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Numerical Evidence of an Embryonic Orientational Phase Transition
in Small Nitrogen Clusters
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Using molecular dynamics simulation we provide some evidence of an embryonic solid-solid phas
transition in (N2)13 cluster. This transition, as characterized in terms of the underlying potential energy
surface, is accompanied by the release of the molecular orientational degree of freedom. This transit
is also observed in (N2)55 but not in (CO2)13. It is presumably a finite size analog of the bulk rigid to
plastic phase transition, which is known to occur in solid N2 but not in CO2. [S0031-9007(96)00345-6]

PACS numbers: 36.40.Ei, 61.46.+w, 64.70.Kb
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The structures and dynamics of clusters in which ato
are bound by the simple two-body Lennard-Jones (LJ)
tential have been given considerable attention in the p
two decades [1–4]. Small numerical model systems, ty
cally in the size range of ten to a few hundred atoms,
hibit noncrystalline packing. Irregular size dependenc
are observed in the structural and thermodynamic pr
erties of the clusters in this size range. This is clea
related to the fact that certain “magic numbers” of iden
cal atoms may form compact structures, with surfaces
are nearly close packed. It is consistent with the we
known electron diffraction experiments of Farges and c
workers [5], demonstrating that small clusters of arg
tend to exhibit a polyicosahedral then multishell icos
hedral form and begin to adopt the face-centered cu
(fcc) arrangement of the bulk material when they rea
a size of 1000 atoms or more. In addition, magic numb
sLJdN clusterssN ­ 13, 55, 147, . . .d were shown to exhibit
a melting phase transition apparently quite unlike the b
one. Instead of showing two phases coexisting in c
tact, a “dynamical coexistence” phenomenon was found
a finite range of energy, between solidlike and liquidli
forms of the clusters. This coexistence is characteri
by bimodal distributions in short-time-averaged kinetic e
ergy as well as by an S bend (or van der Waals type loop
the microcanonical caloric curves [3]. For some time t
dynamical coexistence phenomenon was thought of a
new kind of phase change” [6]. Later on several theoreti
studies have shown that it should rather be understoo
the microscopic finite size system analog of the bulk fir
order melting transition [7–10]. Quite recently, Wales a
Berry have derived the necessary thermodynamic con
tions for finite size systems to exhibit such a coexisten
phenomenon [11].

In contrast to rare gas clusters [and theirsLJdN model
counterparts], rather limited information is available o
the behavior of polyatomic molecular clusters which a
known to exhibit a richer diversity of structures an
dynamics than the simple atomic systems. Experime
and computer simulations have shown that clusters
0031-9007y96y76(23)y4336(4)$10.00
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small quasispherical molecules such as CCl4 exhibit
crystalline packing arrangement when they contain as
as,100 molecules [12]. For SF6 clusters, the transition
between noncrystalline and crystalline bulklike structur
occurs in the size range between 13 and 19 molecu
[13,14], and for CO2 clusters in the range between 2
and 32 molecules [15]. This dramatic difference
behavior between atomic and polyatomic systems
been attributed to the anisotropy of the repulsive part
the intermolecular potential [16].

Many aspects of the thermodynamics of small po
atomic clusters are still not well understood. In the pres
study we investigate the low temperature phase beha
of magic number molecular clusters in order to find o
whether or not microscopic finite size analog of the bu
first-order solid-solid phase transition exists, as in the c
of melting. Etterset al. [17] have observed by Monte
Carlo simulations some changes in the energy and orie
tional order of very small CO2 clusters (N ­ 2 to 13) as a
function of temperature. These were attributed to the
istence of an orientational phase transition. However, t
early attempt was handicapped by the lack of the statist
mechanics tools that enable one nowadays to explain st
tural, dynamics, and thermodynamics changes in term
the underlying potential energy surface of the system
der investigation [18].

We have carried out a series of extensive molecu
dynamics (MD) simulations of molecular clusters an
have observed an orientational phase transition in (N2)13

cluster. Contrary to the earlier study mentioned abo
such phenomenon wasnot found in the case of (CO2)13.
We are aware of no other simulation study in which
finite size analog of the bulk first-order orientational pha
transition has been described and characterized in term
the underlying potential energy surface (PES).

