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Is There Any Fast Sound in Water?
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We measured the dynamic structure factor S(Q, ) of liquid and undercooled water down to 253 K in
the Q =~ 0.02-0.1 nm™~! momentum transfer region. We observe the neat departure of the apparent speed
of sound from the adiabatic regime as a function of decreasing temperature. Our evaluation of the infinite-
frequency limit of sound velocity, c,,, matches with the results obtained in the high momentum transfer
limit by inelastic neutron and x-ray scattering. These results strongly support the viscoelastic interpre-
tation of the dynamics of water. Hence, we propose to call ¢, the high-frequency speed of sound and to
abandon the term fast sound, which recalls a propagation mechanism through lighter atoms, like in gas

mixtures.

DOI: 10.1103/PhysRevLett.97.225701

Intriguing properties of water, such as a negative melting
volume, density maximum in the normal liquid range, and
divergence of transport properties in the undercooled
phase, have been stimulating a massive production of
theoretical interpretations and experimental studies for
decades [1-3]. Among the debated issues, a fascinating
question is about the nature of the acousticlike mode ex-
isting at wave vectors higher than 1 nm~! and propagating
at about 3200 m/s, a value close to the speed of sound in
ice and roughly twice than that of ordinary sound in the
liquid [4].

The first indication of the presence of such a high-
frequency sound mode was given in 1974 by molecular
dynamics (MD) simulations [5]. A decade later, inelastic
neutron scattering (INS) experiments on D,O provided the
first experimental evidence for a collective mode having a
speed of =~ 3300 m/s in the Q = 3.5-6 nm™! region [6].
In the same years, the term fast sound was introduced to
indicate a high-frequency (w/27 =~ 10'3 Hz) and high Q’s
(= 1-6 nm™ ') density wave that was calculated by MD
[7] and detected by INS [8] in binary mixtures with large
mass difference, like metallic alloys and rare-gas mixtures.
This fast mode was inferred to be propagated by the lighter
component of the mixture alone [9]. Moreover, MD simu-
lations suggested a bifurcation from normal to fast-sound
regime at wave vectors approaching some nm ™! [10]. The
denotation fast sound was progressively extended to the
high-frequency sound found in water [11] when MD stud-
ies attributed its propagation to the librational motion of
hydrogen atoms [12].

Nevertheless, to date, the physical origin of fast sound in
water is still a matter of debate. Two phenomenological
models are currently in use to describe the whole amount of
INS and inelastic x-rays scattering (IXS) spectra of water,
collected during last years: (i) the viscoelastic model [13—
15] which attributes the dispersion of apparent speed of
sound, between the low frequency limit of = 1500 m/s and
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the high-frequency limit of =~ 3200 m/s, to the occurrence
of the structural relaxation in the picoseconds time scale;
and (ii) the interaction model [16], conceived in conceptual
agreement with the hydrodynamics of disparate-mass fluid
mixtures [9], which hypothesizes the existence of an
acoustic and of an opticlike mode, having the same sym-
metry and repelling each other at Q =~ 4 nm~'. In this
picture, the fast sound is associated to the steeper slope
of acoustic branch after the interaction.

A resource for the settlement of an unambiguous inter-
pretation is the measurement of density fluctuations in the
low momentum transfer region, namely, below 1 nm~ !, in
the hydrodynamic limit. At low Q’s, in fact, the symmetry
rules decouple longitudinal from transverse variables in the
generalized Langevin equations [17]: i.e., pure longitudi-
nal and transverse modes should be detected separately.
Brillouin light scattering (BLS) technique, operating at
Q's = 0.03 nm~!, was employed in the past to study the
viscoelastic behavior of water [18] but it had to face the
problem of sample crystallization before reaching the tem-
perature where a significative departure from normal sound
should be observed.

The novel inelastic ultraviolet scattering (IUVS) tech-
nique [19] extends the explorable Q region from 0.03 up
to =0.1 nm ™!, providing new crucial information about
water dynamics.

In this Letter we present low momentum transfer mea-
surements of the dynamic structure factor S(Q, w) of liquid
and undercooled water, carried out by BLS down to 251 K
and by IUVS down to 253 K. Combined analysis of same-
temperature spectra taken at different Q’s gives decisive
evidences in favor of viscoelastic interpretation of the
nature of high-frequency sound velocity in water.

