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We present a molecular-dynamics study of the self-dynamics of water molecules in deeply supercooled
liquid states. We find that the decay of single-particle dynamics correlation functions is characterized by a fast
initial relaxation toward a plateau and by a region of self-similar dynamics, followed at late times by a
stretched exponential decay. We interpret such results in the framework of the mode-coupling theory for
supercooled liquids. We relate the apparent anomalies of the transport coefficients in water on lowering the
temperature to the formation of cages and to the associated slow dynamics resulting from the presence of
long-lived molecular cages. The so-called critical Angell temperature in supercooled water could thus be
interpreted as kinetic glass transition temperature, relaxing the need of a thermodynamic singularity for the
explanation of the anomalies of liquid wat¢81063-651X96)09512-§

PACS numbes): 61.20.Ja, 64.70.Pf

I. INTRODUCTION Already in the late 1980s, Prielmeiet al.[10], based on
NMR measurements and fitting of the self-diffusion constant
The behavior of liquid water on supercooling has been thén supercooled water, and Angdll1] commented on the
subject of a long-standing scientific debate for the past 3@0ssible relationship between the power-law temperature de-
years[1—3]. It has been found that there are anomalous inPpendence of transport coefficients in water and the predic-
creases of thermodynamic quantities and apparent diveflons of mode-coupling theoMCT) [12] for the glass tran-
gences of dynamic quantities on approaching a singular putition in supercooled liquids. More recently, the translational

- ; region of Raman spectra of water has been interpreted in
exper|n_1entally unaccesglblg temperatﬂl'geof_about 227 K terms of scaling behavior predicted by MGI3]. Today,
at ambient pressure. This discovery has stimulated an en

mous amount of experimental, theoretical, and computoa_ue to the_availability of sufficient computational power and
. . ' se . %he extensive development of MQT4], such suggestions as
tional work in an attempt to clarify the origin of the singu- 4, the connection between the existence of a kinetic glass
larity. A recent detailed review of all these works can beggnsition temperature and the divergence of the transport
found in Ref.[3]. _ coefficients in water can be carefully examined.

I.n the past five years, effort§ have bgen d|rected. at eIu.C|— In this paper we aim to test MCT predictions for the cor-
dating possible thermodynamic scenarios compatible withelation functions of single-particle dynamics in water with
the trend of experimental data. The pronounced increases tbrresponding quantities calculated from  molecular-
isothermal compressibility, isobaric heat capacity, and thelynamics(MD) simulations, carried out for sufficiently long
change of sign of the thermal expansion coefficient of liquidtime as to allow the slow dynamics to be observed. In doing
water upon supercooling can result from three possibleso, we try to assess to what extent the MCT, which has been
causes{i) the existence of a continuous, retracing spinodakhown to describe simple liquid45,16], is applicable also
curve bounding the superheated, stretched, and supercooltaithe description of the single-particle dynamics of super-
states of liquid watef4—6]; (i) the existence of a meta- cooled water, a hydrogen bonded liquid with strong noniso-
stable, low-temperature critical poif®,7]; or (iii) the pro- tr_opic_ interactions among mole(_:ules. A brief report in this
gressive increase of four hydrogen-bondei®) coordinated ~ direction has already been published]. _
water molecules, favorable in terms of the low energy of this  The paper is organized as follows. In Sec. Il we briefly

state, but unfavorable in terms of the high local volume andecall the _predic_tions of MCT. In Sec. lll we dispuss in detail
the low orientational entrop}8,d]. the MD simulations performed and the potential used. Sec-

While the phase behavior of supercooled water has beefion IV is divided into subsections where we present the

debated extensively, not much attention has been devoted ijmerical results for correlation functions in time domains

far to dynamics near the apparent singular temperaturénd we discuss the rotational motion. Specifically, we com-
Computation of long-time behavior of dynamical quantitiespute and compare the results of the mean-squared displace-

could be very valuable. Therefore, it is timely to make anment, the Van Hove space-time self-correlation function, the

effort in the direction of understanding the origin of the aIO_mtermedlate scattering function, and the angular correla-

parent divergences of transport coefficients in water on syHons. In Sec. V we summarize our conclusions.

percooling. In particular, if the dynamics could be rational-
ized without resorting to an underlying thermodynamics
singularity, then the possibility of a singularity-free picture
capable of explaining satisfactorily the behavior of thermo- In this section we summarize the predictions of MCT rel-
dynamic quantities would be reinforcédl]. evant for interpreting our MD simulation data. Our discus-

1. MODE-COUPLING THEORY
FOR SUPERCOOLED LIQUIDS
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sion emphasizes the results of the so-called idealized MCT ¢Q(t)_f‘é:BQ|O-|1/2(tU/t)a: Bo(t/ty) ™% 2)
[14], in which hopping effects are neglected. In contrast to
the MCT for critical phenomengl8], the emphasis of the andiii) on the liquid side of the phase diagramg(t) de-
MCT theory for the supercooled dense liquids is on distanceparts from the plateau valuk% as a power law with expo-
comparable to the interparticle distance, or in Fourier spaceentb,
for Q vectors close to the first maximu@,,,, of the struc-
ture factorS(Q). Therefore, theQ dependence of the dy- po(t) — 5= —Cqlo]|VAtIt,)P=—Cq(t/n)®, (3
namics quantities aroun@,,,, is of interest.

MCT for supercooled liquids is a theory that takes intowhere
account the cage effeft9], which is associated with a tran-
sient trapping of molecules on lowering the temperature or T=to|lo
on increasing the density. The microscopic density fluctua- ) ) ) _ .
tions of locally disordered high-temperature and Iow-densit)EngeSS'orG) is the leading term in the expansion in powers
fluids tend to relax rapidly on the time scale of a few pico-Of t- The leading tern{Eq. (3)] is often called the von
seconds. Upon lowering the temperature or increasing thgchweldler law and its region of validity is often rather lim-
density of the liquid, there is a rapid increase in the localited [21]. . )
order surrounding the particle, leading to a substantial in- The constantdg, Bg, andCq in Egs. (2) and (3) are
crease of the structural relaxation time. In the supercooled of independent, while the exponerdsandb are T and Q
dense liquid regime a trapped particle in a cage can migratédependent. In real space, E¢8) and(3) express the pre-
only through rearrangement of a large number of particledictions of a separation of space and time. Any space-
surrounding it. In this sense there is a strong coupling bedependent correlation functiap(r,t) in the 8 region can be
tween the single-particle motion and the density fluctuationgxpressed as
of the fluid. According to MCT, static density fluctuations
[i.e., S(Q)] completely determine the long-time dynamical $(r,H)=F(r)+H(r)G(1), )
behavior.

