs.
(2)-(4) (solid lines). The elastic (for the
solid) or quasielastic (for the liquid) inten-
sities are shown by the dashed lines. The in-
elastic response given by Eq. (5) is depicted
by the dotted line. Values for the momentum
transfers are given in the insets.
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FIG. 4. Wave vector dependence of the renormalized ex-
citation frequencies Q¢ for solid (open symbols) and liquid
water (filled symbols). The dash-dotted and dotted lines rep-
resent the adiabatic sound velocities for solid and liquid, re-
spectively. The solid line drawn from 1.5 A" < Q < 3.5 A~!
corresponds to the ideal gas limit for the liquid (see text).
The asterisks show the fitted values for the w; frequencies re-
sulting from the analysis of the liquid spectra in terms of the
simplified expression given by Eq. (14). The inset shows the
I'q linewidth factors for ice (open symbols) and liquid (filled
symbols). The curve drawn through the data corresponds to
a quadratic plus a constant term (see text).

range of wave vectors. The most remarkable difference
is the absence of any finite-frequency feature identifiable
by visual inspection for energy transfers below 15 meV in
the melt, although the line shapes become clearly non-
Lorentzian. Apart from some spurious effects, already
mentioned in the preceding section, which lead to some
asymmetries in the spectra and are especially severe for
the lowest intense spectra [e.g., at Q@ = 0.82 A-1 corre-
sponding to a momentum transfer far below the first peak
of S(Q)], the spectra of the liquid exhibit a sizable in-
elastic contribution which, although centered at zero fre-
quency, covers a range of energy transfers far wider than
that covered by purely stochastic motions and accounted
for by the terms S°(Q,w) and S;(Q,w) of Egs. (3) and
(4), i.e., the quasielastic scattering from long-range trans-
lational diffusion and single-molecule reorientations. In
contrast, the solid shows well-defined excitation peaks
with maxima located about 5 meV not evidencing, for
the selected set of momentum transfers, any strong dis-
persive behavior. The physical soundness of the model
used to analyze the intensities can be estimated from
Fig. 3, where the different contributions to the observed
intensity are displayed for some selected values of mo-
mentum transfer. It appears that I,(Q,w) is rather
well reproduced in ice as well as in water, evidencing in
the latter the importance of inelastic scattering with re-
spect to the purely quasielastic response.

The wave vector dependences of the parameters de-
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scribing the inelastic response for the solid and liquid
samples are plotted in Fig. 4 as the renormalized fre-
quencies Q¢ and the values of the damping (or linewidth)
factors I'g. Again it is worth stressing that such frequen-
cies must be interpreted as average (or effective) quanti-
ties, the meaning of which is the very same as Wiz (Q)
derived from the frequency position of the maximum of
the longitudinal current spectrum J;(Q,w) [i.e., the ex-
pression given in Eq. (5) ensures that Q¢ corresponds
to the maximum of w?S(Q,w)]. Under such circum-
stances it becomes clear that for wave vectors well within
the kinematic range accessible to neutron spectroscopy
or computer molecular dynamics such frequencies corre-
spond to a maximum of a manifold of distinct excitation
lines, although they are expected to show some phase
relationships with the static structure factors. On the
other hand, towards the hydrodynamic limit, the Q de-
pendence of such frequencies is expected to approach the
linear dispersion regime characteristic of hydrodynamic
sound [19]. As can be seen from the referred Fig. 4, both
in the solid and the liquid the “dispersion curves” stand
somewhat below such a limit, going to a flat maximum
located at about Q,/2, with Q, being the wave vector
where S(Q) attains its first maximum. In the case of the
solid, the frequencies above some 2 A~ oscillate around
an average value of about 7 meV which corresponds to
the frequency of the first intense peak in the vibrational
density of states [5], normally assigned to a transverse
acoustic (TA) mode [20], whereas in the liquid these con-
tinue increasing with @ in a linear fashion, with a slope
not far from that expected for the ideal gas behavior
(Q?/M 01 B)Y/? [B = (ksT)™!] as calculated from the ef-
fective mass given above (i.e., better agreement would
obviously be achieved by using a slightly smaller value
for Mmot)-

