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Dynamics of supercooled water in configuration space
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We study the potential energy surfa@ES sampled by a liquid modeled via the widely studied extended
simple point chargédSPC/B model for water. We characterize the curvature of the PES by calculating the
instantaneous normal modNM) spectrum for a wide range of densities and temperatures. We discuss the
information contained in the INM density of states, which requires additional processing to be unambiguously
associated with the long-time dynamics. For the SPC/E model, we find that the slowing down of the dynamics
in the supercooled region—where the ideal mode coupling theory has been used to describe the dynamics—is
controlled by the reduction in the number of directions in configuration space that allow a structural change.
We find that the fractiorf 4, of the double-well directions in configuration space determines the value of the
diffusion constanD, thereby relating a property of the PES to a macroscopic dynamic quantity; specifically, it
appears that/D is approximately linear if 4. Our findings are consistent with the hypothesis that, at the
mode coupling crossover temperature, dynamical processes based on the free exploration of configuration
space vanish, and processes requiring activation dominate. Hence, the reduction of the number of directions
allowing free exploration of configuration space is the mechanism of diffusion implicitly implemented in the
ideal mode coupling theory. Additionally, we find a direct relationship between the number of basins sampled
by the system and the number of free directions. In this picture, diffusion appears to be related to geometrical
properties of the PES, and to be entropic in origin.
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[. INTRODUCTION sian, the matrix of the second derivative of the potential en-
ergy, with respect to the molecular coordinates. In a liquid
Computer studies of models of liquids have focused orstate, the eigenvalues of the Hessian matrix are generally not
the slowing down of dynamics approaching the glass transiall positive; the negative eigenvalues indicate a downward
tion [1], and on the role of the structure of the configura-curvature of the PES, i.e., indicate unstable directions for the
tional space in the supercooled staff@s7]. Weakly super- system. Previous studies using the INM formalism indicate
cooled states, in which the dynamics are four or five ordershat the number of directions with negative curvature is re-
of magnitude slower than in normal liquid, have been thor-duced on cooling, and this has motivated theories that relate
oughly investigated via computer simulatiof-12]. The  diffusion in liquids to the INM density of stat¢24,25. Low
time dependence of several correlation functions has beelemperature liquid dynamics involve the superposition of fast
evaluated over time intervals spanning more than five ordersscillations around quasiequilibrium positiorigtrabasin
of magnitude. These correlation functions have been commotion and the rearrangement of the system between these
pared[13,14], without fitting parameters, with theoretical positions(interbasin motioin[26]. The typical oscillation pe-
predictions based on the ideal mode coupling théab} for  riod is much shorter than the typical time needed by the
supercooled liquids. The outcome of these studies suggestystem to rearrange itself, i.e., the structural relaxation time.
that the ideal mode coupling theory adequately describes th&lM theories for diffusion relate the diffusion of the system
long-time dynamics of weakly supercooled states, even iro activated processes of interbasin motion in configuration
network-forming liquidg10,12,16—18 space. In this respect, the imaginary modes are considered
Parallel studies on the potential energy surfdP&S representative of the barriers crossed when the system
probed by the liquid are also contributing to the understandehanges basins.
ing of the origin of the slowing down of the dynamics. These More recently, it has become clear that the information
approaches have called attention to various aspects of tfmntained in the INM density of states requires further pro-
PES, including the progressive deepeniBgl9| of the po- cessing before being unambiguously associated with the
tential energy of the local minimg20] visited by the liquid  long-time dynamic$27-30. More specifically, one must se-
on cooling and the progressive reduction of the number ofect the imaginary modes that are actually related to diffusion
local minima and their connectivity21,22. in configuration space. This detailed analysis has recently
One approach to understanding the role of the PES is tbeen carried out in a few systerf&7]. At the same time, it
study the connectivity between different local configurationshas been found that, in the appropriate temperature range,
using the instantaneous normal mdtéM ) formalism[23]. activated processes are not required for structural rearrange-
Analogous to the standard normal mode theory for solids, ament, and diffusion can occur via exploration of low poten-
instantaneous normal mode is the eigenfunction of the Hegtal energy pathwayg5,22,29. This mechanism—which
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we refer to as “free exploration in configuration space”— diagonalization of the Hessian matiik(the 6N X 6N matrix
appears to be the dominant mechanism for diffusion inof second derivatives of the potential energgnd the eigen-
weakly supercooled states. It has been hypotheg@@dhat  values of the Hessian are the squares of the corresponding
the reduction in the number of directions allowing free ex-frequenciesw associated with each mode. Typical liquid
ploration of configuration space is the mechanism of diffu-configurations are not local minima of the potential energy.

