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Observation of single transits in supercooled monatomic liquids
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A transitis the motion of a system from one many-particle potential energy valley to another. We report the
observation of transits in molecular dynamics calculations of supercooled liquid argon and sodium. Each
transit is a correlated simultaneous shift in the equilibrium positions of a small local group of particles, as
revealed in the fluctuating graphs of the particle coordinates versus time. To the best of our knowledge, this is
the first reported direct observation of transit motion in a monatomic liquid in thermal equilibrium. We found
transits involving 2—11 particles, having mean shift in equilibrium position on the order Bf @4argon and
0.253R; in sodium, whereR; is the nearest neighbor distance. The time it takes for a transit to occur is
approximately one mean vibrational period, confirming that transits are fast.
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[. INTRODUCTION scape picture above. Two crucial pieces of experimental in-

Long ago, Frenkel1,2] noted that the liquid-solid phase formation, summarized below, lead to this conclusion. First,
transition has only a small effect on volume, cohesive forcesthe constant volume specific heat due only to the motion of
and specific heat, while the liquid diffuses much more rapthe ions, denote®, , is approximately Bg per ion. This is
idly than the solid; and from these facts he argued that th&ue for every liquid metal for which the necessary data are
motion of a liquid atom consists of approximately harmonicavailable(see Table | 0f12] or Fig. 1 of[13]), and there is
oscillations about an equilibrium point, while the equilibrium no experimental indication that this property fails for any
point itself jumps from time to time. Goldste[18] pictured  liquid metal in the periodic table. In addition, although liquid
the motion of liquid atoms as primarily controlled by thermal Ar at 1 bar is somewhat gaslifé2], C, is close to ¥y for
activation over barriers, with a distribution of barrier heights.compressed liquid Af13], so it is included in our list of
From computer simulations, Stillinger and Webkt,5] monatomic liquids. The propert§,~ 3kg strongly suggests
found mechanically stable arrangements of particles, callethat the ions spend most of their time moving within nearly
inherent structures. They suggested that the equilibriunharmonic many-particle potential energy valleys.
properties of liquids result from vibrational excitations The second piece of evidence is the entropy of melting,
within, and shifting equilibria between, these inherent strucbut before this information can be made quantitative, one
tures. Their simulations showed a range of energies for thegaust recognize two categories of melting of elemdnt,
structures, so when Stillinger and Weber formulated a statissaamely(a) normal melting, in which the electronic structure
tical mechanics of their system they included a distributionof crystal and liquid are the sanfe.g., metal to metaland
of inherent structure potential energi&s7]. Since then, the (b) anomalous melting, in which the electronic structure
picture has developed of a “rugged potential energy land€hanges significantly upon meltin@.g., semiconductor to
scape,” with a wide distribution of structural potential ener- meta). Then the constant volume entropy of melting for the
gies, separated by barriers having a wide distribution ofhormal melting elements is found to be a universal constant,
heights[8—11]. Here we use the term “structure” to indicate and again this property holds without exception for all the
any mechanically stable configuration of particles, corre-elements for which sufficient experimental data exist, includ-
sponding to a local minimum in the many-particle potentialing compressed liquid Af14-16. Unlike the specific heat
surface. data, the entropy of melting does not compel us to an imme-

The present study is limited to monatomic liquids, mean-diate conclusion, but we can construct an interpretation con-
ing elemental liquids that do not have molecular bondingsistent with the data. The interpretation proposedlli?] is
Monatomic liquids include all elemental liquid metals and that the potential valleys important in the statistical mechan-
the rare gas liquids, but not the molecular liquids, NO,, ics of monatomic liquids are all alike, with each having the
etc., and not polyatomic systems such as alkali halides osame structural potentiab, and distributiong(w) of har-
water. Molecular liquids have translational, rotational, andmonic normal mode frequencies. On the other hand, we
internal vibrational degrees of freedom, while monatomicknow from Stillinger and Webef6,7] that a distribution of
liquids have only translational motion, and the potential en-®, values can be seen in computer simulations, and we also
ergy surface for monatomic liquids is presumably the simknow that crystalline valleys of different symmetry have dif-
plest of all liquid potential landscapes. We use the wordferent® values, so if12] we conjecture that the potential
“jon” as in metals theory, where an ion consists of a nucleusvalleys fall into two classes, namelg) symmetric valleys,
plus a rigid electron core. which have some crystalline short-range order and hence

