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High-frequency longitudinal and transverse dynamics in water
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High-resolution, inelastic x-ray scattering measurements of the dynamic structure $&@tes) of liquid
water have been performed for wave vect@Qrbetween 4 and 30 nrhin distinctly different thermodynamic
conditions(T=263-420 K; at, or close to, ambient pressure an&=ag kbay. In agreement with previous
inelastic x-ray and neutron studies, the presence of two inelastic contrib@ioaeglispersing witlQ and the
other almost nondispersivés confirmed. The study of their temperature @dlependence provides strong
support for a dynamics of liquid water controlled by the structural relaxation process. A viscoelastic analysis of
the Q-dispersing mode, associated with the longitudinal dynamics, reveals that the sound velocity undergoes a
complete transition from the adiabatic sound velodity) (viscous limi) to the infinite-frequency sound
velocity (c,,) (elastic limiy). On decreasin®, as the transition regime is approached from the elastic side, we
observe a decrease of the intensity of the second, weakly dispersing feature, which completely disappears when
the viscous regime is reached. These findings unambiguously identify the second excitation to be a signature of
the transverse dynamics with a longitudinal symmetry component, which becomes vis#@, in) as soon
as the purely viscous regime is left.
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I. INTRODUCTION the sound velocity as a function of frequency. More specifi-

Water occupies a prominent role in natural sciencesC@/ly, at T=277 K and ambient pressure, the longitudinal

; ; d velocity increases from its hydrodynamic valye
partly due to its relative abundance and central role for the®U" Mt . .
existence of life on earth, but as well due to its many unusuaf +200 (0C=~3200 m/s. This transition from the hydrody-
properties, which—despite intensive research efforts—still'@@MiC, Or zero-frequency, to the infinite-frequency sound re-
defy today a complete understandifigZ]. It is believed that 9ime is directly observed aQ=2nm* and energyE

the peculiar physicochemical behavior of water arises froni > MeV- This phenomenon bears strong resemblance to that

its local structure which is characterized by an open three2PServed in glass-forming liquids, where the sound velocity

dimensional hydrogen-bond network of water moleculeliSPersion is due to the presence of a structlogk) relax-
with an almost perfect tetrahedral arrangement and a wel@tion process. Ifr, is the characteristic time of this process,

S the system has a solidlike elastic behavior for modes with
structured second coordination shell. The hydrogen bond i ey < .
responsible for this highly ordered local structure, and it is]c equency}(Q) satisfying(Q)7,> 1 and a viscous one for

therefore clear that the processes of H-bond breaking angrequencles such thak(Q)r, <1 [here}(Q)=c(Q)Q is the

formation play a central role in determining the dvnamical xcitation frequencly A detailed viscoelastic analysis of the
dth P q yac I " f liquid gt Thy lifeti dynamic structure factor demonstrated that also in water the
anad thermodynamical properties ol fiquid water. 1nhe lire 'mec{ransition from low- to high-frequency sound velocity is ac-

of the H bond is, at ambient conditions, i_n the picosecon ually driven by the structural relaxation procd4s.
range. Thus, the study of the water dynamics in the terahertz Temperature-dependent IXS studies, in which the density
frequency range is of particular interest. Traditionally, this is\yas kept approximately constant to 1 g/Aday changing the
done by inelastic scattering techniques using neutt¥S)  pressure, revealed that, as longrasemains in the picosec-
or x rays (IXS), or by molecular dynamic$MD) studies. ond region(i.e., in the high-temperature regigrit follows
More recently, the high-frequency dynamics has been studiegin Arrhenius behavior with an activation energy comparable
experimentally by time-domain spectroscd@3y4]. The key  to the hydrogen-bond energy. This result provided a link be-
quantity in most of these studies is the so-called dynamicalween the relaxation process and the hydrogen-bond net-
structure factoiS(Q, w) (#Q andzw=E denote the momen- work, and offered an explanation for the microscopic origin
tum and energy transfer, respectivelwhich is the time and of the structural relaxation process in water. On a time scale
space Fourier transform of the atomic density-density paishort with respect to the lifetime of these H-bonded local
correlation function[5]. Starting from the pioneering work structures the collective dynamics is very similar to that of
by Bosiet al.[6] and by Teixeiraet al.[7], several neutron the solid state, i.e., icEL2]. In the opposite limit, the local
experimentg§8-10] and x-ray studie§11-17 have been de- structures have sufficient time to relax, and therefore show a
voted to the study of the terahertz-frequency dynamics irtypical liquid behavior. In the intermediate region, for
liquid water. Q(Q)r,~1, the dynamics of the density fluctuations is
The most striking result of these INS, IXS, and MD stud- strongly coupled with the making and breaking of the
ies is the existence of a particularly large dispersion effect irhydrogen-bond network.
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A second important result, arising from the whole body ofprevious IXS and INS experiments. Moreover, thanks to the
INS and IXS studies of liquid water, is the existence of aincreased performance of the IXS instrument, data with bet-
second excitation in the dynamic structure factor. This secter statistical quality could be recorded, allowing an even
ond excitation has galmos} Q-independent energy, and be- more reliable extraction of the relevant parameters. The pre-
comes visible only aQ larger than~4 nn7. This second vious IXS study by Monacet al. [15] was focused on the
feature, Observed in tf‘ﬁQ,w) Of ambient Condition |IQUId IOW'Q region (ma|n|y below 7 nrﬁl) where the second ex-
water by INS[6,8-10 and IXS[12,13,16, has been attrib- citation does not give a significant contribution, and a con-
uted to transverselike dynamics on the basis of a MD studyistent viscoelastic analysis of the whole spectrum could be
[18] where the comparison between longitudinal and transperformed. The present work covers a much la@erange
verse current spectra was performed. The existence of th(?rom 4 to 30 nm) and thermodynamic region by a choice