sion implicitly implemented in the ideal mode-coupling Therefore not all the eigenvalues of the matHxwill be
theory (MCT) [15]. The crossover between MCT dynamics positive.

and activated dynamics asis decreased toward the MCT = One can interpret a negative eigenvalue as the square of

critical temperature would be related to the Vanishing num-an imaginary frequency, and carry on the ana|ysis in ana]ogy
ber of directions of free exploration on cooling. Indeed, awith what is done for solids. The INM can be classified as
recent calculation of the location on the PES of thesest  stable (the modes corresponding to a real frequénapd
saddle [21,31] suggests that, in the weakly supercooledynstable (the modes corresponding to an imaginary fre-
states, the ordd82] of the closest saddle decreases and apguency. If the eigenmodes of the system do not decorrelate
proaches zero at the MCT critical temperature. In this pic-with time, then modes with real frequency would correspond
ture, diffusion appears to be related to geometrical propertieg a stable oscillator cosf) while modes with imaginary
of the PES and hence, to be entropic in origin. frequency would exhibit unstable growth cost(

In this paper, we report an extensive INM study of arigid  The short time dynamics can be rebuilt from the knowl-
model for water, the SPC/E33,34. We study in detail the edge of the INM's[37]. The average density of states
supercooled region of this potential for 30 state poif@s (m(w)) can be decomposed as the sum of the density of

different densities and 5 temperature8 preliminary ac- states( ) for stable modes and the density of states)
count of some of the present results has been published ¥y unstable modes,
Ref.[22].

The reasons for selecting the SPC/E potential are twofold. 6

(i) The structural, dynamic, and thermodynamic proper- <7T(w)>=<2 > 5(w—wia)> =(m+(my). (1
ties of the SPC/E model have been studied in detail, and it '=hest
has been found that the model reproduces the anomalo%s convention, thémaginary frequency modes are repre-
pressure and temperature dependence of several quantities){ ted t" f . A . .
In the region studied, the SPC/E dynamics follows closelySen €d asegalivelrequencies, so-w represents an imag
the predictions of MCT[12,1€. Several properties of the nary frequency modew.
PES have been calculated, and recently the T) depen-
dence of the configurational entropy has been calculated, and B. Instantaneous normal modes and topology of the PES

shown to correlate with the dynamic behavi6i. In the very early INM studie§25], directions in configu-

(i) As observed experimentally, the SPC/E model has §ational space with negative curvature were associated with
maximum of the diffusion constar? upon compressing at jffusive directions, i.e., with directions along which the mo-
constant temperatuf@5]. The maxima in the diffusion con-  on of the system produces a structural change in real space;
stantD can be exploited as a sensitive probe for testing proyy configuration space, a structural change corresponds to a
posed relations between the change in topology of configushange of basin of the PES. The total fractignof unstable
ration space and the changeDnallowing identification of a  gjrections(were the subscrip stands for unstabjéhas been
precise correspondence between diffusion and PES propefsiated toD [23]. It was realized that even for configurations
ties. _ ) _with virtually no diffusion, e.g., deeply quenched glassy con-

The paper is organized as follows. In Sec. I, We revieWsigyrations or even crystalline statd€8,30,3§, a non-
the INM formalism that we employ. In Sec. lIl we give the negiligible number of imaginary modes is still present, dem-
computational details. We present the results in Sec. Vpnstrating that anharmonicities in the potential energy
which is divided into subsections detailing the INM density contripute to the fraction of unstable modes. Thus the infor-
of states and the relationship to dynamic properties. In SeGnation contained in the INM density of states requires fur-

