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Mixing of Longitudinal and Transverse Dynamics in Liquid Water
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Molecular dynamics simulations of liquid water in the—35 nm~! momentum transferd) region
show two excitations with @ dependent symmetry character. The symmetry analysis suggests that
the observed anomalies in the high frequency collective dynamics originate from relaxation processes
responsible for (i) the appearance of a propagating transverse dynamics at high frequency, (ii) the
transition from normal tofast sound, and (iii) a mixed symmetry of the two modes at la@e
[S0031-9007(97)03759-9]
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The investigation of large wave vector excitations in lig-like. In the opposite limit, aQ larger thard nm~!, the
uid water has been a challenging task since the pioneedynamics is solidlike; there are two modes with energies
ing computational [1] and experimental [2] studies on itsclose to the longitudinal and transverse phonon branches
dynamic structure facto§(Q, w). These works revealed in ice. Here, however, contrary to ice, both modes have
the existence of acoustic-like excitations propagating witta large mixing of longitudinal and transverse symmetry.
a speedy.. = 3300 m/s, corresponding to a value more A propagating transverse dynamics starts to appear in
than twice the hydrodynamic sound,(= 1500 m/s).  the same intermediat® region where the longitudinal
Subsequent works studied this issue by molecular dynanmbranch acquires a transverse component, and its sound
ics (MD) [3,4], inelastic neutron-(INS) [5], and inelastic velocity changes fromv, to v.. The transition between
x-ray scattering (IXS) [6,7]. The high frequency picture the two regimes is found in th@-w region, corresponding
emerging fromS(Q, ) of H,O can be summarized as fol- to the length scale and lifetime of local order in liquid
lows: (i) The acousticlike mode propagates within the  water. Therefore, these results link the anomalies in
4 to 14 nm~!' Q range. (ii) ForQ larger than4 nm~!,  the high frequency collective dynamics of liquid water
there is a second, weakly dispersing mode with an energyp relaxation processes originating from locally ordered
of =5 meV. (iii) Both modes involve the motion of the molecular assemblies.
molecular center of mass. (iv) A2 = 4 nm™!, the en- The MD simulation was carried out considering =
ergy of the two modes becomes comparable, and in the 1 000 “D,0O” SPC/E [9] molecules enclosed in a cubic
4 nm~! Q region only one mode is observed; the sound vebox with periodic boundary conditions [10]. The molar
locity of this mode changes, decreasidgfrom v.. toward  volume wasl8 cm® and the temperature250 K, i.e., the
v,. This picture indicates the existence of two branchestemperature of maximum density for the S potential
one strongly dispersing and the other weakly dispersingnodel [11]. The electrostatic long-range interactions are
with Q. The first one is identified as the sound branchtaken into account with the tapered reaction field method,
with a bend up in the region belo® = 4 nm~!. The and the rotational equations of motion were integrated
second one, on the basis of MD simulations [1,4] and olusing an improved algorithm [12]. After thermalization,
INS and IXS results on ice crystals [7,8], can be relatedhe molecular trajectories have been followed by about
to a localized motion reminiscent of the transverse dynam100 ps and stored every 10 fs, i.e., every five integration
ics in the crystal, and to the bending motion between threéme steps. From the stored configurations, we have
hydrogen-bonded water molecules. The most importantvaluated the instantaneo@ component of the density
point, however, is not yet settled: is the physical mechafluctuations of the center of mapg(z):
nism responsible for the bending of the sound branch and

for the observation of a second mode @tlarger than po(r) = 1/VN ZexdiQ “R;(1)],
4 nm~! a feature common to a large class of liquids or J
is it specific to water? whereR (¢) is the instantaneous position of the molecular

In this Letter we report a numerical MD investigation center of mass [13]. The dynamic structure factor is cal-
on the symmetry character of the modes observed in liquigulated from the power Spectrum,@é(t) i.e.,S(Q,w) =
water. The MD results in th@ range of the IXS and INS | F T {pq(1)}|>. To reduce the noise if(Q, w), the Welsh
experiments show the existence of two different dynamignethod [15] with a Hanning window has been employed.
regimes. Inthe smal limit, 0 < 2 nm™!, the dynamics The time window wasAr = 20 ps, giving rise to an
is liquidlike; there are pure longitudinal modes propagatingenergy resolution of 0.04 meV. Th&Q, w) has been
with v = v,, and the transverse dynamics is relaxational-averaged over independent directionsQpf= L Z(h, k1)
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(where L = 4.93 nm is the box length) at severg)  although less pronounced, is found in thenodes branch.
values in the 1.3 td5 nm™! range. The longitudinal Figures 2(b) and 2(c) show the small momentum transfer
current spectraC;(Q, ), are obtained a€,;(Q,w) =  region in an expande@ scale. In Fig. 2(c) the change
w?S(0, w)/0>. in slope of theL branch marks the transition between

The comparison between the calculat®@®, ) and anduv..
the inelastic x-ray scattering data measured at 278 K [6] The MD results agree well with available INS and IXS
is very good for any of the) values used in the IXS data on liquid water, and they can be directly compared
experiment. As a consequence of the capability of thevith measurements and lattice dynamics calculations of
present potential model to represent well the dynamicsolid water in its icelh form [7,8]. In ice crystals, as in
of real water at normal density, we expect that alsahe liquid, there are two phonon modes with energies below
the transverse dynamics, a quantity not experimentally=30 meV [18]. These are the longitudinal and transverse
accessible, can be reliably determined from the MD dataphonon branches, linearly dispersing at sngahlvith ve-

