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A molecular-dynamics simulation of extended simple point charge water in a time interval of 1 fs to 50 ns
has been performed to study the single-particle dynamics of water at supercooled temperatures. In spite of the
fact that upon supercooling water progressively evolves into a more open structure locally, the single-particle
dynamics is nevertheless shown to be dominated by the so-called cage effect experienced by the test particle.
The slow structural relaxation of the cage at low temperatures leads to the phenomenon of slow dynamics that
can only be completely studied by following the trajectories into the nanosecond range. The objective of this
paper is twofold. First, we test the accuracy of various approximations used in previous analyses of spectra
from incoherent quasielastic neutron-scattering experiments. Second, we explore the possibility of an alterna-
tive method of analysis of high-resolution quasielastic neutron-scattering spectra, taking into account the slow
dynamics in supercooled water. The approximations tested are the decoupling of the self-intermediate scatter-
ing function into a product of rotational and translational components, the physical interpretation of the origin
of the experimentally observed Debye-Waller factor, the rotational-diffusion approximation of the rotational
intermediate scattering function, and the random jump diffusion approximation of the translational intermedi-
ate scattering function. Various approximations used previously for the component intermediate scattering
functions are not sufficiently accurate. The reason for this is that at supercooled temperatures, due to the
dominant cage effect, the conventional picture of the stochastic single-particle diffusion loses its validity. The
diffusion process is then progressively controlled by the structural relaxation of the cage.
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I. INTRODUCTION diffusion constant will tend to zero and viscosity will diverge
with a power law aff - . We also carried out extensive analy-
Although studies of the dynamical properties of bulk su-ses to test other predictions of MCT using our MD results.
percooled water have attracted a great interest during the padte found that many of the MCT predictions in terms of
decade, the details of the microscopic motions of water molscaling relations are satisfied by supercooled SPC/E water.
ecules in supercooled temperatures are still far from being Nonetheless, an experimental detection of such a behavior
completely understood and a considerable number of veris not easy since bulk water at ambient pressure can be su-
recent works are concerned with this subject11]. It has  percooled only down to approximately 235 K. By lowerifg
been proposed that supercooling of water is terminated by further, homogeneous nucleation has been observed to occur
limiting temperature, which is approximately located atat approximately 10 K abovEg [18]. Although encouraging
Ts~227 K[12]. On approaching this point, various thermo- hints of an MCT-like behavior have been detected experi-
dynamic quantities show an anomalous behavior and som@entally in supercooled water and discussed over the years
dynamic quantities appear to follow a power lawTh-Tyg| [6,18,19, no definitive analysis in terms of the predicted
[13]. In our recent molecular-dynami¢sID) simulations on  behavior of quasielastic spectra has been given so far in the
bulk supercooled extended simple point chaf@BC/B wa- literature.
ter [14,15 we observed a power-law decrease of the diffu- In this paper we will focus on the possibility of detecting
sion coefficient and discussed the possibility of interpretinga MCT-like behavior of supercooled water through quasi-
Ts as the temperature of structural arrest, calledn mode  elastic neutron scatterinQENS experiments. QENS is a
coupling theory(MCT) [16] of supercooled liquids. This in- probe that has been often successfully used to test the MCT
terpretation of the limiting temperature would support thepredictions in other glass-forming liquids. QENS is also a
view that no thermodynamic singularity is required to ex-suitable probe to study the nature of diffusive motion in wa-
plain the singular behavior of transport properties in superter [20]. For water the main contribution to the scattering
cooled water neaflg at low pressurd17], because MCT cross section of neutrons comes from the incoherent part of
predicts that the transport coefficients such as the selfthe scattering of hydrogen atoms. The time dependence of
the incoherent scattering amplitude of an atom is determined
completely in terms of its single-particle motions. The
*Present address: Dipartimento di Fisica, UniverditRoma “La  double-differential neutron-scattering cross section for water
Sapienza,” Piazzale Aldo Moro 2, I-00185 Roma, Italy. is therefore directly proportional to the self-dynamic struc-
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ture factorS;(Q,t), which is the space-time Fourier trans- where thel th-order rotational correlation function is defined
form of the van Hove self-correlation function of the hydro- as

gen atoms. All the correlation functions treated in this paper L

are related to the single-particle motions. The supers&;ipt C(t)=(P,(b-b(1))) (6)
meaning self, will be omitted in all that follows. Inelastic ) )

neutron scattering and QENS probe dynamics of hydrogeAnd Py is thelth order Legendre polynomial. One normally
atoms on time scales that can be easily accessible by a Mfakes a diffusion approximation for the rotational-
simulation. Typically neutrons can probe dynamics rangingcorrelation function that results in

from fractions of a femtosecond to few tenths of a picosec- C(t)=e11+ 10w )
ond. In particular, inelastic neutron scattering covers an en- ! '
ergy range from 0 to hundreds of meV and QENS from O t
2 meV. It is useful to note that 1 meV in the frequenc

dorélain cqrresp?]nds _appro>_<imatelykto 1'1‘52 ESN < that can be extracted from fitting the normalized experimen-
ver since the pioneering works of Q on Wwalery,| gata. Although this model agrees quite well with experi-

[20,21] there have been numerous inelastic-neutrony,oniai gatd22—-24, the various approximations made have

scattering and QENS experiments on this liquid at ordinarynever been separately proven to be appropriate for water. On
temperatures. Among these, several works have been dgye conirary, recently several authors inferred that this pic-
voted to QENS of supercooled water up to recent yg22s- ture is not valid upon supercooliri@. 4,28

24]. In the analyses of these data the authors always assume In this work we take advantage of the fact that we can
a decoupling of rotational and translational motions of the

lecules i d h bl tical del rgenerate accurately the separate correlation functions by a
molecules in order to have a tractable analytical model Oomputer simulation to explore the possibility of using MD
the calculation of the intermediate scattering function

L9 to test individually these three major approximations,
F(Q,t) for the hydrogen atoms. THe,(Q,t), which is the namely, the decoupling approximatiofl), the jump-

the spz_‘;\t|al Fourier transf_orm of the Van Hove self- i sion approximation(3), and the rotational-diffusion ap-
correlation function, was written as proximation (7). We also tackle the problem of the extent