To illustrate the importance of a proper account of the
quasielastic intensities, the results of analyzing the liquid
data with Eq. (14) are also shown in the graph. As can
be seen, lumping together all the quasielastic, incoher-
ent, and multiexcitation intensities into a single, elastic
term has rather dramatic consequences since the derived
values for the oscillator frequencies w, are raised to con-
siderably higher frequencies. As a matter of fact, the
value of 10.32 meV corresponding to the w, parameter
for the lowest explored momentum transfer (0.56 A~1)
becomes close to that of ~ 12 meV reported in Ref. [3]
for Q = 0.55 A~!. At higher momentum transfers the
values of w, are substantially decreased and are compa-
rable to those of Qg above 1 A~1, that is, within the
region where most of the quasielastic scattering is of co-
herent nature leading to linewidths which are increas-
ingly narrowed up to Q, [i-e., the maximum of S(Q)]. It
seems then clear that the approximation used in Ref. [3]
to analyze the data has to be bounded to wave vectors
above some 0.8 A1 where the quasielastic processes are
confined to a narrow region of momentum transfers (de
Gennes narrowing), and therefore can be represented by
a single elastic component.

To check the physical meaning of the derived frequen-
cies, recourse was made to a comparison of such quan-
tities with the lower even frequency spectral moments
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calculated from

= | E'" 0 ™ Seon (@), (15)
5@ = por (16)
@) = 5y (17)
(i) =12, (18)

where Eo,in maz are the limits imposed by the neutron
kinematics, and were set to + 20 meV in the explored
range of momentum transfers. As is well known, the
zeroth-order moment provides an approximate value of
the static structure factors due to the limited range of
energy transfers. This is reported in the upper frames
of Fig. 5 for ice and liquid heavy water. In both cases
a good agreement with the corresponding quantity ob-
tained from diffraction measurements is found. The lower
frames of Fig. 5 provide a comparison between the cal-
culated frequency moments and the frequency of the
damped oscillator derived by the fitting procedure. First
and foremost, it is worth remarking the close proximity
between the curves giving the frequency dependence of
Qg and wpaez(Q), taken as that corresponding to the first
extremum in the longitudinal current autocorrelation as

calculated from Scon(Q,w), which in the case of the melt
will include a small contribution from the quasielastic
wings, which accounts for the relatively larger difference
between these two frequencies seen in the liquid than
in the solid, where up to at least Q,/2, they are basi-
cally coincident. On the other hand, wo(Q), the square
root of (w?), turns out to be smaller than Q, within the
whole wave vector range, the two being in much bet-
ter agreement at the smallest @ values where in fact
one may expect to approach the hydrodynamic limit,
limg_,.{wd) = Q%*vZ , where v, is the adiabatic sound
velocity. At large wave vectors the square roots of the
second and fourth reduced frequency moments are found
to follow the ideal gas behavior.

The low-frequency co(@) and high-frequency co(Q)
limits of the sound velocity can be derived from the val-
ues of the frequency moments as follows [21]:

2o — 1B Y/ (BMmat)
CO(Q) - QZ S(Q) 9
(19)
2 _ (‘”lz> B Mot - c11(Q)
coo(Q) - Q2 p ’

where 7 stands for the ratio of specific heats, c¢11(Q) is
the infinite-frequency longitudinal modulus, and p is the
density of the system. In principle these expressions are

1 FIG. 5. Frequency moments of the model
S(Q,w) structure factors arising from fits
to the experimental intensities and calcu-
1 lated from Eq. (14). The upper part of the
graphs shows the zero-frequency moments of
the response functions for ice (left) and lig-
uid water (right), and can be compared with

static structure factors S(Q). The lower
frame compares the wave vector dependence
of the renormalized frequency Q¢ (triangles)

