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Relative pair dynamics in simple supercooled liquids: Longitudinal contributions
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The pair dynamics of simulated argon samples is investigated at the m@&ing), supercooled55 K), and
guenched?20 K) liquid states, and in the crysté20 K) state. Tagged pairs, initially lying in a given shell, were
divided into incoming and outgoing groups and followed along simulated trajectories. Over them, specific
correlation function\B(rg;t), involving the pair separation vector projected along its initial valyéon-
gitudinal dynamics have been evaluated. More or less pronounced oscillations are detected according to the
temperature of the thermodynamic statead, obviously, their solid or liquid naturefor each state, they
depend on the initial pair distancg, too. The oscillations vanish after few picosecoffdst dynamickin the
case of crystal, whereas in the supercooled liquid they decay towards a plateau, whose height increases with the
temperature. It is shown that the power spectrumA8i(r,;t) practically yields the same density of states
(DOS) produced by the pair velocity correlation function. TA8(r;t) functions obtained from the argon
crystal at 20 K produce DOS curves dominated by two main frequency contributions, at about 40 and'60 cm
(Einstein and Debye frequency, respectiyelyheir shape is quite well reproduced by damped harmonic
oscillator—like(DHO) functions vibrating at that frequencies. In liquid states,AlBr,;t) plateau, that forms
after the fast DHO dynamics, accounts for the system diffusivity. The relaxation towards the plateau is modeled
by an exponential function whose decay time is comparable with the average vibration period. Evidence that
the liquid states conserve a certain memory of the vibrational modes of the crystal is obtained. In these states,
the DHO functions at the Einstein and Debye frequencies plus an exponential function cannot reproduce the
AB(rg;t) shape. A pronounced shoulder, that forms around 0.5 ps, requires the contribution of a third DHO.
In the DOS, it yields a band centered below 20 ¢rthat produces low frequency DOS excess in comparison
with the DOS of the crystal. This contribution is present in liquid and supercooled high temperature states and
survives near the temperature of the glass transition whereas the diffusion practically vanishes.
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I. INTRODUCTION searcH9—-11]. All these theoretical, experimental, and com-
putational progresses have also produced strong acceleration
Recently, the study of fluid systems has devoted considin the studies of vitreous systems and on the nonequilibrium
erable emphasis to the interplay between collective anthermodynamic$2,12,13. For example, in several glasses,
single-particle dynamics. For time smaller than a characterbOS intensity excess has been found in the terahertz region.
istic time 7, (usually referred to as the time of the structural The microscopic origin of the excess and its general presence
or « relaxation), the dynamics of a liquid should be de- in supercooled liquids are unclear.
scribed in terms of physical quantities typical of the solid Notwithstanding these efforts of the scientific community,
state physics. So, one can use the concepts of phonons, nonre still searches for an adequate model to describe the dy-
mal modes, and others, especially when supercooled liquidsamics in dense and supercooled simple liquids. The intrigu-
or amorphous solids are considered. Many investigations oimg open problem is to obtain a satisfactory explanation of
these systems have been recently performed, stimulated lilye microscopic mechanisms giving rise to the low frequency
progresses in the experimental probing of the terahertz freDOS intensity diffusion included. It is generally recognized
quency domaifl] and by improved performance of comput- that, in a supercooled or melting monatomic liquid, an atom
ing machineg$2]. It has been shown that a fast sound installsundergoes quasiharmonic vibrations around an equilibrium
in many liquids, the crossover from the normal to the fastpoint, and the jumps from one equilibrium position to an-
dispersion curves being controlled by the value [1,3]. other are responsible for diffusion. The study of the many
Various attempts of describing the dynamics of liquids viaparticle potential energy landscape underlying a given ther-
normal modes have also been perforniéet8]. The instan- modynamical state demonstrated the presence of local
taneous modes are found to reproduce the dynamics at verginima, the inherent structurg44], that the system visits
short times, later producing unphysical divergences causeduring the diffusion. Zwanzi§jl5] developed a model for the
by the imaginary frequencig$]. While the connection be- velocity correlation function, in which a system in a local
tween imaginary frequencies and fluidity of the system isminimum is characterized by normal modes whose coher-
certain[4,5,9 (e.g., the diffusion coefficiehthe exact rela- ence is destroyed by the diffusive jumps. The normal mode
tionships are not completely clear and object of current redensity and a parameter of the model were evaluated in dif-
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ferent ways, mainly through instantaneddsb] or quenched demonstrated for the longitudinal part of the translational
normal modes and cage relaxatiofi$,17. Alternatively, dynamics of fast quenched 20 K argp28]. Is the excess
one tries to obtain shoulder and double well landscape praalso present in the supercooled and melting states?
files [18] for the nondiffusive-anharmonic and diffusive  (4) The diffusive dynamics produces nonvanishing DOS
modes, respectively. In water, for example, the relation beintensity at zero frequency. It is interesting to know if the
tween the fraction of double well modes and diffusion hasProcesses are entangled with contributions at high and/or low
been proved19,20. Generally, it is difficult to perform frequency(excess includedor evolve independently.
landscape profile classifications, since the instantaneous 1he investigations and arguments of the paper develop as
modes eigenvalues lose their physical meaning after fe\,(pllows. In Sec.'ll, the'scheme of the molecular dynamlcs.
steps of dynamical evolution. To overcome this difficulty, aSimulated experiments is presented; an introductory compari-
different approach has been followed by Wallace and coSON between argon anq water fluids and preliminary results
workers[21—24, that developed the original idea of Frenkel: On the relative square dlstanBé(ro;t) are reported. In Sec.
since the fusion has small effects over the heat capacity, thél A, some theoretical recalls, deriving the expression of
vibrational motions of liquids and solids should remain es-2B(ro;1) for the longitudinal pair dynamics, are reported in
sentially the same. The strong increase of the diffusion coeft€ purely vibrational case; results for the crystal at 20 K are
ficient is explained by the irregular distribution of the equi- Presented. In Sec. llIB, the presence of nonvibrational mo-
librium points, as in an amorphous solid, and by theirtions, increasing with te_mperature, IS shown. '!'o r_epr_esent
jumping which produces the “transit’ of the system from them, a phenomenological gxpon_entlal relaxation is intro-
one local minimum to another of same potential endrgy- ~ duced. In Sec. I C, the relationship betwe&B(r,;t) and
dom valleys. The transit must be local, i.e., involving a the pair VCF is introduced. It is shown that the plateau of
small number of near atoms, and féat limit instantaneoys ~ AB(ro;t), formed when the short time dynamics ceases, is
vibrational dynamics of the system in random valleys variedn Sec. IVA, models for the vibrational and nonvibrational
very rapidly during diffusion. The attempt of modeling dif- dynamics are applied and the results of a best fitting proce-
fusive processes through specific distributions of normaflure are reported. The attempt of showing that the liquid
of independent atom dynamics was chosen to describe tH8l is presented. In Sec. IV B, the connection between VCF,
diffusion process. A reliable description of monatomic liquid density of state, and diffusion is investigated for different
metal velocity correlation functio@/CF) was obtained. temperatures and different initial pair separations. In Sec.
In the present work, we deal with the relative pair dynam-V C, the problem of the excess at low frequency is dis-
ics of simple supercooled liquids probed by a specific correfussed. Section V reports final remarks and conclusions.
lation functionAB(ry;t) which depends on the initial pair
separatiorry. Such a function has been used to explain the Il. MOLECULAR DYNAMICS SIMULATIONS
oscillations at short times observed over the time dependent AND AN ARGON-WATER COMPARISON
relative distanceR?(r;t) of water molecule pair§25—27,. . . . .
It is suitable for capturing vibrational modes and derive the " this work, the main quantities of interest are the corre-
corresponding translational density of StaE0S). In super- lation functions obtained frqm the mterparucle cenFer of
cooled water, the fraction of nonharmonic motions is smallMasS(c.m) VectorR;; . In particular, we will study the time
[7] and the effect they produce over the DOS of the relativeEVolution ofRj;(t) along directions parallel to the zero time
pair dynamics is small too. In this paper, we investigate thélirection R;;(0) (longitudinal dynamick Let us to indicate
short time dynamics of three states of liquid argon, namelyWith ujj the unit vector ofR;; , and define the functions
the melting state, the supercooled state at 55 K, and the