S‘?CQ”d feature ar]d Its transverse origin can be explalnegf pressure and temperature such that the relaxation tjme
within the same viscoelastic framework that has been suc:

cessfully used to describe the longitudinal dynamics. Indeeap hanges by more than a decade. At variance with the previ-

the transverse dynamics, known to be nonpropagating in Iiq(_)us works, this allows us to follow the evolution of the sec-

uids, can be actually supported by the liquid structure aémd weakly dispersing feature not only as a fun_ct|on of mo-
soon as the viscous regime is left and the response becom ntum tr{:\nsfer, but also all the way from _the vIScous to the
solidlike. The “transverse” excitation acquires finite intensity€/2Stic limit. The extended thermodynamic aQdregions
in S(Q,w)—which is only sensitive to the longitudinal mo- gnd th(—;- |mprov§ed statistics gllow us to provide overwhelm-
lecular motion—because of the lack of order in the structureli"d €vidence in favor of(i) a *“viscous"—rather than
leading to a mixing of modes with longitudinal and trans- Solidlike—origin of the transition from “normal” to “fast”
verse symmetry18]. sound in liquid water andii) the transverse origin of the
To summarize, the high-frequency dynamics of liquid wa-low-frequency weakly dispersing feature appearing in the
ter seems to be controlled by a relaxation process—whos&Q,®). The paper is organized as follows. In Sec. Il we
microscopic dynamics is related to the making and breakingresent the experimental setup and the information pertinent
of the hydrogen-bond network—with a characteristic timeto the sample cell, the theoretical formalism utilized in the
7,. All the modes with frequencies such tHa(Q)r,<1 see data analysis, and the experimental results. Section Il pro-
a relaxing local structuréviscous regimg and behave as Vides the data analysis and the discussion, while Sec. IV
liquidlike: low sound velocity and no transverselike dynam-draws the conclusions.
ics identifiable in the longitudinal current. On the contrary
the modes with frequency satisfyifg(Q)7,>1 see a fro- [l. EXPERIMENT
zen, solidlike, structure and behave as if they were in the
glassy phase: elastic response, high sound velocity, and iden-
tifiable transverselike dynamics. The experiment was carried out at the Inelastic X-ray
A different interpretation for the origin of the two excita- Scattering Beamline 1{ID28) at the European Synchrotron
tions appearing in th&Q,w) of water has recently been Radiation Facility in Grenoble, France. The x rays from an
proposed by Petrilleet al. [9] and by Sacchettit al. [10], undulator source are monochromatized by a cryogenically
who analyzed the INS and IXS data using a solidlike frame-cooled silicon(111) double-crystal monochromator and a
work: the mode-mode interaction and the symmetry avoidediigh-energy resolution backscattering monochromator, oper-
crossing. In this context, the second dispersionless feature &ing at the silicor(11 11 11 reflection order. The backscat-
assigned to a local intermolecular vibration, resembling ondéered photons of energy 21.747 keV impinge on a gold-
of the optic modes in icg19]. Moreover, at variance with coated toroidal mirror, which provides a focal spot at the
Refs.[13,15, where the longitudinal sound velocity disper- sample position of 27@horizonta) and 80 (vertica) um?
sion is associated with the interaction of the longitudinalfull width at half maximum. The incident flux on the sample
sound waves with a relaxation process, the transition fronis 5x 10° photon/s. The scattered photons are energy ana-
the hydrodynamic to the fast sound is attributed to the interlyzed by a Rowland circle five-crystal spectrometer, operat-
action between the sound waves and this opticlike mode. Akg at the same reflection order as the monochromator. The
the symmetry of the two modes is supposed to be the samepergy-analyzed photons are detected by a Peltier-cooled
the two branches repel each other to avoid crossing, and tisilicon diode detector which has an intrinsic energy resolu-
high-frequency branch at larg@ disperses with a slope tion of 400 eV[20]. The dark counts due to electronic and
larger than that of the low-frequency branch at sr@allThis ~ environmental noise amounts to about 0.003 counts/s. The
model describes the INS and IXS spectra as well as the vighomentum transfe@= 2k;sin(6s/2), wherek; is the incident
coelastic model; a definitive conclusion on the correct interphoton wave vector ané is the scattering angle, is selected
pretation of the water dynamics can therefore not be drawlvy rotating the spectrometer around a vertical axis passing
on the basis of a “best fit" procedure. Such a conclusiorthrough the scattering sample in the horizontal plane. Since
needs to rely on an experimental basis, such as that brouglitiere are five independent analyzer systems, spectra at five
for example, from the physical meaning of the parameterslifferent momentum transfers can be recorded simulta-
entering in the viscoelastic and in the solidlike models,neously. Their separation amounts to approximately 3'nm
and/or from their dependence on the thermodynamic state.for the Si(11 11 11 reflection. The energy scans are per-
In this paper we present additional IXS data which sig-formed by varying the monochromator temperature while the
nificantly extend the thermodynamic region investigated inanalyzer temperature is kept fixed. Conversion from the tem-

A. Experimental setup
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TABLE I. Thermodynamic conditions of temperatule and  coefficients are replaced by functions which can vary in both
pressureP at which the IXS spectra were recorded. The uncertaintyspace(or wave numbérand time(or frequency [22,23. In
of Tis +1 K and that ofP is +1%. Columns 3-5 report the three recent years, this approach has been successfully applied to
corresponding thermod.ynamlc quant!tles used in the data analysighe interpretation of the high-frequency dynamics of differ-
namely, the mass density the adiabatic sound velocitg, and the — gnt systems, including water, and spanning from noble gases
shear viscosity;. Their values were obtained from the water equa-[24] to liquid metals[25], as well as from supercooled lig-
tion of state[21]. The freezing point of water & =2 kbar is  i4s[26] to glasseg§27]. The basic equations are discussed

251 K. in detail in Ref.[15]; here, we only stress the key points and
o the details relevant to the present data analysis.

