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Evidence of short-time dynamical correlations in simple liquids
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We report a molecular dynamics study of the collective dynamics of a simple monatomic liqguid—interacting
through a two-body potential that mimics that of lithium—across the liquid-glass transition. In the glassy phase
we find evidences of a fast relaxation process similar to that recently found in Lennard-Jones glasses. The
origin of this process is ascribed to the topological disorder, i.e., to the dephasing of the different momentum
Q Fourier components of the actual normal modes of vibration of the disordered structure. More important, we
find that the fast relaxation persists in the liquid phase with almost no temperature dependence of its charac-
teristic parametergstrength and relaxation timeWe conclude, therefore, that in the liquid phase well above
the melting point, at variance with the usual assumptiorudorrelatedbinary collisions, the short time
particle motion is stronglycorrelated and can be described via a normal mode expansion of the atomic
dynamics.
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[. INTRODUCTION region. In fact, the use of x-rays often allows to extend the
accessible exchanged energy region to neutfansimpor-
Many experimental investigations by inelastic neutrontant merit especially in these systems characterized by a high
(INS) and x-ray(IXS) scattering techniques, as well as dif- value of the sound velocify and to overcome the presence
ferent theoretical and numerical studies have been devoteaf incoherent scattering when one is also interested in the
since more than 20 years to the understanding of the collecollective motion. On the other hand, the resolution demand
tive dynamics of simple liquids. In particular, the efforts is particularly severe in this case, and the scattered intensity
have been focused on those dynamical ranges that go beyorabidly decreases on increasing the atomic number of the
the two limiting cases of single-particlbigh exchanged mo- sample. This complementarity of IXS and INS allowed to
mentumQ) and hydrodynamig¢low Q) regimes. The alkali improve the comprehension of the microscopic dynamics in
metals are a typical class of systems considered as a workikali metals through a number of experiments performed in
bench to test the different theoretical approaches developetie last decadgl7—24.
so far for the dynamics of the liquid state. These systems are A basic idea suggested by molecular dynam{t4D)
known to support well-defined oscillatory modes for the den-simulations[25], and recently demonstrated by IXS in the
sity fluctuations(acousticlike modeswell outside the strict case of lithium[20,22, aluminum[23], and sodiun{24], is
hydrodynamic region, down to wavelengths of a few inter-the existence of two different time scales which drive the
particle distances. viscous decay of the density fluctuations. These two time
From the experimental point of view, it is worth mention- scales are believed to reflect two different phenomena. The
ing the pioneering INS experiment by Copley and Rqwe  slower procesgswhose characteristic time spans from few
in liquid rubidium, while more recently many experimental picoseconds to seconds depending on the tempeyasure-
efforts have been performed aiming to realize more and moreponsible for the highlgorrelatedatomic motion. Its current
accurate experiments: INS investigations have been devotathderstanding is provided by the mode coupling theory
to liquid cesium[2], sodium[3], lithium [4], potassiun5]  (MCT) approach, which gives a satisfactory description of a
and again rubidiuni6]. Simultaneously many theoretical and large number of experimental and numerical results obtained
numerical studies have also been reported on the same syis-glass forming systemp26]. This process is usually re-
tems[7-14). Among others, one significant advantage of theferred to as thex (structura) relaxation process. The faster
numerical techniques with respect to INS is the possibility toprocesdcharacteristic time in the subpicosecond time range
overcome the experimental restriction, i.e., the limit€d ( is less understood, and, in the normal liquid phase, is usually
—E) accessible region and the simultaneous presence of caescribed byincorrelatedbinary collisions between particles
herent and incoherent contributions to the INS signal. Moref27].
over, numerical techniques allow to access a wider set of Recently, theoreticalhard spheres[28] and numerical
correlation functions while the inelastic scattering experi-(Lennard-Joneq29] studies on the high frequency dynamics
ments basically probe the density-density correlation funcef model monatomiglasseshave shown that even in a har-
tion. monic glass, a fast relaxation process exists. This process
More recently, the advent of the IXS techniqls,16  shows the typical phenomenology of relaxations as the sound
opened new possibilities for the experimental determinatiovelocity increases with wave vect@, in spite of the fact
of the dynamic structure factor in the nanometer wave-vectothat all the diffusive degrees of freedom are frozen and the
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anharmonicity is absent. This findings point towards the askn fact, using the relatioff.~0.47¢, valid for the Lennard-
sociation of this relaxation process to the topological disor-Jones potentidl31], we derive for the Price pseudopotential
der[29]: i.e., the dephasing of the different oscillatory com- T,=270 K. BelowT, it is no longer possible to equilibrate
ponents present in the dynamics of the density fluctuations ahe system, but we can obtain the simulated “lithium glass”
a givenQ value gives rise to the decay of the correlationby rapid quenching down to few kelvin. Further heating of
functions. If this interpretation is correct, this fast relaxationthe system up tébut below that T, allows to investigate the
process should be a general property of disordered systenesfect of the anharmonicity in the glassy configuration. We
and, in particular, it must also exist in the liquid phase. studied the system in the rangerfi®d K to 1100 K, aregion
In this paper, we investigate whether in a simple mon-much wider than that accessible in the real system. Indeed,
atomic liquid it is possible to associate the fast relaxatiornthe low- and highF limits cannot be reached experimentally
process to the topological disorder and to improve our unbecause of the unavoidable crystallization belgyor of the
derstanding of this phenomenon beyond the present beligfigh chemical reactivity of the hot liquid. At any of the se-
based on(almos} uncorrelated binary collisions. This study lected temperature@boveT,), we equilibrated the system
compares the dynamical properties of a monatomic systerfor few hundreds of picoseconds and then we stored the con-
(lithium) in its liquid, supercooled, glassy, and crystalline figurationsr;(t) in order to calculate the dynamic structure
phases obtained by MD simulations. The analysis of quantifactor, defined as
ties such as the speed of sound, the acoustic attenuation, and
the related relaxation times indicates the existence of the two
relaxation processes in all disordered phases. The slow pro-
cess, whose relaxation time largely increases approaching the S(Q,w)=(1N)TY, (e QT ri(0), (1)
structural arrestglass transitiop effectively behaves as the b
a relaxation. Most importantlywe find that the fast process
is always present and its features do not change between thghere 7 represents the Fourier transform.
liquid and glass phasedhis implies the importance of the  For the sake of simplicity, we turned around the calcula-
topological disorder in this fast dynamics even in the liquidtion of the correlation by making use of the Wiener-
phase. Moreover, it also indicates that even at the short timgintchine theorem, which simplifies the computation of the
scale considered the atomic motion is highly correlated andiynamic structure factor as
cannot be described by uncorrelated binary collisions.
2
Il. MOLECULAR DYNAMICS SIMULATION S(Q,w)= %’TEI <e—iQ~ri(t)> ) 2