guenched state at 20 Khe temperature of the glass transi- B(ro;t) =(Rij()-u;;(0) ~R;j(0))o/(Rij(0))o, (1)
tion is around 17-18 K This last state will be also referred 5 5 5
to as amorphous state since the diffusion coefficient is nearly R(ro;t) =(R{j(1))o—(R{j(0))o, 2

vanishing. The fluid argon has a considerable high quantity

of nonharmonic modes; it is therefore suitable for underwhere( ), stands for average over tagged pairs which, at the
standing how these modes affect the short time dynamicgnitial time, have the c.m. distaneg=R;;(0) ranging within
Indeed, while the idea of considering more or less dampethe limitsr<rgy=<ry.

phonons appears quite natural in “strong” liqui¢ss for the In the case of supercooled water, it has been shi@eh
hydrogen bond dynamics in wajeit could appear unreli- that both the Eqs1) and(2) contain contributions of vibra-
able in the “fragile” ones(as for the noble gaspOur aimis  tional modes and both can be also used to derive part of the

to clarify the following points. translational DOS. The presence of such modes in the short
(1) How much the vibrational motions in liquid states are time dynamics is detectable, for many initial pair separations
reminiscent of the phonon frequencies of the crystal. ro[27], as a modulation superimposed to the smooth trend of

(2) To state if the nonvibrational relaxations occur within the functions. In this work we investigate if this modulation
the time of the fast dynamics or involve an higher time scaleaffects the function8(r;t) andR?(r,;t) also in the case of
length. liquid argon and to what extent it represents a solidlike dy-

(3) The presence of a low frequency DOS excess wasiamics[29]. Molecular dynamic§MD) technique at con-
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FIG. 1. B(ro;t) andR2(rq;t) for pairs initially lying in the first 0 1 2 t (pS)

half of the first coordination shell. Open circles—water in the su-
percooled state at 245 K {<2.72 A); full squares—supercooled FIG. 2. B(ro;t) (open circley B©U(r,:t) (open squarésand
argon at 55 K (,<3.75 A). The reduced time i8*=t/7 and 7 AB(r,:t) (full circles) for pairs of supercooled argon atoms ini-