MCT predicts the evolution of any correlator that has a

|—(1/2)+1/2a). (4)

where G(t) is proportional tot 2 or t°, depending on the

nonzero overlap with densifi20], such as, e.g., the density ime scale, acnd:(r) and H(r) are related to the Fourier
itself, the current density, and the tagged particle density. ffansform offg, andBg or Cq, respectively.
the following we will denote such a generic correlator as 1he exponenta andb are connected and both depend on
$o(t). The evolution ofgo(t) is controlled by a retarded the specific point on the transition line crossed on moving
memory function, a nonlinear functional of the density. Theth® system along the-T plane. For example, cooling the
idealized MCT predicts that on moving along a path in theSyStém along different isobars will produce crossing of the
pressure-temperature plane, a [gP) is crossed on which tr_ansmon line in different points, which will in the end imply
$o(>) no longer decays to zero. Such a line defines ihdifferent values for the andb exponentsa can be related
locus of the ideal ergodic to nonergodic transition. This linet© b by the transcendental equation
separates the liquid and the glass regions. On the liquid side, 2 2
the system is ergodic and ljm..¢o(t) =0. Close to the line, [T(1-a)] — [T(1+Db)]
on the liquid side$q(t) has a two step relaxation behavior I'(1-2a) I'(1+2b)’
displaying a fast and a slow decay. The two relaxation times . .
become more and more separated on a time scale on aphere I' is the gamma function and <0a<0.5 and
proaching the line. When the fast process decagys(t) <b<1. . _ .
reaches a plateau valif§ the so-called nonergodicity pa- Equation (3) describes the region whergq(t) —fq is
rameter. Only after the second relaxation is COmp|e»[eo|,smaII. It states _that curves for dlffe_rent valuesoofcan pe
dqo(t) relaxes to zero. The time interval in which the corre- scaled onto a _smgle master curve if plotted as a function of
lation function is close to the plateatf, is called the t/7. MCT predicts that the dependence ¢ on the scaled
B-relaxation region, while the long-time region is called thetime t/7 is valid also in thea-relaxation regime. In other
a-relaxation region. Theg-relaxation region is centered WOrds, ¢q(t) does not depend o and P explicitly, but
around a time,,, which increases on decreasing the distanc&@"ly Via the P and T dependence of. Thus one single
o from the critical line in the pressure-temperature plane. [{"@ster curve describes entirely therelaxation regime. It
particular, approaching the ideal glass transition line alongi1as b_een shown_ nu_menc_:al_ly that the shape of the master
an isobaric path, using the temperature as an external drivingH'fve in thea region is, within MBCT' well represented by a
parameter, the distanee can be measured By— T(P). stretched exponential form™(Y?”, 7 plays the role of rel-
The idealized MCT predicts the dependencecomf t,  evant time in the system and divergege Eq.(4)] on ap-
and the functional form of the decay apo(t) in the  Pproaching the transition line with a powet
B-relaxation region. It states thé t, scales ino| as

(6)

1 1
_ =+ . 7
te=tolo "V, 6 Y7 2a" 2b @
wheret, is a characteristic microscopic timéj) the ap- All characteristic times in the system are predicted to be

proach to the plateau is described, in leading order in timeproportional tor. Thus MCT predicts that the inverse diffu-
by a power law with exponerd, sion coefficientD ~! diverges ago|~?.
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values of=0.316 56 nm andc=0.650 17 kJ mol’. The

interaction between pairs of molecules is calculated explic-
itly when their separation is less than a cutoff distancef
2.50. The contribution due to Coulomb interactions beyond
r. is calculated using the reaction-field method, as described
by Steinhausel26]. Also, the contribution of Lennard-Jones
interactions between pairs separated more thas included
in the evaluation of thermodynamic properties by assuming a
uniform density beyond.. The MD code used here to cal-
culated the SPC/E trajectories is the same as that used in Ref.
[27], where further details are given. A heat bath has been
used to allow for heat exchan@28]. In our simulation pe-
riodic boundary conditions are used. The time step for the
integration of the molecular trajectories is 1 fs. Simulations

FIG. 1. Full line, relation between the diffusivity exponept  at low T have been started from equilibrated configurations
and the von Schweidler exponebt[Eq. (3)] according to MCT  at higherT. Equilibration has been monitored via the time
[14]; filled circle, estimated {,b) point for SPC/E water along the  dependence of the potential energy. In all cases the equili-
studied isobar. bration timet,, was longer than the time needed to enter in

) . the diffusive regime(see Fig. 8, i.e., (rz(teo)> larger than

We note in passing that Eq&) and (7) relate the expo- .1 nn?.
nentsa, b, andy. Thus only one of these three exponentis  The SPC/E potential has been explicitly parametrized to
truly independent. In contrast to critical phenomena, the valreproduce also the experimental value of the self-diffusion
ues ofa, b, or y are not universal and depend on the specificconstant at ambient temperature and density 1 g/@nd it
point of the transition line approached, i.e., ®a(P). I has been widely studied in recent ye§?9,30. Moreover,
particular, along an isobaric path,goes like T—T¢)”. Fig-  this potential is able to reproduce a pressure-dependent tem-
ure 1 shows the dependencejobnb as predicted by MCT.  perature of maximum densitfMD) [7,27,30. As shown in

The idealized version of MCT deals with nonlinear inter- Ref. [30] the SPC/E 1-bar isobar is characterized by a TMD
actions of density fluctuations leading to a cage effect with &f 235 K and a corresponding density of 1.026 gfcrithe
tendency to produce an ideal glass state and results in a static40-Mpa isobar is instead characterized by a TMD of about
random configuration. The ideal MCT theory can be for-250 K and a corresponding density of 1.000 g?ci7], in
ma”y extended to include also interactions between denSitﬁgreement with the experimenta] pressure dependence of the
fluctuations and currents, leading to relaxation via phononTpp line. We have studied the- 80-MPa isobar. Seven
assisted hopping, i.e., via jumps over almost static potentiadimylations have been performed at the state points indicated
barriers[22]. The so-called hopping effects smear out thejn Taple I, ranging from 35° above the TMD to 45° below,
ideal glass transition and allow for relaxation of density fluc-thys covering both the normal and supercooled states of wa-
the relaxation times cross from a power-law behavior to anyt highT to 50 ns at the lowesT.
activated Arrhenius behavior. As we show in the following,  pensities have been chosen on the basis of trial and error
hopping effects are not observed in our simulations even &refiminary runs. The corresponding pressures for the chosen
the lowest temperature, suggesting that it is appropriaté tna| densities are reported in Table I. We have preferred to
compare the lowr dynamics of our system with the ideal- \ork at constant volume to avoid the interference of the
ized version of MCT. _ dynamics of the pressure bath with the dynamics of the sys-

In this paper we focus on the comparison between Oufem. Note also that the density dependence of the diffusion
MD data and MCT. For this reason we do not compare ougoefficient over the small range of densities studied

data with otheqmore heuristig theories for supercooled lig- (0.966-0.990g/cr) is much smaller than the temperature
uids based on assumptions on the microscopic Se”'mO'eCUl?ependencéBlﬁZ.