N

V we present the conclusions. ther processing before being unambiguously associated with
the process of diffusion.
[l. INSTANTANEOUS NORMAL MODES Many methods have been proposed for separating the dif-

fusive modegbasin changes in configuration spafrem the
nondiffusive modegno basin change$27,28,38. One ap-
Instantaneous normal modes are defined in analogy witproach is to classify the modes according to their potential
the standard normal mode analysis for a solid. We consider energy profile(Fig. 1), and partition those unstable modes
system consisting ol rigid molecules at a given tempera- into two groups:(i) imaginary normal modes due to the an-
ture T and volumeV. As coordinates for alN molecules in  harmonicities(shoulder modes, with fractiof,) and (ii)
the 6N-dimensional configurational space we choose themodes along which the system is crossing a satitbeble-
center of mass position and the angles connected to rotationgell modes, with fractionf 4,) [28]. In order to distinguish
around the three principal axésee Ref[36] for a discussion between shoulder and double-well modes, the potential en-
on the effects of different coordinate choiteshe instanta- ergy profile is calculated along straight paths, which follow
neous normal modes are the eigenvectors obtained by thibe direction of the eigenvector. By calculating the energy

A. Definition of instantaneous normal modes
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FIG. 1. Schematic sketch of the possible shapes of the PES
associated with imaginary eigenvalues. Unstable modes are first
separated into shoulder and double-well modes. Furthermore
double-well modes are split into diffusivérue double we)l and
nondiffusive onegfalse double wejl

» FIG. 2. Schematic sketch of the pitfalls associated with the
straight path approximation, on calculating the energy profile.
Lower (uppe) sketch shows the case when the location of the in-
stantaneous configuration is close(far from) a saddle point. The
along this path, one can distinguish double-well modes fronfet effect _of the straight_path_ approxir_nation is an artificial rise of
shoulder modes. Although the INM eigenfunctions changéh€ Potential energy profile with negative curvature.
substantially in the process of calculating the energy profile
[39], the eigenfunctions used to obtain the profile are not Consistent with this picture is the fact that the calculated
recalculated along the path. difference SE [see Fig. 2b)] in the energy between the lo-
In a dense liquid, any straight direction in configuration cation of the point and the ridge is found to be much smaller
space will ultimately bring together an arbitrary pair of than kgT (wherekg is the Boltzmann constantThus the
neighboring atoms, and the repulsive force between therdouble-well classification is able to sort out the diffusive
will cause the energy profile to rise sharply with positive modes even if no physical meaning can be attributed to the
curvature. This rise of the potential energgue to the calculated straight-path approximation energy profile.
straight path approximatigmas two major consequenceés: Some researcherg30,40 have pointed out that even
some modes whose true energy proféwvaluated along a modes classified as double-well can involve intrabasin
curvilinear path, not a straight linevould suggest classifi- motions—which, if true, renders the classification based on
cation as a double-well mode will appear as a shoulder modghe straight-path energy profile problematic. As shown in
[Fig. 2(@)], (ii) the energy profile of double-well modes is Fig. 1, the steepest descent patbimrting from the two dis-
strongly affected by the straight path approximatidfig.  tinct one-dimensional minima detecjeshay indeed lead to
2(b)]. Indeed, both the estimation of the location of thethe same local minima. To remove such spurious nondiffu-
minima and of the saddle barrier heights are underestimateslve contributions td 4,,, Gezelteret al. [30] suggested that
by the straight path approximatig@4. a minimization starting from the two apparent minima must
These features—which apparently weaken the INM apbe performed for each double-well mode. According to this
proach and seem to question whether the INM analysis camethod, the double-well mode under study is considered
predict characteristic structural times in the system—are addiffusive only if the procedure leads to two different minima.
tually quite useful. In fact, they select the directions along An alternative way of distinguishing diffusive double-
which the system is very near to a saddle and hence thwell modes from nondiffusive modes is based on the local-
directions along which a basin change is happening. Thergzation properties of the eigenvectors. Bembenek and Laird
fore, despite the error inherent in the straight path approxif28] have suggested that modes that are nonlocalized are
mation, fg, is a meaningful quantity that correlates well diffusive. To support their hypothesis, Bembenek and Laird
with D. have studied the participation rafx, of each modex [41].
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In studying the size dependence pf in a soft-sphere 0.008
system, they have been able to distinguish diffusive nonlo- (a) ;:fggg
calized modes from nondiffusive ones. In their model they 0.006 o T-230K
indicate that the estimated liquid-glass transition is associ- AT=240K
ated with the temperature below which all the unstable 0.004
modes become localized, and that the crossover between
stable and unstable modes occurs at a nonzero imaginary
frequency. Unfortunately, due to a limitation in computa-
tional resources, they associated this localization transition
with falling out of equilibrium, rather than with a crossover (b)
in the dynamics at the mode coupling temperaf@&. This 8 0.006
type of analysis is very time consuming, since it requires &
finite-size studies that are not feasible for the complicated s 0.004
potential and the long trajectories that we study here. For this 'z
reason we have not applied the approach proposed in Ref. ™ 0.002 .
28 0 St N
* p=1:05 g/cmz
IIl. COMPUTATIONAL DETAILS 0.006 | (c) 53;385222
We study a system composed of 216 water molecules in- B> p=1.30 glem
teracting via the SPC/E potentifB3]. We analyze recent 0.004 |
simulations for six densities between 0.95 and 1.3 §/cm
and for each density five temperaturgs2]. To achieve 0.002 |
equilibration at the lowest temperatures and to generate in- 0 By . . . ‘
dependent configurations, we extended the molecular dy-
namics runs up to 200 ns, corresponding to 200 million in- =250 0 250 500 750 1000
tegration time steps. Simulation details are found in Ref. 0.003
[12]. der
For each state point, we extract 100 equally spaced con- % 0.002 - mf,
figurations from which we calculate and diagonalize the Hes- & ' Oof,
sian, using the center of mass and the three principal inertia s
momenta vectors as molecular coordinafdg]. We also Zz 0.001
compare the INM properties of the liquid with those of the -
crystalline statéice l,) at several densities. Details of the ice