We numerically investigated the molecular dynamics of
2000 lithium atoms interacting via the Price-Tosi pseudopo-
tential. This interaction potential has been shown to accu- The numerical resolution2/At, At being the acquisition
rately reproduce both the structural and dynamical propertiefength, was set to 1.3 p$, while the “free spectral range”
[8]. Lithium has been chosen due to the availability of high(i.e., the accessible frequency windo@sr/ 5t, where t is
resolution experimental data on the dynamic structure factothe time separation of the stored configurations, was set to
S(Q, w) in the liquid phase, which show the existence of the120 ps*. EachS(Q,w) at a fixedQ value was obtained as
two relaxations process¢g2]. an average over different statistically independent fupsto

The molecular dynamics simulations have been pers; for each temperaturandQ orientations in the simulation
formed in the microcanonical ensemble, utilizing a Verletp oy
algorithm with an integration timelt=0.5 fs. The system
has been equilibrated at several different temperatures in a
square box with periodic boundary conditions. To make . RESULTS
closer contact with the IXS experiments, the numerical den- . . .
sities, i.e., the box dimensions, have been adjusted at each In' Fig. 1, we report a compritrl|so.n of the S|mulateq dy-
temperature to the experimental valy&], as far as the namic structure factor @ =7 nm " with the corresponding
mass of each atom, chosen as the isotopic mixture CorrLg_xp_erlmental result for those temperatures where data are
sponding to the natural abundancem<£1.15221 available =475 K andT=600 K).

X 10~ 2 kg). The energy conservation, all over the explored Thg detailed balance factor has' been removed from the
temperature range, was better than a few parts irf 10 experimental data through the relation

The melting temperature of the selected interatomic inter-
action potential isT,,=450 K, in good agreement with the L
experimental melting point. Below this temperature, the holKT
“MD liquid” can be supercooled avoiding the crystalliza- IC(Q,(D)Z{Wl 14(Q, ), ©)
tion, and it attains the structural arresflat=260 K, a value
extrapolated from a power law fit of the calculated diffusion
coefficient. This value of ; is consistent with that estimated where the suffixes andq indicate the classical and quantum
from the depth of the effective interaction potential well, quantities, respectively.