T(K) P (bap p (g/cm) Co (M/9) 7 (cP) The longitudinal dynamics is described by a Langevin

263 2000 1.084 1825 209 equation for the density-density correlation functie(@, t):

282 2000 1.078 1820 1.32 PFEO.1) t JFO.L)

296 2000 1.073 1840 0.96 e w§(QF(Q,) + J dt’'mg(t - t’)T =0;

321 2000 1.072 1875 0.62 0

359 2000 1.041 1880 0.38 (1)

419 95 0.926 1500 0.19 and, consequently, the expression for 8, ) [normal-

ized to S(Q)], the time Fourier transform d¥(Q,t), reads

perature scale to the energy scale is accomplished by the SQuw 1 wéﬁq{?(w) @

following relation: AE/E=aAT, wherea=2.58x 107 is th =— — = 2

ollowing relation aAT, wherea is the SQ  wlwi-w- wmQ(w)]2+ [wmQ(w)]g

linear thermal expansion coefficient of silicon at room tem-

perature. The validity of this conversion has been checked bM/heran’Q(w) and ﬁ%(w) are the real and imaginary parts of

comparing the measured diamond dispersion curve for 10ne Fourier transform of the memory functiom(t). Its gen-
gitudinal acoustic and optical phonons with well-established,5jized form can be written as

inelastic neutron scattering results. The overall experimenta
resolution is experimentally determined by measuring the mQ(t):wS(Q)['y(Q)— 1]e—DT(Q)Q2t+KL(Q1t), (3)

scattering from a disordered sample of Plexiglass & a ) _
transfer of 10 niit, corresponding to the first maximum in wherews=kgTQ?/[MS(Q)] is the(squaredifrequency of the

the static structure factd®(Q), and atT=10 K in order to ~Sound wave excitation in the hydrodynamic regimeQ)
maximize the elastic contribution to the scattering. and D(Q) are the Q-dependent generalizations of
Distilled and deionized water was loaded into a specially=Cp/C, (the constant pressure to constant volume specific
designed stainless steel cell, made out of INCONEL-751heat ratig and Dr=«/(pC,), « is the thermal conductivity,
which can be pressurized by a hand pump up to 5 kbar an8Q) is the static structure factoM is the molecule mass,
heated up to 700 K. The x-ray beam passes through twandkg is the Boltzmann constant. The second contribution to
1-mm-thick diamond single-crystal windows with a 2.3 mm the memory functionK, (Q,t), a quantity directly related to
aperture. The distance between the two windows, i.e., ththe longitudinal kinematic viscosit}22,23, is here chosen
sample length along the x-ray beam, was 10 mm. The cels
geometry allowed us to cover the relevant momentum trans- _ iy
fer regime up to 30 nAt with a sample length comparable to KL(Q.)=2I,(Qan) + AHQe ™), (4)
the x-ray photoabsorption lengtliu~0.1 mnT* at E  where T',(Q)d(t) represents a fagmicroscopic oru) de-
=21 keV). The high-pressure cell was kept in vacuum incaying contribution t, (Q,t) and the exponential term ac-
order to minimize both temperature gradients and air scattegounts for the structurala) relaxation processr, is the
ing. The pressure was monitored with a calibrated gauge).dependent time which characterizes the long time tail of
whose precision is about 1%. The temperature was deteg (Q,t), and A%(Q) is the structural relaxation strength
mined by a Cr-Al thermocouple in direct contact with the \ypich is related ta,.(Q) and co(Q)—the Q-dependent gen-

main body of the cell with an accuracy of +1 K. Table | gqji7ations of the usual infinite frequency and adiabatic
reports the thermodynamic conditions of the experiment ag, g speedi28] via A2=(c.—cy)Q?. In summary, the re-

well as the respective shear viscosity) and the adiabatic sulting expression for the memory function becomes

speed of soundc,) values. ,
Mo(t) = wH(Q(MQ) — D@+ 2T, (Q) 4

B. Theoretical formalism and fitting procedure + AZ(Q)G_UT“(@-

The theoretical framework used to interpret the experidtis worth pointing out that the time dependence of the struc-
mental spectra is based on the generalized Langevin equatidural relaxation process contribution to the memory function
(memory function approaghmore specifically on the gener- is assumed here to be Debye-lik& stretching is present
alized hydrodynamic description. In this framework the for- This is in apparent contrast to recent findirjgs29] where
mal structure of the “classical” hydrodynamic regime is re-the existence of a non-negligible stretchifg~ 0.6) in the
tained, but the thermodynamic derivatives and transportorrelation function of supercooled water was observed.
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counted for by a damped-harmonic-oscillat@HO) func-

tion [30] addedto the viscoelasticS(Q, w), resulting in a
significantly better fit. It is important to stress that this is a
purely empirical approach to introduce the mixing phenom-
enon of longitudinal and transverse dynamics. A correct the-
oretical description should provide a memory function, di-
rectly reproducing a double-excitation line shape, which
naturally would involve a much larger set of variables. In
particular, such a formalism should be extended to the re-
gime of broken ergodicity, when the frequency range is much
higher than the structural relaxation tinter,>1). In this
range the symmetry arguments that decouple the transverse
(T) from the longitudinal(L) variables in the generalized
Langevin equation must be abandoned and a coupling L-T
mechanism must be taken into account. Work along these
lines is currently in progress. Within the present context, the
choice of a DHO line shape to describe the transverse dy-
namics is used empirically to provide information on the

k.
<
w

Intensity (arb. units)
8.'.. 5#

10* intensity and the frequency of the second excitation. In sum-
mary, the model function used to represent the spectra is
composed of the following pieces.