We therefore calculated the transverse current specttacitiesv = 4000 m/s andv = 2000 m/s, respectively.
Cr(Q,w) = |f’f{j6(r)}|2 with Moreover, the transverse branch becomes almost fi@t at
. R larger than7 nm~!. Therefore, the MD results not only
o0 = 1/N DTQ x {Q x v;()}lexdiQ - R;(].  confirm that atQ larger thard nm~! the longitudinal dy-
J namics in liquid water become similar to that of the crys-

In Fig. 1 we report examples of longitudinal [Figs. 1(a) talline solid, but also show that the transverse dynamics
and 1(b)] and transverse [Figs. 1(c) and 1(d)] current spe@cquires a solidlike behavior in about the sagheegion.
tra at selected) values. BothC.(Q, w) andC7(Q,w), There is, however, an important difference between liquid
show the existence of two excitations. The high frequencynd solid in the symmetry character of the two branches.
excitation disperses wit@d, and its sound velocity changes In the solid, a dominant longitudinal or transverse charac-
from =~2000 m/s to =3300 m/s. This excitation ap- teris preserved throughout the considefeckgion. Inthe
pears at eaclp value in the longitudinal current spectra, liquid, the MD results show that, as a consequence of lack
while it is found in the transverse current spectra only abf translational invariance, the pure symmetry character of
Q >4 nm . We assign this feature to a quasilongitudi- the two modes is rapidly lost, and at lar@eboth modes
nal sound branch, and we callitmode for its longitudinal  contribute in similar amounts 6, (Q, ) andCr(Q, ).
character in th@® — 0 limit. The behavior of the low fre- The MD results obtained at lo@, i.e., below2 nm™!,
quency excitation is in some sense opposite; it is alwaysan be compared with both experiment and common wis-
present in the transverse current spectra, while it appears dom for the collective dynamics of simple liquids in the
the longitudinal current spectraonly@t> 4 nm~!. This @ — 0 limit; i.e., only one mode survives in each cur-
low frequency feature is from now on referred to asthe rent spectrum. IiC.(Q, w), the L mode propagates with
mode. AtsmallQ, theT mode disperses with a sound ve- a velocity of sound approaching the hydrodynamic value
locity of =1500 m/s and becomes almost nondispersingmeasured in the macroscopic time- and length-scale lim-
atQ > 7 nm !, its. InCr(Q, w), theT mode loses its propagating charac-

The calculated spectra have been fitted with simple moder observed in the—4 nm~! region, and one could infer
els to summarize the excitations in terms of their energyhat the transverse dynamics becomes progressively relax-
[Q,(0), n ={L, T}, i.e., the position of the current spec- ational from the pileup of spectral intensity toward zero
tra maxima], their energy widthll,(Q)], and their inte- frequency. The transition of the mode to a pure lon-
grated intensity [, (Q)]. Different line shapes have been gitudinal symmetry propagating with the,, and the dis-
used, ranging from a simple damped harmonic oscillatoappearance of th& mode, bring the collective dynamics
(DHO) [16] to more refined viscoelastic models [17]. Itis of liquid water back to the behavior expected for a simple
beyond the aim of the present work to discuss the physiliquid in the macroscopic limit.
cal meaning and the reliability of the different approaches. The transition from the low frequency and lo@

All these models, however, give fitting parameters whichhydrodynamic behavior to the high frequency solidlike
are consistent among each other within their uncertainregime has already been observed in many glass-forming
ties, and we report here the parameters obtained using thiguids [19]. This transition takes place aPavalue where
DHO line shape for th& mode and the viscoelastic the- the pulsation of the sound wave equals the inverse of
ory with an exponential memory function for tliemode. the structural relaxation time. Manifestations of this
The corresponding best fits to the MD data are shown itransition, among other phenomena, are (i) the increase of
Figs. 1(a)—1(d). the longitudinal sound velocity from, towardv.., and (ii)

The values of the excitation energie®;(Q) and the appearance of a propagating transverse dynamics. This
Q7(Q), are reported in Fig. 2. Figure 2(a) shows thebehavior is very similar to the one found here for liquid
complete investigated region. The dispersion relation water, as shown by th@ dependence of the parameters
of the L modes follows the universal behavior of liquid reported in Fig. 2, which can be scaled to the typieal
systems; i.e., a minimum appear at about thevalue relaxation process [19]. At variance with other known
where theS(Q) attains its maximum. A similar minimum, glass-forming systems, where the conditier = 1 is
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FIG. 1. The longitudinal (a),(b) and transverse (c),(d) current spectra are reported with the error bars at the iQdicdtes.

The full lines are the best fits to the spectra as indicated in the text. Dashed (dotted) line is the individual contribution to the fit
coming from theL mode " mode).

fulfilled at frequencies below 10 Hz, in water the tran- besides from dynamic relaxational processes, may also
sition is found at much higher frequencies:2.5 X  come from the local structural order existing in liquid wa-
10" Hz, i.e.,7 = 0.6 ps. Finally, the wavelength mark- ter. A temperature study would discriminate between the
ing the transition\, = 27v,7 = 3 nm, is comparable to dynamic and structural effects.

the structural correlation length derived fra$iQ) mea- In conclusion, the analysis of the longitudinal and trans-
surements by Bosi@t al.[20]. This indicates that the verse current spectra calculated by MD simulations, of lig-
origin of the transition between the two dynamic regimesuid water shows that the dynamics can be described within
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FIG. 2. Energy position of thé modes (full symbols) and
modes (open symbols) in three differe@t regions: (a)Q =
0-5nm'; (b) Q =0-10 nm™!, (c) Q = 0—40 nm™!. The
circles [squares] represent thik, (Q) parameter obtained from
the C.(Q,w) [Cr(Q,w)]. The slopes of the lines in (a)
correspond to the longitudinal, and v.. obtained for the
present potential model.
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