W
T

w
T

Diffusivity exponent y

1 ‘ ‘ s
0.2 0.4 0.6 0.8 1.0
von Schweidler exponent b

dynamics, such as the so-called trapping mddd]. We We also present the results of a simulation carried out for
only note that an ideal kinetic glass transition is also Préhiexagonal ice at the temperature Bf 194 K with proton
dicted by this theory24]. disorder. We studied a box of 2¢2.3x2.2 nn? containing

432 water molecules interacting via the same ESPC potential

. COMPUTER SIMULATIONS used for the simulations of liquid water. We simulated a state

. Eoint laying along the same isobar studied for liquid water,
We have studied a system composed by 216 water mokorresponding to a density of 0.9364 g/&nan average po-

ecules at constant volume. The effective potential used is thgntial energy of the system of56.2 kd/mol, and a pressure
extended simple point char@PC/E mode[25]. This poten-  of —77.7 MPa.

tial treats a single water molecule as a rigid set of point

masses with an OH distance of 0.1 nm and an HOH angle
equal to the tetrahedral angle 109.47°. The Coulomb charges
are placed on the atoms and their magnitudes are
gy=0.4238 times the electron charge angF- —2qg . Oxy- In this section we present the result of our simulations.
gen atoms interact via a Lennard-Jones potential, with th@he discussion is divided into six subsections, from A to E.

IV. RESULTS
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TABLE I. Simulated state points.

1.00 — — —
T(K) ps(g/lem®) E (kJ/mo) P (MPa D (10 Scné/s) i l
284.5 0.984 -48.1  —73x11 (1.3:0.1)x10° g I ]
258.5 0.986 -50.0 —76x12 (5.2£0.5)x10°! B 098 |- .
238.2 0.987 -516 —80x10 (1.4:0.1)x10°! Z r ]
224.0 0.984 -526  —75%15 (4.4:0.4)x10°2 _§ I
213.6 0.977 —-534  —78+14 (1.1+0.4)x10°? 0.96 NN
209.3 0.970 -53.8 —99+18 (5.1+0.9)x10°3 —_—
206.3 0.966 —542  —90+23 (1.8-1.1)x1073 _ag t 4
g
: iy =2 .
A. Static quantities ; =52

In order to define the thermodynamic states covered in A J
our simulation we begin by tabulating the temperature de- -56 :
pendence of the density, potential energy, and pressure in O —mm—— ]
Fig. 2. We note that the TMD is around 246 K for the s
ESPC model along this isobar. In order to compare the simu- § _s0 L .
lation result with some real experiments in the future we use = ﬁ%{ 1
the TMD as a convenient reference point to measure the g _100 - .
temperature distance. From Fig. 2 we note that the energy 8 C ]
does not show any significant change of slope at simall ~~ _150 e ]
consistently with the fact that all simulations are equili- 200 250 300
brated. The pressure of our simulations is constant within the Temperature (K)

error bar.

Oxygen-oxygen radial distribution functiong(r) for ) _
some selected temperatures are shown in Fig. 3. The figure FIG: 2. Temperature dependence of the dengdp), potential
shows that on cooling the system, the first peakgof)  €nergy(PE (centey, and pressurébottom.
increases, the first minimum decreases, and the second peak
also increases. This illustrates the fact that the nearest- and 1/ XN
next-nearest-neighbor shells become more and more well de- Gs(r=y 2, S0r+ri(0)=ri(t) ). ®
fined. The number of nearest neighbors, calculated by inte- =t
grating g(r) up to the position of the first minimur(0.32 _ o )
nm), decreases from 4.2 at highto almost 4 at the lowest The precise physical interpretation of the Van Hove correla-
temperature, supporting the progressive formation of a tetrdion function is that 4rr?Gy(r,t)dr is the probability of
hedral structure around each molecule. Still, the presence &nding a test particle at distancefrom the origin at timet
a non-negligible population around 0.35 nm is indicative ofgiven that the same particle was at the origin at ttm@. In
the presence of fivéor more coordinated molecules, whose Figs. 5a)-5(c) we show 4rr®Gg(r t) at the lowestT for
role in the dynamical restructuring of the HB network hasthree selected groups of times. Rer0.25 ps, the ballistic
been studied previousfa1]. regime [Fig. 5@)], G4(r,t) changes rapidly in time. Mol-

The T dependence of the oxygen-oxygen partial structureecules explore more and more space as the time increases, as
factor Soo(Q) is shown in Fig. 4. The typical splitted first shown by the progressive extension of the tailsGqfr t).
peak of water, observed via x-ray experimei®3], is recov-  For times approximately between 0.25 and 130 ps, the cage
ered. As forg(r), the peak height increases and peaks be-
come better resolved. From Figs. 3 and 4 we see that no

dramatic changes in structure happen on cooling the system; 5 ' ' ]
no sign of small wave-vectdcritical) density fluctuations is Al  Te063K
observed, in agreement with previous simulations and with e T=024.0 K
the basic idea of MCT. We note also that the position of the 3L - T=2845K .
maximum Qax 0f Spo(Q) does not change significantly =
with T. Since theT dependence dD,,., is weak, we neglect 1
it in the following and will compare data at differemtat the
same value 00 ,=18 nm 1. 1+ J

B. Van Hove space-time self-correlation function 00_2 0i4 0i6 018 j

Self-dynamics may be studied in greater detail by com- r (nmy)

puting the space-time Van Hove self-correlation function
G4(r,t), which describes the evolution of a test particle from  FIG. 3. Radial distribution functioy(r) for the oxygen for
an origin. For a system dffl moleculesG(r,t) is defined as three selected temperatures.
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2.0 ; ' " | |
[ — T=2063K
................. T=224.0 K
15k - T=2845K 1 !
10" | |
5 =
A A=}
> E
&}
5 50 100 150 10°°
Q m™) -0.2 0.2

X (nm)

