
VOLUME 82, NUMBER 4 P H Y S I C A L R E V I E W L E T T E R S 25 JANUARY 1999
Experimental Determination of the Structural Relaxation in Liquid Water
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The transition from normal to fast regimes of the longitudinal sound velocity has been studied
by inelastic x-ray scattering in liquid water as a function of momentum transfer (1 12 nm21) and
temperature (260–570 K), using pressure (0–2 kbar) to keep the density atr ø 1 gycm3. As in many
glass-forming liquids also in water this transition is induced by the structural (a) relaxation. The
relaxation timet, however, when close to the melting point, is 2 orders of magnitude shorter than in
glass formers. The activation energy, deduced from the Arrhenius behavior oft, suggests that such
relaxation is associated to the rearrangement of the local structure induced by the hydrogen bond.
[S0031-9007(98)08332-X]

PACS numbers: 63.50.+x, 61.10.Eq, 78.70.Ck
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The investigation of large wave vector excitation
in liquid water has shown the existence of a positiv
dispersion in the velocity of sound. This dispersion h
been inferred in the pioneering computational [1] an
experimental [2] studies of the dynamic structure facto
SsQ, Ed, and has been recently assessed by inelas
x-ray scattering (IXS) [3,4]. Using IXS, the transition o
the longitudinal sound velocity from the adiabatic valu
c0 ø 1500 mys, to a value more than twice larger,c` ø
3200 mys, was studied atT  5 ±C. Here, the transition
is observed for the acousticlike excitation with wav
vector Qt ø 2 nm21 and energyh̄Vt ø 3 meV [4,5].
This sound velocity dispersion is qualitatively simila
to that observed in glass-formimg liquids. There, th
transition between the two dynamic regimes is determin
by the coupling of the propagating density fluctuation
with the dynamics of the structural rearrangements of t
particles in the liquid. The complex dynamics of such
rearrangement can be described by a relaxation proc
with a characteristic timet. The transition takes place
when the conditionVtt ø 1 is fulfilled. In glass-forming
liquids t has a very steep temperature dependence;
typical values are in thenanosecond range when close
to the melting point and dramatically increases near t
calorimetric glass transition temperatureTg [6]. This
relaxation process (a process) has a cooperative natur
and the density fluctuations are differently influence
in the two opposite frequency limits: the system has
solidlike elastic behavior forvt ¿ 1, and a viscous
one for vt ø 1. One could speculate that also in
liquid water the physical mechanism responsible for th
dispersion of the sound velocity is ana relaxation
process. Contrary to glass formers, however, in wa
the existence of a liquid to glass transition, predicted
be in the 130–140 K region, has not yet been firm
established. The situation is even more involved
extrapolation of experiments made atT . 245 K and
molecular dynamics simulations seem to indicate t
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presence of a relaxation time that diverges atT ø 230 K
[7]. A further quantitative difference is found in the
characteristic time, which in water is in thepicosecond
range at the liquid to crystal transition, corresponding to
value much faster than in glass formers.

The experimental characterization of thea process is
typically obtained by the determination of the dispersio
of the sound velocity as a function ofT and at a
constantQ transfer value. At the inflection point (“t”) of
such an “S”-shaped curve the conditionVtsQ, T dtsT d ø
1, with VsQ, T d  cappsQ, T dQ, is fulfilled. In glass-
forming liquids, this condition is met by Brillouin light
scattering (BLS) measurements close to melting, and
ultrasonic (US) methods close toTg. Indeed, the typical
frequencies allowed by these two techniques are such t
VtsQ, T dtsT d ø 1 is met for values oft in the 100 ps
(BLS) and1 ms (US) ranges. In the case of water, as
consequence of the small value oft close to melting, the
BLS cannot access the relevant excitations energy regi
although, in the highly supercooled liquid, it was possib
to detect by BLS a deviation ofco towards a higher value,
i.e., towardsc` [8]. The complete determination of the
S-shaped curve as a function of eitherT or Q requires,
however, the use of IXS [4].

In this Letter, we report on an IXS study of the tem
perature dependence of the transition from normal
fast sound in liquid water in theT  260 570 K and
Q  1 12 nm21 regions. In order to emphasize the the
mal effects and to minimize the modification of the hy
drogen bond dynamics due to large variations of th
excluded volume, the density was kept in the ranger 
0.94 1.07 gycm3. This was obtained adjusting the pres
sure in the 0–2 kbar range. The existence of a relaxat
process is demonstrated by the observation that the tr
sition takes place at increasingQ values with increasing
temperatures. The associated time scale extends into
subpicosecond region with increasing temperature. Th
analogy with the glass-formers phenomenology impli
© 1999 The American Physical Society 775
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that the fast relaxation process found here can be iden
fied with ana process. The derived values oft are con-
sistent with previous estimations: they roughly follow a
Arrhenius behavior with an activation energy comparab
to the hydrogen bond energy. This suggests that, in w
ter, thea process is associated with the rearrangement
molecular structures kept together by the hydrogen bon