3 (1) Aviscoelastic model function, proportional to H@),

10 to account for the central peak and the longitudinal
dynamics:

-4 2~

10 sY(Q,w) = A woMo()

=~

7 [0§— 0 = w(w) 2 + [wiy(w) P

We have neglected the contribution due to thermal relax-

FIG. 1. IXS spectrum atQ=10 nnt!, T=263 K, and P . . . _ . .
=2 kbar. The experimental data and their error bars are shown toa-ltlon’ which amounts to setting(Q)=1, an approximation

gether with the best fits utilizing the model function described in theWhICh turns OUF to be very good in the h|@1{_eg|.on..

text with and without the second inelastic contributidga) One (2) ADHO line shape for the second excitation:

viscoelastic contribution(b) One viscoelastic contribution and one

damped-harmonic-oscillator mode. The inset shows the central peak A Q2r

region. sT(Quw) = ——5—— T ,
7 (Q% - 0?)?+ (0l'7)?

However, as also pointed out[ig9], the existence of stretch-

ing is hardly detectable in the temperature region investiyhere(); is the maximum of the “transverselike” contribu-
gated here. As a matter of fact, we did not find any signifi-tion to the longitudinal current spectruithe dynamic struc-
cant statistical improvement in introducing an additionalyyre factor multiplied byw?/Q?, i.e., of w’s™(Q, w)] and Iy
fitting parametex3). We therefore used a simplified version js the width of the inelastic transverse peaks.

of the memory function and fixeg to 1. This model function for the dynamic structure factor is
The viscoelastic analysis of the water IXS spectra previsymmetric, and, in order to account for the quantized char-
ously performed15] was confined taQ values not exceed- acter of the energy transfers at the microscopic level, has to
ing Q=7 nnT!, a region in which the second excitation dis- he weighted with a function thati) satisfies the detailed
cussed in the Introduction is not visible. Consequently, theyzjance and(ii) becomes unity in the classical limit

applied theoretical formalism yielded excellent agreements,/k,T<1). Among the possible choices, the weighting
between the model function and the experimental data. In thg,ctor usually utilized is

present case, the inclusion of a second excitation is manda-

tory as is evident, for example, by inspection of Fig. 1, which

reports the IXS spectrum recorded et 263 K, P=2 kbar, ho ho _
andQ=10 nn’. In this figure, panela) shows the best fitto ~ W@ T) = @-[n(“"T) +1]= @-[1 - expi-wlkgT) ™

the data with only one excitatiofviscoelastic modelac-

cording to Eq.(2). Both the inelastic and the central parts of

the spectra are not well reproduced, and it is obvious that &inally, the theoretical model has to be convoluted with the
second excitation has to be added. This has been done for tegperimental resolution functioR(w), to give a fitting func-

fit presented in pangb) where the second excitation is ac- tion of the form
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hw
1(Q,») ={R(w)} ® (@[n(w.'r) +1]

X[sY(Qw) + S(T)(Q,w)]) +B. (5)

Here B is an additional term which accounts for the elec-
tronic and environmental background of the detectors. As a
result, the data are fitted with nine free parametéjsthe
backgroundB; the transverséi) “intensity” Ay, (i) position
Qq, and(iv) width I'y; (v) the longitudinal intensity, ; the
three parameters of the longitudinal memory function,
namely, the structural relaxatiofvi) time 7, and (vii)
strengthA and the area of the microscopic relaxatibp;
and, finally, (viii) the static structure fact@®(Q) entering in
the termaw,. All these parameters are, in principleandQ
dependent. FIG. 2. IXS spectra of water &=263 K andP=2 kbar. The

As a matter of fact]',, which represents the topological figure reports the datédots normalized to the total integrated in-
microscopic disorder contribution to the acoustic attenuationtensity on a logarithmic scale emphasizing the inelastic part of the
is known to have a negligible temperature dependencespectrum. The solid line represents the total fit result as explained in
Therefore we have fixed its value to the one obtained at théhe text, while the other lines visualize the two contributions to the
lowest temperature. We checked that leaving this parametditting model: the longitudinal and quasielastic one represented by a
free does not change significatively the values of the otheyiscoelastic modeldashed ling and the transverselike secondary
parameters. Moreover, we observe that, for the highesteak accounted for by a DHO model functiafash-dotted ling

temperature spectra,_lea_ving the energy position fand Wid.th %e elastic line region on a linear scale. It can be easily ap-
the transverse contribution as free parameters in the fit re'reciate d that a fit using a viscoelasiic model ofilgp

sults in a meaningless overdamping of the DHO function td’ . ;

the extent that it cannot be distinguished from the purel ggf)ﬁ?%?sbgt?: fﬁgp;ggﬂ%ensﬁgt;iéhtehéxﬁe?:;%hlezﬂno% izea

relaxational elastic contribution already accounted for by thé; ectrum(the reducedy? results to be<2, i.e mcf)re than

viscoelastic modelthe intensity of this contribution vanishes 180 larger than its expected vaI)JeThé i.néllusion of a

at highT, thus implying thatQ); andI'y become irrelevant 2 'arg X > expected . .