The MD simulations of nitrogen and carbon dioxid
clusters were performed using the potentials proposed
the bulk studies and previously used in clusters simulati
([19] and [15,20], respectively). No boundary conditio
were used. Both microcanonical and canonical trajecto
© 1996 The American Physical Society



VOLUME 76, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 3 JUNE 1996

[21

d u
m
er
ns
ble
na
ion
is
4]

ES
n

ha
re

ure
of

firs
i

a
to
th
r
ther
d

nd
re
ie
ib

le
th
yin
m

ely
lose

er-

to

ca-
cal
ing
e
ch

ons

in

nd
for

not

e of
ntial
n be
cond
were generated, the latter by using Nosé dynamics
with a couplingQ parameter­ 10 kJ mol21 ps. The po-
sitions and quaternions coordinates were time steppe
ing the Beeman algorithm, which is accurate to the sa
level of approximation as the more commonly used V
let algorithm. A time step of 5.0 fs was used. MD ru
were performed at different energies, from which sta
minima of the PES were searched, by applying frictio
damping factors on force and torque terms in the equat
of motion of each molecule [15,22,23], a method which
similar in nature to the conjugate gradient technique [2
Roughly 3000 MD quenches were performed.

Figure 1 displays the energy distribution of the P
minima of (N2)13 cluster. A similar energy distributio
was recently found by Bertoluset al. using a Monte Carlo
growth technique [23]. This presumably indicates t
most of the significant local minima on the PES we
found by our MD quenches. The most prominent feat
of this distribution is the observation of three sets
local minima separated by two energy gaps. The
set corresponds to two isomers: the global minimum
found at a potential energy of23.5034 kJ mol21 per
molecule and another low lying minimum is observed
23.5004 kJ mol21 per molecule. Both minima belong
the class of icosahedral packing. The point group of
global minimum is3̄ si, C3, C2

3, S6, S5
6 d, and the molecula

centers of mass form a regular icosahedron. The o
low lying minimum has a similar but slightly distorte
structure. In the energy range between23.4480 and
23.4098 kJ mol21 per molecule a second set is fou
which contains five local minima. All five isomers a
icosahedral (more or less distorted) from the point of v
of the centers of mass, but now the molecules exh
uncorrelated orientations, so that the central molecu
no more a center of symmetry of the cluster. As
total energy is increased, the quenches find higher l
minima. This corresponds to the third set of local mini
which is found above at an energy of23.3066 kJ mol21
ns,
es
en
ed.

is
FIG. 1. Energy distribution of the PES minima of (N2) 13

cluster obtained from,3000 MD quenches.
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per molecule. All these minima correspond to loos
bound (amorphous) structures, some of them being c
to defective icosahedrons.

Canonical and microcanonical MD runs have been p
formed in the temperature range0 , T , 36 K, starting
from the global minimum found on the PES, in order
investigate the thermodynamic behavior of the (N2)13 clus-
ter. The caloric curve and the corresponding molar heat
pacity, calculated from energy fluctuations in the canoni
runs, are shown in Fig. 2. Both curves indicate the melt
event atT ø 30 K. A coexistence between the solidlik
and liquidlike forms is observed in this cluster, in mu
the same way as in LJ13 [10]. The microcanonical caloric
curve has an inflection rather than an S bend, for reas
that are presumably similar to the LJ13 case [13]. Melting
with dynamical coexistence has been found previously
polyatomic systems such as (H2O)8 and (H2O)20 [25]. An
energy gap between the solidlike low energy minima a
the higher energy liquidlike isomers is needed in order
coexistence to be observed. Indeed, coexistence has
been observed insSF6dN clusters in the rangeN ­ 7 55,
and this has been explained in terms of the existenc
many quasidegenerate low energy states in the pote
energy surface [13,26]. In the present case, melting ca
associated with the larger energy gap between the se
w
it
is
e
g

a

FIG. 2. (a) Caloric curve of (N2)13 cluster. Open and full
symbols correspond to microcanonical and canonical ru
respectively. The solid line is a guide to the eye. Dotted lin
correspond to the stable solidlike and liquidlike forms betwe
which the dynamical coexistence phenomenon is observ
(b) Molar heat capacity of (N2)13 cluster calculated from the
energy fluctuations in the canonical MD runs. The solid line
a guide to the eye.
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and third sets of local minima found in the PES (Fig. 1
More details on this will be given elsewhere [26].