simulations are given in Ref43]. 0
We diagonalize the Hessian matrix using standamhk -200 -150 _102 =50 0
routines[44]. For each unstable-mode eigenvector, we calcu- o (cm )
late the potential energy profile along the straight eigenvector
shoulder modes, and double-well modi28]. The modes are Water. (@ T dependence ap=1.0 g/cnd, (b) p dependence at

classified as shoulder modes when no second minimum 5=~ 210 K. (c) p dependence for SPC/E i¢g, and(d) density of
found within an energy range of 10 kJ/mol. states of the unstable modes partitioned into shoulder and double-

well modes aff=210 K andp=1.0 g/cni.

IV. RESULTS clear indication that there are many negative modes that are
not related to the system diffusion. Partitioning the DOS into
the contributions of the shoulder modes and of the double-
Water is one of the first liquids whose INM density of well modegshown in Fig. &d) for one selected state pojnt
stategDOS) has been calculated and for which thelepen-  we can identify a lower frequency cutoffo,|~30 cmi?
dence off , has been estimat¢#2,29,49. We show the INM  below which the density of states of the double-well modes
DOS for the SPC/E water in Fig. 3. The stable modes of thevanishes. This finding is consistent with previous observa-
INM DOS can be partitioned rather clearly into hinderedtions[25,38 that modes witfw|<|w.| do not contribute to
translations (below 400 cm?') and hindered rotations diffusive processes since they are mainly due to anharmo-
(above 400 cm'). The unstable modes are distributed nicities of the PES.
around a single peak at—60 cni ®. Figure 3c) shows Figures 4a) and 4b) show theT dependence of the aver-
also the DOS of the SPC/E itg where the translational and age frequencies of the unstable modes,) and of the
rotational bands are better resolved. We note that, even in thdouble-well modegwq,,). In the studied range of the phase
crystalline states, the number of unstable mofes, the diagram, both average frequencies increase monotonically
area under the negative frequencies peiakclose to the with T and withp. Hence, the anomalous density dependence
number of negative modes in supercooled liquid states, af D (i.e., the fact thaD shows a maximum ip) cannot

A. Instantaneous normal mode DOS
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100 10°
® @ p=09 g/Cl§13
O p =10 gfem O—OT=
90 | [&—@p=105gen’ (@) ; T_m <
A—A p=1.1 glem’ 00 LN —aT=220K
—dqp=12 g/cm h A—AT=230K
N—V p=13g/em’ \A\ <+—=<IT=240K
80 a
g B10° | %QQ A
= 5
70 ’QriL -
60 107 | \4 , 4
/ : LT
L . L 107 \ \ . .
0.00 0.01 0.02 0.03 0.04 0.05
v v S E (kJ/mole)
105 |+ FIG. 5. Distribution of the potential energy differené6& [see

Fig. 2(b)] between the energy of the starting configuration and the
energy of the one-dimensional saddle.

