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Molecular dynamics study of the Ag ¢ cluster using an ab initio many-body
model potential
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A general approach to construct a model potential with parameters fitsdiititio energy surfaces,
including many-body nonadditive effects, developed in our previous works is applied to the Ag
cluster. A molecular dynamics study of structural and dynamical properties of this cluster is
performed using such a potential. Two new stable two-dimensional isomersCyjttand C,,
symmetries are identified as local minima of the potential surface using the simulated quenching
technique. An analysis of the thermal stability as a function of the cluster temperature reveals
interesting features in the meltinglike transition of Ad\ two-step isomerization phenomenon is
observed: at temperatures around 300 K, the cluster structures fluctuate among two-dimensional
isomers, at higher temperaturé@®0 K), fast transitions occur between two- and three-dimensional
cluster configurations. The simulation was extended up to the cluster fragmentation which is
observed through dimer evaporation. 198 American Institute of Physics.
[S0021-96088)52230-1

I. INTRODUCTION functional theory(DFT), has been applied to calculate struc-
. . . “tural and dynamical properties of metdl® and

The study of physical and chemical properties of atomicsemiconductdP clusters. Other relatedab inito MD
and molecular clusters is a very active field of researchychemes based on DETthe Hartree-Fock method2°and
nowadays. One of the main objectives is to understand thgeneralized valence bond technigdésave also been used
changes in the fundamental properties of materials as a fung the study of metal clusters. In general initio MD meth-
tion of size, evolving from isolated atoms or molecules to thesys provide accurate results on the structural and electronic
bulk phase, through the use of appropriate descriptions of thgoperties of small clusters. However, the study of dynami-
interatomic interactions in such systefi$ From a theoreti- = properties with an equivalent degree of accuracy requires
cal POI'”S% of dwew, stevere}I "’I‘p%oa(;htis dbaﬁed obn firskignificant computational resourcés2°Neglecting electron
principles and computer simulatichmethods have been ..o |ation and using fully optimized codes and parallel pro-

implemented to SIUdY a variety of cluster properties, cessing, simulation times of the order of 100 ps have been
Molecular dynamic§MD) is one of the most commonly . . . . e
recently attained in dynamical studies of small lithium

used computer simulation techniques to study the structurgluster§9

i f cl .H i i liabl - . . .
and dynamics of clusters. However, it requires a reliable de Another approach is to use model potentials fittedio

scription of the interatomic forces of the systems under, itio data in classical MD simulati f clust The ad
study. A lot of work has been performed using phenomenolnl 0 data In classica simuiation of ClUSters. The advan-
ages of this strategy are that simulation times can be ex-

logical pairwise interactions like the Lennard-Jones potentia} ded h d reai d |
for rare-gas atom clustefsand the Coulomb plus Born- tended up to the nanosecond regime and many-electron sys-

Mayer potentials for the ionic ondsRecently, a systematic tems like transitiqn and noble metal (_:Iusters can be studied.
study of the most stable cluster structures using a two-bod§/€ctron correlation effects can be introduced through the
Morse potential, for different ranges of interaction, wasUS€ of state-of-'.[h_e.-aab initio resultg in the parameter fitting
reportec® To study covalent and metal clusters a more comrocedure.Ab initio mOd‘;:L potentials were proposed by
plex description is needed since they interact througrlementi and co-yvorke?% and more recently used in lig-
angular-dependent and nonadditive forces. Several semiid water simulationé? In cluster studies, a size-dependent
empiricalm-body model potentials containing parameters fit-ab initio model potential was constructed by Blaisten-
ted to bulk properties have been applied to the calculation oBarojas and Khanafor the prediction of stable geometries
cluster properties giving questionable results in covafent of Be, clusters. Later, it was used in Monte C&fland
and metdf® systems. The nontransferability of bulk-derived MD? simulations of such systems. In metal surfaces and
model potentials to clusters is explained by the lower atomidnterfaces of NiAl crystalsab initio model potentials were
coordination of the finite systems, which are characterized byecently developed by Coopet al?®
a much higher surface to volume ratio than bulk materials. The thermal stability of clusters is one of the most inter-
Ab initio MD is an alternative approach to make simu- esting phenomenon to be studied in finite systems. One of
lation of clusters without using model potentials. The Car-the distinctions between molecules and clusters is based on
Parrinello (CP) method!? which combines MD and density the different mechanisms in which they dissipate thermal
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energy. In a molecule, as thermal energy is transferred intpotential energy surface. Preliminary results of applying this
the system, it passes directly from vibrational-rotational toapproach to study some isomers of thegAguster were
dissociative states. In a cluster, thermal energy can be disgbublished in Refs. 41,42. The plan of the paper is as follows:
pated through several mechanisms: by cluster isomerization Section Il describes the procedure to construct the model
or melting, or by boiling off atomgevaporatiopn From a  potential and how to fit its parameters &b initio data cal-
theoretical point of view, detailed analysis of the thermalculated by the nonlocal spin dens{tyLSD) method. In Sec.
stability in transition and noble metal cluste@mcluding 1l we present the results of the MD simulation and give a
such phenomena as isomerization, melting, premelting, sudiscussion of them. A summary and the conclusions of this
face melting and evaporatipmave been done by classical work are given in Sec. IV.