We shall now focus on the smaller and broader pe
observed at low temperature in the heat capacity cu
In order to find out whether this peak could be attribut
to an order-disorder orientational transition, we ha
calculated an orientational order parameter (OOP)

OOP­

É *
2

NsN 2 1d

X
i,j

cosuij

+ É
. (1)

As shown in Fig. 3, there is clearly a gradual lo
of orientational order of the molecules from the lowe
temperature up to,20 K. This change in orientationa
order is slow so that the resulting heat capacity peak
broad and the change in slope of the caloric curve c
hardly be observed. This transition may be associa
with the small energy gap between the rigid solidlik
minima and the rigid orientationally disordered minim
in the PES (the gap between the first and second set
local minima seen in Fig. 1). When plotting the logarith
of the probability distribution of energy in the canonic
ensemble, a double inflection is observed in the region
E ­ 22.2 kJ mol21 and another, much less pronounce
one atE ­ 22.8 kJ mol21 which seems to confirm that th
Wales and Berry condition for coexistence in finite syste
[11] is fulfilled for both the melting and the orientationa
transitions [26]. Also shown in Fig. 3 is the root-mea
square bond length fluctuation parameter (RMSD) a
function of temperature, indicating that the translation
melting process is initiated atT ø 25 K (referring to
Lindemann’s melting criteria of RMSD,0.1).

Clearly, the heat capacity peak observed atT ø 10 K
in the (N2)13 cluster can be attributed to the release of t
molecular orientational degree of freedom. Prelimina
results indicate that this peak is also observed in lar
magic number clusters such as (N2)55 [26]. Its bulk phase
counterpart could well be the rotational phase transit
from a rigid to a plastic crystal which is known to occu
in solid N2 [27]. The transition observed in the prese
an
) a

ta. he
FIG. 3. Orientational order parameter: OOP (spheres)
root-mean-square bond length fluctuation: RMSD (squares
a function of temperature of (N2)13 cluster. Open symbols are
for microcanonical data and full symbols for canonical da
The solid lines are guides to the eye.
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study is thus presumably a finite size system analog o
bulk solid-solid phase transition.

Figure 4 displays the computed heat capacity of (CO2)13

which shows no evidence of the orientational transition o
served by Etterset al. [17] atT ø 13 K. Only one energy
gap is observed in the energy distribution of the PES m
ima. The global minimum is found at a potential energy
213.34 kJ mol21 per molecule. Its point group is̄3, and
the molecular centers of mass form a regular icosahed
as in the case of (N2)13. All other local minima correspond
to nonrigid isomers. The observed energy gap is thus
sociated with the melting transition for which dynamic
coexistence was also found [26]. We believe that Ett
et al. [17] did not find the global minimum in their MC
simulations of (CO2)13 although there are some slight di
ferences between the potentials used by these authors
the one used in the present study. Their lowest-ene
cluster was found at212.43 kJ mol21 per molecule and is
described as a distorted icosahedron. The phenomenon
served by these authors is presumably due to a spontan
irreversible transition from the initially distorted icosah
dral cluster (which is presumably a local minima in th
PES) to the regular icosahedron which corresponds to
global minimum in the PES. An independent investigati
of the thermodynamics of (CO2)13 through Monte Carlo
and Nosé dynamics by Weerashinge and Amar [28]
not show any sign of low temperature orientational pha
transition.

We have provided some evidence of the existence o
embryonic orientational phase transition in the regime
small molecular clusters, in Jortner’s terms [29]. The fa
that this transition has been observed in (N2)13 and (N2)55

but not in (CO2)13 seems to indicate that it is the finit
size analog of the bulk rigid to plastic phase transitio
which is known to occur in solid N2 but not in CO2.
A systematic investigation of the size dependency of
PES topography and the related thermodynamics beha
should now be undertaken in order to understand how
bulk phase diagram progressively emerges from the sm
cluster regime behavior.
d
s
FIG. 4. Molar heat capacity of (CO2)13 cluster calculated
from the energy fluctuations in the canonical MD runs. T
solid line is a guide to the eye.
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