The present database of thermodynamic properties diave a distribution ofP, values, andb) random valleys,
crystals and liquids, much more extensive and accurate thamhich have no order parameter and hence all have the same
was available to Frenkel, suggests a potential energy surfaghape in the thermodynamic linjsame®, andg(w) ], and
for monatomic liquids much simpler than the rugged land-which are of overwhelming numerical superiority relative to
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the symmetric valleys. Then the statistical mechanics of th@recise expression of the transit process, we monitored all
liquid state depends only on the random valleys, and th€artesian coordinates of all particles as functions of time
universal entropy of melting is simply related to a very largeduring an equilibrium MD run. As mentioned {i17], at a

universal number of random valleys. From this description ofsyficiently low temperature, the system moves within a

the potential surface, the Hamiltonian can be written and th%ingle random valley for as long as we can continue the MD

partition function evaluated, and an accurate account of thety,, ™, this event, the graph of each coordinate of each par-
modynamic properties of monatomic liquids is obtained

. . ticle is a fluctuating signal with constant mean, where the
[12,13. More recently{17,18, computer simulations of so- . S P
dium have provided a detailed verification of this descriptionmean value locates the partlclc_a s equilibrium position, and
of the many-particle potential energy surfa¢€hat all ran- the. set of all such grap_hs constitutes an unamblgqous obser
dom valleys have the sande, is shown by Eq(3.3) of [17] vation that the system is moving in a single potential valley.

and a demonstration that all random valleys have the sam the present work, the temperature was chosen so that tran-
g(w) is found in Fig. 7, and in the discussion surroundings'ts occur, but rarely, so that the graph of each coordinate of

Eq. (3.7), of [17].) A similar verification, but less detailed, each partic_le is again a flgctuating signal with constant mean
has been obtained for Lennard-Jones argk. for some time, then a shift appears in the mean coordinates
This description of the potential surface has two importan®f several particles, and then the graphs continue as fluctu-
implications for the motion of the system, calledransit, ating signals with constant means. These graphs constitute an
when it passes from one many-particle valley to anothertnambiguous observation that the system moves for a time
First, because of the role of transits in establishing and mainwithin a single potential valley, then transits to a new valley,
taining equilibrium, transits must be local; i.e., each transithen continues to move within the new valley. Having thus
must involve only a small localized group of particle?]  isolated transits in the equilibrium MD motion, we can study
(except for coherent quantum states, not under consideratiaheir properties, such as how much time they take, how many
herg. Second, because the transit motion has little effect oparticles are involved, and how far their equilibrium posi-
the ion motional specific heat, transits must be sharp, i.e., afons shift. Certain characteristics of our study should be
short time duration. A model of instantaneous transits hagentioned at the outset. First, throughout each equilibrium
been applied to the velocity autocorrelation function andryn, those with transits and those without, the mean potential
self-diffusion[20,21], and the idea that transits are correla- gnq kinetic energies of the system showed no perceptible
tion controlled, as opposed to thermally activated, has beeghange, hence every transit observed is between two random
applied to the glass transitiof22]. The purpose of the gjjeys.(Recall from Sec. | that all random valleys have the
p_regent paper is to repqrt the observa_tlon of individual t,ra”'same depthb,.) Second, the mean Cartesian coordinates of
sits in molecular dynamic8vD) calculations for monatomic  eyery particle were constant throughout each equilibrium
systems of argon and sodium. Our procedure and results afg, ‘except for transits. In other words, no motion other than
given in Sec. I, and a comparison with previous results issquilibrium vibrations and transits occurred. Finally, the
given in Sec. lll. _ _ _ graphs shown are representative of all the graphs we ob-
To the best of our knowledge, this work is the first Obser'served, and no selection of “best examples” was necessary.
vation of individual transits as they appear in the actual tra- During each equilibrium run, we identified a potential
jectory of an equilibrium MD system when it passes fromansjt when the running average of any coordinate over the
one many-particle valley to another. A different technique,sggg previous time steps moved by a distance equal to or
called “inherent dynamics,” which maps successive CON-greater than a prescribed criteridiisted below. Upon in-
figurations of an MD calculat[on onto a time_series of i”her'spection, we then verified that in every case we identified,
ent structureg6,7,23, has yielded results in some ways he coordinates of more than one particle moved at the same
complementary to the present study. Inherent dynamics Wa§me in the manner described above, indicating a genuine

applied to a binary Lennard-Jones system by &béret al.  transit, and every transit was from one random valley to
[24] to show that as temperature decreases toward a Crosgpother.