031205-2



EVIDENCE OF SHORT-TIME DYNAMICAL . .. PHYSICAL REVIEW E 66, 031205 (2002

120.0

7nm’") (10° ps)

Tnm’,w0)/S(Q

S(@Q

C100 50 RS 100
Frequency (ps )

FIG. 1. Dynamic structure factors of lithium &=7 nm * and
T=600 K (upper pangland T=475 K (lower panel are reported
together with the experimental datpoints with error bars[22].

The resolutiongfull width at half maximum(FWHM)] are Eyp
~4.5 ps'! for the IXS data,6Eg,=1.3 ps ? for the simulations.
In the experimental data, the detailed balance factor has been re-

300 |

15.0 ¢
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moved to be consistent with the classical character of the simula- 0.0
tion.
30 |

The good agreement between the simulated and the ex-
perimental spectra testifies that the adopted potential repre- L5} |
sents well the lithium systerh. o

In Fig. 2 we report the temperature dependence of the 0'9100 50 0 50 100
dynamical structure factor for the same selected value of the . 1
momentum transfeQ=7.0 nnt . Frequency shift @ (ps )

The temperature dependence of the spectra reported in
Fig. 2 shows two apparently opposite behaviors; on one sidg_ﬁ
the central line—or mountain peak in the terminology of the !
glass-transition phenomenology—gets narrower with de
creasing tgmpgrature and its Width.’ .related to the inverse. een enhanced by a factor of 3 due to the narrower line $tzagk
t_he relaxatl.on.tlm.e-, becomes negligible ,at the gl‘,”‘ss trans"in all cases it is negligible with respect to the intrinsic spectral
tion, thus indicating the structural arrete., a divergent
relaxation timg. On the contrary, the Brillouin component
shows a much reduced temperature dependence, and the @oduced by thermalizing at finite temperature the configu-
citation maintains a significant linewidth even at very low ration obtained starting from an orderéato lattice.
temperature and no remarkable behavior is observed around As clearly shown in the figure, and as well known from
T, the experiments, the phonon linewidth in the crystal is com-

It is worth remembering that the width of the Brillouin Pletely negligible compared to the disordered phases, indi-
peaks is a nonmonotonic function ®f they attain a maxi- cating that the residual linewidth cannot be attributed to an-
mum in the temperature region whefer~1, and become harmonicity, which, in turn, is expected to be of the same
negligible when(7>1 (here() is the frequéncy of the ex. order of magnitude in the ordered and disordered phases.

citation, i.e., approximately the Brillouin peak positjofihe Having excluded the anharmonic origin of the Brillouin

oridin of the nonvanishing width of the Brillouin peak has to linewidth, a possibility lies in the presence of a further relax-
9 . 9 . P _ation process, which in the system parallels éghgrocess. In
be searched in a phenomenon different from the relaxatio

. Brder to investigate on such a possibility, an appropriate way
process responsible for the structural arresipfocess can be to study the dynamic structure factor in the glassy
To investigate the effect of a possible oridithe anhar- phase, where any relaxation effect due to therocess is
monicity) of the observed Brillouin linewidth, we report the frqzen, The dynamic structure factor of a lithium glass, ob-
spectra obtained by MD at 5 and 300 K in the lithium crystal,tained by an instantaneous quench from above the melting

point, is reported in Fig. 3.
As a demonstration of the presence of such an additional

The experimental resolutions of the reported spectra are slightlyelaxation process, we report the observation of a positive
different for the experiment and simulation; in particuldy.,  dispersion of the sound velocity below the melting tempera-
=45pst and 6Qe,=0.35 nm' FWHM, while Sy, ture. This effect, also expected to take place at frequencies
=1.3 ps ! and 6Qs;,=0.2 nm ! FWHM. The energy broadening such thatwr~1, is shown in Fig. 4, where we report the
of the spectra for the consider€ivalue is, however, always larger quantityc,(Q) = w,(Q)/Q with @, the maximum of the cur-
than any resolution effects. rent correlation spectra,