The experiment has been carried out at the very hig
energy resolution IXS beam line (BL21-ID16) at the
European Synchrotron Radiation Facility. The instrume
consists of a backscattering monochromator and fi
independent analyzer systems, held one next to each ot
with a constant angular offset on a 7-m-long analyzer arm
We utilized the Si(11 11 11) configuration, giving a tota
instrumental energy resolution of 1.6 meV full width hal
maximum (FWHM) [9], and an offset of3 nm21 between
two neighbor analyzers. The momentum transfer,Q 
2k0 sinsusy2d, with k0 the wave vector of the incident
photons andus the scattering angle, is selected by rotatin
the analyzer arm. TheQ resolution is0.4 nm21 FWHM.
Energy scans, performed by varying the monochromat
temperature with respect to that of the analyzer crysta
took about 150 min, and eachQ point was obtained by
typically averaging five scans. The data were normalize
to the intensity of the incident beam. The liquid sampl
(ø1 cm3) was contained inside a INCONEL-751 cell,
which can be pressurized by a hand pump up to 5 kb
and heated up to 700 K. The x-ray beam passed throu
two 1-mm-thick diamond single crystal windows with a
2.3-mm-diameter aperture. The distance between the t
windows, i.e., the sample length along the x-ray beam w
10 mm: this allowed us to cover the 0±–25± scattering
angle range with a sample length comparable to the x-r
photoabsorption length. The pressure stability was bet
than65 bars at 2 kbar. The transverse dimensions of th
focused x-ray beam are0.15 3 0.3 mm2.

The IXS spectra were measured at differentsQ, T , Pd
points. TheQ dependence was studied in the1 12 nm21

region at the temperatures of 278, 373, and 493 K. Th
T dependence was studied at theQ values of 2, 4,
and 7 nm21 in the 260–570 K region. The pressure
selected according to the equation of state (EOS) [10
was varied to keep the density,r ø 1.00 gycm3. The
points at T , 270 K (T . 410 K) were taken atP 
2 kbar, corresponding tor ø 1.02 1.07 gycm3 (r ø
1.00 0.96 gycm3). These measurements were performe
therefore, at constant density and not along the coexisten
curve.

An example of the evolution observed in the IXS spec
tra as a function of temperature is reported in Fig. 1 fo
Q  2 and4 nm21 and three selected temperatures. Th
spectra were fitted by the convolution of the experimen
tally determined resolution function with a phenomeno
logical model function made by the sum of a Lorentzia
and of a damped harmonic oscillator (DHO) [11]. The
Lorentzian accounts for the quasielastic contribution
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FIG. 1. Example of IXS spectra of liquid water at th
indicatedQ valuessdd shown together with the total fits and
the individual components, as explained in the text. The spe
at T  266 (314, 413) K were taken atP  2 (0.3, 2) kbar
corresponding to a densityr  1.02 s1.00, 0.98d gycm3.

SsQ, Ed and the DHO for the two side peaks, whose e
ergy position ish̄VsQd. The fit to the data are also show
in Fig. 1, together with the two individual contributions
The energy dispersion of the inelastic signal withQ is in
agreement with the dispersion previously reported for l
uid water atT  278 and 300 K [3,4]. This can be see
in Fig. 2, where we report theQ dependence of the fitting
parameterVsQd at the selected temperatures of 278, 3
and 493 K. In this figure, the values ofVsQ, T d have
been scaled by the ratioc0s278 Kdyc0sT d, wherec0 is the
adiabatic sound velocity [10], and the full line represen
the adiabatic sound dispersionVsQd  c0s278 KdQ. For
completeness, we also show the dispersion relations
tained from representative molecular dynamics simu
tions [5,12], where the dispersion of the sound veloc
was reported. It is evident from the figure that the tran
tion of the apparent sound velocityVsQdyQ from the adi-
abaticc0 value to the high frequency limit,c` (the “fast”
sound), takes place at aQ value which is strongly tem-
perature dependent: in the dispersion atT  278 K, the
deviation from c0 is already observable atø1 nm21,
while, at T  373 K and T  493 K, this deviation is
observed atQ values larger than 3 and6 nm21, respec-
tively. This behavior indicates that the mechanism und
lying the observed transition has a dynamical origin and
likely to be due to a relaxation process. The temperat
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FIG. 2. Dispersion relation of the DHO energy positio
parameter h̄VsQ, Td as a function of Q at the indicated
temperatures. Two dispersion relations, obtained by molecu
dynamics simulation, respectively, atT  300 K [12] and
T  4 ±C [5]. The excitation values have been scaled by th
factor c0s278 Kdyc0sTd, with c0sT d values as obtained from
the EOS [10]. This has been done to emphasize in the sa
plot the departure of the dispersion relation from thec0sT dQ
law, shown by the solid line, which is valid in theQ ! 0
limit. This departure takes place at increasingQ values with
increasing temperatures.

dependence of its characteristic relaxation time,t, is then
the cause of the strong temperature dependence of thQ
value,Qt, at which the transition is observed.