2 2 and the strength of the rotation-translational coupling as a

Fr(Q.)=e CIBR(Q,1)T(Q,Y), (1) function of the wave-vector transf& and temperaturd.
We propose, as a consequence, a different procedure for fit-

where the first exponential term on the right-hand side of thgjng QENS.
equation is assumed to be the Debye-Waller fa¢@5] The paper is organized as follows. In Sec. Il we briefly
originated from vibrational motions of the hydrogen atom gescribe the details of the simulations and compare the re-
around its equilibrium position, the second teR{Q,t) rep-  syits of the SPC/E potential known in the literature with
resents the intermediate scattering function of the rotationaigme experimental findings in order to discuss to what extent
motion of the hydrogen atom with respect to the center okych a potential is capable of mimicking the properties of
mass of the water molecule, and the third teF(Q,t) rep-  real water. We also discuss in some detail the partial radial
resents the intermediate scattering function of the translagistribution functionsg,(r) for SPC/E water, where the
tional motion of the center of mass. Denoting the center ofndicesa and B8 can be both oxygen and hydrogen. In Sec.
mass coordinate bR and the vector from the center of mass ||| we analyze in Q,t) space those results of our MD data
to the hydrogen atom bl, the translational part of the in- that can be tested with QENS. In Sec. IV we discuss the role

Quhere Dy, is the rotational-diffusion constant. This simple
Y model contains essentially four parametétg),D, 7,Dg

termediate scattering function is written as of rotation-translation coupling and the accuracy of the
—1Q-R(0)iQ-R(Y) ot rotational-diffusion approximation. In Sec. V we present the
T(Q,t)=(e e )~e : (2)  self part of the dynamic structure factor for SPC/E water

) ) o down to the deeply supercooled regiSn(Q,t) and discuss
The second equality on the right-hand side is the result ofp \hat extent it can be measured with QENS. We then
assuming an isotropic random jump-diffusion mod#] for  giscuss the validity of the jump-diffusion approximation and

the translational motion, where propose a different formula for analyzing the QENS data of
5 supercooled water. In Sec. VI we present the response func-
r(Q)= DQ 3) tion of our MD datay”(Q,t). Finally, in Sec. VII we derive
1+DQ%ry" our conclusions.

In this expressionr, is the residence time for the jump dif- |I. DETAILS OF THE SIMULATION AND COMPARISON
fusion andD the diffusion coefficient; both can be extracted WITH MEASURED QUANTITIES FOR SPC/E
from the experimental data analysis. The rotational part of . , , ,
the intermediate scattering function is written as a Sears ex- e carried out an extensive simulation of a system of 216
pansion[27] Watgr molecules interacting via the_ SPCZ®] potential. We
studied seven temperatures, ranging from 284.5 K down to
R(Q,t)= (e 1QbgiQb(D) (4) _206.3_ K. For the lowest temperature we reC(_)rded water tra-
jectories for more than 50 ns. We also studied a system of
o 432 SPC/E molecules forming hexagonal ic& &t194.0 K.
_ 02 Further details of the simulations and of the potential are
2 @+Di@pDC® & o e
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Most of the existing comparisons between SPC/E wate

and experimental, water properties have been done at hig Zoo(r)
and ambient temperaturdsee, for example[30,31]), so 5 | CEXP |
little is known about deep supercooled temperatures. As fa — SPC/E

as high and close to ambient temperatures are concerne 2 |- .
SPC/E is known to reproduce quite well the transport coef-
ficients, i.e., shear viscosity, diffusion constant, and therma !
conductivity. For example, zero-frequency shear viscosity

has been calculated at both 300 and 2773&] and very %02 0.7
good agreement with experimental data has been obtained ¢ —
both temperatures. | SPC/EICE

alh-
As far as the supercooled results are concerned, fron SPC/ELIQUID)

studies carried out for temperatures between 235 K and 333 [
K at a pressure of 1 bar the diffusivity is reported to coincide 2
with experimental data in water at approximately 2753%]. 1 -
The values obtained from MD are slightly smaller than that  [it”
from the experiment for higher temperatures but become in -2
creasingly larger for loweT until 240 K. Also the heat ca-
pacity from MD is found to be larger than that from the
experiment for low temperatures by the same authors.

. 0 ‘
0.7 0.1 0.6 %.1 0.6
r (nm) r (nm) r (nm)

FIG. 1. Three partial radial distribution functions of water. On

. . the top our MD data at =284.5 K(continuous ling are presented
SPC/E is also capable of reproducing the pressuret'ogether with experimental data from R¢R6] at T=298 K and

dependent tgmperature of maximum dens‘_j%_:ﬂ' In ambient pressurécircles. On the bottom the radial distribution
spite of the displacement of the MD phase diagram from thections of MD water aff=206.3 K (thick dashedlare presented
phase diagram of real water, this potential has also been usggether with the radial distribution function for hexagonalicen-
recently to produce MD data in agreement with experimentafinyoug. In order to make a comparison with water the radial dis-

QENS data for temperature down to 264 K. tribution functions of ice have been calculated, averaging over all
We now compare the results of our simulation for thethe directions.

radial distribution functiorg,s(r) with the experiments on
water and hexagonal ice. A determinationgofs(r) through  of SPC/E water aff=284.5 and 206.5 K, top and bottom,
combination of different diffraction experiments is by no respectively, that peaks become sharper and increase in
means a straightforward task, so very few reliable determiheight as temperature decreases, indicating that the nearest-
nations are available. One of the most accurate works ateighbor and next-nearest-neighbor shells become more well
ambient temperature is done by Sof#8]. In the top portion  defined on supercooling.
of Fig. 1, experimental data for=298 K at ambient pres-
sure from Ref[36] are shown together with our MD results
for goo(r), gon(r), andgyn(r) at T=284.5 K. Soper cal-
culated the coordination number of the first pealgpnf;(r)
to be 5.8:0.3 atT=298 K and we obtain approximatively ~ The analyses of the single-particle dynamics of the oxy-
5.1 for SPC/E water af =284.5 K. We can see that around gen motion of water molecules of our MD simulations in
room temperature thg,z(r) are reproduced quite well by time domain have been reported in two previous papers
SPCI/E potential. It is also worth noting that in their original [14,15. As stated in the Introduction, we found clear evi-
paper Berendseet al.[29] compared SPC/E results at 306 K dence that SPC/E water undergoes a kinetic glass transition,
to thegoo(r) extracted from experimental data of Thiessenat about 50 K below the temperature of maximum density.
and Narten aff =298 K[37]. This determination is less ac- SinceTg for real water is estimated to be approximately 49
curate than Soper’s result. The agreement of SR/fr) K below the temperature of maximum density, we suggested
with experiment is indeed much better with Soper’s data ashe interpretation of 5 as the crossover temperature of MCT
far as the height of the first peak is concerned. Neverthelesgor the dynamic glass transitiof. [38].
the first SPC/E peak ofjoo(r) is still situated much too In the following we will briefly summarize the results of
inward and it is too sharp compared to the experimental oneur two previous studiegl4,15 and then go on to analyze
because of the'? repulsive term contained in the potential intermediate scattering function of the hydrogen atoms.
[29]. Since QENS on water probes the single-particle dynamics of
The results of our simulations of,5(r) for hexagonal ice hydrogen atoms we will show that the time evolution of
are also shown in Fig. 1, bottom, for comparison with that ofcorrelation functions related to hydrogen motion is very
the supercooled water. In the three graghsg(r), gon(r), similar to that of oxygen atomér of the center of mass
and gyn(r), respectively, are shown. The first and secondexcept for very early times, i.e., for high frequencies that are
peaks in ice always coincide with that of the supercoolediefinitely beyond the range of QENS measurement. The re-
water but are sharper and after the second peak there is salts we found for the oxygen atom&4,15 can thus be
longer a one to one correspondence. ghg(r) for ice have  applied directly to QENS study. This is a significant finding
been calculated by averaging over all the possible directionas far as the analysis of experimental results is concerned.
in order to compare it with the homogeneagg;(r) of su- In many fragile glass-forming liquids, it has been ob-
percooled water. We also observe by looking at ghg(r) served that, on supercooling, or on increasing the density,

