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The freezing of metal nanoclusters such as gold, silver, and copper exhibits a structural evolution. The
formation of the icosahedrdlh) structure is dominant despite its energetic metastability. The dynamical
aspects of the structural transformations, which are eventually responsible for the kinetics, are studied by
calculating free energies of gold nanoclusters. The transition barriers have been determined by using the
umbrella sampling technique. Our calculations show that the formation of Ih gold nanoclusters is attributed to
the lower free energy barrier from the liquid to the Ih phase compared to the barrier from the liquid to the
face-centered-cubic crystal phase.
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Recently, nanosized metal clusters have been extensively contrast to the experimental observations, previous theo-
studied as a fundamental element for technological applicaretical calculations suggest that the minimum-energy struc-
tions, such as nanocatalysts and nanoelectronic deVidas. ture for Au is a truncated octahedr6FOh) rather than the Ih
like bulk, at surfaces or inside of metal nanoclusters, atomior Dh structure for several hundred atom clusters and the Ih
bonds may be cut and bonds formed due to the presence ofséructure is energetically metastable even for small clusters
nanosize surface or quantum effects. As a result, metal nanéless than 100 atoms? ! This important structural transition
clusters exhibit unique chemical and physical properties disbehavior during the formation of metal nanoclusters thus re-
tinct from bulk materials. For the controlled growth of low Mains ambiguous. _
dimensional nanostructures, it is very important to under- In order to understand the dynamical aspects of the struc-
stand the properties of metal nanoclusters, their formatiofral transformations such as the freezing and melting of
from the liquid state or gas phase, and their chemistry. metal nanoclusters, we have pgrformed free energy calc_ula-

In particular, phase transitions of metal nanoclusters havéons of gold nanoclusters using the umbrella  sampling
attracted great interest because of physical behavior, such §ehniqué®** combined with molecular dynamics simula-
size-dependent melting point depressidnquasimelting;s  tions. The variation pf free energies for the structl_JraI trans-
and dynamic phase transitiénis nanosize regions. For in- formation was obtained by mtroducmg a crystalline order
stance, small metal clusters have lower melting points comparametet? Our free energy calculations showed that the
pared to the bulk melting poirtd Furthermore, the structure formation of the Ih struct_ure_ is attributed to the lower free
of metal nanoclusters may fluctuate below the melting poin€nergy barrier from the liquid to the Ih phase compared to
under external perturbation§. The experimental evidence the barrier from the liquid to the fcc crystal phase. This ex-
for the quasimelting of gold nanoclusters was reported bylains why the Ih cluster is frequently produced in experi-
lijima and IchihasH through real-time microscopic studies: Ments despite its energetic metastability.
the gold clusters change from a single crystalline form to a For the description of structural evolution of gold nano-
twinned crystalline form based on icosahedial) or deca- clusters during the freezing and melting, we first introduce a
hedral(Dh) structures, and vice versa, when irradiated withStructural order parametab(r™) that represents the degree
intense electron beams. of crystallinity in the system? The free energyF of the

Another interesting aspect of phase transitions of nanosystem with a particular value of structural order parameter
clusters is the structural evolution of clusters produced fromfP at temperatureT can be calculated byF(®)=const
the liquid state or gas phase. Because of a large surface-toksT In P(®), where kg is the Boltzmann constant and
volume ratio in nanosize regions, metal clusters exhibit vari-P(®)d® is the probability to find the system with values of
ous structural modifications. For example, for fcc noble met<® between® and ®+dd 1315
als such as gold, silver, and copper, nanoclusters of In or Dh In the above free energy calculations, conventional
structures with a fivefold symmetry of noncrystallographic simulationd® such as molecular dynami¢sID) simulations
atomic arrangements were dominantly formed as observed igan be used in order to determine the probabiftyP). In
high resolution electron microscopy experimehitsThe ex-  this case, the MD events of the structural transformations
perimental observations indicate that the Ih or Dh structurearely occur at the transition temperature for nanoclusters of
should be a lower energy state than a fcc structure, by theever a few hundred atoms. As a result, the probabHisp)
modynamic principles, in which the clusters are assumed tis strongly peaked around a particular value d®fcorre-
adopt the energetically stable thermal-equilibrium structuresponding to a certain equilibrium state at temperaflye
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TABLE |. Bond-order parameter®g for various cluster (a
structures. o
§
Liquid Ih Dh fcc TOh )
£L
Qs 0.06 0.17 0.30 0.57 i
S
™
while the probability is very low for a high free energy state. /\_ , , / .
So it is practically impossible to obtain the free energy as a 0 0.1 0.2 03 04 0.5
function of ® only with the conventional MD simulations. Crystalline order parameter, 0

This problem, however, can be overcome by using the
non-Boltzmann sampling such as the umbrella sampling. In 10

(b)
the method, ab-dependent bias potential makes the sam- I
pling probability appreciable in®d region of high free
energyl31517

AF [ kT

(=]

There are two factors that play a crucial role in the above — N
biased sampling method: The first issauctural order pa- liquid state foc TOR
rameter® as a reaction coordinate that connects the initial . .
and final states of the system, and the second is a 0 0. 02 03 04 0.5
d-dependenbias potentialthat forces the system to sample Crystalline order parameter, O

a high free energy region db space along the reaction path.