ment of the proton out from the oxygen-oxygen line, produc-
ing a breaking of the bond with an associated energy loss of
85 several kJ/mol and resulting in a dramatic increase of the
potential energy along the eigendirection followed. This in-
(b) crease in potential will result in a shoulder mode, as sche-
. . . . matically explained in Sec. Il B. Such a mechanism does not
75 210 220 230 240 exist in Lennard-Jones liquids, and so fewer shoulder modes
are expected. Hence it is possible that the distortion of the
T(K) hydrogen bond during the evaluation of the one-dimensional

<, >
N4
]

FIG. 4. T dependence of the average frequefayof the un-

stable modegw,) and(b) of the double-well modeéw g, - 10°
0.09 | 4—4—4*\\‘\ (4‘;; o
arise from thep dependence ofw,) and({wgy)- gt 55*311;13 110°@
As discussed in Sec. Il B, the energy profile reconstructed «= %97 | oot o D/’/Er e o R
along a straight path is very different from the curvilinear ”,rf(:,;*\: /(d) . 10 o
energy profile. Moreover the potential energy differedée 0.05 > i
between the energy of the instantaneous configuration and JIE SR ' 'K/Al\; 10
the energy of the maximum represents an upper limit esti- T ety 15
mate of the energy required to change basins along a double- L 002 fﬁ——f\A A’/‘i;n/uﬂ-n—n 1o o
well direction. Figure 5 shows the distributi®{ SE), which « e yfaﬂ;\; ;/jf/r—*\, g
follows an approximately exponential law. Figure 5 supports 0.01 :’r/;’? b) e «® © 3
the fact that the system is always located very close to the L ) ,
ridge separating different basins. The averageis ~1000 (© () N
times smaller than the value of the thermal fluctuations 006 | v S E
(3kgT~5 kJ/mol). Hence, energy barriers do not hinder the - Afﬁj\l\\\ KK;“ o sy
motion between different basins; the system does not require < g5 | ;_ﬂnﬂi}k\i} -l H &
rare energy fluctuations to change basins, and basin crossing rr’““ﬂ\u\\n Ejy o411 Vv
is limited only by the number of possible escape directions to PR | L
another basin. 09 10 1.1 13.2 1.3 09 1 11 13.2 1.3
Motivated by this, we consider the behavior of the,, as p (gfem’) P (g/em’)

well asf, andfg,. TheT andp dependence of the fractions - & Density dependence at temperaturesTef210 K

of Imaglnary(unstable mOdeSfu, double-well mOdede, (filled 0O), T=220 K (O), T=230 K (filled 0), T

and shoulder modess, (where f,=fq,+ fs) is shown i _540 k (A), andT=260 K (filled A) of several INM proper-
Fig. 6. As already noted in Reff29,38], fq,<fs,for water, ties: () the fraction of imaginanfunstablg modesf,, (also shown
while fy,~fg, for a Lennard-Jones liquid. A possible expla- py the symbol< is f, for ice I, at T=210 K), (b) fraction of
nation could be related to the presence of hydrogen bonds ifouble-well modes ., (c) fraction of shoulder modek,, (d) the

water, which are highly directional interactions. Hence, evertiffusion coefficientD [12], (e) product f,(w,), and (f) product
a small rotation of one water molecule results in displace< y{wqy)-
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FIG. 7. Density dependence of the quantit®s=(1—f,)fqyy 197 107
and S,=f,/fy, evaluated aff=210 K. Also shown is the ratio £, f,

between the MCT critical temperatuiB,cr and the Kauzmann

temperatureT at which the extrapolated configurational entropy  FIG. 8. Plots(a) of log D versusf 4, and(b) of D*? versusf y,,.

appears to vanispd7]. The dashed line represents a fit using E5). The arrow indicates
the parametef,. A log-log plot of D versusf, is also showr(c).

energy profile may contribute to the abundance of shoulder
modes s> fqn) In water.