Ill. SPC/E WATER AND THE KINETIC GLASS
TRANSITION
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each molecule or atom experiences an increased degree of | g
confinement in a potential well, called a cage, created by its
neighbors. The confinement within the cage manifests itself
as a plateau in the time dependence of the mean-square de-
viation in the intermediate-time range. In fact, once the cage
begins to form in the liquid, the test particle remains trapped <
in the cage for longer and longer times as the liquid ap- E
proachesT.. More specifically, the relaxation of the test % 0.4
particle intermediate scattering function iQ) space =
evolves from a single exponential decay typical of a liquid 02 Lo
behavior to a two-step process typical of a glasslike behav-
ior. In the vicinity of T the correlation function decays ini- . .
tially fast to a plateau valuéthis region is called &3 re- 10 10° 10"
gime), after which it decays slowly to zer@n « regime. t (ps)

MCT describes satisfactorily the shape of the relaxation
function. In MCT, the approach to the plateau is described FIG. 2. Semilogarithmic plot oF (Q,t) of hydrogen atoms for
by a power law in time with an exponeatand the departure all the temperatures investigated@t,.,. The error bars are shown
by a power law with another exponent This is called the only for one temperature for clarity. Lowdr are on the top. In the
von Schweidler law39]. The a decay is well described by a inset only the early times are shown for all the temperatures and for
stretched exponentia™ (t/T)B. 7 represents the characteristic hexagonal icéthi_ck line) at T=194 K alon_g a selecteQ_ direction
time for structural relaxation and diverges on approachin%F Qmay. Early ice features are only slightly sensitive to Qe
T with a powery. The inverse of the diffusion coefficient is Irection. After_Q—.O.z ps ice displays an os_c|llat|ng behavior, vi-

. . . brational contributions, around an asymptotic value due to the ab-

predicted to diverge with the same exponentor MCT a, sence of diffusion
b, and y are related so that only one of these exponents is '
independ_ent. This means that within this theory theand gether with the early times for ice. In Fig. 3 we show
,8-_relaxat|on processes are closely connected. For further dq’-'H(Q,t) at T=213.6 K for integer multiples ofQ=0.33
tails see, for example, Reff39). _ A =1 Inthe insefF(Q,t) andF(Q,t) are shown foQ=3

Thrqugh the analysis of oxygen motion we fou.nd thatg -1 Figure 2 shows that as temperature goes down,
dynamics of SPC/E supercooled water is characterized by B.(Q,t) begins to develop a plateau, as we already found

fast and a slow relaxation process. Moreover, we detecte. e oxygen atoms in the analysis of REf4,15]; see, for

the presence of a time region in which dynamics is Se”‘example, Fig. 2 of Ref[14]. The behavior of the oxygen

S|m|I§1r in time. In this region, the intermediate Sc,at_ter'_ngcorrelatorFo(Q,t) with the existence of a plateau develop-
function decays as a power law whose range of validity is i, ynder supercooling can be observed also in the inset of

dependent. The range of validity of the von Schweidler IaWFig. 3, top curve. The early part of the hydrogen dynamics in
is maximum for distances close to the first-neighbor shell og, -, upon supercooling fdr<0.2 ps is similar to the dy-
Q values close to the maximum &Q). In the late-time 5 mics in the ordered solid. In fact, we see that the hydrogen
region the mtermgdlate scattering funct|0n.decays as aynamics in hexagonal igghick curve in the inset of Fig.)2
stretched exponential. The value of the stretching expagient gigp|ays the same features. The first light shoulder occurring

is T andQ dependent. The relaxation times diverge at smally 4 ng 0.05 ps and the second around 0.1 ps are signatures
Q as a power law with an exponeptthat is the same as that ¢ ihe Q-dependent hydrogen atom libratiga0]. Hence-
of the diffusion coefficient. Furthermore, the relation be-

tween+y and the exponertt, calculated in the self-similg8

08 r

relaxation region, is in agreement with MCT predictions. 1.0
We now discuss the incohereR{Q,t) for hydrogen at-
oms, 0.8 r
Fu(Q,t)=(e ' ¥lr®-Th(ON), €S) = 0.6
<
E=

where the angular brackets denote the ensemble average and ¥ ¢ 4
ry(t) andry(0) are, respectively, the coordinate of a hydro-

gen atom at timé and the coordinate of the same hydrogen 0.2
atom at time 0. This quantity is of particular interest in our
analysis since the time Fourier transform of this function can

be directly measured with a QENS experiment. The right- 10

hand side of Eq(8) can be straightforwardly evaluated from t (ps)

the MD trajectories. In Fig. 2 we show(Q,t) for all the

seven temperature investigated at the first pealgf(r), FIG. 3. Semilogarithmic plot of (Q,t) for hydrogen atoms at

Qmax=1.8 A™%. For the second lowest temperature errort=213.6 K for integer multiples of 0.33 &. Curves on the top
bars are displayed together with the curve. We note that theorrespond to loweRQ. In the inset both hydrogen and oxygen
magnitude of the errors is not significant in the simulationsF(Q,t) are shown at the highest calcula®d3 A~*, where all the
In the inset the early times of the curves are sketched tofeatures that distinguish the two curves are more evident.
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Q (AT