In order to circumvent this, and guided by the observation ofsecond.melasuc ex‘;'ta“c’” significantly improves the.quallty

Sokolov et al. [38], the position and width of the second O the fit (reducedy®~1, 0,2~0.1), as can be seen in the

excitation was unambiguously determined in an uncon-lo.We.r panel. For all fitted spectra, the value dfremained
ithin one standard deviation from the expected value.

strained fit for the lowest-temperature IXS spectra, and kep‘fv Figure 2 shows as an example @eevolution of the IXS

fixed at higher temperatures. Therefore, at all temperature > " .
but the lowest, there are six free fitting parameters. Gata recorded a=263 K andP=2000 bar. The two inelas-

tic contributions which clearly appear &=10 nnit can
. also be seen throughout the whdlerange. As can be no-
C. Experimental results ticed by theQ evolution of the dashed and dotted lingmn-

IXS spectra were recorded at the different temperaturegitudinal and transverselike contributions, respectivéhe
and pressures as indicated in Table I, spanning the momeimtensity of the low-frequency(transverselike mode in-
tum transferQ, region from 4 to 16 nm" with an approxi- creases with increasinQ.
mate constant spacing of 3 AtnFor the lowest263 K) and The shape of the IXS spectra as well as th@idepen-
highest(419 K) temperatures, th® range was extended to dence are markedly different at419 K andP=95 bar(see
30 nnil. The spectra extend up to 60 meV on both sides ofig. 3). The elastic line appears broader, and consequently
the elastic line, with an integration time of 100 s per specthe low-frequency, nondispersing mode is much less visible.
trum. For each setting three spectra were collected, and sus a matter of fact, it can only be identified in the spectra
sequently summed in order to achieve the high statisticavith Q=13 nni?, while for largerQ values the increasing
accuracy required for the data analysis. Typical total countsvidth of the elastic line completely governs the spectral
range between 150@t 4 nnTt), 2500 (at 9.93 nm?), and  shape. The weak feature at about 45 meV in the spectra at
3500 (at 12.91 nm?). To account for the slow drift of the Q=4 nni! is the contribution from the high-pressure cell
photon flux impinging on the sample, the collected data werevindows and corresponds to the diamond longitudinal acous-
normalized to the intensity of the incident beam. A typicaltic phonon.
IXS spectrum is shown on a logarithmic scale in Fig 1. The To show an example of the temperature evolution of the
experimental data with their error bars are shown togethefXS spectra, and more specifically, of the behavior of the
with the best fits(full lines) using both the model function second weakly dispersing feature, the spectra record€d at
discussed beforébottom paneland the same function with =10 (left pane) and 13 nm* (right pane) are shown in Fig.
A;=0 (top panel. For clarity, only the elastic and the Stokes 4 at the indicated temperatures. At the lowest temperature,
part of the spectrum is shown. The insets provide a zoom dfe experimental data are shown together with the best fit to

Intensity (arb. units)

60 -40 30 0 20 40 60 -60 -40 30 0 20 40 60 60 40 30" 0 20 40 60
Energy (meV)

011501-5



PONTECORVCQet al. PHYSICAL REVIEW E 71, 011501(2005

v 1 v ] M 1 v ] v ] v ]
10nm’ 100—5 ~~~~~~ g\ -E
2 ] N ]
& :
= * B T=263K
g 10" "\\ 13nm’ 16 nm’ n 18 nm" Pa -1 ] O T=282K _
£ /A A 1074 & 1=296k - 3
5 ] | |
5 { v T=321K I E
% - . 1 & T=359K
g . ) . ) 1 ® T=419K
21 nm N 24 nm N 27 nm
) J\ /\ 10'2 i T=263 K [Monaco et al.] -
10 /A / \ E E
" \ v 1 v ] v 1 v ] v ] v ]
! 0 5 10 15 20 25 30
10* -60 -40 20 0 20 40 60 -60 -40 20 O 20 40 60 -60 40 20 0 20 40 60 -1
Energy (meV) Q (nm )
FIG. 3. IXS spectra aT=419 K andP=95 bar. The figure re- FIG. 5. Q dependence of thescaled structural relaxation time

ports the datddots normalized to the total integrated intensity on a 7a=7o7(T=263 K)/7(T) (see text The dashed line reports the fit
logarithmic scale emphasizing the inelastic part of the spectrum@Sults of[15] for the Q dependence of the relaxation time Bt
The solid line represents the fit result as explained in the text, while 263 K, valid up toQ=7 .

the other lines visualize the two contributions to the fitting model:

the longitudinal and quasielastic one represented by a viscoelastic IIl. DATA ANALYSIS AND DISCUSSION
model (dashed ling and the transverselike secondary peak ac- A The lonaitudinal d .
counted for by a DHO model functiofdash-dotted ling - he longitudinal dynamics

In the present section we present and discuss the results
the model function and the two individual componefwis-  obtained for the longitudinal dynamics which are retrieved
coelastic model and DHOFor the higher temperatures, only from the viscoelastic analysis as described in detail in Sec.
the viscoelastic contribution and the total fit are shown forll B.
the sake of clarity and in order to emphasize the decreasing In Fig. 5 we report theQ dependence of the structural
importance of the second excitation. We notice a clear trendelaxation timer, at different temperatures, scaled by the
for both momentum transfers: with increasing temperatureshear viscosity ratior(T)=7(T=263 K)/5(T): i.e., r*a
the contribution of the second excitation becomes smallerr(T)7,(T). This scaling has been performed in order to
and smaller to the extent that it completely disappears at theerify whether the structural relaxation time is proportional
highest temperature. to the longitudinal viscosity, a relationship which generally
holds in the continuum limiQ—0. It is evident from the
inspection of Fig. 5 that th® evolution of 7, at differentT
is indeed the same, especially in Raange below 20 niit.