On the basis of a comparison between the INM’s of wate
and the ones of a Lennard-Jones liquid,@Sas been sug-

In the early INM studied48,49, D was related to the
rproductfu(wu> (or to f gu{ @gw)) - Thep a_de dependence of
these two products are shown in Figge)6and Gf). We
: . observe that both products have maxima, but for a density
giested that the ratid,=(1-",)/fqy and the ratioS, 5 is shifted compared to th2 maximum. Hence the data
_=f5h/fdW are related to the kinetic behavior of the modelvery clearly suggest thaty, (as opposed td g, {(wgn) OF
itself [38]. It. has been speculated that the valuesioands? f,-(w,)) correlates best with thB data.
correlate with the degree of “strengthiin the strong-fragile To support the hypothesis thé, is the relevant quantity
Angell nomenclatur¢46]). The strength of a liquid can been controlling the dynamics in the range fandp studied, we
estimated by the ratio between the MCT critical temperaturghowD versusf 4, for all six isochores studie¢Fig. 8). We
Tycr and the temperatur€y [47] at which the extrapolated note thatD is a monotonic function off,, and that all
configurational entropy appears to vanish. Figure 7 showgoints fall on the same master curve, covering several orders
S;, S, andTyer/Ty. We observe a clear anticorrelation of magnitude inD. For D=0.3x10 ° cn¥/s, the relation
betweenS; or S, and Tyc1/Tk, questioning the previous betweenD and fy, is approximately linear, in agreement
interpretation ofS; andS, as possible indicators of strength with the finding of Keyes and co-workers for different lig-
[38]. uids [23,24]. The data in Fig. 8 show that, surprisingly, the
knowledge of the fraction of double-well directiofg,, is

B. Relationship to diffusion constant sufficient to determine the value @, thereby relating a

property of the PES to a macroscopic dynamic quantity.

sta\:l\{[eDnaer)l(; (tjrzs‘ect‘jrsefcttigi Lil?rtr'g;igngﬁg dterz]: _(lj_g_f;;r'%np con- Referencd 12] showed for SPC/E that tHE dependence
dependence dD is shown in Fig. &). The close correlation of D is well represented by the MCT prediction

of the p dependence offy, and D is striking. At p D~(T—Tyer)?, 2
~1.15 g/cd, f, and f4, show maxima, supporting the

view thatf, andfy, are good indicators of molecular mobil- where the diffusivity exponeny changes between roughly
ity. There is only a weak maximum ify,, at a slightly lower 2,24 and 2.84 with density.

density p~1.05 g/cmi. Therefore we conclude that the e conjecture that

presence of the maximum ifj, is mainly due to the contri-

bution of the double-well modes. We attribute the weak D~(fgu—To)* (©)]
maximum inf, to the occasional erroneous identification of

double-well modes as shoulder modes. The presence &figure 8 shows that this conjecture is consistent with our
maxima in bothD and f 4, at the same density is a strong calculations off 4, and D. The best-fit values of the fitting
indication thatf,, is directly related toD, at least for the parameters aré,=0.007+0.001 anda=2.0=0.2. Within
SPC/E potential. the numerical errorD depends omp only via thep depen-
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Ap=L10g/m’ m=105 vo=1.15
4p=120g/m’ m=1.12 va=1.12 log,, (d/1 nm)
V p=130g/em’ m=0.85 yo=1.35
» FIG. 10. Histogram of the distanckdefined in Eq(4) between
10 : ' ' ' ' the two inherent structure configurations associated with the two
0.06 0.1 0.2 04 0.6 g, . . N )
minima along one straight path eigendirection. Helis measured
T/Tyer-1 in nm.

FIG. 9. Log-log plot off 4,— fg VS T/Tyer— 1. The lines have
been shifted for clarity. Consistency between the power law fit
~(T—=Tpmer)? and D=D(f4u— fo)* requires the exponemnt in

the figure to be equal t/«.

dence offy, . Thus the functional form of Eq3) supports
an apparent universal relation connecting dynamics in re

space to a property of the PES.

gate gradient minimization. The histogram is characterized
by a bimodal distribution, as previously found for Lennard-
Jones liquidg27], with peaks separated by more than one
order of magnitude. We associate the left peak, centered
aroundd=0.004 nm, with nondiffusive directions. Indeed,
aﬂwe difference of the distanad between these two configu-
ationsB=1 andB=2 is so small that if they differed by the
displacement of only one molecule, then the displacement of

Equations(2) and (3) imply that exists a nonuniversal,
density-dependent power-law relation betwdgp—f, and
T—Tuct With slopey(p)/a. As a consistency check we plot
fagw— fo and T—Tycr and find that, within the numerical
error, our calculations support this expectatigig. 9).