FIG. 5. A log-log plot of the inverse of versusQ?. The 7
values are extracted from the fit of the lateregion to a stretched
t (ps) exponential. Dashed lines are for hydrogen and continuous lines are
for the center of mass of the water molecule. The values of the
FIG. 4. Lateg region of F(Q,t) of hydrogen atoms. The con- temperature are, starting from the tdps=284.5, 238.2, 213.6, and
tinuous line corresponds to the fit to a stretched exponential and06.3 K. The two dotted lines on the top and on the bottom of the
symbols to MD data. On the top graph integer multipleQef0.33  figure, respectively, indicate th@? andQ behaviors.
A~! at T=213.6 K are shown. On the bottom graph all the tem-
peratures a@Q,,x are shown. values of the stretch exponegtfor hydrogen and the center
of mass are the same. Bothand 3, as we shall see in the
forth the early dynamics of hydrogen is of no interest in thisfollowing paragraphs, can be measured by QENS as a func-
context since it does not display any relaxation feature that ision of T andQ so that the possible existence of this cross-
peculiar to the supercooled state. This confines our interesjver in r can be tested.
only to the quasielastic region of neutron scattering. We also Obviously, the reliability of our MD data, as far as a
see from the inset of Fig. 3 that the dynamics of the oxygertomparison with experiment is concerned, depends crucially
atom of a water molecule is indeed very similar to that ofon the ability of the SPC/E potential to mimic the detailed
hydrogen, except for early times, as already mentioned.  characteristics of the pair-correlation functions. In particular,
The hydrogen relaxation function for times longer thanthe agreement in the positions and heights of the peaks as-
0.2 ps shows, as the initial feature, a small bump centeredociated with the nearest neighbors is important since in the
around 1 ps, which has been associated with a significam¥ICT static pair-correlation functions alone are responsible
harmonicity in the dynamics at short timg41-43. This  for the dynamic behavior. The good agreement of the pair-
point has been discussed recently in R&#]. correlation functions generated from the SPC/E water with a
For longer times we clearly see therelaxation region. neutron-diffraction experiment close to room temperature
Also for hydrogen, the late part of the-relaxation region (shown in Fig. ), some experimental evidence of a MCT-
can be fitted by a stretched exponential function. The qualityike behavior in supercooled wat¢6,18], and the recent
of the fits is shown in Fig. 4 together with MD data. The top comparison of QENS results with that of the SPC/E water
graph shows the results at=213.6 K for severalQ values
that are integer multiples @=0.33 A~1. The bottom graph
shows the fits af a1, for all the investigated temperatures
ranging from T=207.3, to 284.5 K. As for oxygen or,
equivalently, the center of mass, we see that the slow relax-
ation is very well represented by a stretched exponential. The . ] J
values of 1 extracted from the fits to the stretched expo- 0-53 0 80 130 18.0 230 280
nential for hydrogen are reported in Fig. 5 as a function of ’ ' é(nm—i) ’ ’
Q?, together with the values extracted from the similar fits
performed on the center of mass. In Fig. 6 the expongnts
obtained from the fits are shown for both hydrogen and the
center of mass. As we can see from the comparisons shown = oo Q=Quax
in Figs. 2—6,F(Q,t) displays the same type of dynamical
behavior ad (Q,t) except for the early times; i.e.<0.2 ps. 05,00 220 240 260 280 300
The 7 values associated with the relaxation ofF,(Q,t), T (K)
though slightly different, show the same trendQni.e., the
sameQ? to Q crossover. This same behavior had been found FiG. 6. Values of the exponer extracted from the fit of the
already for the oxygen relaxation times; see Fig. 81df]. It |ate « region to a stretched exponential. Open symbols refer to
is not surprising that oxygen atoms behave like the center dlydrogen, full symbols to the center of mass. On thegdg shown
mass since their positions are almost coincident, while it isas a function ofQ. Triangles refer to 224.0 K and circles refer to
much more interesting that the center of mass, or oxygernt =206.3K. On the bottomg is shown as a function of at Qa4
and hydrogen behave in the same way. Furthermore, also thlisquares

1.0
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[1] are encouraging. On the other hand, it is also true that the 1.0
temperature of maximum density is quite different for SPC/E )
water and experimental water and dynamics might be sensi- N ~\\
tive to that. In addition, the SPC/E values pfshow a dif- = == ROT :
ferent behavior in pressure from that of the experimental 30-5 I CMT=2385K N
values[18], although in different pressure ranges, in particu- o — H S
lar, yspge=2.29 for P=0.1 MPa andyspge=2.73 for k- i
P=—80 MPa[14], while the analysis of experimental data 0.0 by S TR T
gives Yexpr=1.81 for P=0.1 MPa and yey,~=2.19 for 10" 10 10 100 10 10
P=100 MPa[18]. 1.0
It would be very important in the near future to establish ~.
the reliability of SPC/E potential in representing the dynam- ey
ics of real water on supercooling since different potentials %0.
suggest different dynamical behavior on supercodfiig A OE .
careful high-resolution QENS study on supercooled water il
testing the MCT predictions would therefore be very timely.

=~ -
——
-

e ———
2= X fr hardra )

0.0 Ly
10° 107 10" 10° 10" 10° 10’
IV. QENS AND THE ROTATION TRANSLATIONAL t(ps)
COUPLING

We now tackle a very important issue connected with themiCFlclsat?(;fSRtart'?g fl'fom ttheFtop Clt”VZ:;l t{'hzgcrgﬁgz’ctsezmc'ﬁ?;g_h'
interpretation of QENS on water, namely, the rotation trans- P (Q.1), T(Q.1), Fu(Q.1),

. . . o s tion function F.,(Q,t) at Qunax. The top graph represents
lational couplmg..Sm(;e the SP_C/E potential is for rigid Water:_5ea &'k and the bottom graph=213.6 K.
molecules, the vibrational motion of hydrogen atoms is ab-
sent. Therefore, in principle, there is no vibrational Debye-

) ) Equation(10 b itt
Waller factor present ifr,(Q,t). In this casd~,(Q,t) con- quation(10) can be rewritten as

sists of translations of the center of mass and rotation of the — /a—iQ-R(0)4iQ-R(t)

F B —F b= (e e
hydrogen atoms around the center of mass alone. In order to H(QD ~Feon QD= ' _ )
properly analyze QENS spectra of supercooled water it is X (@ 1Qb(0)glQ-b(1)y

essential to understand to what extent the coupling between
rotation and translation can be neglected in the computation
of F(Q,t) of the hydrogen motions. In the Introduction, we X(elQRMD=IQbO)  (17)
recalled that traditionally analyses of QENS spectra have

been done assuming no coupling between the rotational anghe contributions arising from all the terms composed of
translational motion so theft,(Q,t) is the product of the 5 cts ofR andb variables at arbitrary time are zero on

translational and rotational intermediate scattering functionsaverage due to the statistical independence between the two
If we decompose the hydrogen atom position vector into theE45]_ Thérefore the following relation holds:
sum of the position vector of the center of madplus the ’

+<e—iQ~R(0)eiQ~b(t)>

position of the hydrogen from the center of mabs Feon(Q,1)=Fn(Q,1) = T(Q,1)R(Q,1). (12)
ry=R+b, then the decoupling assumption for a rigid mol- eon
ecule states Feon(Q,t) describes the strength of the coupling between