As implied by the validity of the scaling, th& and theQ
dependence of the relaxation time can be factorized:

o
&
S 0| 0
z ~10°3 =
E) [7] 9 7~
g B H
7~
e %
o

10"

60 40 20 0 20 40 60 -60_ 40 20 O 20 40 60

Energy (meV)
FIG. 4. Temperature evolution of the IXS spectra foQr ,"G'Q?)NW“‘:'] . '““ """ ¥ |
=10 nni! (left pane) and 13 nm! (right pane). The figure reports 400
the data(dot9 normalized to the total integrated intensity on a 250 300 350
logarithmic scale, emphasizing the inelastic part of the spectrum. T (K)

The solid line represents the fit result as explained in the text, while

the other lines visualize the two contributions to the fitting model:  FIG. 6. Temperature evolution of the structural relaxation time
the longitudinal and quasielastic one represented by a viscoelasti{full symbolg at differentQ values between 7 and 16 nfn The
model (dashed ling and the transverselike secondary peak ac-shear viscosityy(T) is reported for comparisofopen dotg, as well
counted for by a DHO model functiofash-dotted ling as theQ=0 extrapolation of the relaxation tinj&5] (solid line).
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FIG. 7. Sound velocities and the proddetr,—as determined by the fit to the IXS spectra—as a functio®,0énd at two different
temperature§ =263 K (left panel$ and 419 K(right panel$. The top panels show th@ evolution of the sound velocities, (open doty
.. (open triangles andc (full square$, whereas the bottom panels show the prodct,, which, when equal to unity, marks the transition
from the infinite-frequency sound velocity, to the zero-frequency sound velocity. The solid line is a guide to the eye. The hydrodynamic
(Q=0) value ofcy is indicated by arrows; th@ evolution ofcy(Q), as derived using Eq6) and theS(Q) determined by neutron scattering,
is indicated by the dash-dotted line in tReregion where neutron data are available. The dotted horizontal line in the lower panels marks
the conditionQ) 7,=1.

7,(Q,T)=7n(Mf(Q), f(Q) being the function that describes is viscouslike (), 7,<1) or elasticlike (), 7,>1). For T
the Q evolution of the relaxation time. The dashed line at=263 K, Q) 7, is always larger than, or close to, 1, the sys-
low Q in Fig. 5 reports the dependence of the relaxation timgem has a solidlike response, and the sound velagitis
for T = 263 K, derived in Ref[15]; it turns out to be con- close toc., its infinite-frequency value, over the whole ex-
sistent with the present results. Figure 6 shows the temper&loredQ range. In contrast, at=419 K, {, 7, is larger than
ture dependence af, for differentQ values between 7 and 1 only over a limitedQ range, from 4 to 10 nft, and then
16 nntl. The evolution of the viscosityopen circley and ~ decreases rapidly below 1 for increasi@gvalues. Conse-
the Q— 0 limit of 7,(Q,T) (solid line) as reported in Ref. quently, we observe a transition from the infinite- to the zero-
[15] are also shown. The good overall agreement confirmd €44eNcy sor;lnd regime: it takes place @walues between
the reliability of the structural relaxation time determination 0 a’?‘?' 15 nm’. This is an experimental observation of the
by the viscoelastic model over the lar@erange and in the transitionc, — o that takes. plape foQ \(alues around the
Y . . . ae ing Q's where theS(Q) shows its first maximum, as a conse-
different thermodynamic conditions investigated here. '

The temperature dependence of the zero-frequency so ence of the de Gennes narrowing. TQalependence of
peratu P z quency soulitle ey citation frequency, in fact, shows a decrease with a

velocity (co=wo/Q), the infinite-frequency sound velocity minimum just in correspondence with the first maximum of
(c.=\(A%+wp)/Q), and the apparent sound velocitg.  the S(Q) as a memory of a “pseudo second Brillouin zone.”
=(./Q) are reported in Fig. 7 fof =263 K (left pane) and At the same time the relaxation time decreases toward high
419 K (right pane). Here, (), is the maximum of the func- Q with respect to theQ=0 value with a slight increase at
tion w?s"(Q, w) calculated using the best fit parameters. Thearound 27 nit again due to de Gennes narrowifsge Fig.
bottom panels of Fig. 7 show th@ dependence of the prod- 5). Such kind ofc,,— ¢, transition, taking place &) values
uct Q, 7, the parameter that indicates whether the dynamicsround the first maximum of th&Q), has been already ob-
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FIG. 8. The temperature dependence of the sound velocities and 0 1'() 2'0 3'()

of the product), 7, for Q=16 nnl. The data show the same phe- -1
nomenology as those reported in Fig. 7. Here the profyet, is Q (nm )

changed by varying the relaxation time scale: as in the previous o . )
case we start to observe the transition when we appréxch, FIG. 9. (a_) L(_Jngltudlnal current peak positions from th(_e fits of
~ 1. The solid line is a guide to the eye. The stars in the upper pandiS data of liquid water af =263 K andP=2 kbar.(b) MD simu-
indicate thecy(Q) values as derived from E¢p) for the thermody-  ation results[18] (see text The dotted lines represent excitations

namical points available from the neutron diffraction datajagg ~ With & linear dispersion irQ,.corresponding to sound speeds of
3300 and 1900 m/s, respectively.