For the structural order parameter’ we used the bond- FIG. 1. Representative shapes(a)‘probability distribution and
orientational parameteg, introduced by Steinhardit al14  (b) free energyf AF=F(Qg) - Fiiquiq] as a function of a crystalline
This parameter, sensitive to the degree of orientational corrder paramete®s at 780 K for a 459 atom Au cluster.

relation defined by the vectors connecting neighbor atoms,indows. The total simulation time was more than 4
measures the degree of crystallinity of the system. As ShowR 1At where At=2.5 fs represents the time step for the
in Table I, in a liquid clusterQs is very small(but nonzero  integration of the equation of motion. To check the revers-
due to the surface shape effgathile in a crystalline cluster, jpjlity of the free energy curves, we calculated the free ener-
where the bond orientations are correlated coherentlyies by varying the, parameter in both increasing and de-
throughout the whole region, it is relatively large. We herecreasing directions. The calculations showed no significant
note thatQg is not a state function with any specific internal hysteresis except at low temperature where the free energy
structure but just a reaction coordinate indicating the degreehanges steeply witlg. This indicates that our simulation
of crystallinity. time is long enough to equilibrate the system with negligible
For the fictitious bias potential of the umbrella sampling, hysteresis. Typical results of the probability and free energy
we chose a harmonic function localized around a specificalculations are shown in Figs(al and 1b), respectively.
value of the order parametér(=Qg). We biased the configu- More details on the simulation procedures and numerical
ration space sampling by adding this bias potential to thaechniques are described elsewhéré.
original potential energy of our system. By adjusting the cen- Figure 2 shows the free enerdyAF=F(Qg)—Fiiquial
ter position of the harmonic function to the region of a largecurves of the gold nanoclusters as a function of a crystalline
free energy barrie¥?'® we could achieve relatively uniform order paramete®,. Here, the liquid state is taken as a ref-
sampling over the whole region of the phase transition. As &rence free energy state. The free energy curves at various
result, the transition between cluster phases of low and higtemperatures contain two or more energy minima represent-
crystallinity was made possible despite the substantial freing the liquid and crystalline structures. In order to determine
energy barrier. the cluster structures at the minimum states, the typical
We now investigate the behavior of freezing and meltingatomic configuration at each stage was captured as shown in
of Au nanoclusters by calculating the free energies of the AtFig. 3. The two energy minima &¢=0.45 and 0.05 repre-
nanoclusters near the melting point. In these calculations, theent the crystalline state of a TOh fcc structure and the liquid
probability P(®) for the free energy was obtained by MD state, respectively. The phase transition temperature is
simulations based on the semiempirical embedded-atoraround 780 K at which the free energies of solid and liquid
method® and the bias potential scheme. As an initial clusterare nearly equal. At high temperatures such as 820 or 800 K,
configuration, a TOh cluster of 459 atoms was used. The frethe liquid state is a global energy minimum, while the fcc
energy was calculated at various temperatures between 760lid state is metastable. Our free energy calculations show
and 820 K with an interval of 10 or 20 K by using the that at 820 K the initial fcc TOh cluster melts with a very low
Anderson thermostaf. The space of bond-order parameter free energy barriefless than a fevkgT). When temperature
Qg Was divided into 20 windows and umbrella sampling runsis further reduced, the relative free energy of the crystalline
were performed with a bias potential corresponding to eaclsolid decreases monotonically and becomes a global mini-
window. Then the self-consistent histogram meffodas  mum state aff <780 K.
used to reconstruct the overall distribution of probability Here, the free energy curves below the transition tempera-
P(Qg) from the individual histogram obtained in different ture are particularly interesting because they are expected to
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FIG. 2. Free energy curves for a 459 atom Au cluster as a
function of crystallinity(Qg) at various temperatures. The free en-
ergy was obtained by using the umbrella sampling method com-
bined with atomistic simulations. The inset shows a close-up of the 3‘5 ()
curve at 770 K indicated by the box. m}%
z
provide physical insight into the freezing behavior of the Au %E (6)
nanoclusters. Inspection of the curves gives two typical <
freezing paths, depending on the temperature. At small un ©
dercooling temperature of 780 K, the curve depicts a freezing
path with a very large free energy barrier ofkil and 5 " 3 8 10
shows the absence of any significant metastable solid state ¢, S(A™Y