FIG. 4. Structure factoSyo(Q) for the oxygen for three se-

lected temperatures. FIG. 6. SymbolsG(x,t) for times between 1 ps and 8 ps, full
line, Gaussian function with variance 0.000 95 Zmnhescribing the

regime[Fig. 5(b)], G4(r,t) changes very slowly in time. For behavior of a molecule diffusing in a harmonic potential with

time longer than 130 ps, the diffusive regififég. 5(c)], the  w=14.2ps? (see the tejt

tails of G4(r,t) progressively extend in time. We note that

only at the lowest temperature and for very long times issupposed to hol@isee Eq.(5)]. Figure 7 intends to compare

there evidence for a very weak double-peak structure ohow this prediction of MCT is borne out in our simulated

G4(r,t), suggesting that the hopping contribution to diffu- system. In Fig. 7 we show the probability that a molecule has

sion is negligible in thél range studied. moved less than during timet,n(r,t) = [{47r2Gy(r,t)dr,

The almost time-invarianG4(r,t) in the g8 region[Fig.  as a function of time, in thegg-relaxation region, for some
5(b)] contains information on the shape of the confining po-selectedr values. This representation, using the integral of
tential. If we assume that a molecule of maddsis con- Gg, is less noisy tharG, itself. We show three different
strained to move in a three-dimensional harmonic potentiabalues, corresponding to distances close to and larger than
M w?r?/2, then the stationary solution f@(r,t) is given by  the size of the cage. We expect from E§) thatn(r,t) can

be well represented by the functional forfgr)—g(r)tP.
2 )3/2 M2k T ©) From fitting n(r,t) in the B region with such a functional

4kBT7T

Gs(r,t)= form, we find that the resulting exponemthas an effective

value that depends on. It decreases on decreasingin
i.e., by a Gaussian distribution. Figure 6 shows that indeed ig@Pparent disagreement with MCT. However, if we fit all
the time regime between=1 and 8 psthe center of thgg ~ curves simultaneously with an expansion in terms’afp to
region G4(x,t), the one-dimensional analog &(r,t), is  the secondor third) order, i.e., according to
rather well represented by a Gaussian distribution in space, b b
corresponding to a confining potential with=14.2 ps?, $(r,n)~f(r)=g(Nt+h(rt>+- -, (10)
i.e., with an oscillation period of 0.44 ps. This suggests that . : .
the motion of water molecules in the cage at Idwhas a We obtain the single-independent value =0.50+0.05.
significant harmonic character. We will return to this point in
Sec. IV C.

The intermediate region in whiclsg(r,t) is slowly 1.0 + .
changing in time corresponds to tiferelaxation region de-
scribed by MCT. In this regime a space-time factorization is
0.9 .
- \ ep =
ballistic { B region dlffl?SlVC J = O r=0.17 nm
region L 0.3 region o r=0.11 nm
Ehad T TR (R e1s0ps | 0.8 | = r=0.07 nm
<] I =
: |
i |
10.0 0.7 3 1 ) 3
0 0.0 10 10 10 10
0.00 003 00 0.2 00 04
r (nm) t (ps)

r (nm) r (nm)

FIG. 5. Self-part of the Van Hove distribution function for the FIG. 7. n(r,t) as a function of time for three selectedalues in
three time regions at the lowest temperature studigdt<<0.2 ps, the B-relaxation regionr=0.17 nm (d), r=0.11 nm ©), and
(b) B-relaxation region 0.2t<<120 ps, andc) a-relaxation region r=0.07 nm (¢ ). Full lines are fit according to a third-order expan-
t>150 ps. sion in powers ot? with b=0.5[see Eq(10)].
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<Ir()-r(0)> (AY)
<Ir(t)-1(0)"> (A%)

"¢

100 10

3 4 S

10 10

t (ps)

FIG. 8. MSD as a function of time foif =206.3 K (O),
T=209.3K @), T=213.6 K(¢), T=2240K (A), T=238.2K

t (ps)

FIG. 9. MSD of oxygen atoms for hexagonal ice and liquid
water. > represent the liquid af=284.5 K, A the liquid at

(<), T=258.5K (V), andT=284.5 K (>). The curves show the T=224.0 K,O the liquid atT=206.3 K, and¢ ice atT=194 K.
cage effect, starting at 0.25 ps, followed by the eventual diffusion offhe line is a guide for the eyes.
the molecule. Arrows indicate the time at which the non-Gaussian

parametei,(t) (see the tejtis maximum.

We note also in passing that a numerical calculation o

shows an overshoot at=4.49/wp=0.71Ty. Thus, using

guch a simple model for the distribution of modes one ob-

h(r) as proposed in Ref34] would instead support, within (&iNSTp=0.49 ps, which is very close to the average period
the noise, the validity of E¢3). We thus suggest the use of €stimated in Sec. IV B from the shape G(r,t) in the 8

n(r) as the quantity to look at when checking E§) via
simulations. The apparent dependence of the effettiom
r will be discussed in more detail in the following.

C. Mean-square displacement and non-Gaussian corrections

We show next the mean-square displacem@&sD) of
the oxygen atomsr2(t))={(|r(t)—r(0)|?), for all tempera-

region. We believe that such agreement supports the view
that the overshoot iqr?) is a manifestation of significant
quasiharmonic motion in the cage. It would be very valuable
to perform a comparative analysis of the presence of an over-
shoot in(r?) with the shape of the confining potential, cal-
culated fromG¢(r,t), in different systems. If the presence of
an overshoot i{r2) is connected to the molecular harmonic
motion in the cage, and if this harmonic motion evidenced in

tures studied, in Fig. 8. This is the second spatial moment aothe single-molecule dynamics is the manifestation of a col-
G4(r,t). Curves have been plotted on a log-log scale in ordetective harmonic oscillation in the disordered system, then

to better display the flattening-out behavior(of) at inter-
mediate times. All curves have an initiefl region, describ-
ing the ballistic regime. At highT, the ballistic region is
followed by the usual diffusive linear dependence.iklow-
ever, as already suggested by the behavioGg(r,t), for

the overshot ofr?) could be related to the presence of a
significant fraction of harmonic modes. The corresponding
signature in frequency may be related to the boson-peak fea-
ture, as proposed recentI@5]. The study of the collective
dynamics of liquid water supported by a normal mode analy-