An estimate of bothQt and t can be obtained by
defining the apparent longitudinal elastic modulus:M 
rc2

appsQ, T d. In the simple Debye approximation for
the relaxation process, the frequency dependence ofM,
leading to the dispersion from its low frequency valu
M0  rc2

0 to its high frequency oneM`  rc2
`, is given

by [13]

M  M` 1
M0 2 M`

1 1 ivt
. (1)

Introducing the reduced apparent modulus

Mr 
M 2 M0

M` 2 M0
, (2)

the values oft can be determined by the condition
ResMr d  0.5. The calculation ofMrsQ, T d from the
spectroscopic parameters requires the knowledge ofc0
and c`. For c0sT d, we used the values from the EOS
[10] and we assumed them to beQ independent; this
hypothesis is justified by the small variation of the stat
structure factor in the consideredQ range [1,14]. We also
assumed aT andQ independent value ofc`  3200 mys
(derived from the IXS measurements atT  278 K [4]).
In deriving Mr sQ, T d, one must also consider that the
cappsQ, T d could depend on the utilized model for the
SsQ, vd. Within these approximations, we obtained from
the data reported in Fig. 2, theMr values shown in Fig. 3.
This allows us to determine the momentum transf
value Qt from the conditionMr  0.5 at the consid-
n
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FIG. 3. Q dependence of the reduced apparent modulusMr
at the indicated temperatures. TheQt values have been
determined by the conditionMr  0.5. This has been found
by the linear fits to the data, shown (dashed lines) together w
their 61s prediction bands (dot-dashed lines). The full line
represent the real part of Eq. (2) with the obtained values ot
andv  cappsQdQ.

ered temperature. The values fortsT d are then derived
astsT d  VsQt , T d21, whereVsQt , T d is obtained inter-
polating theVsQ, T d reported in Fig. 2. The lines super
imposed to the data correspond to the representation
Eq. (2) using the derived values oft. Similarly, from the
sets of measurements performed atQ  2, 4, and7 nm21

as a function of temperature, we obtained theVsQ, T d
values which lead to theMr sQ, T d values reported in
Fig. 4. Here, from the conditionMr sQ, T d  0.5, one
obtains the temperatureTt , where the selected momen
tum transfer becomesQt. ThereforetsT d  VsQ, Ttd21,
whereVsQ, Ttd is obtained interpolating theVsQ, T d.

The values oftsT , Qd derived from Figs. 3 and 4
are reported in an Arrhenius plot in Fig. 5. This qua
tity changes from 1.3 ps at 280 K to 0.2 ps at 490
In spite of the fact that the present measurements w
performed at constant density, the derivedt values are

FIG. 4. T dependence of the reduced apparent modulusMr at
the indicatedQ values. TheTt values have been determined a
the Qt values in Fig. 3.
777
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FIG. 5. Arrhenius plot of the relaxation timetsT , Qd as
obtained from the analysis of the apparent reduced mod
reported in Figs. 3sdd and 4 sjd, and from Refs. [15]ssd,
[16] shd, and [17]sed. The dotted line is the best linear fit to
the whole data set, and its slope gives an activation energy
2.5 6 0.5 kcalymole.

consistent with other determinations performed along t
coexistence curve. This is shown in Fig. 5, where are a
reported thet values obtained either from the linewidth
[15,16], or from a mode coupling theory analysis [17
of the depolarized Raman scattering. These values
also comparable to those obtained from ultrasound
sorption and viscosity measurements [18], Brillouin ligh
scattering data [8], and from molecular dynamics sim
lations [12,19]. In the considered temperature and m
mentum transfer region, we also observe thatt does
not have a markedQ dependence, and when fitted t
an Arrhenius behavior gives an activation energyDE 
2.5 6 0.5 kcalymole. This value is consistent with the
other determinations along the coexistence curve, wh
a relevant deviation from the Arrhenius behavior is o
served only at temperature below 280 K.

In conclusion, we have shown that in liquid wate
the transition between the low frequency adiabatic sou
velocity towards its high frequency limit takes place at
Qt value which is strongly temperature dependent. Th
demonstrates that such transition is due to a relaxat
process. The phenomenology reported here resembles
one observed in glass-forming liquids undergoing thea

relaxation process, although on a much faster time sc
This similarity leads to suppose that also in water, t
considered relaxation process is due to a rearrangem
of the local molecular structure. This rearrangeme
takes place on a time scale of the order oft: The
response of the system to a density fluctuation is eith
hydrodynamiclike for frequencies smaller than1yt or
solidlike in the opposite limit. This interpretation is in
agreement with the observed equivalence of the h
frequency dynamics in liquid and solid water [20].
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