12 o % o° *%eg00f 12} '.,"' : with that corresponding to the maximum of
i .o '," the longitudinal current correlation, wmaz(Q)
— (crosses), as well as with the square roots
> 1 8 0®®%00aq, 007 of the reduced second (squares) and fourth
E 8 ) ﬁ (circles) moments, (wo) and (w), respectively
-~ I ’ [Egs. (16) and (17)], of the scattering law.
3 3
41 <
0 1 2 3 0 1 2 3
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valid for a monoatomic fluid; for a molecular system they
can be used to describe the overall center of mass motion
[9]. In simple liquids both ¢o(Q) and coo(Q) are found
to be constant in the hydrodynamic wave vector range
(i-e., up to say 0.1-0.3 A-1) and to fall to nearly zero at
Q = Qp. A comparison between co(Q), coo(Q), and the
phase velocity Q¢ /Q derived from the analysis of experi-
mental data is shown in Fig. 6. As is apparent, this latter
velocity is found to sit between the two curves marking
the zero- and infinite-frequency cases. It is worth noting
that it shows a monotonous decrease in going from Q =
0.56 A=! to a flat minimum at Q = Q,, and in any case
remains very close to the zero-frequency limit. This be-
havior is in marked contrast with previous experimental
[3] and computer simulation findings [2,22] which showed
a strong increase of the sound velocity in going from low
to intermediate Q’s, being already more than two times
bigger than the hydrodynamic value at Q = 0.3 A~L
Notice, however, that if the w, frequencies shown in Fig.
4 are converted to excitation phase velocities, a value of
2800 ms~! is found for @ = 0.56 A~!, and can be com-
pared with that of 3400 ms~! derived from data shown
in Ref. [3] for Q = 0.55 A~1.

The only other remarkable feature of the liquid and
polycrystal spectra is found at wave vector larger than
2.7 A-! and it appears as an envelope of excitations
located within the range of energy transfers 22 meV
< Aw < 30 meV, i.e., also within the so called trans-
lational band. The intensity of these bands turned out
to be large enough to be resolved from the background.
An illustrative example is reported in Fig. 7(a), whereas
Fig. 7(b) shows the @ dependence of the corresponding
characteristic frequencies, obtained from the maxima of
w?I,4,(Q,w). The interesting point to be stressed here
is the strict analogy of the observed @ dependence of
the characteristic frequency with that found in a previ-
ous independent experiment on polycrystalline ice ITh at
T = 88 K carried out by a triple-axis spectrometer and
reported in Ref. [8]. There, a well-defined sharp excita-
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FIG. 6. Low-frequency co(Q) (solid line) and high-

frequency (dashed line) coo(Q) limits of the phase velocities
of the excitations as calculated according to Eq. (19). The
solid triangles stand for the values of the actual magnitude as
calculated from the Qq/Q.
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tion peak was found within a similar range of momentum
transfers similar to the one reported in the present work.
The shape and characteristic frequency of this peak, at
large Q, allows us to unambiguously identify it with the
same peak which gives rise to a well-defined feature in the
density of states, usually referred to as a transverse optic
(TO) [5,7,20]. The following argument has been brought
forward, from considerations about the lattice constants
[8], to explain the presence of such a band: since two
of the dimensions of the primitive cell of hexagonal ice
Ih are not far from being one-half of the third, the zone
boundary for the in-plane directions is found to be in
close proximity to the lower harmonics corresponding to
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FIG. 7. Wave vector dependence of the frequencies of
the higher-energy manifolds. (a) Two representative spec-
tra showing the shapes of these higher-frequency bands for
the solid (left) and liquid (right). (b) Wave vector depen-
dence of their average frequencies. Open triangles refer to ice
and filled ones to liquid phase. (c) A comparison of the fre-
quencies after rescaling their characteristic wave vectors (see
text), with the apparent dispersion observed for the harmonic
crystal (filled squares) and for results arising from molecular
dynamics calculations for the liquid (filled circles). Open and
solid triangles have the same meaning as in (b).
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the out-of-plane directions. As a result, the wave vectors
corresponding to the observed excitations could be dis-
placed by subtraction of Q, down to the first Brillouin
zone. Such a procedure which seems entirely justified for
ice but has to be taken with care when applied to the
liquid has been employed with the present data, and the
results are compared with those calculated for the har-
monic polycrystal [7], and those arising from computer
MD simulations in the melt (Sastry et al. [2]) in Fig. 7(c).
The most interesting aspects of this comparison concern
both the close proximity of data for water and the hot
ice, as well as the closeness of the experimental points to
those derived from MD simulations. Further comments
on this particular point are deferred to the next section.