low T an intermediate region develops whéré) remains sis of the corresponding configurations will help in clarifying
almost flat. Molecules appear to be trapped in a cage for this important issue.
considerable amount of time before starting to diffuse. In- In Fig. 9 we show the MSD for the oxygen atoms in ice
deed, for the lowest temperatur(e?) becomes almost flat and in the liquid at three selected temperatures. As expected,
for three decades in time. During this time, no significantthere is no diffusion for oxygen in ice. It is interesting to
diffusion is present. Molecules vibrate and diffuse mainlyobserve that there is no substantial difference in the short-
within the cage. From the value ¢f2) at the plateau, we time dynamics of water molecules up to 0.25 ps in the liquid
estimate the radius of the cage to be about 0.05 nm, vergnd in the solid. The plateau of the MSD of ice starts at a
slightly T dependent. Note that the onset of the cage effecglightly smaller cage of radius of 0.052 nm, as compared to
appears always at the same time, 0.25 ps, regardless of tetie 0.055 nm at the lowest temperature we studied in the
perature. This is completely analogous to the correspondintiguid state.
result obtained by Kob and Anders¢h5,16 for a binary The values oD extracted from the asymptotic behavior
mixture of Lennard-Jones spheres close to the glass trang¥f MSD are shown in Fig. 10 together with the fitted curve to
tion. While (r2) is constant, no significant structural changesthe power-law temperature dependerize Do(T/T,—1)".
happen in the system. Thus, for a long time, the system i¥Ve also show the values @ from [30]. For both isobars,
frozen in a particular configuration. For longer times, thethe temperature dependence Dfis well described by a
onset of diffusion allows for structural relaxation. power law, as in real experimerit38]. T, andy are pressure
We note also that at low, (r2) shows a small bump for dependent. We find the values 2.7 and 2.3+fand 186 and
times around 0.35 ps. Such a bump has been tentatively a$99 K for T, for the two isobars. We find that on increasing
sociated with the so-called boson peds,19 or with a  the pressureT. decreases, so that the ideal glass transition
finite-size effec{15,36. We recall that in a harmonic solid, line has the same slope T as the TMD and the liquid-ice
even for the simple Debye model with a single Debye fre-equilibrium line. The difference betwe€l, and the corre-
quency wp=2m/Tp ,{r?(t))~1—sin(wpt)/wpt [37], i.e., it  sponding TMD is always about 50 K. We note also that the
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FIG. 10. Temperature dependence of the diffusion coefficient

D for two isobarsd are from Table | andD from [30]. Full lines FIG. 11. Non-Gaussian parameies(t) as a function of time

are pow2e7r3-|aw fits, respectively,zzgiven byD_=_13.932(T/ for all temperatures studied. The inset shows Théependence of
198.7-1)"" and D=7.39(1/186.3-1)"", whereD is in cm”/s  the position of the maximurn, _ to highlight the power-law de-

andT is in K. pendence oif/T,—1. The full line is a power law with exponent

2.5.
difference betweeTg and the TMD in real water is also

about 50 K. Henceforth, we suggest the possibility of inter- rved in the region where?) is almost flat ting that
preting Tg as the temperature of structural arrest. The differ->€"v€ Id E €9 od ¢ SK‘: f a ?S ? » SU9Qes gt a
ences iny between the two simulated isobars are consistentama COU'd b€ Used to define he-relaxation regiona(t)

with the experimentally observed sensitivitypbn pressure  for the three lowest is reported in Fig. 12 on a log-log
(see Ref[38]) and with MCT. Indeed, according to MCT, Scale. The rise ok,(t) can well be represented by a power

. . . . H : P 0.4 fati
y depends on the specific point of the glass transition lindaW in time, i.e.,a,(t)~t™* although the small variation of

T.(P) approached. a,(t) does not allow a definitive conclusion on this point.

From Fig. 5 we see thab(r,t) is apparently a Gaussian Analysis of the behavior ofa,(t) for different systems
function in space only for early times. To quantify the degreewould be very valuable. In particular, it has been proposed
of non-Gaussianity we calculate the so-called non-Gaussiaat the initial rise ofa,(t) at differentT obeys a master

parametersy,(t). a,(t) are defined by curve in time[16]. Data in Fig. 11 support this finding.
To continue testing the space-time decomposition, we

3(r2n(t)) 2n+1)N study the behavior ofr"(t)) in the 8 region.(r"(t)) are the
an(t)= co(r2()" ™ =3 (1D 1 moments ofG, and should thus also follow a von Sch-
weidler law [Eq. (3)] exactly asG¢(r,t). We find that the
We note that, as found in several previous simulations ofmoments are well described by E@), with a b exponent
liquids close to the glass transitigB86,39, a,(t) increases thatisT independent for all thath moments of54(r,t) with
significantly in theg region and reaches its maximum when an apparent exponebtvarying from 0.7 for(r?) to 1.1 for
diffusion starts to be significant. For longer times(t) goes  (r*) and 1.4 for(r®). Because different moments weight
back to zero. This is expected because for long timeslifferentr regions, this finding supports the hypothesis that
G4(r,t) has to go back to a Gaussian shape whose variandee apparer exponent i dependent. In this case too using
is controlled by the diffusion coefficiem. Figure 11 shows
the behavior ofw,(t) as a function ofT. The time at which
ay(t) is maximumtamax is also indicated by arrows in Fig. 8. 10

We note that in the case of SPC/E wates(t) increases
significantly in theB region, much more than it was ob-
served in some of the previous simulations of supercooled
liquids [36,39,4Q. The increase i, observed here is com-
parable to the one calculated for a binary mixture of
Lennard-Jones by Kob and Anderdé’]. We also note that

te has a power-law dependence ®r T*, as shown in

the inset of Fig. 11. The apparent exponent of Thdepen-
dence Oftamax is 2.5, which is close to the value of 2.7

Scaled ¢,
=

found in theT dependence ob. A slight change inT* or 10 10 10 10 10 10

the restriction of theT range to the five lowesT would Ve

allow a fit Oftamax with an exponent 2'7t'amax could be used

to locate the glass transitid23]. FIG. 12. a,(t) as a function oft/t,, in log-log scale, for the

Note that on cooling the system the dynamics becomesgree lowestT studied. Note the apparent power-law region for
more and more nonergodic. The increaseagft) is ob-  t<t,,, with slope 0.4.
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FIG. 13. Behavior of the first three even momentsgfr,t) as
a function of time in theB region for T=206.3 K. Full curves FIG. 15. F4(Q,t) vs time for differentQ values afT=209.3 K
describe a third-order expansion in powers'bfsee Eq(10)] with (from top to bottom, integer multiples of 3.3 nM). Solid lines are

b=0.5. calculated according to E@13).

a second- or third-order expansiontfhas in Eq.(10), we are  that for all T investigated Fs(Qumax.t) decays to zero in the
able to fit simultaneouslyr?),(r*), and(r®), with a single  long-time limit. This confirms that the simulations were long
value b=0.50=0.05. In Fig. 13 we show(r?),(r*), and enough to guarantee the complete decay to zero of the test
(r® and the best fit for the lowedt. particle thermal fluctuations, i.e., that all simulations were in
the liquid state and in equilibriunt¢(Qmax.t) also shows the
presence of three different regimes, the initial one character-
ized by a fast decay, followed by a plateau region and by a

We now move to the incoherent intermediate scatteringinal decay to zero. Figure 15 shows tiedependence of
function F¢(Q,t), the spatial Fourier transform of the Van F_(Q,t) at one selected temperature.