served in MD simulations of a Lennard-Jones model glass o . .
[31]. Furthermore, we note that our derived valuesdpis ~ Sound velocity is close ta... When, on increasing the tem-
in excellent agreement with independent determinations?erature, the structural relaxathn enters the.exqta_thn time
both in the limit of Q— 0 and at highQ values. The values scale(Q), 7,~ 1), the sound velocitg, recovers its liquidlike
of ¢y in the low-Q limit were obtained from thermodynamic Value Co.
data[21], and are indicated by the arrows in Fig. 7. The
zero-frequency sound velocity in the high+egion (dash- o
dotted ling has been calculated utilizing the expression for B. The second excitation
Co(Q) within the framework of generalized hydrodynamics:  As already discussed in some detail above, the IXS spec-
tra, especially at low temperature, can only be properly de-
keT scribed if one takes into account a second inelastic excita-
Co= WQ) (6)  tion. This second excitation is described by three parameters
(intensity, peak position, and peak wigltFigure 9 shows the
Here, we utilized the5(Q) values determined by neutron dispersionQ dependendeof QO+, together with that of), , at
diffraction measuremen{82] at the same thermodynamical T=263 K andP=2000 bar, where the second excitation is
conditions(the Syo partial structure factor has been used best appreciated. The upper panel shows the result of the
The agreement ofy(Q), calculated using the previous rela- present work. The longitudinal frequen€y, (squares and
tion and cy(Q) derived from the fits convincingly demon- the “transverse” frequenc{); (circles (both derived from
strates the solidity of our data analysis procedure. the fit procedureshow the expected behavior: a linear dis-
As expected for a viscoelastic behavior of the excitation persion followed by a bend down and a minimum in Qe
the same, = ¢, transition can be observed at fix€ddue to  region whereS(Q) has its maximum for the longitudinal ex-
the effect of the temperature on. Figure 8 shows, cg, citation, and a weak) dependence for the transverse mode.
andc,, as a function of temperature f@=16 nni. At low  Full symbols in the lower panel correspond to the results of
T the relaxation time is longQ), 7,>1, and the apparent a previous MD simulatiofi18] for the position of the longi-
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tudinal current peaks. These were carried out considering T
4000 D,O molecules enclosed in a cubic box with periodic 0.4 L .
boundary conditions, and utilizing the SPC/E mo{&8].
The simulations were performed at a density of 1 g7 emd - 1 §
T=250 K. The qualitative agreement between experiment<:_] 0.3 .
and simulation is remarkable. We note slight differences in +
the absolute values of the excitation energies: while the<§- o
maximum of the longitudinal dispersion is slightly lower, the i 0.2- ® o 4
energies for the second excitation are slightly higher in the
case of the IXS results. Moreover, a small displacement at<é- o °
higherQ in the position of the first minimum in the IXS data 0.1 ® ® 4
is justified as these are taken at high pressure while the simu- '
lations are performed at ambient conditions: as the pressure o
does not affect very much the value®@fthe agreement with 0.0
the simulation data in the linear region is extremely good. ] ' ' ' ' ' T
The open symbols, also reported in the lower panel, indicate 6'_ ]
for someQ values the position of the two peaks found in the 5- Q é .
transverse current spectrum, a quantity that is not experimen- ° 4_‘ h
tally observable, but that can be determined by MD simula- d— ] o) ]
tions. The position of these peaks clearly coincides with the 3'_ 7
corresponding peak measured in the longitudinal current, 24 4
supporting the presence of a mixing phenomefts]. We T © . P ]
further note that the energy range over which the weakly ; © o O o
dispersing feature is observed corresponds to the TA or TO 0 — T T T T T 7
branch in hexagonal ice as determined by IN&i] and 0 5 10 15 20 25 30
IXS [13]. 1

To further characterize the second excitation we now Q nm
study its integrated intensity. Specifically, in Fig. 10 we re-
port the “transverse” intensithr normalized to the total in- FIG. 10. Q dependence of the transverse to total integrated in-

tegrated intensityA;+A, as a function ofQ for the selected tensity ratio(upper pangland the producf);, (lower panel at
thermodynamic poinT=263 K andP=2 kbar. In the lower T=263 K. The dashed horizontal line indicates the condition
panel of Fig. 10, we report the evolution 6f;7,. We ob-  Qr7,=1.

serve a general increasing trend of the parametef

(Ar+A,) with increasingQ. It is worth observing that the uidlike regime the system is no longer able to give an elastic
appearance of a transverselike contribution with an intensityesponse to a shear stress and to sustain propagating trans-
increasing withQ has also been registered in experimentsverse waves. In this regime the transverse dynamics assumes
and simulations on glassy systems such as gly¢d&ijland  a purely relaxational behavior, corresponding to a peak at
silica[27,36,37. In silica the mixing phenomenon turns out @=0 in the current spectrufi22]. For this reason, still lack-

to be particularly enhanced in both MD simulation and ex-

periments indicating that, as in water, the local tetrahedral Q=10nm’ Q=13|nm'1
structure favors the coupling of tHeand T dynamics. The -
intensity increase witkQ is expected on the basis of a simple = .

one-excitation picture within the harmonic approximation for

the dynamic structure factor, suggesting that, for a nondis- =

persive excitationAr/(Ar+A,)~Q? More importantly, we <

also observe that, superimposed on the growthAef

(Ar+A)) with Q, there is also a “modulation” in phase with

Q+7,. When, atQ~ 15 nn?, Q;7, become less than unity,

the intensity of the “transverse” peak decreases. w?
The presence of a strong correlation between the intensity ~

of the transverse peak and thg 7, is confirmed by inspect-

ing their temperature evolution reported in Fig. 11 for two .

selectedQ values:Q=10 and 13 nm. Here, when the time 0 300 3%0 400 280 300 350 400

scale of thea relaxation is comparable to the inverse of the T (K)

frequency of the transverse excitation, the ratg/

(Ar+A,) decreases, and for the highest temperature becomes |G 11. Top panels: temperature evolution of the transverse to

essentially zero. This behavior—very different from that of total integrated intensity ratié/(Ar+A) at momentum transfers

the longitudinal collective mode, which is affected by the of 10 nn? (left pane) and 13 nm? (right pane). The solid lines

relaxation only in the sound velocity value—is just the oneare guides to the eye. Bottom panels: temperature evolution of

expected for a transverselike excitation: on recovering a liq€2y7,. The dotted horizontal line marks the conditioqr,=1.

)

—_
<

.

I\)O'—Nw-{km
L
.
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ing a formal model for the coupling, the fits at higher tem- _ 10 -1
peratures have been performed just fixing the DHO param- Q - nm
eters at the lowedl values leaving the intensit; free. This ' ) ' )
procedure allows us to provide the information on the inelas-
tic contribution of the dispersionless mode, leaving the relax-
ational behavior accounted for by the viscoelastic model. ~~
This procedure, as can be seen by bare eye in the spectra ¢
high T, also does not affect at all the statistical significance
of the fits when the transverselike contribution, which was
mandatory at lowT, can be completely neglected.