At first sight, one might expect that D is related to a
property of the PES, thed~(f4,)¢, i.e., thatfy=0. To
explain why f,#0, we recall the discussion in Sec. IIB,
where we underline how a double-well mode may not con
tribute to diffusion.

To test whether the small fractiof, of double-well
modes is indeed related to diffusivity, we have further scru-
tinized every double-well mode following the procedure sug-

the center of mass of this one molecule wouldb@.06 nm,
i.e., about 1/5 of the nearest neighbor distance, which is
about 0.28 nm.
According to Refs[30,40, we classify the modes con-
tributing to this left peak as “falselor nondiffusive double-
well modes, and focus only on the remaining directions in
configuration space, which we call “escape” directions. In
Fig. 11 we show a parametric plot Bf*’2 versus the fraction
‘of escape direction$.,.. The dependence @ on ... ap-
pears still to be well represented by the same power law of
Eq. (3), where the fitting parametdr, is reduced by more

gested in Refd.30,40]; for each double-well mode, we per- 0.020 ® =095 glem’
form a potential energy minimization starting from the two O p=1.00 glem’
apparent one-dimensional minima and locate the two associ- ¢ p=105gfom, A
. . . . . 0.015 A p=110g/m
ated local potential energy-minimum configuratigttse in- <p =120 glem’
herent structurgs[20]. The minimization is performed V p =130 glem’
implementing a conjugate gradient algorithm with tolerance _
1015 kJ/mol[50]. The distance between the two quenched § 0.010 ¢
configurations is calculated as N
=
N 0.005 |
d=1\/ 2, (rF=rH@EN), @
=
l

wherer? is theith atom position in the inherent structyge
andN is the number of molecules. We have performed more
than 50 000 minimizations.

Figure 10 shows a histogram of the distaritéetween

0.005

0.010 0.015

f

esc

0.020

FIG. 11. Parametric plot db'? versusf ., the fraction of the

the two inherent structure configurations obtained by conjuescape directions. The arrow denotgs-0.003.
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o015 | T=220K 13 o
12
vl ~
.E 0.01 I fdw mE
g 3
& 2 11y
0.005
fdist 10
Lo L1 12 L3 L4 160 175 190 205
p (g/em) T (K)
FIG. 12. Density dependence &fy, fqist, andfescat one se- FIG. 14. Locusfg,=0 andf.=0 in theT,p plane and the
lected temperaturé =220 K. dependence of the ideal MCT critical temperature, previously cal-

. lated for th tenti 12].
than a factor of 2, but still is not zero. The small number of " 2 cC 10F 1€ Same poten Bcr [12]

escape directions results in poorer statistics than obtained for - he | —0inth
the double-well datdFig. 8. Following Ref.[27], we also We next compare in Fig. 14 the loctig=0 in the (T, p)
evaluate the total number of distinct basins which can bé&lane with thep dependence of ycr [12]. We also report

reached along every escape direction. The number of distindf® T at which the fractionf, of double-well modes van-
basins—normalized byN— 3 to be consistent with the nor- 1Sn€s. We find that the locus 6fs=0 nearly coincides with
malization off y, and f,ee—is calledf yq. the Tycr line, while thefy,=0 locus tracks th@ yct line,

The density dependences &f,, fqe, and fee. at one but it is shlftt_ad to lower temperature. _
selectedr are shown and compared with, in Fig. 12. Note The coincidence of esc=0 with Tycr is particularly rel-
that all three curves have similar behavior. Theependence €vant. First of all, it confirms that the quantitys.is a good
Of fgs fose andf e is shown in Fig. 18) for one density. measure of the diffusive modes, supporting the validity of

We linearly extrapolate all the quantities to zero to calculate®l! M0de classification. Second, and perhaps more impor-
the locus wheref4,,=0, the locus wherd =0, and the tant, this c0|_n_c|dence strength_ens the hypothesis that_the
locus f 4o=0. The last two loci coincide within the errors. ideal MCT critical temperature is the temperature at which

We note that for most densities and temperatures studie{f,ee exploration of configuration space is not possible any
fqu— fosc=0.0045+ 0.0025 [Fig. 13b)], accounting within onger. This statement is consistent with the general consen-
W esc " " " ’

the numerical error for the nonzero value fgf Sus that the dynamipal Processes above gnd bElgyy are
different. The reduction of mobility on cooling appears to be

related to the properties of the PES. The system mobility is
reduced because the number of directions that connect dif-
ferent local minima and allow the system fieely explore

the configuration space is decreasifi]. Hence, the ob-
served reduced mobility is “entropic” in origin. Since in the
studied p,T) range MCT provides a good description of the
dynamics, this implies that MCT is able to describe the en-
tropic slowing down of the dynamics associated with the
vanishing off .