IV. DISCUSSION AND CONCLUSIONS

The most remarkable finding of the present study is
perhaps the close similarity of the inelastic response of
water at low frequencies (i.e., below some 20 meV) with
that observed by neutron scattering and computer MD
simulations in some other molecular liquids [9,11]. In par-
ticular, the measured excitation frequencies come rather
close to those found for a related, hydrogen-bonded liquid
[9], namely, methanol, where both the shape and maxi-
mum frequencies of the curves giving the wave vector de-
pendence of the second and fourth reduced frequency mo-
ments are reminiscent of those found in the present study.
For a unique interpretation of the physical processes un-
derlying the measured spectra, the experimental condi-
tions have been chosen in such a way that the wave vector
dependent spectra, for momentum transfers below 1 A1
could be detected only in the region between zero and
20 meV, since both the intensity of those excitation lines
above 20 meV turns out to be too low to enable a sen-
sible extraction of the signal from the background noise
and the width of the zero-frequency line remains confined
below the first 5 meV. We believe that only in this spec-
tral range does the analysis of the inelastic part in terms
of a single damped oscillator have a sound basis and the
extension of acousticlike excitations from the @ — 0
limit is reasonable. The resulting values of the charac-
teristic frequencies and velocities give strong support to
this assumption, being corroborated by the comparison
with the results found in other molecular liquids [9,11].
We are aware of the fact that our findings are in con-
trast with early neutron scattering data [3] and with a
substantial number of MD simulations [2,10] performed
with different potential models, which show “dispersion
branches” reaching some 33 meV at Q values around Q,.
The origin of such a discrepancy has to be found in the
increasing importance arising from “nonacoustic” contri-
butions in the spectral region beyond 20 meV, empha-
sized by the fact that the dispersion curves are always
constructed by reporting the maximum frequency of the
longitudinal current spectrum J;(Q,w). The nature of
this high-frequency excitation, discussed in a previous
work [7,9] as well as in a MD study by Sciortino and
Sastry [2], can be envisaged, for example, in collective
and/or single-molecule reorientation processes and other
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excitation modes which show an optical-like character.

The curves showing the @) dependence of the excita-
tions for liquid water shown in Figs. 4 and 5 [Qg and
Wmaz(Q)] can be favorably compared with those calcu-
lated from a treatment carried out in terms of the Mori-
Zwanzig projection operator technique applied to a two-
component dynamical variable which accounts for the
density fluctuations of hydrogen and oxygen as reported
in Ref. [22], or that derived from simulation means by
Wojcik and Clementi [2], although in this latter case,
both the higher temperature of the system employed (i.e.,
larger hydrodynamic sound velocity) and the possible in-
adequacies of the model potential used lead to maximum
frequencies about Q, some 40% higher than the ones re-
ported here.

The reason most of the observed intensity in the spec-
trum of the hot polycrystalline solid arises from the trans-
verse acoustic modes which give rise to the first intense
band in the Z(w) vibrational frequency distribution can
be easily understood from consideration of the strong in-
tensity of this band in comparison with that regarding
longitudinal sound (LA) as evidenced from experiments
[5] or calculation [7] results. As a matter of fact, as shown
in our previous paper [7], the dispersion behavior of those
excitations grouped under the LA branch becomes rather
difficult to follow once a polycrystalline average of the
single-crystal dynamic structure factor is performed (see
Fig. 3 of Ref. [7]). Notice, however, that the presence
of two dispersion branches of optical origin which cross
the LA curves and have frequencies comparable with the
maximum ones of the TA modes implies that the ob-
served excitation envelopes are by no means of a pure
acoustic character. At this point it is also interesting
to note that the experimental frequencies regarding the
dispersion of polycrystalline ice Ih at 90 K [4] are also
confined below 18 meV, whereas some of the reported
curves from MD simulations in the liquid reach values
as high as 33 meV [2,22]. As discussed in previous work
[7,8], the origin of such steep dispersion is better ascribed
to the buildup of intensities arising from modes of opti-
cal origin, an explanation which is also supported by the
fact that such large frequencies coincide with the ones
commonly referred to as transverse optic for most of the
ice polymorphs [5,7] as well as from the observation that
the intensity of the peaks characteristic of such rapid dis-
persion goes to zero for wave vectors above Q.