We used samples of class-A ultrapure water. [UVS ex-
periments were performed at the Beamline 10.2 of the
Elettra Synchrotron Light Laboratory [19]. Spectra were
acquired for incident energies of 6.72, 6.2, and 5.1 eV,
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corresponding, respectively, to @ = 0.0994, O = 0.0896,
and 0.0712 nm™!, and at temperatures ranging from 343
down to 253 K, where crystallization occurred. The overall
experimental resolution was ~5.6 GHz. BLS experiments
were done in both 90° (Q = 0.0229 nm™!) and backscat-
tering (Q = 0.0326 nm™!) geometries, using a 514.5 nm
Ar" laser source and a Sandercock setup [20]. Density
fluctuation spectra were obtained from polarized and de-
polarized spectra, following the procedure described in
[21]. The experimental resolution was 150 MHz [20],
better than previous BLS experiments in water [18], due
the use of a triple-pass tandem setup that eliminates the
superposition of higher orders and considerably increases
the contrast [20].

In Fig. 1 we show a selection of spectra, which summa-
rizes the whole experiment. The evident broadening of
inelastic peaks as a function of decreasing temperature is
interpreted, in the viscoelastic model, as the typical feature
of a relaxation process, evolving on a time scale that

S (Q, w) [Arb. Units]
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FIG. 1. Stokes side of Brillouin spectra at 297, 277, 268, and

253 K and Q = 0.0229, 0.0326, 0.0896 nm~! (except for T =
253 K, where the Q = 0.0712 nm™! spectrum is shown), in both
the VV (vertical polarization selected for both incoming and
outgoing radiation) (solid lines) and VH (vertically polarized
incoming radiation and horizontal outgoing) (dotted lines) con-
figurations.

matches the reciprocal frequency of the longitudinal
modes. In this framework, as a function of decreasing
temperature or increasing (Q, the structural relaxation
drives the transition of the apparent sound velocity
C(T, Q) of the longitudinal mode between the adiabatic
limit, ¢y, and high-frequency limit ¢, [1]. We evaluated
C(T, Q) = Q(T, Q)/Q, where ) corresponds to the maxi-
mum of the current / = w?S(Q, w). In the lower panel of
Fig. 2 we report C(T, Q) as a function of temperature for
each investigated Q. At high temperatures C(T) = ¢, that
is, water dynamics is in its adiabatic limit (w7 < 1). Neat
incipit of the expected transition is evident, in each Q
series, as a function of decreasing temperature, as well as
lower departure temperature for lower Q’s.
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FIG. 2. Upper panel: high-frequency limit of sound velocity,
¢(T), obtained by viscoelastic analysis of BLS and ITUVS
spectra with Eq. (1). Open star result from joint-fitting proce-
dure, full diamonds from Q = 0.0994 nm~! spectra; open dia-
monds from Q=0.0896nm™~! and open circles, from Q=
0.0712nm™! spectra. Open squares are IXS data [14]. Lower
panel: full line represents the low frequency limit of sound
velocity as a function of temperature, co(T), from ultrasonic
measurements [24]. Dots represent the apparent sound velocity,
C(Q, T), evaluated from the maximum density of current of
spectra taken at different Q’s in this work. The departure from
ultrasonic behavior can be observed at =300 K for Q =
0.0994 nm~! (IUVS, full diamonds), at =~284 K for Q =
0.0896 nm~! (IUVS, open diamonds), at =280 K for Q =
0.0712 nm~! (IUVS, open circles), at =265 K for Q =
0.0326 nm™! (BLS, half full circles), and at =269 K for Q =
0.0229 nm~! (BLS, full circles). Open triangles represent the
prediction of the interaction model at Q = 0.0994 nm~!.
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We stress that this is the first report about the detach-
ment of C(T) from ¢, in undercooled water, at the Q's =
0.1 nm~! probed by IUVS technique. Indeed, below
~300 K, this novel technique satisfies the condition for
best visibility of the structural relaxation of water, wp7 =
1, where wp is the probed mode and 7 the relaxation time.

The apparent sound velocity can be directly compared to
the prediction of the interaction model. We compared
C(T, Q) measured at Q = 0.0994 nm™', 7 = 300and T =
277 K, to the corresponding values calculated according to
Ref. [16]. Results are shown in the lower panel of Fig. 2 as
open triangles. At T = 300 K, the interaction model gives
C = 1615 m/s, which overestimates the measured value,
1518 m/s, of 7%; while at T = 277 K, it provides C =
1581 m/s, which overestimates the measured value,
1486 m/s, of 6%. Even if authors themselves advise that
their phenomenological model should not be extended over
its range of validity, the discrepancies we found at Q =
0.1 nm~' seem to suggest that a too strong coupling might
have been supposed in [16] between acoustic and optic
modes, at low Q’s.