a local free-energy minimum. However, at more undercool-

ing temperaturg770 K), the free energy changes signifi-  FIG. 3. Representative atomic configurations of a 459 atom Au
cantly and a local free-energy-minimum state starts to appeafuster at local free-energy-minima and transition sté&teThe lig-

at aroundQg=0.1 (see the inset in Fig.)2 The typical uid state aroun@g=0.05, (b) the transition state between the lig-
atomic configuration at this state shows a fivefold symmetryid and the Ih state(c) the |h state aroun@g~0.1, and(d) the

on its surfacesee Fig. &)]. Further investigation of this TOh fcc crystalline state aroun@s~0.45. (e) Calculated diffrac-
metastable structure reveals that the cluster configuratiofion patterns for the structures d—(c).

corresponds precisely to the Ih structure only with some de-

fects around the center of the cluster. At this temperature, thi typical experimental conditior?s, this simulation result
TOh fcc structure is thermodynamically the most stableclearly shows that the cluster can be dynamically trapped
Here, it is noted that the free energy barriers are quite differinto the metastable state of the Ih structure with a very low
ent: The free energy barrier for the transition from the liquidfree energy barrier during the freezing. The very low free
to the metastable Ih cluster is very low-kgT), while the  energy barrier for the formation of the lh structure explains
barrier from the liquid state to the fcc crystal is as large aswvhy the |h cluster structure is dominantly formed in spite of
7 kgT. Interestingly, the typical atomic configuration at the its energetic metastabili@/.

transition state between the liquid and the Ih state shows In addition to the freezing behavior, the melting of metal
{111}-type facets with a fivefold symmetry on its surfdsee  nanoclusters can be also explained by the free energy curves
Fig. 3(b)], although the internal structure is rather liquidlike of Fig. 2. Previous MD simulations reported that gold nano-
as shown in its diffraction patterfsee Fig. 8)]. As an  clusters initially possessing a fcc single crystalline structure
atomic-level mechanism of structural transformation, weunderwent a structural transformation to an Ih structure be-
propose that the formation of the ordered facets provide &re melting?® This result suggests that below the melting
way of lowering the free energy barrier between the liquidtemperature, the Ih structure should be an intermediate stable
and the Ih staté? This free energy behavior is more promi- state between an fcc single crystalline structure and the lig-
nent with further decreasing of temperatuig60 K) as uid phasé?® In contrast, our free energy curves in Fig. 2
shown in Fig. 2. Considering the fast cooling rate of clustershow that the |h structure is not stable along the melting path
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near the melting temperature. It is noted that the previousvorks??26.2”Further calculations of the free energies of the
MD simulations were done under the constant energyluster clearly showed that the low free energy barrier from
condition?® The latent heat effect of melting arising from the the liquid to the Ih phase contributes to the dominant forma-
constant energy condition is expected to affect the structuralon of the Ih structure during freezing.

transformation. Actually, the latent energy lowers the tem- |n summary, the freezing and melting behavior of gold
perature by more than 80 K for this size of nanoclustersnanoclusters was revisited in terms of the free energy as a
Such instantaneous refreezing of the cluster leads to the fofynction of a crystalline order parameter. By using the um-
mation of the |h local energy-minimum state before meltingye|ia sampling technique combined with molecular dynam-
(see the free energy curve at 760 K of Fig. i order to jcg simulations, the free energy barrier for the structural tran-
confirm this argument, we compared MD simulations undef;tion was calculated. It was found that the dominant

constant energy and thermostat conditions. In accordangg mation of the Ih structure during freezing of Au nanoclus-
with the previous works, we obtained the formation of the Ihies js attributed to its low free energy barrier. Our free en-
structure during melting under the constant energy cond|t|onergy approach not only explains well the experimentally ob-
but we could zr;ot under the thermostat condition. served kinetics but also provides complementary information
Wanget al also studied the melting behavior of Ih gold o ynderstanding dynamical properties that are experimen-
nanoclusters of a few thousand atoms and found that thgy|y inaccessible, such as structural properties and formation
cluster surface remains ordered up to the melting tempergyynamics of nanosize clusters. It opens a way to atomic

ture, although it softens considerably with increased diffu-gimy|ations, capable of quantitatively studying the controlled
sion due to mobile vertex and edge atoms. This dynammarowth of low dimensional nanostructures.

feature also agrees well with our observation that the high
stability of {113-type facets near the melting temperature We gratefully acknowledge support from the Korea Min-
lowers the free energy barrier for the transition between théstry of Science and Technology through the Creative Re-
liquid and the Ih cluster. search Initiative ProgranH.-S.N. and D.-Y.K), the Korea
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