=(Mag/RT)*% whereof is evaluated from the position of the tially Iying in the first coordination shell ro<3.75 A), at T
g(r) first peak(3.75 and 2.72 A for argon and water, respectiyely =55 K.

stant NVE conditions, Lennard-Jones potential and CUbi%ne This occurs because the modulations of the smooth
box with perlodlcfboundary conditions were usgd t]o produceB(r(;_t) trend disappear for particular choices of thg
microscopic configurations of an atomic syst¢8®]. The ’ : L

parameters of the Lennard-Jones potential were those of ai%g?]eihs;&g?rs F?)e;gzzvzogrﬁ:;aggﬂ (ﬂseiﬁéﬂulagja;ﬂz ? 1%'\‘7\/0
gon:o=3.405 A, &=1.654< 10 2! J. The number of atoms 0. P

was 1372 for the liquid af=85 K, 4000 for the super- plcoseconds. We w_|II show that t_he short_ time dynamics is
_ - dominated by the vibrational motions, while the asymptotic
cooled (T=55 K) and quenche{0 K) liquids, and for the : e . .
= . trend is related to the system diffusivity. For this purpose, it
crystal atT=20 K. All the runs were performed at the triple . -
g . L is worthy to remember that we limit our study to the fast
point density. For all the runs, after equilibration, the con-

. . . . dynamics, i.e., tot<<5 ps. Beyond this time and for low
figurations were stored every four time steps, the time ste .

: . . emperatures, the structural relaxations occur. In these cases,
being of 5 fs. The crystalline solid argon at 20 K was ob-

tained by starting from the 0 K fcc lattice. The liquid con- the true diffusion coefficient is reached only after the time

figurations were produced via the standard technique of gen- which can be very long at low temperatures, as in the

. . : ase of watef33]. For this reason, it is more appropriate to
tly cooling high temperature disordered systems andr:elate the plateau height to the system diffusivity rather than

equilibrating for a suitable time at the desired temperature. Ir,g0 the diffusion coefficient itself
particular, the quenched state at 20 K was obtained from the '
55 K supercooled liquid by lowering the temperature by
_about 10 K, through velocfty scaling at every 5 ps for 50 ps, ;| THEORETICAL RECALLS AND PRELIMINARY
in four runs, each one during 100 [&1]. RESULTS

Equationg(1) and(2) were computed for supercooled lig-
uid argon(55 K) and compared with those of supercooled For atomic systems characterized by weak interactions
water. In Fig. 1 the results foB(ro;t) and R%(ry;t) are  (such as the Lennard-Jones ondbe effects of nonvibra-
shown. The limitsr, andr, of ther, range select particles tional motions can be non-negligible. So, also at the melting
initially lying in the first half of the first coordination shell. point, T=85 K, the diffusive contributions can affect signifi-
To make the comparison easier, the time has been expresseahtly the correlation functiodB(rgy;t). To have only vi-
in terms of reduced units. As is seen, oscillations are preseifirational modes, supercooling is necessary. For liquid argon,
over both the systems and have comparable periods. In athe diffusive contributions become practically negligitdee
gon, a greater damping seems however to be pr¢32htTo  Fig. 4 late) at the temperature of 20 K, the glass transition

derive vibrational modessee Sec. lll latgr at the initial temperature being around 17 K. In this work the indepen-
time, one selects approachifig) and departingout) pairs  dence between vibrational and diffusive motions is assumed,;
of particles. Then, the correlation function the two dynamics are discussed separately in Secs. lll A and
I B.
AB(ro;t)=[BC(rg;t) =B (rg;t)]/2, )

or similar expressions foR%(r:t), yields the vibrational A. The vibrational approximation

modes. In Fig. 2, the functionB(ry;t), B©"Y(ry;t), and For a crystalline or amorphous solid the diffusion is van-
AB(ry;t) are shown for pairs of supercooled argon atoms ofshing and the fast microscopic dynamics is due to vibra-
the first coordination shell at 55 K. Note the relevant differ-tional motions only. In this case, after a small time interval
ence between the arg@(r,;t) of Figs. 1 and 2, the first one from the initial observation time, the c.m. position of an
being signed by oscillations that are not present in the seconatomi, along the Cartesian axig, can be written as
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AB[ D
Kol =5,(0)+ 3 2y, (1), @ 4B o |
wherex; ,(0) is the initial position and, , is the compo- - -
nent of thenth mode y,, alongia. The interparticle c.m. 30 i 10F
separation vectoR;; can be written as E
0 05}
Rij(t):Rij(0)+§n: Aij nXn(), 5 a0 LB 0 Fud

00 05 10 15 t(ps) 0 20 40 60 (cm’)
where A;; , is the vector of component®\;, ,=a;.n