3000- (ﬁ)_

m/s)

1ty
[\
g

IV. CONCLUSIONS

sound veloc
|
[ ]
|
l"O

In this paper the viscoelastic analysis of the IXS spectra 0 " J " ' " J "
of water, already successfully performed in the IQwange, 0.20 (b) 4
has been extended to much larg@rvalues and in a wide
range of thermodynamical conditions. -~

At the high Q values investigated here the presence of a <ﬂ-]
second excitation in the spectra cannot be neglected anymorc"‘
and it has been successfully taken into account in the analy-
sis, revealing a behavior in agreement with the viscoelastic:/
expectation for a transverselike excitation. These findings{
confirm our assignment of a transverse nature to the disper-
sionless mode of water observed at an energy-6fmeV.

Furthermore, the large variation of the structural relax- 0.00
ation time (almost a decadein the investigated thermody-
namic range has allowed us to perform an excellent test of
the viscoelastic picture. Summarizing, the two main results 101-
of the present work are as follows.

(1) The longitudinal-like dynamics can be properly ac-
counted for by a viscoelastic model also in the hi@hange:
indeed, in addition to the now well-known transition frag
to c, that takes place at smal) (Q=4 nni! at ambient
conditions, the transition front,, back toc,, taking place at
high Q values, could be observed. This back transition is a
consequence of the de Gennes narrowing on the product
Q, 7,, which becomes smaller than 1@tvalues around the 250 300 350 400
Q's of the main peak in th&Q).

(2) The second dispersionless mode behaves as a trans T (K)
verselike excitation disappearing from the spectra as soon as

the structural relaxation process reaches the excitation time /G- 12. Comparison of the temperature eVO'Pltion of thieke
scale(Qy7,=1) and T-like dynamics for a fixedQ value (Q=10 nm-). (a) Evolu-
«=1).

tion of the three velocities as in Fig. 8; the dashed line corresponds

Finally, a few words must be devoted to the companso% the thermodynamic prediction fag. (b) Temperature evolution

between the present—viscoelastic—explanation of the hlghc-)f the transverse to total integrated intensity raid (Ay+A,). (C)

frequency dynamics of water and the alterr]atNe_SOI'd'Temperature evolution d?+7, andQ7,; the dotted horizontal line

ba}sed—description as di§0u§sed in the Introduction. Wiﬂ?narks the conditiof)7,=1 clearly showing that the two dynamics
this purpose we compare in Fig. 12 the temperature behaviQfe i gifferent regimes at high. The solid lines are guides to the
of the longitudinal and transverse dynamics for a fixed gye.

value(Q=10 nnil). In panel(a) we report the velocities plot

as in Fig. 8(here for a differentQ value while in panel(b)

we report the(normalized intensity of the dispersionless dence cannot be framed in the interaction model proposed in
mode at the sam@® value. The comparison of the two up- Refs.[9,10] which traces the “fast sound” phenomenon back
permost panels in Fig. 12 clearly demonstrates that while theo the presence of and the interaction between two modes.
apparent sound velocifyc, full squares in pandla)] is still  This observation, however, has a clear explanation in the
far from c, (open doty—i.e., the system is in the elastic limit viscoelastic picture as illustrated in pan@). While the
over the wholeT range—the intensity of the second excita- structural relaxation process has already reached the trans-
tion becomes negligible at high Thus we have that, at high verselike mode time scales, wit;7,<1 for T>370 K,

T, the system is in the elastic regime, but the second excitahus entering the viscous regime, it is still not affecting the
tion can no longer be appreciated in the spectra. This evihigher-energy longitudinal-like excitation, which still exhib-

0.151 1

0.10- 1

0.051 1

10°
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its an elastic responsé), 7,>1 up to the highest explored mode. In the solidlike framework at increasing temperature
temperaturg the data indicate a decrease of the interaction parameter, cor-
The data reported in Fig. 12, together with the outcomesesponding to a decrease of the energy position of the dis-
listed in items(1) and(2) before, are the main results of this persionless mode. This decrease of the energy of the disper-
paper. All these results favor the viscoelastic description okjonless mode is not observed; for example, depolarized light
the high-frequency dynamics of water. As a final observascattering measuremeni88] do not show any noticeable
tion, it must be noted that the two models discussed beforgpf in the position of the peak that corresponds to the den-
are not so different as it appears at a first glance: in bothj, of states of the second excitatiofiii) Finally, let us
cases it is the interaction of the sound waves with anothegpserye that the viscoelastic-based explanation of the dy-
mode” which causes both the positive dispersion of the @Phamics of the density fluctuations is actually considered the

parent sound velocity and the appearance of a second peak oper approach in many liquid89] and it has been sub-

the dynaml_c structure fac_tor.. I_n the V|s<_:o§Iast|c case the se tantiated by rigorous theories such as the mode coupling
ond mode is purely relaxing; in the solidlike approaches the[

second modes have a propagating component. However, m heory[40] (a theory that, via MD, has been proved to work

jor differences arise in interpreting the physical meaning o roperly also in liquid watef41)). In other words, as the
the parameters entering in the modef. In the solidlike dynamic of liquid water shows the same phenomenology as

model no information of the structural relaxation time is con-that of many other liquids, why, in water, should one look for

tained, while 7, is directly measurable in the viscoelastic a different explanation?

model. It is in agreement with independent determinations

[14,15, and its values allow us to calculate the viscosity, ACKNOWLEDGMENT

again in agreement with independent measurenésis (ii )

Further evidence, again in the same direction, comes from We thank M. A. Ricci for pointing out the neutron diffrac-
the temperature dependence of the energy of the secoribn databas¢32].
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