The high-frequency limit values of sound velocity,
c(T), are reported in upper panel of Fig. 2. They have
been evaluated by a full-spectrum viscoelastic analysis,
with the following line shape for S(Q, w) [17]:

1
w? — 0} in(a))}.

22
(0, w)=262)Q Im{ (1)

Here, c is the adiabatic sound velocity, wy = ¢y O, and
M(w) is the memory function in the frequency domain.
M(w) is the sum of three terms: the instantaneous re-
sponse, the thermal relaxation, and the stretched structural
relaxation, related to the viscosity.

Thermal and instantaneous contribution in M(Q, w), the
last being smaller than the experimental resolution in any
case, were fixed to the values given in [14] and references
therein.

Water has stretched relaxation [22] shaped, at given T
and Q, by a Cole-Davidson function [23] m"(w) =
—(iQ*/w)A?[1 = 1/[1 + iwT]P], where A% = c3 —c}
is the relaxation strength, c,, is the infinite-frequency limit
of sound velocity, and 7 and B are the relaxation time and
the stretching parameter. Since we are in the hydrodynamic
limit, the Q dependence of these parameters can be ne-
glected [14]. Hence, contemporary fitting of Eq. (1) con-
voluted with the experimental resolution has been
performed on couples or triplets of spectra taken at the
same temperature and different Q’s.

We used a Levemberg-Marquardt routine which mini-
mizes the sum of y?’s relative to spectra involved, and
keeps ¢y, ¢, T, and B as common parameters, holding ¢
fixed to the adiabatic sound values measured by ultrasonic
techniques [24]. In Fig. 3 we show spectra measured at
273 K with fitting lines of joint analysis superimposed.
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FIG. 3. Stokes peaks of spectra taken at 273 K and Q =
0.0229, 0.0326, 0.0896 nm™!, with the respective fitting lines
of joint analysis with viscoelastic line, Eq. (1), superimposed.

The joint-fitting procedure is the qualifying point of this
analysis, because it gives us access to a two decades wide
frequency window, large enough to map the memory func-
tion of undercooled water. In a preliminary work, carried
out by IUVS technique alone [25], we gave decisive evi-
dences in favor of the mode-coupling theory predictions
about the dependence of 7 on temperature, in agreement
with results obtained by optical Kerr effect [22] and neu-
tron spin echo [26] measurements. In the present work
important improvements were done, respect to the previous
one, in order to determine the temperature behavior of c,.
In particular, besides the exploration in a twice wide fre-
quency window, we were also able to cool the sample
below the previous limit. Moreover, we got noticeable
improvement of the statistics and twice better resolution.

Values of 7(T) and B(T) confirm the previous work. The
most striking result is the determination of c, in the
dynamic window where the relaxation of water occurs.
Co(T) from joint analysis is reported as stars in Fig. 2.
Spectra having no same-temperature partner have been
fitted constraining /3 in the range obtained by joint analysis
(dots, in Fig. 2). We got ¢, = 3200 * 100 m/s, almost
constant in the whole range of temperature. Our values are
consistent with the IXS results taken in the 1-8 nm™!
regime [14]. This agreement testifies that the speed of
sound measured at high frequency corresponds to the
relaxation-free limit of sound modes, as universally ob-
served in glass-forming materials.

In conclusion, we have investigated the dynamics of
liquid and undercooled water from 343 down to 253 K,
in the 0.02-0.1 nm~! momentum transfer region, where
acoustic and opticlike modes are well separated. In this
work we have provided two main evidences: (i) the neat
departure of the apparent speed of sound C(Q, T) from the
ultrasonic limit ¢, towards ¢ as a function of decreasing
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temperature; (ii) the agreement between the infinite-
frequency sound velocity, c,, evaluated at Q =
0.1 nm™', and the values found by IXS in the 1-7 nm™!
region [14]. These features are universally observed in
glass-forming systems when the transition from the viscous
to the elastic regime takes place, driven by the occurrence
of the structural relaxation process. For these reasons we
suggest to abandon the use of the term fast sound, which
recalls a propagation mechanism through lighter atoms of
gas mixtures, and to retrieve the original high-frequency
sound denotation of c., appropriate to unambiguously
identify the relaxational origin of free density fluctuations
in water.

We also wish that the progressive understanding of water
dynamics will favor the clarification of similar phenomena
occurring in a variety of systems, like protein hydration
water [27] and expanded fluid Hg at the metal-nonmetal
transition [28].

We are grateful to B. Sartori for her technical support.
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