—aj,.n- If we consider only vibrational nearly harmonic mo- ~ FIG. 3. AB(ro;t) and the related DO®(ro;w) both in arbi-

tions [34], the correlation functiorB(ry;t) of Eq. (1) be-  trary units, for pairs of crystalline argon atomsTat 55 K, initially

comes lying in the first coordination shell. Long and short dashed curves
represent the contributions of two DHO vibrating at the frequencies
of about 40 and 60 ci. Solid curve and points represent the fit of

Br(ro;t)= < ; Aipj,an(t)> / (Rij(0))o, (6)  Eq.(11) and the MD data, respectively.
0

tional DOS derived from the pair VCF. In a solid, the index
whereAf; | is the projection ofA;; , over u;;(0). Bu(ro;t)  nin Egs.(8) and (9) runs over the main phonon contribu-
yields the average of the normal modes projected over thons. However, even in a case of a perfect argon crystal,
space directionsi; (0). The x,(t) kinematic equation is since u;;(0) does not select a fixed crystallographic direc-
o . tion, the pure phonon contributions are expected to broaden
Alj nxXn(t)=Qij,n cOS @nt) +Vijj nsin(wnt)/on,  (7)  and mix. To represent the resulting contribution to the DOS,
: we will use a phenomenological expressi@HO-like form)
where Qjj n=Aij n-Uij(0)xn(0), Vijn=Aijn-Uij(0)xn(0),  given by
and w, and y,(0) are the frequency and the initial velocity
of the nth mode, respectively. The average o%gf , van-
ishes for the equilibrium distribution of the initial velocities.
With the same arguments used in RigZ5], one can intro-
duce selection in the pair velocity at the initial time andwheren runs over few principal frequencies,, andx, and
obtain two particle groups, the approachiiig) and depart- 7, are parameters. In a solid, one expects thats nearly
ing (out) ones, whose dynamics is followed along the simu-equal to the main frequencies of the phonon branches. For
lated trajectories. The averages@f , andQ{’: coincide  the fcc argon crystal and along a specific crystallographic
because they depend on the coordinate distribution onlygirection, one expects three different frequencies correspond-
Then by subtractin@g"“t)(ro;t) from B, (ro;t) one hag25]  ing to the three dispersion curvesventually degenerate
along particular directions In Fig. 3, AB(rq;t) and
N (out) D(ry;w) are shown for solid argon at the temperature of 20
ABh(rO’t)_; (Viin’ sin(@nt)/@n)o/(Rij(0))o, (8) K and for pairs of the first coordination shell. The fit with
two DHO reproduces satisfactorily the strong oscillations of
which contains the mode dynamics. Equati@® can be AB(rq;t); the corresponding broadened lines in the DOS are

ABL(roit) =2, X,sin(w )exp—(t/7)% (12

written as at about 40 and 60 cnt, the Einstein and Debye frequen-
cies, respectively. These results for the perfect crystal justify
sin(wt) the use of the DHO line shape and suggest its application to
ABh(ro?t):; <Vij,nj 6(w—wp) ® d“’> / the dynamics of supercooled liquid states. In such cases, to
0 compareAB(rq;t) andD(rg;w) due to different thermody-
(Rij(0))o namic states, it is worth introducing the normalized quanti-
sin(wt) ties
:f Dp(ro;) do, 9 AB(rg:t)
AB*(rg;t)=—(/————,
whereD(rq; w) is the power spectrum given by the Fourier f D(rg;w)dw
transform(FT) 0
* D(ro;w)
Dh(ro;w):f ABy(rg:t) o Sin(wt)dt. (10) D*(ro;w)=———. (12)
fo D(rg;w)dw

We will refer toDy(rg;w) as to a vibrational DOS since
it plays as a density of state; in Sec. IV B we will show that The meaning of this kind of normalization is discussed in
it practically coincides with the usual definition of the vibra- Sec. Il C, later.
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ABny(ro;t)=A(ro)[1—exp—(t/7e)].

Its power spectrum is

(14)

Dnh(ro:w)=wJ:A(ro)[l—exp—(t/re)]sin(wt)dt

=A(ro)/[1+ (w7e)?]. (15
Equation (14) yields A(rp) for t—o, that is, the plateau
height of AB(ry;t). In the case of liquid water and for the
longitudinal dynamics, it has been shown ti€t ) is re-

A B = lated to the relative pair diffusion coefficief85]. Here, we
— will show this to hold for the longitudinal dynamics of su-
(fs) 9 percooled argon too.
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C. The connection with the velocity correlation function

Equation(9) defines by itself the longitudinal part of the
translational DOS and it is exact in the limit of a pure vibrat-
ing system. It is worth, however, to connect this part with the

O b Lo 0 1| usual DOS definition derived from the VCF. Moreover, in
0 1 2 t (ps) the case of the nonvibrational dynamics, the physical mean-
— ing of the power spectrum, defined by E5), is not clear.
ABTL In this section, these two points are addressed by assigning
f [ the relation between thaB(r;t) correlation function and
(fs) _fo specific VCF.
60 Yy T=20K We first introduce the functiof (rq;t) satisfying the re-
L o lation
») [ l@)
0F . Firoi= gt 16
0 - L ]
0 —— 1 —— D) — " '(p' ) and search for a relation betweAm(ry;t) and the correla-