_ translational and rotatational motions as a functiof@Qaodnd
Fa(QU=TQORQ.D), ©) t as observable by QENS. In the graphs of Figs. 7 and 8 we

where T(Q,t) and R(Q,t) are defined in Eqs(2) and (5),  Show on a semilogarithmic scaR(Q,t), T(Q.1), F(Q.1),
respectively. All these three correlation functions can be ea®dFcon(Q.1). In Fig. 7 these functions are shown for two
ily calculated separately by MD. We can therefore make arf€mperatures &may. In Fig. 8, for the same two tempera-
estimate on how good this decoupling approximation is forfureés on the corresponding graphs, we show the four corre-
SPC/E water as a function ¢ andT. lation functions calculated fo@=0.33 A-1. TheseQ val-
When dealing with a correlation function that is a productUes are also quite close to the maximum and the minirgum
of several terms, each one with &) dependence, it is value that can be probed by a typical QENS experiment. We
always possible to rewrite it as the sum of all the possibleS€€ that the rotational correlation functiét(Q,t) has as
factorizations of its terms plus another irreducible term,expected, the same short-time featured=g{Q,t) and de-
which we shall call the connected intermediate scattering@yS t0 @ nonzero constant value, due to the fact that the
function F.o (Q,t). Feon(Q,t) contains the contribution motlpn of hydrogen, as seen from the. center of mass, is
coming from the four factors coupled together in the corre-onfined into a spherical volume of radibs[see Eq.(5)].
lation function and generally speaking it is different from R(Q.t) bears no evident signatures of the small bump ob-
zero. This procedure is applicable also to our correlatiorferved around 1 ps iB(Q,t) and inT(Q,t) (see the bottom

function. In fact,F;(Q,t) is the product of four exponential Ccurve of Fig. 7 forT=213.6 K atQm,,). We also observe
functions thatF;,,(Q,t) is non-negligible forQ close t0Q,,,, Mmean-

. _ ‘ ' ing that there is a visible coupling between rotational and
Fu(Q,t)=(e 1QR0-IQ-b0)gIQRMIQ-bMY = (10)  translational motion at larg®. At Q,., the rotational func-
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FIG. 8. Same as in Fig. 7 at a lower wave vedor0.33 A2,

It is evident that for thigQ value the coupling is practically absent. hydrogen and oxygen. The bump becomes more and more

evident asQ grows and does not shift withi and Q. After

. , ) this bump the coupling continues to increase until it reaches
tion decays to its constant value on the same time scale aaspeak and eventually decays to zero.

the center of mass and hydrogen. Rpr0.33 A™* the cou- Both the height and the position of the second peak shift
pllng is neghglble and we observe that the rotational correy, i, temperature an@ vectors. We recognize clear signa-
lation function decays very slowly and for the top curve ofy,req of the cage effect also in this coupling. In our previous
Fig. 8 is still practically one whem(Q,t) andF(Q,t) have oy e already discussed the time evolution of the first two
already decayed_ to zero. I_n order to get_ a bettgr understangi,]gu|ar correlation function8,(t) andC,(t) that appear in
ing of the cpupllng behavior as a function of_t|me we alsoEqs.(S) and(6) and we observef#6] that the breaking and
plotted in Figs. 9 and 16 .,(Q,t) as a function ofT at  retorming of cages is the bottleneck of both rotational and
Qmax @nd as a function o at T=213.6 K, respectively. It = yangjational diffusion. We see here that indeed, as we cool
is |nter_est|r_1g to note that _there is a featureFp,,(Q,t) down the systenf.,(Q,t) is mastered by the dynamics of
appearing in the same region of the bump. The strength ghe molecules. This correlator describes the strength of the
the translational-rotational coupling shows in fact a bump agq,pling between translation and rotation and increases very
0.26 ps, the same time of the first minimum{Q,t) of  giowly in the region of the plateau &, (Q,t), that is, in the
region where the hydrogen atoms are trapped in the cage,
and successively reaches its height for a time close to the

0.12 | 10;‘ S cage relaxation time. This means that as the cages relax,
2 }gz LW T molecules are free to move and rotate and translation and
0.10 f:/?élol rotatational motions also begin to decouple. On the bottom
10° 5 - of Fig. 9 the hydrogen relaxation times are marked with tri-
0.08 | 1o 10 angles as a function of. We note that they are close to the

(T-T)T,

peak positions. In the inset of Fig. 9 the circles represent the
positions of the maximum of.,,(Q,t) as a function of
T/Tc—1 atQp,ax and the line is a power law with exponent
2.73 andT-=198.7 K, i.e., the same values found studying
the power-law behavior dD [14]. It is very interesting that,
except for the lowest temperature, the peak positions scales
v with the samey of D and ther associated with the late part

of the « relaxation. This confirms that, as predicted by the
MCT, it is the cage effect that masters the dynamic behavior
of this system, including the behavior of the correlator that
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FH(QMAX9t)"T(QMAx»t)R(QMAx»t)
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FIG. 9. Semilogarithmic plot of.,(Q,t) vst for hydrogen . . .
atoms atQ,,,,. Different curves correspond to different tempera- describes the rotatl_on-translat|0nal COUpIng“(Q't)_' .
tures. Curves on the left correspond to higlheand we show all the From our analysis it also appears that the coupling is very

T of our MD on water except the highest, where the statistics wadV€ak for lowQ values whereR(Q,t) remains close to one
poorer. The arrows in the bottom of the figure mark the relaxationfOr 10ng time. Since that is the range Qf where most high-
times of the hydrogens for differeft at Q.. Shown in the inset ~ resolution QENS has been performed, so far it is an accept-
is a log-log plot of the maximum oF.,(Q,t) as a function of able approximation to decouple rotational and translational

(T—T.)/T, (circles. The straight line is a power law with exponent degrees of freedom. But we note that the coupling is never
2.73 andT-=198.7 K. decaying on a faster time scale; on the contrary it remains
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FIG. 11. R(Q,t) for T=209.3 K andQ=1.7 A~ calculated FIG. 12. Starting from the top of each figure, the curves repre-

exactly from our MD datdthick line) and as a sum of the first four sent the Fourier transform of the fit to the intermediate scattering
terms of the Sears expansi@niangles. In the same graph we also functions of the center of mass and the hydrogen atoms and the
report separately the contribution of the 1, |=2 (squarel and  direct Fourier transform of the connected correlation contribution.
| =3 (diamond$ terms. The Q value isQ,ax- The top-left figure is folT=284.5 K, top-

right for T=238.2 K, bottom-left folT=213.6 K, and bottom-right
different from zero over the whole range spanned by thdor T=209.3 K. 1me\~=1.52 ps *.
variousF(Q,t). Thus, at lowQ we do not expect to detect
any rotational signature in QENS. Close @, the cou- shape at the quasielastic region is essentially given by the
pling is already significantly enhanced. The relative strengtt¢enter of mass motion only, for the whalerange. A similar
of its contribution to the totaF (Q,t) remains more or less conclusion is presented in Ref].
constant over the whol€& range for corresponding. We also showed that the coupling of rotation and transla-