over temperaturd, the self part of the intermediate scatter-  Tpe density of our Lennard-Jones system is
ing function decays at two distinct relaxation times, a shory ggo2 particlesf®, with corresponding nearest neighbor
vibrational relaxation time and a long relaxation time assOjstanceR, = 1.095r, taken as the first maximum gf(r) in
ciated with transitions between inherent structures. 8810 1,4 liquid state. When applied to argoor£3.405 A), the

et al. located transitions between inherent structures inensity is 1.600 g/cfy the rms normal mode frequency of
monitoring the inherent structure potential, by, and also e random valleys is 6.8810" s 1, and the mean vibra-
the real-space location of the inherent structure as functiong, | period is~=4245t, where the MD time step ist

of time. This observation demonstrates that the MD system,_ 5 15534 fs(For comparison, the density of liquid Ar at 1

moving in equ_ilibrium,_will quenph into different inherent 1,51 414 g/crh) The forces and potentials in the system
structures at different times, but it does not tell us about th%re computed taking into account all pairs of particles, using
the full Lennard-Jones potential. The transit criterion i0.1
or approximately O.R; (that is, all motions greater than
Il. OBSERVATION OF TRANSITS 0.1R; in any cpordmate averaged over time were tagged_as
potential transits and the lowest temperature where transits
We searched for transits in 500 particle systems with pewere observed was 17.1 K, roughly comparable to the glass
riodic boundary conditions. To reveal the most detailed andransition temperature.

intended to provide insight into that process.
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FIG. 1. Thex coordinates oftop to bottom the seventh, fifth, FIG. 3. Thez coordinates oftop to bottom the first, seventh,

and second particles involved in an eight-particle transit inand second particles involved in an eight-particle transit in
Lennard-Jones argon at 17.1 K. The transit time is the same as ipennard-Jones argon at 17.1 K. The transit time is the same as in
Figs. 2 and 3. Figs. 1 and 2.

Figures 1, 2, and 3 show, respectively, some ofxthey, after the transit. The displacement of a Cartesian component
andz coordinates of an eight-particle transit in argon at 17.1of the equilibrium position of a particle is given by the
K. Only some particles are shown in each figure for the sakehange in the horizontal dotted line. To estimate the duration
of clarity, and different particles are shown in different fig- of a transit for each particle separately, we draw horizontal
ures, but those that are shown are representétieeparticle  lines approximating the upper and lower bounds of each
numbers are listed in the figure captiand/hile Figs. 2 and  fluctuating signal, and find how long the transiting particle is
3 suggest that all transiting particles move in the same diremutside of both its pretransit and posttransit bounds. By this
tion, this is not actually the case, and the appearance resuliseasure, many of the graphs in Figs. 1 —3 show zero transit
from keeping only a set of clearly distinguishable curves.duration. A close examination reveals that the best choice for
(When all the curves are plotted together, the motion of inthe transit time, as well as the transit duration, varies slightly
dividual particles is difficult to seg.The dotted lines are even among the three coordinates of one particle. Our prac-
drawn for visual guidance. The vertical line indicates thetice is to set the transit time precisely the same for all coor-
transit time, which is the same in all three figures. The sysdinates of all particles, and allow the transit duration to cover
tem is undergoing harmonic vibrational motion in one ran-remaining variations. Let us denote AyR the distance over
dom valley before the transit, and in another random valleywhich the equilibrium position of a transiting particle moves,
and by At its transit duration. Then for the eight particles
involved in the transitAR varies from 0.R; to 0.6R,, with
a mean value of OR;, andAt has an estimated mean value
of 7.