FIG. 4. AB*(r;t) for pairs of atoms initially lying in the first
coordination shell(full circles) and in the range 18.8 A<r,

<19.1 A (open circles

Figure 4 showsAB*(rq;t) for three argon thermody-

B. The nonvibrational contributions

tion function of the relative pair velocity;; . If Eq. (16) is
applied to the definition oB(rq;t) of Eq. (1), one has

F(ro,t)=<V,J(r0,t)u,J(0)>0/<R|J(O)>0 (17)

It is useful to writev;;(rq;t) in terms of radial and transverse
parts with respect to the vecton;;(t), i.e., Vv;j(ro;t)
=vyij(ro;u(t) o ij(ro;t)u(t), where u (t)=u;(t).

namic states and two different initial separatio) in the
first coordination shell and in the shell 18.8%%,
<19.1 A. As is seen, all th&B*(r,;t) always reach an
asymptotic trend that vanishes for the state at 20 K. Since the
plateau height vanishes also in the cryssde Fig. 3, the
asymptotic plateau is attributable to nonvibrational contribu-
tions.

We assume thatAB(ry;t) is the sum of vibrational,
nearly harmonic, AB(rq;t), and nonvibrational,
AB,n(rg;t), contributions:

Then Eq.(17) yields

F(ro;t)=[(vij(Hu (t)-u(0))o
+ (v, (DU(t) -ur(0))o]/(Rij(0))o

=F(ro;t)+Fy(ro;t). (18
The distinction between in and out groups of particles pro-
ducingAB(rg;t) yields

AF(ro;t)=AF(ro;t) +AF(rg;t). (19

AB(rg;t)=ABy(rg;t) +ABpn(ro;t). (13

In Fig. 5, AF,(ro;t) and AF(rqg;t), normalized to
Equations(10) and (11), and the arguments around them AF(rq;0) (i.e., AF*) and for pairs initially lying in the first
hold within the vibrational approximation. For the nonvibra- coordination shell, are shown for supercooled argorT at
tional contributions, we will assume an exponential relax-=55 K. As is seen, the cross terfF};(rq;t) is negligible
ation; this is justified mainly by a criterion of simplicif5]. so that theAF* is entirely due to the radial part. This holds

We write for all the thermodynamic states here investigated and for
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0 1 2 t (ps)

FIG. 5. Correlation functions for pairs of atom&=55 K) ini-
tially lying in the first coordination shellAF};(rq;t) (circles and
AF;(ro;t) (squares[Eg. (18) and (19)]. The relative radial VCF
V7 (ro;t) (solid line) [Eq. (20)] is also shown.

every initial pair separation distancg (see also Sec. IVB

In the same figurd F* is compared with the relative radial
VCF defined by

VE(Fost)=(urij(ro;tueij(ro;0)u;j(t) - uij(0))o/
(Jvrij(ro;0)[%o. (20)

The functionsAF* (rq;t) andV; (rq;t) are practically coin-

PHYSICAL REVIEW E58, 031205 (2003

K3 _kTJWV* t)d 24
(ro)—z . r (ro;t)dt (24

is the relative radial pair diffusion coefficient. Equati(#B)

and the fact thaiA(rp)=D(ry;0) demonstrate that in the
normalizedAB(ry;t) function, i.e.,AB* (ry;t) of Eq. (12),

the plateau height is proportional to the pair diffusion coef-
ficient. This also justifies the normalization to the DOS area
introduced in Sec. Il A.

IV. RESULTS AND DISCUSSIONS

We can now deal with the problem of handling thermo-
dynamic states where both vibrational and nonvibrational
modes are present. In fluid argon, the diffusional motions are
expected to dominate for very high temperatures and/or low
density. In the solid at low temperature, the vibrations are
dominant. In the melting and supercooled liquids the two
contributions can be comparable. Indeed, Fig. 4 shows that
oscillating peak and the plateau, roughly representing the
vibrational and the diffusional modes, respectively, have
comparable intensity. In this case, we proceed by making
some reasonable assumptions and then proving their reliabil-
ity for different physical situations. First of all, the results of
Sec. lll for the 20 K crystal show that there are few main
phonon frequencies in the DOS; if phononlike excitations
survive in the liquid, their contribution should be centered at
frequencies near to the solid ones. In other words, we assume
that at very short times a low temperature liquid is frozen

cident. Consequently, the DOS obtained from the totabnd a certain memory of the phonon frequencies is still
AB(rg;t) [Eq. (13)] corresponds to the part of the total present. If so, the dynamics will be composed by solidlike
translational DOS selected by the relative radial VCF. Thisvibrational modes plus diffusive relaxations; the amount of

justifies “a posteriorl the use of the name “density of
states” given to the sin-FT abAB(r;t). To obtain a physi-
cal meaning for the plateau heigh(r,) [see Eq.(14)], we
first note that one can write

dAB(rq:t)

AF(ro;t)= dqt ,

(21
and
t t
AB(rO;t)=j AF(rO;t’)dt’mfV,(ro;t’)dt’. (22
0 0

Second, the cos-FT adhF(ry;t) is equal to the sin-FT of

such nonvibrational modes must give the plateau height. So,
one expects that, when the system evolves from the glass
transition to the melting, the density of states of the longitu-
dinal dynamics could be described by two DHO centered
around 40 and 60 cnt, as in the crystal, plus a function
representing diffusive processes.