FIG. 2. Dynamic structure factor of lithium &@=7 nm ! at
erent temperatures and phases: liquid, supercooled and glass
(full line), crystal[oriented alond1 0 0), dashed lines The energy
resolution(FWHM) is 6Eg;,=1.3 ps* (in the crystal case it has
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frequency collective dynamics of the considered system:
one, strongly temperatudependentwhich shows up mostly

in the width of the central line, and the other, strongly tem-
peratureindependentwhich gives rise to the width of the
inelastic feature. These simulations confirm, therefore, in a
much wider temperature range the conclusions provided by
the analysis of the IXS data on lithiup@2], and extend into

the supercooled and glassy phase regions, the theoretical pre-
dictions of a dynamics ruled by two different time scales.
Particularly interesting is the persistence of the sedqdas)
relaxation process, which is essentially identical in the liquid
and in the glass. This result is somewhat in contradiction
with the current belief: in fact, in the liquid the fast dynami-
cal processes have been so far associated with uncorrelated
binary collisions, while in the solid the atomic motion is
dominated by long range correlations. A quantitative descrip-
tion of this relaxation process may contribute to shed light on
this point.

We now quantitatively represent the dynamic structure
factor to assess the evolution of the relaxation processes
from the liquid down to the supercooled and glassy state. To
this purpose, we analyzed our data adopting a model based
on the memory function approach, introduced to represent

6.0 the MD data on alkali metal82,33, and recently utilized to

30 interpret the experimental data of liquid lithiuf@0], alumi-
num[23], and sodiurni24]. Within this framework, the evo-

0‘9100 _50 lution of the density autocorrelation function is described by

Frequency shift ® (ps_l)

J(Q,0)=0’/Q*S(Q,w).

a memory function through the Langevin equation

. t .
FIG. 3. Dynamic structure factor of a lithium simulated glass at ¢(Q,t)+wg(Q)¢(Q,t)+ j M(Q,t—t")(Q,t")dt’ =0,

0

where

05(Q)=[ksT/MSQ)]Q>. (5)

duced by the simulations of the glass and cold liquid phases
(it is missing in the crysta) supports the hypothesis of the
existence of a second relaxation process.

The qualitative analysis of Fig. 2er seindicates the pres-
ence of at least two relaxation processes governing the high

By Fourier transformation, the dynamic structure factor is
given by

S(Qw) _ 7 lwg(QM'(Q,0)
S(Q) [a)z—wg-l—a)M"(Q,w)]Z-l—[wM’(Q,w)]zl
®

7

T ) A ) v 1 M ) T 1 M )
Crystal .,
—aTh

] The complex memor (Q,t) contains all the interaction
details and decays over the characteristic time scales of the
system. The dynamics of a simple liquid can be satisfactorily
described by the two-time-exponential anda&2]

Sp— v

Crystal.-\v"
| 100)

ML(Q,1)=A%(Q)e V(@ +A2(Q)e V@,  (7)

Sound Speed (m/s)

where the indices andu indicate the usuak (or structural
and the fastor microscopi¢ process, respectively. We used
Eqg. (6) as a model function. Its convolution with the simu-

-1
Q (nm )
FIG. 4. Speed of sound in different thermodynamic phases!ation resolutionR(w) has been utilized as a fitting function

Dots, glass/supercooled, down triangle, crystal aléhg 0; up 0 the MD spectra:
triangle, crystal alongl 1 1). Full and open symbols are relative to
T=5 KandT=300 K, respectively. Arrows indicates acoustic data
at T=70 K. Lines are a guide for the eyes.

F(Q,w)=fS(Q,w’)R(w—w’)dw'- ®
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1 FIG. 6. Q dependence of the relaxation times at some selected
® (pS ) temperatures. The slight increase of #agrocess at lowQ is an
artifact due to finite resolution effectsee texk
FIG. 5. Selected fitting examples at differént-T values. Open
dots, molecular dynamics; full lines, fitsS(Q,0) values atT

5 K are 2. 102 and 4.9¢10-%, respectively. as the scaling factor that minimizes the mean squared differ-

ences between each set of data and the s&f at

The results of such a procedure are shown in Fig. 5, The result of such a procedure, for both theand u
where we report the calculated dynamic structure factors toProcesses, is reported in Fig. 7. As clearly seen, the relax-
gether with their best fitted line shapes at selected momentf@ion time of the structural process increases about six times
and temperatures. between T, and the lowest available temperaturd (

Among the fitting parameters, the relaxation times of the=275 K). In the same plot we also report the quantit{p,
two processes are reported in Fig. 6 as function of the exbeing D the diffusion coefficient determined in the simula-
changed wave vector and at selected temperatures. At diPns. As expected, this quantity follows a behavior similar to
considered temperatures, theprocess shows an almost flat that of the relaxation time of the process, thus confirming
Q dependence, with an apparent increase belQw the validity of its identification with the structural relaxation
~4 nm !, an artifact that occurs when the relaxation time isProcess. On the contrary, the microscopic relaxation time ex-
comparable or higher than the inverse resolution, already ob-
served in the analysis of the IXS specf&2]. The micro- 6
scopic process shows, instead, an effective slightly decreas- [
ing Q trend. The value of the structural relaxation time at
largeQ shows a sharp increase in the supercooled region and
upon further cooling. On the contrary, the temperature be-
havior of the fast microscopiq, process is very different.