Following the eight-particle transit by a time of 4,3an-
other transit occurred among three entirely different par-
ticles. The coordinates of one of these are shown in Fig. 4.
There is a small but measurable change in the mean af
ji A AT (W Ik nominal change in the mean gf and a large change in the
22 i mean ofx. At the transit there is a slight decrease in the
e R e ek AR AR R Tl vibrational amplitude, and a noticeable increase in bothxthe

andy amplitudes. Such changes in amplitude are common in
26 4 transits we observed, but of course they must average away
LR DL (WA over many transits, because these amplitudes are all selected
: from a single equilibrium distributior{Notice Figs. 1-3 also
3.0 L L L T ' L ' ' exhibit a distribution of amplitudesThe x coordinate in Fig.
0 2 4 6 8 100 4 shows a significant precursor, unusual but not singular,
10" iterations extending ahead of the transit time, while theoordinate

FIG. 2. They coordinates oftop to bottom the first, second, ~Shows only the hint of a precursor.
eighth, and sixth particles involved in an eight-particle transit in ~ Our sodium system has potential energy based on pseudo-
Lennard-Jones argon at 17.1 K. The transit time is the same as jpotential theory, and is described [47,18. The density
Figs. 1 and 3. corresponds to liquid sodium &t,=371 K, and the nearest

-1.0 T T T L]

y (units of G)
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FIG. 4. The coordinates of one of three particles involved in a  FIG. 6. Thez coordinates of two sodium particles involved in
later transit in Lennard-Jones argon at 17.1 K. Vrendz coordi- three separate transits over a period of 120 000 iterations. The tran-
nates have been shifted for clarity. sit times are the same as in Figs. 7 and 8.

neighbor distance i®;=7.0 bohr. The rms vibrational fre- ticles occupy a roughly cubical volume, which contains alto-
quency of the random valleys is 1.5620'% s~ !, and the gether 23 particles, so that the transiting group has a rather
mean vibrational period is=287.255t, where the MD time ~compact shape. ~ _ _

step is ot=1.40058 fs. The transit criterion is 1 bohr, or  Recall that in identifying each transit, we find every par-
0.14R;, and the lowest temperature where transits were obticle for which at least one running average coordinate
served was 30.0 K, roughly 30% of the glass transition temM0Ves as much as the transit criterion. Upon reducing the
perature. At this temperature we observed a transit involvindgransit criterion by half in sodium, to 0.6, we found many

11 particles, and the set of graphs of particle coordinate§'0re particles participating in each transit, but we found no
versus time is qualitatively indistinguishable from the argonn@W transits. This suggests there are no transits that have
graphs shown in Figs. 1-3. The three coordinates of one @nly very small positional shiftA R, but when a transit does
the transiting particles are shown in Fig. 5, and the remainin@Ccur, many surrounding particles undergo small correlated
ten particles exhibit similar and equally striking graphs.Positional shifts. In Fig. 5, the small shifts & and z at
Again for this 11-particle transit in sodium, every coordinate@Pproximately 310000 iterations are associated with the
of every particle transits at the same time. The mean singlef@nsit of another group of particles. _

particle transit distance is 0.R while the group center of _ Figures 6-8 show the Cartesian coordinates of two par-
mass moves a distance ORy] and the mean single-particle ticles over a common time period. The transitszjrFig. 6,
transit duration is approximately. The 11 transiting par-
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FIG. 7. They coordinates of two sodium patrticles involved in

FIG. 5. The coordinates of one particle in an 11-particle transitthree separate transits over a period of 120 000 iterations. The tran-
in sodium at 30.0 K. sit times are the same as in Figs. 6 and 8.
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position after a short time. It is possible that the nature of the
jumps seen by Miyagawat al. and by Wahnsinm is more
characteristic of a dense gas than a liquid.

An observation of cooperative particle motion, via com-
puter simulation, was reported by Donati al. [27]. They

% . ! | ‘1“«‘ il worked with a binary mixture of Lennard-Jones particles, at
s | f LA -‘N‘H. Mf'ﬁim : temperatures well above the glass transition temperature, and
2 BT o i il ; 1 observed particle positions at two different times, separated
S ‘WNMM F 5 \ 1 Wl L(g ‘;:1:‘ , r:, ‘ by a long period compared te. Between the two observa-
g 20 L " L [ FPETY .‘ tion times, groups of particles moved a distance on the order
) ! of R; along stringlike paths, with each particle tending to
_ move into the original position of its next neighbor along the
2ok 4 string. In comparison, in our transits the particles move a