A. The temperature dependence oAB
and of the corresponding DOS

By combining the results of Secs. Il A and Il B, one can
write AB* (ry;t) via the increasing function of E¢14) plus
the DHO-like functions centered at the phonon frequencies
of the crystal, Eq(11). One has

wAB(rq;t), as one can prove by time cosine Fourier trans- AB*(ro;t)=A*(ro)[1—exp—(t/7)]

forming both sides of Eq21) [36]. At this point the connec-

tion between the plateau height and the relative diffusion is +E x¥ sin(wpt)exp—(t/7,)%. (25
established. Since for vibrational motions one has n

Dy(rg;0)=0, from Eg. (15 and after trivial algebra one
obtains

Alrg)  2p

* - wkT
f D(w)dw
0

D*(rg;0)= D(ro), (23

where u is the reduced atomic mass and

The reliability of Eq.(25 has been tested in detail for
pairs argon atoms initially lying in the first coordination shell
for different thermodynamic states. The first and second col-
umns of Fig. 6 show thé& B*(ry;t) functions and the cor-
responding DOS functionB* (ry;w), respectively. For the
argon crystal at 20 Kpictures at the top of Fig.)6A* (rq)
vanishes and two DHO modes are sufficient to reproduce the
global translational dynamics. In the other first column pic-
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AB}
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0 I I
0 3 6 9 t(ps)
FIG. 7. AB* (rq;t) for pairs of argon atomsI(= 20 K) initially
lying in the first coordination shell. Bold solid line and open circles
represent the fit of Eq25) and the MD results, respectively; the

thin solid line represents the contribution of nonvibrational motions
[Eq. (19)].

strong peak between 0 and 0.5 ps, the second one by the
shoulder between 0.5 and 1.0 ps, and the last one by the
asymptotic behavior. From th&B* (ry;t) of the crystalline
state, it is evident that the first peak contains two signals
yielding the bands around 4(Einstein and 60 (Debye
cm ! in the DOS; the Debye signal is responsible for the
first minimum and successive modulations. Such modula-
tions are still visible on the shoulders between 0.5 and 1.0 ps
at 55 and 85 K. These results demonstrate that the descrip-
tion of the high frequency dynamics in terms of oscillations
at the solid frequency is meaningful. However, the signal
between 0.5 and 1.0 ps is absent in the crystal and seems to
characterize the liquid states. It gives rise to a band below
20 cmi ! in the DOS(see Sec. IV C for further deepening
The plateau is reached within the times of the vibrational
FIG. 6. AB*(ro;t) and the related DO®*(ro;w) for argon  dynamics. As is shown in Fig. 6, the constant val&(r),
atoms initially lying in the first coordination shell: crystal @& s achieved after about 2 ps; this implies that the value of the
=20 K, quenched liquid aff=20 K, supercooled liquid aff  time constantr, in Eq. (25) is lower than 1 ps. For super-
=55 K, and melting liquid aff =85 K. In each picture bold solid cooled argon aff =55 K and for liquid argon al =85 K,
line and open circles represent the fit of H@5) and the MD the fitted value ofr, is about 0.5 ps. In the quenched argon at
results, respectively; dotted and dashed lines represent the DH®— 20 K, A*(ro) is nearly vanishing. However if one mag-
[Eg. (11)] contributions; the thin solid line represents the contribu- ifies the vertical axis in the region around zésee Fig. 7
tion of nonvibrational motiong.Egs.(14) and (15)]. a nonvanishing level is observed within the statistical noise.

tures, the presence of a plateau, whose intensity increasE&ure 7 shows the exponential increase of E2p) with

with the temperature, is evident; it is the sign of the rel-7e=1 PS. This shows that even if thg value could increase
evance of the diffusive contributions. If one compares thedt decreasing temperature, as in the case of Wa@r for
behaviors of the crystal and of the melting and supercoole@d0n near to the state of an amorphous solid the nonvibra-
states, the above mentioned idea of describing the dynamidi9nal dynamics decays with the times characteristic of the
of the system with diffusion plus vibrations at the two main vibrational one. In terms of microscopic theory para_meters,
solid frequencies40 and 60 cm?) fails in part. In fact, the Af(ro) can be relgted to the rate of elemental diffusive acts
phonon-like excitations are still a useful tool for reproducing(‘Jumps” or “transits” ) while 7, should represent the aver-
the high frequency part of the DOS, but other contributions2de duration of the single diffusive act. The values

at low frequency appear as the crystalline state is left. In th&atches very well with the.value of the transit times in the
amorphous state at 20 K the diffusion is negligible, but aWaIIace’s_ theory[24] and this supports the assumption that
contribution at low frequency is present. In tAd* (r,;t)  the transits are fast.