Because of the inability of the neutrons to couple with
shear-mode (transverse acoustic) excitations in the lig-
uid, the observed inelastic scattering in the melt cannot
be attributed to transverse excitations, even if their char-
acteristic velocities, as estimated in a recent contribu-
tion to the present debate by Sciortino and Sastry [2] as
~ 1300 msec™!, come very close to that of hydrodynamic
sound [19]. This can be readily understood if one consid-
ers the effects of orientational averaging on the sound ve-
locity characteristic of the parent (hexagonal) crystal, for
which the orientationally averaged speed of sound can be
calculated using experimental, angle-dependent data for
the single crystal given by Gagnon et al. [19]. Then, es-
timates of the effective speed for an isotropic continuum,
something applicable to the amorphous or quenched lig-
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uid (see Sciortino and Sastry [2]) cases, are given by
3/vd;; = 1/v} + 2/v} where v; = f(;r/z d¢ vi(¢) sin(¢)
is the directionally averaged longitudinal sound velocity,
¢ stands for the angle between the crystal ¢ axis and the
wave vector of the sound waves, and v; is the transverse
sound speed. The numerical values for the averaged lon-
gitudinal and transverse velocities are 3914 msec™! and
1995 msec™ !, respectively, giving a value for the effective
speed vesy some 240 m sec™ ! close to that of the trans-
verse waves, thus becoming too close to be distinguished
from the shear-wave velocity, unless additional data are
available.

The absence of well-resolved inelastic peaks in the lig-
uid even at this temperature close to the freezing point
was not unexpected because of the high anharmonicity
of the molecular motions as was recently evidenced by
its relatively large contribution to the specific heat [5], as
well as from the loss of the long-range order of the oxygen
lattice. An indication of both effects can be seen by the Q
dependence of the I'g coefficients shown in Fig. 4, where
it can be seen that those regarding the liquid increase
with wave vector faster than those of the solid, although
the relatively large errors hinder any quantitative conclu-
sion about its explicit @ dependence. Moreover, caution
has to be exercised when analyzing the behavior of the
linewidth parameter since, as mentioned above, a rather
substantial part of its magnitude arises from the fact that
different sets of excitations are being analyzed with only
one damped harmonic oscillator function. A way to es-
timate the relative importance of the two (homogeneous
and heterogeneous) broadenings would be considering the
hydrodynamic limit, limg_,, I'g, which gives some mea-
sure of the heterogeneous contribution. From the inset
shown in Fig. 4, it can be seen that such a limit is found
to be of the order of 2 meV for both liquid and solid, a
value comparable with the width of the TA band in most
of the experimental [5] or computational [7] estimates of
this magnitude measured at low temperatures. Such a
limiting value thus enables a qualitative understanding
of the wave vector dependence of the oscillator widths
arising from a contribution with a weak @ dependence
arising from the heterogeneous term, and a Q-dependent
term which for the liquid at low wave vectors is expected
to follow a quadratic behavior in Q with a coefficient
given in terms of viscous and thermal conductivity con-
tributions to the damping, which, from data plotted in
the inset of the figure, yields a value of ~ 0.39 meV A2.