distance noticeably less thad®,. Oligschleger and Schober
[28] studied a system with a soft repulsive potential at very
low temperatures, down to 2.5% of the glass transition tem-
perature, where they observed jumps in the system rms dis-
FIG. 8. Thex coordinates of two sodium particles involved in placement versus time. These jumps corresponded to the mo-
three separate transits over a period of 120 000 iterations. The tration of particles in chainlike configurations, where each
sit times are the same as in Figs. 6 and 7. particle moved only a fraction of the nearest-neighbor dis-
tance. In contrast, our systems do not exhibit transits at such
low temperatures. Again for a binary mixture of Lennard-
are sharp and perfectly correlated in time. The same hold3ones particles, Schier et al. [24] used the technique of
for the transits iny, Fig. 7, but both particles show a long inherent dynamics to find transitions between inherent struc-
postcursor drift following the third transit. In thecoordi-  tures that correspond to cooperative stringlike rearrange-
nate, Fig. 8, the shift of the lower particle in the first transitments of groups of particles moving distances smaller than
lags the common transit time byr3and this lag is included the nearest-neighbor distan¢deir Fig. 8. These authors
in our determination of the average transit width. Precedin@lso found that the distribution of displacements of the equi-
the second transit by a time of #2the lower particle is librium positions in such transitions contains a large number
involved in a transit with a separate group of other particlesof particles that move a very small distan¢eeir Fig. 9. It
(Since the transit does not involve both particles, its time ids possible that a similar distribution applies to the mon-
not plotted in the figure. This transit, at approximately atomic systems studied here. An important difference be-
275000 time steps, produces no discernible shift in the pamween our transits and the motion reported2d], [27], and
ticle’'s y and z coordinates. Then at the second transit, thg28] is that our transiting groups do not have stringlike con-
upper particle shows a small shift, while the lower particlefigurations, but are more isotropic, albeit still quite irregular.
shows none. Of course, both particles move significantly in In summary, we have observed transits as they appear in
and z at the second transitFigs. 6 and Y. Finally, both  the fluctuating graphs of the particle coordinates in equilib-
particles show a long drift following the third transit. We rium monatomic MD systems. Each transit is a correlated
have not seen such a long postcursor in any other transit. simultaneous shift in the equilibrium positions of a small
local group of particles. The average shift of the equilibrium
position of a single particle is around ®#4in our Ar system
and around 0.28; in our Na system. Occasionally a graph
For a binary soft sphere mixture, Miyagaveaal. [25]  of coordinate versus time for a single particle will show a
found correlated jumps in the rms displacement of time-precursor, or postcursor, extending severaway from the
averaged positions of single particles. Despite initial appearmain-group transit time. The average transit duration, for a
ances, their results are in fact markedly different from ourssingle particle or for the entire group, is roughtyin either
First, they averaged patrticle positions over a time of severahr or Na, and the precursors and postcursors are included in
vibrational periods, so that motion on a shorter time scalghis average.
was not resolved. Second, they found very large jumps, Each precursor or postcursor appears as a segment of the
around one nearest-neighbor distance, and they found thparticle coordinate graph where the mean of the coordinate
several atoms jump at successive times by permuting therifts for a time of severat. In all our calculations, no such
positions. Wahnstm [26] studied a binary Lennard-Jones drift occurred exceptin connection with a transit. In our
mixture, and observed sharp jumps in the magnitude of th&iew, the transit itself is the primary step of diffusive motion.
displacement of a single particle as a function of time. Thes@&levertheless, the precursors and postcursors, when they
jumps also do not appear to be related to the transits wappear, are a part of the equilibrium diffusive motion, and it
observe. In Wahnstro's system, the jumping particle was would be interesting to study further their role.
almost always one of the smaller particles, the jump distance The transits we have observed are isolated events;
was at least as large as the nearest-neighbor distance, andhair duration is short compared to the time between
jumping particle had a tendency to jump back to its originalthem. At higher temperatures the transits will occur at

1 1 1 1 1 1
24 26 28 30 32 34
10™ iterations

Ill. DISCUSSION
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higher rates. An important assumption of liquid dynamicsuid state is so high that each particle is involved in a transit
theory is that the motion between random valleys is accomapproximately once in every time interval This hypothesis,
plished by the same kind of transits observed here, at least s well as other more detailed properties of transits, will be
a first approximation, even though the transit rate in the liginvestigated in future work.
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