function, it appears as a bump that prevents the first mini-
mum to reach negative values as in the crystal. A global
viewing of the AB*(rq;t) shapes of Fig. 6 can help the
understanding of the short time dynamics. Three consecutive In Sec. Il C, the connection betweéB* (ry;t) and the
time regions can be identified: the first one is dominated by gair VCF has been established. We can now test its validity

P “
I &7 L Jikaﬁrm oy

0 i
5 ts) 0 20 4 60 8 olm)

B. Diffusion coefficient, density of states, and velocity
correlation function
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v v’ TABLE I. Values of®(r) for different initial pair separation in
' T=20K(crystal) “r T=20K (crystal) liquid argon states. For each temperature, the left and the right
04L 1% shell 04L 159A< r < 16.2A columns report théd(ry) values obtained from the plateau height
[ \ [Eqg. (23)] and from the time integral of relative radial VJEq.
0.0 ‘\T ~ms 0.0 { o (24)], respectively. TheD(r,— =) values obtained from the time
0450 % )[ 041 \vf integral of the self-velocity correlation function are reported in the
W . last row.

00 05 1.0 15 tps) 00 05 10 15 t (ps)

D(ry) (1075 cné/s)

Vi T-gsk ViR T=85K ro (R) T=85K T=55K T=20K
04 1% shell 04 \\ 189A<r <191A i1stshell  1.70 1.60 0.40 0.35 ~0 ~0
\ 9.9-10.1  2.90 2.80 0.65 0.60 ~102 ~102
00T S 18.8-19.1 3.40 3.40 0.800.80 ~1072 ~1072
04F 04F 28.0-28.1 0.85 0.85
T L ro— 3.40 0.85 ~107?
00 05 10 15 t(ps) 00 05 1.0 15  t{ps)

FIG. 8. Comparison between the VCF computed from the MD
configurations by Eq20) (circles and from the cos-FT ofthe DOS T=20 K as the crystallization proceeds. The obtained
[this last one obtained from the sin-FT @AB* (r4;t)]. sample is “quasistable”; this means that it proceeds very
slowly towards the crystalline state. Over narrow time win-
Hows, one can study the correlation functions in a condition
Cof quasiequilibrium and all the quantities related to the fast

Fourier transforming the DOS obtained frasB* (ry;t) is g . :
compared with that directly derived from the definition of Xg&a(tlror,]gl ?g:g:gf: :&p%abrtarir;e;suorsge.mgwn; aggc;lsa[i,rgge
0 “MoT

Eqg. (20). Only some limit cases are shown to demonstrate indows (Fig. 9. They remain practically unchanged for

the very good level of agreement. As in the case of Watei';ng ime (500 p3, then evolve rapidly towards a stable

i * ) — \/* i _
[37], the equalityAF*(ro;t) = V7 (o;t) holds well for su State. It can be shown that the rapid change corresponds to a

percooled and liquid states near the melting point. In thi L . Y
range of thermodynamic states, the correlation functiorfryStallization procesg28]. In Fig. 9, the variations of the

AB*(ro:t) represents an independent way for deriving the2B” (To;t) functions are shown. As is seen, the main effect
DOS and studying the translational dynamics. To relate th@roduced by the crystallization is the deepening of the first
plateau height to the system diffusivity, it is worth consider-AB* (ro;t) minimum. This effect has been attributed to the
ing the connection of theAB*(ry;t) functions with the disappearance of a low frequen@gss than 20 cm') mode
single-particle dynamics. For small values mf (typically ~ Presentin the quenched state. This mode should represent the
for ther, equal to few atomic diametershe projection of

the pair dynamics over the initial directian;(0) is related

to the local structure of the liquid. A, increases, the two
atoms of the pair move more and more independently and
the longitudinal and transverse dynamics become equivalent.
In this limit, AB*(rq;t) has to reflect the self-dynamics, and
the nonvibrational dynamics must give the self-diffusivity.
This effect is shown in Table |, where the values®fr )
obtained fromA(r) [Eqg. (23)] and from the time integral of O 02
the relative radial VCHEGQq. (24)] are reported. The agree- .
ment is good and the self-dynamics is completely reached for J
ro>16 A. This confirms the diffusive meaning of the plateau N
height for all the thermodynamic states here investigated. As O OO ] .
expected, for large initial pair separations one obtéaifs) : J v SN
equal to twice the time integral of the self-VCF. To summa- .
rize, the two parameter&(ry) and 7. in Eq. (14) have the 1
following physical meaning: in supercooled liquids, the pla- _0 02 i .
teau heightA(r), being proportional ta(rg), is related to ) ' ! ! ! !
the frequency of diffusive jumpéor transitg, while 7 rep- 00 05 1 O 1 5 t (pS)

resents the average time of a diffusive jump since it is deter-
mined by the rapidity of the system in reaching the plateau FIG. 9. The results of monitoring, at time windows of 50 ps, the

height. time evolution of the 20 K fast quenched argon state via the dy-
namical behavior oAB(rg;t) for 0<r,<5.1 A. Circles—1st win-
dow (0-50 p3; solid line—average oAB(ry;t) of the first eight

In Ref. [28], we have studied the evolution of structural time windows; short dashed curve—11th window; long dashed
and dynamical properties of a fast quenched glassy argon atirve—12th window.