In a recent worK 6], we investigated the relation between
diffusion and configurational entropy. In the formalism intro-
duced by Stillinger and Webg@0], the configurational en-
tropy is a measure of the logarithm of the number of differ-
ent basinsQ)(T,p) in configuration space sampled by the
®) system in equilibrium. We have found that the slowing down
of the dynamics correlates with the decrease of configura-
tional entropy.

The fact that bot)(T,p) and the number of free direc-

FIG. 13.(a) T dependence of the fraction of double-well, escapetions are strongly tied to diffusion suggests the possibility of
and distinct direction$y,, fese, andfgg density:p=1.05 g/cnd. @ direct relation between the two quantities. The simplest
(b) f4u— fescfor all densities as a function d(O p=0.95 g/cni;  possibility is that each of the sampled basins is connected to
0 p=1.0 g/cnt; ¢ p=1.05 g/cni; A p=1.1 glent; <Ip=1.2  all other Q(T,p) basins, i.e. fos is proportional toQ or
glen?; V p=1.3 g/end). l0g(fesd ~ Scont- This possibility is consistent with our data

0.015 |

0.010

fractions

0.005

0.006

esc

0.003

f,.~f

180 200 220 240
T (K)
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is controlled by the limited number of directions leading to
0.030 | g different basins along almost constant potential energy paths
0.026 r v : [21]. As shown in Fig. 8, independent from the density, the
0.022 t < o‘ number of free directions completely determines the value of
D.
) 0.018 1 y ,,o%" (i) Close to the MCT critical temperature, the system
“ oot | . / A 5095 gom’ starts to sample regions of configuration space that have no
v 3 © | p=100g/ocm free directions. The change in the dynamics above and below
o § . e s Tycr can be viewed as a change in the properties of the PES
0010 -V - w << p=120gkm’ sampled in equilibrium, from configurations always close to
o v Ve-130gm a ridge of progressively lower dimension to configurations
far from any ridgg 29,21]. Below Ty,ct, the system must go
4 5 6 7 8 910 close to the ridge and then select the right direction. The

Q search for the ridge beloW,,cr, i.e., the search for a rare
, . event, can be probably described as an activated process.
FIG. 15. Log-log plot offg, vs 1 for all studied densitief55] More work is repquired )i/n this directiof63]. Current copm-
puter facilities are beginning to explore the region below
e"I'MCT, and detailed information on the dynamics, and on the
properties of the PES sampled beldyy.t in simple models,
will be hopefully available.
Finally, the relation between connectivity and number of
V. CONCLUSIONS local minima in the PESFig. 15—which can be calculated

The calculations presented here provide evidence that twid theoretical models as recently done for the random energy

different dynamical mechanisms affect the slowing down ofm(?de.I (REM) [52]—ma_1y help build on the existing _ideas
the dynamics in supercooled states. bridging thermodynamics and dynamic]. It will be im-

(i) In the weakly supercooled region, the slowing down ofPortant to verify if the same relation holds also for different

the dynamics arises from the progressive reduction in th _odels Qf liquids and, in particular, to study the validity of
number of directions where free exploration of configurationt 'S refation above and beloycr .

space is possible. The system is always located close to a
multidimensional ridge between different basins, and the
time scale of the long-time dynamics is set by the time re- We thank T. Keyes and G. Ruocco for helpful discussions,
quired to probe one of the free directions. In this rang&,0f and NSF Grant No. CHE9728874 for support. F.S. acknowl-
the diffusion is not limited by the presence of energy barriersedges partial support from MURSTCOFIN 2000 and
that must be overcome by thermally activated processes, biiIFM (PRA-HOP and Iniziativa Calcolo Parallglo

(Fig. 15. Note that the same relation has been recently d
rived in the framework of a random energy mo@eEM) for
supercooled liquid$52].
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