We next analyze the validity of the rotational diffusion tion is in general non-negligible at all the investigatedor

approximation. Since in water the magnitude of theector ~ high-Q values. In order to give a more quantitative estimate
appearing in Eq(5) is very close to 1 £0.9461 A for SPC/ of its weight in the Fourier transform we show in Fig. 12 the
E), for the Q range less that 2 AL, the only significant time Fourier transform o (Q,t), Fy(Q,t), andF¢,(Q,t)
contribution to the rotational-correlation function in the for different temperatures &@,,. We see that the differ-
Sears expansiofb) comes from the first three terms. The ence between the center of mass and the hydrogen is not as
first term is independent af so in practice only the behavior big as the contribution coming fromi,,(Q,t) in the fre-
of the first two orders of the rotational-correlation function quency space. We therefore must deduce that the effect of
C,(t) andC,(t) are needed to construct the total rotationalthe rotational-translation coupling and the decay of the rota-
intermediate scattering function. We illustrate this point intional correlation tend to cancel each other in the H@h-
Fig. 11 forQ=1.7 AL. The top curve of Fig. 11 is the MD region in such a way that, in spite of the non-negligible cou-
result for R(Q,t). Triangles are the sum of the first four Pling, FL(Q,t)=T(Q,t) in the entire long-time region for
terms of the Sears expansion. Circles, squares, and diamon@n¢ entireQ range. In Fig. 13 we show the time Fourier
are, respectively, the=1,1=2, andl =3 contributions. We transform ofF;(Q,t) andFo(Q,t) for Q=0.3 A™*. In this
see that thd =3 term is still not giving any contribution region the rotational-translational coupling is negligible, as
close toQ,,,, Of Water. As far as the decay of the various expected since the rotational-function remains close to 1 for
orders of the rotational-correlation function is concerned, welmost the entire timesee Fig. &
show[46] that they are fitted by a stretched exponential for
low T andQ close toQ,ax, SO that the range of validity of
the rotational-diffusion approximation is confined to the low- N
Q region for the lower temperatures. At room temperature 60000 7\‘ T=206.3 K
B—1 and the rotational diffusion approximation could be n\
accepted for the enti® range in whichg is close to 1. But,
unfortunately, in the high-Q region the decoupling approxi-
mation is no longer valid also for quite high temperatures.

\ Q=33nm"'
40000 +

\

\

S(Qw)

20000 - \
V. THE DYNAMIC STRUCTURE FACTOR: N

QENS TEST OF MCT N

-
———

We will now concentrate on the study of hydrogen single- 00 0.04 0.08
particle motions in Q,w) space as probed by QENS, for a ® @s )
MCT test. Since we showed in Sec. lll that the long-time
behavior of hydrogen is similar to that of the center of mass, FIG. 13. Same as in Fig. 12 f@=0.3 A andT=206.3 K. We
apart from minor differences, we conclude that in the high-observe that the coupling between translation and rotation is negli-
resolution QENS experiment on supercooled water the lingible here.
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. that we have observed in QENS so far. In testing MCT
‘ around Q. these contributions cannot instead be consid-
ered separately. But also in this case there will be no detect-
able signatures of the rotational motion in QENS since for
long times F4(Q,t)~T(Q,t). In fact, we showed that
Fu(Q,t), T(Q,t), andR(Q,t) decay on the same time scale
so they cannot be decoupled according to the "“old” data
analysis, and the rotational decay is very weak, so it bears no
distinct signatures in the Fourier transform of hg(Q,t).
. In our previous analysifl4,15 we fitted F5(Q,t) with
6 o—oln, the sum of a Gaussian contribution plus a stretched exponen-
1 tial

FQU=[1-AQ]e "™ +[AQ]e V7", (13
FIG. 14. Diamonds represent the full width at half maximum of
the S4(Q,w) as a function oQ for different temperatures. Circles ) )
represent the values afextracted from the fit of the late region ~ S€€, for example, Fig. 2 ¢f14]. The Gaussian part accounts

to a stretched exponential. We see, as expected, that these valu@$ all the processes that take place on a fast time scale,
become more and more different @grows andT decreases, i.e., While the stretched exponential allows a detailed analysis of
as the exponential of the long-time relaxation becomes more anthe latea relaxation[47]. Referring to MCT, it is important
more stretched. to stress here that Eq413) is a phenomenological formula
that does not allow one to study either the approach to or the

In analyzing the experimental data the QENS line shap@leparture from the plateau, i.e., it does not allow one to
can therefore be fitted to a stretched exponential whosgerify the possible existence in water of the two power-law
strength factor is called the Lamb-Msbauer factor and the regions of MCT characterized by the exponeatandb and
1/7 extracted from the analysis of the line shape can be corntheir connection. The value of the exponéntan be deter-
sidered, with a very good degree of accuracy, the relaxatiomined by a careful analysis of the behavior fQ,t) [or
time for structural relaxation at the select®dvector. from its measurable anald®(Q,w)] in the a-relaxation re-

We now compare our results with those that have beegime. We did showsee Figs. 7 and 13 of RdfL5]) that the
obtained in the past by using the jump-diffusion model forrange of validity of the power-law region characterizeddby
the analysis of the data. In the jump-diffusion model thejs very limited. As regards the range of validity of the ap-
half-width at half maximum(HWHM) T" is directly con-  proach to the plateau characterized by the expoaente
nected to the relaxation time. This is a consequence of thgannot make precise statements since in our simulation it is
fact that the line shape of the quasielastic peak is Lorentziarsompletely covered by the microscopic dynamics, clearly
Traditionally, I' is therefore plotted as a function € at  vyisible in the oscillation around 0.2-0.3 ps in all théQ,t);
different temperatures. It is well known that for jump diffu- see, for example, the inset in Fig. 2. So the Gaussian form of
sion to hold this quantity has to display a saturation@r the fast relaxation is only an approximation for the well-
values that ranges approximatively from 1 to 1.7'%Afor  known experimental feature of the short-time behavior of
experimental water at ambient pressure dnganging from  water. The details of this behavior do not concern the present
20 °C down to—20 °C[22,23. In Fig. 14 we show both the study since it is beyond the QENS range, but the inclusion of
HWHM extracted from theS,(Q,®) of our MD data(dia-  the Gaussian term in the formula ensures the proper normal-
mondg and ther values that can be extracted from the fit of ization of the fit to the QENS spectra. We therefore propose
the line shape to the stretched exponeritiacles. We rec-  that the Fourier transform of this expression can be used also
ognize that as the value g8 decreases from 1 down to to fit QENS experimental data. In fact, we did show in Sec.
approximately 0.6(it does so with decreasing temperaturelll that in the QENS range the dynamics of the center of
and increasing, as we showed in Fig.)8he inverse of the mass, of oxygen, and of hydrogen are very much the same
relaxation time becomes more and more different from theand we showed in our previous papétg,15 that Eq.(13)
HWHM. We also observe that theryersusQ plot does not is a very good equation to fii5(Q,t); see, for example, Fig.
saturate at larg€) and low T, indicating that the simple 2 of Ref.[14]. The Gaussian term can be Fourier transformed
jump-diffusion model is not valid for SPC/E water when analytically. Under certain conditions, the Fourier transform
supercooled. At the same time the HWHM of the MD dataof the stretched exponential can be approximated with the
shows saturation, which might be the one observed expericole-Cole or the Cole-Davinson function. This data analysis
mentally. This saturation has neither an analytical nor a nuwould allow one to calculate botR and g.
merical relation with ther alone for SPC/E water since also  Our simulation has been performed with rigid molecules
B is changing. Therefore, it is of no physical interest for so that the Debye-Waller factor appearing in Eq.is equal
QENS analysis of supercooled water provided it behaves likéo one [25]. Still, performing the fit, we do observe a
SPC/E water. Q-dependent attenuation factoh(Q) of Eg. (13), in the