for the investigated thermodynamic states and for differen
ro ranges. In Fig. 8, the time radial VCF calculated by cosin

n

o

>
oo

C. Low frequency modes
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disorder of the higher temperature fluid conserved by thdions[22,23 could improve if contributions due to more than
qguenching process. As is seen in the DOS of Fig. 6, the samene average frequency are considered.

low frequency mode is present in the gently quenched state (2) The dynamics of the crystal differs from that of the
at 20 K as well as in the liquid states at 55 and 85 K. Fur-quenched liquid at 20 K for a shallower first minimum in the
thermore, if one looks at the first column of Fig. 6 from AB(r;t) function. The difference is taken into account by a
bottom to top, i.e., from the melting to the crystal, one canthird DHO mode vibrating at lower frequendyess than
see that the mode survives in the liquid at 20 K when diffu-oq ey and characterizing the liquid state. In fact, it is
sion disappears; it vanishes in the crystal at ZQ K This indiygq present in the dynamics of supercod®8 K) and melt-
cates that the low frequency mode dynamics is independem g5 k) |iquids. Moreover, it practically coincides with the
of the qllffuswe one. _Con_sequently, the phenomenol_oglc ode observed in the fast quenched 20 K argon $28
separation b_etween vibrations and relaxations Of.(Ea) 'S This mode vanishes as the crystallization of the system pro-
significant, since the two processes can be considered 'ndg'eeds and is absent in the forming crvstal. Al these facts
pendent. However, the nature of the mode itself is not Clear(';onfirm the assignment of this modge toythe .short range dis-

It could be due to the disorder-favored leakage of the trans- d ical of the liquid and h fth d
verse dynamics along the longitudinal one or to a really newP"@er typical of the liquid and amorphous states. If the mode

mode of vibration absent in the crystal. To clarify this point!S cOmPletely new with respect to the crystal dynamics or

we are planning the study of the transverse dynamics in thEPresents a filtering of the transverse dynamics along the

normal, supercooled, quenched, and crystalline state. longitudinal one, can be clarified by future works.
(3) As the temperature increases, the fast dynamics cannot

be described by only DHO functions. When the fast dynam-
ics ceases, a plateau is observed. It is shown that its height is

The molecular dynamics technique has been used to simuelated to the system diffusivity. The sum of a phenomeno-
late liquid argon at the melting temperature and for lowerlogical exponential relaxation representing diffusion and
temperatures of supercooled states obtained at the fixed methree DHO representing normal mode vibrations is able to
ing density. The structural relaxations are supposed separategproduce the short time dynamics of the system for the dif-
in time with respect to the fast dynamics occurring in fewferent temperatures and different choice of the initial pair
picoseconds. In this time domain, the longitudinal dynamicsseparation. A similar success was found in the case of water
has been investigated through the specific correlation fund-37], where the ratio between vibrational and nonvibrational
tion AB(ry;t). Notwithstanding the fragile character of the motions is strongly different. Therefore, the approach in
argon fluid,AB(ry;t) is able to provide useful information terms of normal modes, reminiscent of the crystal dynamics,
on the diffusive and vibrational dynamics, as in the case oplus independent diffusive contributions appears to be real-
water. It represents an approach to the translational dynamigstic, at least in the case of dense low temperature fluids
of liquids independent and complementary to that of the vecomposed by simple molecules.
locity correlation function. The relationship connecting the (4) The fast dynamics occurs in few picoseconds, typi-
two correlation functions has been derived and tested. Asally for t<3 ps, owing to the damping effects. After this
predicted by the theoretical considerations of Sec. Il A, thetime, a nonvanishing plateau is present in the supercooled
vibrational dynamics can be represented by few DHO-likeand melting statetsee, for example, Figs. 2 angl 4n recent
functions and constitutes the entire translational dynamics itheories, the damping is attributed to the dephasing of modes
crystal and amorphous solidsegligible diffusion. The ad- when the system moves in a nearly harmonic valley; the
dition of a simple diffusive mode allows a good description system undergoes diffusion when it passes from one valley to
of the dynamics behavior at higher temperatures in the liquicdinother, as in the case of the tran$2g,23. In this theory,
states. Our main results are grouped in the following fourthe transits are supposed to be local and of short time dura-
points. tion, at limit instantaneous. The parametglinvolved in the

(1) The comparison between theB(ry;t) functions of  diffusive relaxation[Eq. (14)] should represent the average
the crystal and of the quenched state at 20 K has shown thatlue of the transit times. As a matter of fact, we found
two DHO functions at about 40 and 60 chare able to =0.5 ps at 55 K which compares fairly well with the recent
represent most part of the longitudinal translational dynamicgvaluation[24] of 0.9 ps for the average value of the transit
of neighboring atoms. In the quenched liquid, another DHOtime for argon at 17.1 K. Values of, comparable to the
is present at lower frequency. These DHO contributions convibration periods were also found in the case of wagH.
tinue to be very important at higher temperature, in the suTherefore, similar considerations about the transit time
percooled and melting liquid states. This suggests that thshould hold in the case of molecular liquids characterized by
agreement between simulations and some theoretical predistrong orientational interactions.
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