In fact, it gives a basicallff-independent relaxation time in
any of the considered phases. This figure provides a quanti-
tative account of the qualitative analysis that was derived
from the results reported in Fig. 1. I

To be more precise in the assessment of the temperature %o 20 200 00 00 1000 1200
dependence of the relaxation times, once observed th& the
dependence is similar for each temperature, we defined a
Q-independent temperature coefficiep(fT) through the re- FIG. 7. T dependence of the relaxation timeircles, left axis.
lation 7(Q,T)=y(T)7(Q,T,). As an arbitrary reference In the same plot we also report the behavior of the diffusion coef-
temperature we selectél)=1100 K and determined/(T) ficient (stars, right axis

e
W

Tc Tm 7

v /st (/@)

Scaling Factor (T)

Temperature (K)
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hibits a small variation in the whole temperature range withthrough the fluctuation-dissipation relation, reflects the time
a total change of only 50% of the value B}, and without evolution of the energy initially storedt€t,) in a plane
any behavior worth noting around.. This demonstrates wave of wavelength 2/Q. As the plane wave is not an
that the fast relaxation process is the same from the hot ligeigenstate of the disordered systemt:at, there will be a

uid down to the glass. transfer of amplitude from this plane wave towards other
plane waves with differen@Q values. This process is con-
IV. DISCUSSION AND CONCLUSIONS trolled by the difference between the considered plane wave

~and the true normal modes of the topologically disordered
In the present paper, we have shown how the dynamics Qf|assy structure. This energy flow takes place on a specific
a simple monatomic system can be described in terms of Wime scaler, and gives rise to the observed relaxation pro-
viscous relaxation processes in a range of temperature cO¥ess phenomenology. The depicted scenario isantrast
ering all disordered phases: the hot liquid, the supercoolegiith a description of the fast relaxation process in terms of
liquid, and the glass. Few comments concerning the physicgjnore or less correlatedinary collisions. Indeed, according

origin of these two processes are in order. By its strong teMgy the usual description, the collision between two atoms—at

perature dependence and by the close relation with the tem- . L — . ek
perature dependence of the diffusion coefficient, the slowef 9VeN position in space” and at a given timé* —is not

relaxation process is unambiguously identified asdhgro-  correlated with the dynamics of the atoms far away from
cess, i.e., the process that drives the glass transition in tho&d With the dynamics of the colliding atoms at time larger
systems capable to sustain strong under-cooling. More intef@nt” + 7, . In this view 7, acts as the correlation time of
esting are the indications obtained from the analysis of th&he local dynamics. On the contrary, according to the present
faster process. The comparison between glass and crystal, tgscription, the dynamics of the whole system is strongly
equivalence of the fast relaxation process in the liquid and iforrelated—and described in terms of normal modes of
the glass, and the consistency between the simulation anfiPration—up to a time of the order of, , andr, indicates
experimental results in the liquid are all indications that theth® decorrelation time for the specific plane waves, not for
origin of this process must be something that is commorihe dynamics. . o _
between liquid and glass, but not existent in the crystal. On The common origin o_f the fast process in the liquid an_d in
the considered fast time scale, which corresponds to valudg€ glass, and its association to the disorder, poses against its
of fractions of picoseconds, one can consider all diffusionintérpretation in terms of kinetic processes, such as binary
processes in the liquid frozen, and on this snapshot timgolhsmns._ln th!s sense, thelldea that aI_I the binary processes
scale one can consider that the liquid and the glass are nf€ contained in the short time dynami¢srahertz region

only topologically, but also dynamically equivalent. Along while the correlateq motion is fully described by thepro-

this line, one is then driven to conclude that—similarly to €€SS. has to be revised.

what has been found in other model glag®—also in the

liquid th_is fast _relaxation process is inti_m_ately related to the ACKNOWLEDGMENTS
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