D. Intermediate scattering function

Hove self_—correlation functioGS(r,t)..Fs(Q,t) can be mea- For very early timesF4(Q,t) decays following a qua-
sured by incoherent neutron-scattering experiments. Previougatic dependence on time, characteristic of the ballistic mo-
works on the behavior ofF4(Q,t) in simulated watef41—  tion. The initial part of the decaftime shorter than 0.25 ps

43|, although based on a rather limited simulated time scalgs well representedsee below by

(up to 10 ps at mostand limited temperature range, have

shown that(i) the intermediate scattering function for the FS(Q,t)=[1—A(Q)]e‘(”fs>2+A(Q). (12
center of masE¢(Q,t) is non-Gaussian except at short times

[41], (i) at room temperature the diffusive behavior of waterThis is not surprising because we have seen already that
molecules is not describable by a discrete jump diffusiona,(r,t) is very small in this time range. Moreover,
[41,43, and(iii) the decay oF {(Q,t) has a fast and a slow F(Q,t), both for ballistic motion and for vibrations in a
component, the time scale of which becomes increasinglfiarmonic potential, is described by a Gaussian function in
disparate upon supercoolifg3]. space20].

Figure 14 shows th@ dependence oF {(Qmaxt)- Note At intermediate timesF¢(Q,t) is slowly varying, con-
firming the existence of a time region where no significant
structural changes are observed. In this time region, mol-
ecules have already explored all the space in their cages, but
the very slow cage rearrangement prevents the exploration of
space outside the cage.

For long timesF¢(Q,t) decays in a nonexponential fash-
ion. We fit the whole curve rather well by the equation

F(Q.H)=[1-A(Q)le ¥+ A(Q)e U’ (13

in which the initial decorrelation associated with the motion

in the cage is followed by a stretched exponential decay.
Full lines in Figs. 14 and 15 are fit to the data according to

Eq. (13). From the fitting procedure we find thag is rather

t (ps) constant and of order 0.15 ps. It has a very wé&altepen-

dence as expected\(Q) is well described bye 2R3,

FIG. 14. F(Qmaxt) Vs time(symbols are the same as in Fig. 8 wherea is of the order 0.056 0.003 nm, slightly increasing
Solid lines are calculated according to Ef3). on increasingr. Figures 16 and 17 show the values obtained
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o ] ] FIG. 18. Comparison between the time dependendes(®,t)
from the fit, in bothT and Q, for the two most interesting .4 the Gaussian approximatieﬁ02<r2(l)>/6 at T=206.3 K, forQ

parameterg and 7. We note thaj3 starts from 1 at small gqua to odd multiples of 3.3 nit. Note how the Gaussian ap-

Q and goes to 0.5 at higQ vectors. There is also a weaker proximation is worse on increasir@.

dependence om, suggesting thaB increases on increasing

T. ThisQ andT dependence o8 is what one would expect presents * seems to cross from@?2 to aQ behavior. Note

for a phenomenon that happens on a well-defined lengtihat aQ? dependence has been observed for glycerol close to
scale. When the inverse of ti@@ vector is much bigger than ;g glass transitior{44]. At low T, 7, is bigger than one
the cage §ize, the slow dynamics evidenced by the stretchgghig expect if diffusion were the only mechanism. This
exponential ceases to be relevant. On large distances, comgggests that on short length scales diffusion is slower than it
pared to the cage dimension, diffusion is normal and th&yould be, suggesting the presence of anomalous diffusion
decay of self-density fluctuations goes back to the usual €x5yer small scales. It should be noted that we do not find
ponentiale °?™ form (i.e., B=1). Similarly, on increasing 7~Q~ 22 at largeQ and smallT, as was observed, e.g., in
the temperature, cages break and reform on a faster rate agthss forming microemulsions and polymer mdl,46.

the convergence of the stochastic process to a Gaussian This difference probably stresses the highly non-Gaussian
faster. We look next te; . 7; indicates the time it takes for a behavior of the dynamics in SPC/E water. Indeed, the behav-
self-density fluctuation to die out over length @ %, i.e., jor 7,~Q %% is expected wherG4(r,t) is a Gaussian in
the time it takes a molecule to diffuse over distances of ordegpace with a variance growing &%

QL. For large distances and dll the leading propagation To complete the picture of self-motion in water, we dis-
mechanism is diffusion, which implies that=(DQ?) . cuss the role of the non-Gaussianity in the decay of
For small distances, at high, we still observe th&)? be-  F(Q,t), which can be formally expanded F20]

havior, in agreement with the fact that,(t) is not very
large. From Fig. 17 we observe thaDQ?=1 at lowQ and

high T, while at highQ and lowT significant deviations are

FiQ=e @71+ %az(t)[QZm(t)]z

1
10 — — glas(®=3ax(O[Q%py ()| +---, (19
1 vv r
100 ¢ . quqdq 70 50 wherep,(t) =.(r(t)2>/6. anda, are given in Eq(11). In Eq.
0" s 7 oa <AAAAA o (14) the leading term is a Gaussian functionGn The lead-
i VT .t 2 iy o o ing term at differentQ vectors is shown in Fig. 18 and com-
S5 < & o ooz\:ﬂj ] 2_3 i o b pared with the actuaF4(Q,t). As discussed above, we see
e 8 o 50" e °L 00 that the Gaussian approximation represents the data well at
10" o 4 007 ] © g g o ; 5 4 4 small Q for all times. At largerQ the decay deviates more
© 1 Besd % and more from the Gaussian behavior, starting from ghe
107 © ‘ ‘ ‘ region. In Fig. 19 we show the first four approximations in
10, 0 10 20 30 the expansion of Eq.14). We note that the convergence is
Q (nm ) Q (nm )

very slow and nonmonotonic, preventing the possibility of
measuring unambiguously,(t) from the Q dependence of

FIG. 17. Results from the fitting procedure for the parameter™s(Q.t) [23].

7. The left panel shows th® dependence of; at all temperatures
(symbols are the same as in Fig. &he right panel showB Q?7,
as a function ofQ. Note that at lowT and highQ,DQ?r, increases

linearly, suggesting that,~Q ™.