As far as the QENS analysis of the rotational function isintermediate scattering function at a long time. We identify
concerned, when it can be decoupled from the translationahis factor with the nonergodicity parameter or Lamb-
one, i.e., for lowQ, the line shape is not sensitive to the Mossbauer factor of MCT. The term “nonergodicity param-
rotational correlation function. This is the typical rangef eter” is due to the fact that this parameter allows one to
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Eqg. (13 to MD data decreases in fact from 0.851 at
FIG. 15. Behavior ofS(Q,w) on the top as a function of tem- T=206.3 K to 0.778 al =284.5 K.
perature af),,,x and on the bottom as a functighfor T=213.6 K. The experimental test of MCT with QENS on water is
The curves have been obtained by a Fourier transform of B).  limited not only by the nucleation temperature but also by
the resolution of the experimental apparatus. In Fig. 16 we
determine the ergodic to nonergodic transition occurring ashow the same function on a linear scale for a state point

Tc in MCT. At T, in fact, MCT predicts slightly below the temperature of density maximum for
SPC/E. We see that in order to test the MCT of supercooled
F(Q,t—x»)=A(Q), 0<A(Q)<L. (14 water one needs to use an experimental resolution of at least

) . ] 10 neV and to supercool as much as possible. High resolu-
This equation means that perturbations of the system do Nglons can nowadays be achieved in the high-resolution ma-

relax to zero; therefore, the system behaves nonergodicaliphines of several neutron facilities and with the next genera-
[48]. In our simulationgall performed abovd ) the system  tjon of machines we expect the resolution to improve further.
is ergodic and the behavior @f(Q) as a function of tem- In summary, given the present analysis, we believe that
perature can only be inferred by the behaviof§f.t) for  with the best instrumental resolution available the following
t in the B-relaxation regimeA(Q) is the third quantity that prediction of MCT can be tested by QENS on supercooled
we can calculate from the experimental analysis. The Lambwater:(a) the behavior of the Lamb-Mssbauer factoA(Q),
Mossbauer factor, traditionally calle‘@c, behaves similarly  (b) the hydrogen relaxation times(Q,t), and (c) the

to the vibrational Debye-Waller factor. As a matter of fact, stretched exponen(Q,t) of the latea region. We cannot
we find that it can be expressed as conclude whether the range of validity of theregion is

. sufficient to get it from the slope @&(Q,t).
A(Q)=fg°=exp—(a®)Q?/3), (15) k Pe ®QY

. VI. MCT ANALYSIS OF THE RESPONSE FUNCTION
where a plays the role of the cage radius. Thus, also the

radius of the cage can be found through QENS. From our In this section we analyze the behavior of the single-
MD study we found that the radius of the ca@e decreases particle imaginary park”(w,Q) of the dynamics suscepti-
from 0.45 A forT=284.5 K to 0.38 A for the lowest tem- bility y(w,Q) for SPC/E water. This quantity is, in the clas-
perature investigated, namely=206.3 K. The temperature sical limit, the time Fourier transform df(Q,t) multiplied
dependence ofa?) is consistent with a linear law, as ex- by w. The dynamic susceptibility can therefore be easily ex-
pected for harmonic dynamics. We also note that this radiugracted from neutron-scattering experiments.
is of the same order of magnitude of typical radii of cages The predictions of MCT about the behavior of this func-
measured in other liquid=t9]. tion are the Fourier transforms of the predictions of the
In Fig. 15 we show, respectivel\5(Q,t) obtained as a theory in @Q,t) space. Nonetheless, some of the features of
Fourier transform of the fit to the center of mass as a functioMCT are more evident if presented in terms gf. In par-
of T at Qs and as a function o for T=213.6 K on a ticular, the« relaxation, which is the one on which we fo-
semilogarithmic scale. We observe that sncreases the cused mostly in this paper, is clearly sketched. From the
inelastic intensity increases and the quasielastic intensity deletailed test of MCT for SPC/E water iQ(t) spacd 15] we
creases. Below . there would be a huge transfer of intensity know what predictions thg"” of SPC/E supercooled water
from the elastic to the inelastic part of the spectrum, a direchas in common with an ideal MCT-like liquid. We show the
consequence of the increase of the plateau levél(iQ,t), shape ofy” and summarize it in the following for the sake of
with decreasingT. Above T, where our simulation has a future comparison with experimental data.
been performed, this phenomenon is much weaker but still According to MCT, x” displays two peaks. These peaks
persistent. Close tQ,a, the A(Q) extracted from the fit of correspond to the two-step relaxation scenario.
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VIl. CONCLUSION
FIG. 17. On the top(,(Q,w) for T=213.6 K andQ values as

integer multiples of 0.33. LoweD are on the bottom. These curves  In this paper we have analyzed the possibility of detecting
have been obtained from direct Fourier transformFaf(Q,t). A the dynamic slowing down neaf. predicted by MCT in
stretched exponential tail with the relaxation time extracted with thesupercooled water using QENS. The analysis has been car-
fit has been added. On the bottom the same correlators obtaingied out by using a set of MD data on supercooled SPC/E
from the Fourier transform of the formula we used toT{tQ.t)  water obtained by sufficiently long simulations, which al-
[Eq. (13)]. lowed us to confirm the existence of therelaxation. SPC/E
water manifests a typical MCT behavior analyzed in detail in