The @ dependence of the phase velocities of the exci-
tations shown in Fig. 6 is in stark contrast with similar
graphs regarding MD results [2,10], where an increase
in velocity with wave vectors up to = Q,/2 and a subse-
quent decrease is found. The origin of such a feature has,
again, to be attributed to the increasing importance of
intensities arising from nonacoustic contributions to the
calculated J;(Q,w) profiles and evidenced in our previ-
ous work [9,7] as well as pointed out in a recent contribu-
tion to this topic by Sciortino and Sastry [2], where from
simulational means it was found that pure sound-wave
excitations in water are confined to frequencies below 6.2
meV, something which is substantiated in the present
study (see Fig. 4).
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The wave vector dependence of the excitations within
the optic manifolds shown in Fig. 7 corroborates our pre-
vious results on low-temperature ice [8], and also gives
further support to the interpretation of the steep disper-
sion put forward in Ref. [7]. The reason such excitations
were not directly observed within the first Brillouin zone
(or its equivalent to the liquid, that is, below Q,) is eas-
ily found in the kinematics of the present experiment
(as shown in Fig. 1, the required range of energy trans-
fers is bounded above 1 A'l), as well as in the weak in-
elastic intensities which basically follow a Q? law within
such a region. Although the procedure of rescaling the Q
vectors in the liquid case cannot be justified in full, the
fact that the characteristic times of those excitations are
rather short on a molecular scale ~ 10713 sec serves to
locate them on a time window where the description of
liquid dynamics within the instantaneous normal modes
approach becomes adequate [23]. Such a fact in conjunc-
tion with the close similarity of the static short-range
structure in ice Ih and water close to freezing [24] can
therefore serve to understand the closeness of the dy-
namic response of the two systems at these time and
length scales.

Finally, it would be interesting to attempt to relate
the spectrum of excitations seen in the solid with quan-
tities encompassing the liquid dynamics following steps
equivalent to those employed for the treatment of simple
crystal structures in terms of some variants of the density
functional theory of freezing [25]. Although application
of such treatments to liquids composed by nonspherical
particles have been hindered by the requirement of cor-
relation functions of higher order than the direct corre-
lation function, such as triplet correlations, very recent
advances in the interpretation of neutron diffraction data
of heavy water in terms of correlations beyond the pair
approximation [26] constitute a promising step in this
direction.

In summary, the present paper provides experimental
evidence indicating that, at temperatures slightly above
the melting point, heavily damped sound waves can prop-
agate in water at wavelengths much shorter than the
ones concerning the hydrodynamic regime. The corre-
sponding velocities of propagation are found to be close
to those one would expect from a continuation for large
wave vectors of the linear dispersion law, in stark con-
trast with previous experimental and computer simula-
tion findings. In particular, the results given here, al-
beit at odds with those of Teixeira et al. [3], provide
an explanation for the apparently anomalous dispersion
reported there as arising from an incomplete modeling
of the low-frequency (quasielastic) intensities which, as
shown in Fig. 4, becomes important at momentum trans-
fers below some 0.8 A~1. Also notice that the lower tem-
perature explored in the present experiment bounds the
intensities arising from the quasielastic wings to energy
transfers comparable with the instrumental resolution,
and that both counting statistics and resolution in en-
ergy transfers are substantially improved with respect to
those achieved in Ref. [3]. In consequence, the analysis
of these new neutron scattering data allows us to con-
clude that the higher-frequency excitations reported in



51 ABSENCE OF ANOMALOUS DISPERSION FEATURES IN THE. . . 2261

previous works for water at room temperature can be
explained neither by an increase of the sound velocity
(highly positive dispersion law) nor by the presence of a
new mode propagating through hydrogen-bond patches
(“fast sound”), but by the fact that the dynamical re-
sponse of water contains contributions from a richer va-
riety of physical processes as reorientational relaxations,
optical-like modes of excitations, and so forth. There-
fore a deep examination of the whole inelastic spectrum
(extending to some 40 meV) would certainly require a
much more elaborate model than the simple damped har-
monic oscillator. From the present analysis it seems now
clear that the fingerprints of sound propagation in wa-
ter at length scales comparable with intermolecular sep-
arations are confined to frequencies well below 10 meV
approaching the hydrodynamic limit in a way common
to other molecular liquids [9]. In fact, the wave vector
dependence of the parameters used herein to model the
physical processes responsible for the inelastic scattered
intensity in liquid water is found to be akin to that de-

rived for other molecular systems and the shape of such
curves is somewhat reminiscent of that observed in sim-
ple (monoatomic) liquids. Perhaps the most distinctive
feature regarding the spectra of water concerns the ap-
pearance, at relatively large wave vectors, of a second
manifold of excitations clearly identifiable with collective
out-of-phase (“optical”) motions.
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