We also note that the bump y(Q,t) observed around 1
ps comes from the presence of a minimun{iiA(t)) at the
same time. Oscillations ir?(t)) are thus responsible for the
oscillations observed ifr¢(Q,t). A bump in F4(Q,t) was
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approximations in the expansion of Ed4) at T=206.3 K.

FIG. 21. Fit in the lateB region of F4(Q,t) for different Q
observed in recent simulations of orthophdB8ib], Lennard-  values(from top to bottom, integer multiples of 3.3 nrh for the

Joned15], and others deeply supercooled liquid3,34. As  smallest temperature studied. Lines are a simultaneous fit to all
discussed in Secs. IVB and IV C, we attribute oscillation incurves according to a third-order expansiorFgfQ,t) in powers of
F(Q,t) to the almost harmonic motion of molecules in thet” [see Eq(10] with b=0.5.
cages.

We now come to a more detailed study of the behavior ofrom thet dependence of the correlators in aeegion and
the correlatoF((Q,t) in the lateg region. As discussed in one from theT dependence oD. The resulting b,y) pair
Sec. |I, all correlators are supposed to decay as a power la@btained for SPC/E water is shown in Fig. 1. The agreement
with the von Schweidler exponeit [Eq. (3)]. Figure 20  between our calculated value and the theory is surprisingly
shows that, for all low temperatures such that aegion is  good. We note in passing that the valuebotalculated from
clearly established, the fit with a power law is superior to thea third-order fit in power ot of the time dependence of
stretched exponential form. TH@ dependence ob is in-  several correlators in the lat@ region coincides with the
stead at odds with the predictions of MCT. We find that theapparentb obtained by fitting according to the von Sch-
apparent exponerit, as calculated from fitting the time de- weidler law whenQ= Q4. The choice of the value df at
pendence of4(Q,t) in the 3 region, apparently decreases Qmaxin comparing the MCT relation E6) and the numeri-
on increasingQ. It goes from the value 0.7 at the smallest cal or experimental results often has been assumed implicitly
Q down to about 0.3 at higi). At Q. the value of the in several previous studies.
effective b consistently is given byp=0.50+0.05. Again,
using a three-term expansion, a simultaneous fit of all curves

E. Rotational dynamics
gives a single valud=0.50+0.05, independent oQ, as

. In the previous subsections we have presented the trans-
;snhovg 'Cv;g' aﬁi&ngtggtcersais: (;fthfe?,?fuzbegggﬁgﬁgﬁ_ OfIational properties looking at the motion of the oxygen at-

9 . P oms, very close to that of the center of mass of a water
Lennard-Jones mixtures close to the glass transjtlai

: . molecule. In this subsection we analyze some aspects of ro-
As discussed in Sec. Il, the exponehtandy are related Y P

. tational motions of the molecule. We focus our attention on
by MCT. We measure independently both exponents, ON& & motion of the dipole vectqn

i.e., on the time evolution
of the angled(t) =cos [(u(t)- u(0))/{ u(0)- m(0))]. The

0.85 _ first two angular correlation functions
- Ci(t) =(P[cosh(1)]), (15
0.80 |
. whereP, is thel-order Legendre polynomial, are experimen-
“t»é tally measurable quantities. In particul&@;(t) can be mea-
o 075 or=2063K sured by dielectric relaxation experiments ag(t) can be
3 D T=209.3 K
= o To213.6 K measured by NMR.
0.70 L power law The time evolution ofC,(t) for supercooled SPC/E water
' —— stretched exp shows also a two-step relaxation scenario. The initial relax-
\ \ ation (t<1 p9 is modulated by the librational motion of the
0.65 : b A A water molecules. The initial decay is followed at Idwby a
1 10 100 1000

plateau region and in the end by tle relaxation decay.

Figures 22 and 23 show the behavior@f(t) andC,(t) as

a function of time for allT. We find that the slow relaxation
FIG. 20. Comparison between the stretched exponential and théan be well described by a stretched exponential decay. The

von Schweidler law in thg region. Full curves are compared with exponentg increases on increasing temperature. The results

Fs(Qmaxt) at the three lowest temperatures. of the fit to a stretched exponential behavior forl ps are

t (ps)
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TABLE II. Stretched exponentialfe™(/7?) fitting parameters
of the dipole moment autocorrelation functioBg(t) and C,(t).

T (K) A B 7 (ps)
Cy(t)
284.5 0.884 0.957 0.85410"
258.5 0.903 0.918 0.23610°
238.2 0.916 0.907 0.745107
224.0 0.922 0.877 0.24310°
213.6 0.928 0.841 0.12210*
209.3 0.933 0.816 0.29810*
206.3 0.941 0.776 0.75510"
t (ps) Ca(t)
284.5 0.690 0.904 0.36410"
258.5 0.769 0.826 0.85310"
FIG. 22. Dipole moment autocorrelation functi@y(t) as a 53g2 0.808 0.763 0310
function of time for allT studied(symbols are the same as in Fig. 2240 0.814 0.755 0.10610°
oo S onentel o 7L P 13 oz oms oo
209.3 0.838 0.702 0.14610
206.3 0.845 0.677 0.42510°

reported in Table Il. We note that the decay time3aft) is
close to the decay time &f(Qnaxt). This suggests that an-
gular decorrelation happens on the same time scale of diff

sion over distances of the ord€,., i.e., over nearest- U[lﬂ' In this regard, the apparent power-law increase of the
transport coefficient in liquid water on supercooling is traced

neighbor distances. The breaking and reforming of cages 18" the formation of cages and to the associated slow dynam-
the bottleneck for both rotational and translational diffusion.. . )
ics resulting from the presence of long-lived cages. In other

;Te ;astt:; g;‘;t)(iﬁgt) n:cc))lllgc\;l\lljsl'e;hii i:m:s pgﬁirr?n ﬁriggrte) d ro,[vv_ords, the divergence of transport coefficients does not need
99 ges p £ rely on a thermodynamical instability, either connected to

tions (librationg. Rotations within the cage would indeed i :