The prediction of MCT for the behavior witlf of the ~ Our previous paperd4,15. We have discussed the ability of

position of the frequency corresponding to the first maxi-the SPC/E potential to mimic properties of real water. The
MUM o, is fulfilled by our data since result, though encouraging, cannot be considered definitive.
max

Although SPC/E appears to be a good potential for pressures
and temperatures close to ambient, it is likely that the com-
puted properties of the SPC/E water begin to deviate from
those of the real water when it is deeply supercooled. Nev-
ertheless, the prediction that the kinetic glass transition exists
Y _ ) ) in water is a worthwhile point to test experimentally. QENS
The x" obtained by direct Fourier transform of MD data ¢, gynercooled water is the best way for testing the MD
are, generally speaking, qU|te.d|ff_|cuIt to obtain because th?YesuIts of SPC/E water. Due to a lack of high-resolution
extend for several decades in time or frequency. For th'%gENS data in the supercooled region, a direct comparison
reason, before Fourier transforming the intermediate scattepetween QENS and MD data cannot be performed at this
ing function, we smoothed them with a spline under tensionime. Therefore, another QENS experiment specifically de-
[50], in analogy with the procedure used in RE31]. The  signed to test the SPC/E predictions would be very valuable.
results of this procedure, although still not completely freein this paper, therefore, we use the accurate MD data to test
from irregularities, allow us to see the differences betweeryuantitatively the accuracy of various approximations used
the Fourier transform of our MD data calculated for the hy-in analyzing QENS data of water in the past. Taking advan-
drogen atom trajectories and the Fourier transform of théage of the possibility of calculating exactly the “self” part
formula we use to fit the correlator of the center of mass inof all the F(Q,t) of the system, namelk4(Q,t), R(Q,t),
(Q.t) spacd Eq. (13)]. We perform here this comparison in T(Q,t), andFo(Q,t), we test the range of validity of a set of
order to further test the possibility to use the Fourier transapproximations: the decoupling &(Q,t) and T(Q,t), the
form of our formula to fit the QENS data. In Fig. 17, top, we jump-diffusion approximation for the translational part, and
show they;, obtained from the Fourier transform of our MD the rotational-diffusion approximation for the rotational part.
data forT=213.6 K at all theQ investigated. In Fig. 17, QENS probes directly the dynamics of single-particle mo-
bottom, we show exactly the same correlators as in Fig. 16ons of hydrogen atoms in water. In principle, the dynamics
except these are calculated from the Fourier transform of Ecpf hydrogen motion is affected by the translation as well as
(13) and the parameters of the fit T(Q,t). We do see that the rotation of the molecule. We first showed tfaf(Q,t)
the main features of the MD curves are well reproduced bylecays to zero similarly td(Q,t). Both display a typical
the Fourier transform of our fit, in particular, the intensity MCT scenario, namely, a two-step decay in time, with the
and the position of the two main peaks. The main differencefong-time « relaxation characterized by a stretched exponen-
between these two figures are in the extremely hightial function.
frequency region, which is beyond the QENS range. In Fig. In the lower part of the availabl® range of a typical
18 we show the behavior of the same correlator as a functiohigh-resolution QENS experiment, from 0.2 up to 0.5%A
of T at Qnax- the rotational-translational coupling appears to be quite neg-

Oma T T~ (T=T)”. (16)
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ligible since R(Q,t)~1. Therefore, in this region require. We also showed that a jump-diffusion analysis of
Fu(Q,t)~T(Q,1)R(Q,t)~T(Q,t). It is not, however, neg- the HWHM of the S;(Q,t) would mask a possible stretch
ligible in the highQ region, close to the peak of the structure exponential behavior.
factor, covered in a typical low-resolution QENS experi- We would like to conclude this paper by noting that the
ment, for all the investigated temperatures. On the othepicture of water behaving like a typical glass former under-
hand, at extremely long times in the supercooled region, thgoing a kinetic glass transition can be reconciled with the
effect of the coupling and the decay of the rotational corre-‘traditional” picture of dynamics of water. In fact, in many
lation function tend to cancel each other so thatoccasions in the past, the dynamics of water has been ana-
Fr(Q,t)~T(Q,t) also in this region. lyzed in terms of models based on the formation and break-
The maximum of the correlator describing the rotational-ing of hydrogen bond cagdgQ]. It is considered realistic
translational couplingr.,(Q,t) scales likeD with tempera- that the translational diffusion of water is possible only by
ture. Furthermore, thR(Q,t) decays on the same time scale first activating the rotation that switches the hydrogen bond-
as theT(Q,t) at a certain value ofQ. These phenomena ing[52]. Through the slow process of bond switching, mol-
indicate that the time dependence of the rotational part of thecules change their neighborhood and diffuse. The strong-
correlation function is also completely synchronized with thehydrogen-bond interaction is responsible for the formation of
breaking and reforming of cages in the liquid. When thestrong cages even if the local number density is much
cages begin to relax the molecule is free to move and rotatgmaller than in simple liquids, where packing controls the
and the correlation function decouples in the product ofprocess of cage formation and stability. The hydrogen-bond
R(Q,t) andT(Q,t) and decays to zero. network, instead of destroying the tendency toward a MCT-
The direct consequence & (Q,t)~T(Q,t) for long like behavior, would then trigger it. The strong-hydrogen-
times at allQ is that in QENS no signatures of rotation can bonded cage does not allow for molecular rotations within
be detected in the supercooled region and experimental dathe cage. Indeed, the molecular correlations display a two-
can be analyzed in terms of the translational part of the dystep process. On the fast-time scale the molecule performs
namics alone. This implies that a high-resolution QENShindered rotations within the cage, while on a long-time
spectrum can be fitted with the Fourier transform of @). ~ scale they diffuse and rotate. Thus the process of changing
This procedure allows one to extract the strength factor, théhe hydrogen-bond pattern is realized by a strongly coupled
Lamb-Mcssbauer factor, the relaxation time and the rototranslational motion. A theoretical model to describe
stretch exponent of ther relaxation, 3. By employing a  such motion would be very valuable for the correct interpre-
high-resolution time-of-flight spectrometer and supercoolingation of theT andQ dependence of neutron data.
water down to the lowest experimentally accessible tempera-
ture (about—20 °C), a QENS experiment should be capable
of detecting MCT signatures in water. For SPC/E super-
cooled water close tQ,,.x, the previously often used jump- The research of S.H.C. was funded by the Division of
diffusion and the rotational-diffusion approximations are notMaterials Sciences of the U.S. Department of Energy. P.G.
accurate. In fact, we showed that Sears expansion is accuradeknowledges financial support from the Foundation
(see Fig. 1}, but the variousC,(Q) do not decay in an Blancleflor Boncompagni-Ludovisi. The research of F.S. and
exponential fashion, as a rotational-diffusion model wouldP.T. was supported by GNSM/CNR and INFM/MURST.
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