. X - the reentrance of the gas-liquid spinodal or to the presence of
require the breaking of at least three hy(_irogen bands, Wh'Cr};t critical point at high pressure and low temperature. The
due to the HB strength, is a process with a very low prob- . : o

o SPCI/E behavior described in this work thus supports the re-
ability [31]. . . e .
cently presented thermodynamic analysis of liquids with a
negatively sloped TMD in the absence of singularifies
V. DISCUSSION AND CONCLUSIONS It is important at this point to stress that the finding of this
work could easily be tested by performing QENS experi-
kinetic al ition 50° below the TMD. Th lecul fifents. Indeed we found that the detailed shape of the slow
g Inetic glass trﬁmsnmn q feovgt i id : i edml\c/)lgszru afrrelaxation part of thé=4(Q,t) can be described very accu-
ynamlcsl '3 IV.VG . daccounte " or by .t te : e? |t_ze £ 1h 0 rately by a stretched exponential decay around and above
supercooied liquids, suggesting an interpretation of the so max- It IS remarkable to observe that @t,,, the slow re-

called Angell temperature as the critical temperature of MCTIaxation is already clearly visible at 12° below the TMD,

which is easily realizable in a QENS experiment of bulk
water. Unfortunately, in a previous QENS experiment of su-
percooled bulk water the instrumental resolution used was
84 u eV, which did not allow one to clearly see the line
shape characteristic of the stretched exponential relaxédion
Cole-Cole dispersion functior{48]. The T dependence of

B at Qax Can also be tested, as well as alependence of

7 and its crossing from &2 behavior at smalQ to a Q
behavior at highQ at low T.

The scenario described above bears a strong resemblance
to the results of MD simulation for the mixed Lennard-Jones
spheres carried out recently to test the MCT of kinetic glass
. transition. In this respect, the prediction of the idealized

MCT seems to be robust, and able to describe fragile liquids
t(ps) [49], for molecules interacting via spherical as well as highly
directional potentials. It is indeed surprising that a simple

FIG. 23. Dipole moment autocorrelation functi@y(t) as a  Lennard-Jones system, in which molecules are confined in
function of time for allT studied(symbols are the same as in Fig. cages with a large coordination number, behaves, close to its
8). Full lines are fit to a stretched exponential form, forl ps.  glass transition, similarly to a tethrahedrally coordinated sys-
Fitting parameters are given in Table II. tem, like SPC/E water, in which the cages are formed more

We have presented evidence that SPC/E water undergo

1.0 i

0

107 107 100 10
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by the deep hydrogen-bonding potential than by theA size-dependent study would be very valuable. This not-
excluded-volume constraint. withstanding, we would like to stress that even such a small

The dynamics in SPC/E water is seen to be characterizesystem shows all the characteristics predicted by MCT, as
by (i) a fast and a slow relaxation procegs) the presence dlscusseql in t_he previous  sections. In particular, the
of a time region in which dynamics is self-similar in time. B-relaxation region is very clearly observable. All the quan-
[In this region, correlations decay as a power law whosdities studied show the predicted power-law behavior in time.
range of validity isr dependent. The range of validity of the Thus, even such a small system is able to generate the sel-
von Schweidler law is maximum for distances close to theSimilar dynamics characteristic of th region. This could
first neighbors shell o® values close to the maximum of the Suggest that the relevant length scale in the glass trans[tlon
S(Q)], (iii) a late-time region whereC(t) decays as a Phenomenon does not extend beyond one or two coordina-
stretched exponentiathe value of the stretching exponent tion shells, at least for water. _
B is T and Q dependent and (iv) the divergence of the Before concluding we wish to review the results of a re-
smallQ relaxation times as a power law Tiwith an expo-  ¢&nt MD study on single-particle diffusion in wafio] per-
nent y that is the same as that of the diffusion coefficient.formed using the ST2 model potential. The studied region is
Furthermore, the relation betweep and the exponenb, ~ theP=80 MPa isochore foll between 250 and 350 cor-
calculated in the self-similag-relaxation region, is in agree- €sponding to densities 0.87-1.0 gfymAlong such an iso-
ment with MCT predictions. chore, the TMD is 3110 K. For T larger than 260 K

As noted in Ref[44], points (i)—(iii) by themselves are (2gain 50 K below the TMD the diffusion process was
not sufficient for validating MCT. Glycerol has indeed a found to be continuous, but controlled by hopping below 260
two-step relaxation, characterized by dndependent short- K. In the ST2 model, at lowr’, D follow an Arrhenius law,
time decay followed by a stretched exponential decay, puyvith an activation energy of about 115 kJ/mol, a value close
relations betweery andb are clearly not fulfilled. We thus (O the breaking of four hydrogen bands. AboVe260 K,
consider particularly interesting the finding of poii). D seems to increase almost linearly withlt is well known _

The picture we get from this study is that the system goe§hat the ST2 potential gives a much more structured I|qU|_d
back to a “normal” behavior for distances much bigger thanthan SPC/E, so that similar structural and thermodynamic
the cage size. Indeed, we find that for sn@Jlthe stretched guantities are observed tshifting the state point by more
exponential behavior tends to the usual simple exponentigh@n 50 K[7]. One possible explanation of such a difference
behavior, diffusion becomes normai,,‘l scales agQ?, and is that when cages start to form in STRT is still large
the Gaussian approximation fdF(Q,t) becomes suffi- enough to activate a significant fraction of molecular jumps,
ciently good to represent the datas. At a sn@liector, the preventing the possibility of observing the approach of the

presence of a nearby ideal glass transition appears only VEnetic. glass transition, and io observe both t'he power-law
the T dependence db and ehavior of D and the stretched exponential decay of

Studying the shape of the self-Van Hove correlationFS(S’t): Indehed,latT=260 K,ﬁ\c/vf:;:;r/e dyfnz:]r_nic_s (r:]hange in
function in theB region, we have found that molecules un- ST D Is rather large (0.X10"%crrr/s). If t Is Is the case,
dergo harmonic motion within the cage or, in other words,2 detailed comparative study of the dynamics in these two

the shape of the confining potential is significantly harmonic Mdels could shed light on the origin in the differences be-

We have shown that such harmonic motion manifests itselfV€€n strong and fragile liquidgi9] gnd on the propqsed
in an overshot in(r2(t)) and in oscillations iF(Q,t) for transition between these two behaviors on supercooling wa-

early times {<1~3 p9. In this regime, the dynamics is ter [51]

significantly Gaussian, as expected for ballistic motion, har-

monic oscillations, and diffusion in a harmonic potential

[37]. This kind of analysis may offer a way of testing the P.G. acknowledges financial support from the Foundation

proposed relation between the effective shape of the cagelancleflor Boncompagni-Ludovisi. The research of S.-H.C.

potential and the so-called boson p¢ak]. is funded by the U.S. Department of Energy. The research of
We also note that the system studied in the present work.S. and P.T. is supported by GNSM/CNR and INFM/

is composed of only 216 water molecules; the larger systenMURST. F.S. thanks C.A. Angell, W. Kob, W. &=, and

we managed to study due to the very long simulation needeR. N. Mantegna for useful discussions and/or comments on
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