MD simulations?®~” Most of these studies were carried us-

ing semiempiricain-body model potentials with parameters

fitted to experimental data of bulk systems like cohesive en-

ergy, nearest neighbor distances and elastic constants. In

other studies, the parameters of timebody potentials are Il. AB INITIO MODEL POTENTIAL

fitted usingab initio and experimental data of both small

clusters and bulk mattéf:3383%Nevertheless, the applica- Theab initio model potentiaV developed in Refs. 41,42
bility of such semiempirical potentials to the study of clusterincludes two-, three- and four-body interaction energigs:
properties is not evident. For example, the MD study of tran"Vs @ndV,. Each of them consists of exchange and dispersion
sition metal clusters using bulk and surface empirical potenterms>® The reason for including many-body interaction
tials is ambiguous, making the calculated properties deperf€ms into the model potential is based on theoretical studies
dent upon the experimental data used for the parametdi cluster stability?'”**The inclusion of many-body terms is
fitting.*! The problem appears when bulk potentials, assumspPecially |mportar_1t if the model potential is fittedadb initio

ing a homogeneous distribution of electron density in thec@lculated potential surfaces.

system, are used to calculate the binding or cohesion energy The expression of the three-body exchange energy was
of clusters. For a correct study of the bonding and stability ofPfoPosed in Ref. 54. For the four-body exchange energy a
finite systems, it is important to introduce the discrete naturéimilar term was used. The analytical form of the dispersion
of the electronic spectrufi?.In other words, a description of [€rms was taken from perturbation theory up to fourth order.
the cluster bonding based on atomic and molecular conceg-"us; theab initio model potentialV as a function of the

tions is more appropriate to mimic the interactions in ﬁnite;nteratomic distancesr;; was taken in the following
or

m.41,42
systems. :
In this work, we used a general approach to construct an
ab initio model potential including two-, three-, and four- V=V,+Vat Vg, 1)

body interaction terms based on a physically reliable expres-

sion for the cluster binding enerd¥*? Our objective is to

show that a model potential based on the theory of intermo- n
lecular forces, which gives a more realistic representation of V2=_2
the different contributions to the bonding in metal clusters,

Dg(rij) Dg(rij)
s Ce 3

A2 eX[i_a’rij)_Ce ;

=) Fij ]

can be successfully applied to a MD simulation study. Spe-

. . . Dlo(rij)
cifically, we investigate the structural changes that metal —Cio—55—| 2
clusters undergo when their temperature is varied, using an rij

accurate and reliable description of threbody interactions.

It should be noted thaab initio model potentials are also .

useful to understand the peculiarities of the electronic struc- Ve S
3=

{ijk}
As exp( —73_2 rij)
i<j

ture of the systems under study. In this respect, the informa- i T2k

tion on the relative contribution of exchange and dispersion

forces to the cluster stability, is of considerable interest to D(rij)D3(rik)Da(rjk)
gain insight on the interplay between the electronic proper- +Cy

? . r3r3y3
ties and geometric structures. 17k jk

We illustrate the above approach by usingaminitio
model potential for the study of the Agluster. A knowl- X (143 cos0; cosO; COS@U], €)
edge of the physical properties of small silver clusters is of
great interest in connection with technological applications
as photographf¢ and catalytié* materials. Several theoreti- N
cal studies on the cluster structure and electronic properties V,= E
in the size range oh<9, have been done using different 4 i<j<k<l
quantum-mechanical methotfs:*° A dynamical study of the
Ags cluster as a function of temperature is of special interest
due to the competition in stability of two- and three-
dimensional isomers, corresponding to local minima of the +f(iij)D(iij)]}, 4

{iikl}
A, exp( — Y4 2 rij)
i<j

+Co f(ijK1)D(ijkl )+ f(ijlk)D(ijIk)
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i —(r.r. N3 TR Y . 2 TABLE I. Values of the optimized parameters of thb initio model po-
+ +
Fijkl) (r'Jerrklr“) [-1 (u” qu) (u” Uic) tential for the Ag cluster.
+ (U - Up) 2+ (Ujie Ug) 2+ (Ujie Uy ) 2+ (U - Uy ) o :
arameter Numerical values
= 3(Ujj - Ujie) (Ui - Ug) (U - Uj) = 3(Uj - Ujie) A, (a.u) 4.960
_ a(A7Y 0.989
X (Ujie- W) (Ui - Ujj) = 3(Ujj - Uy (Ui - Uyi) Co (au. A 123.473
U ) —3(U - ETRYITRRT Cg (a.u. A® 9510.550
X (U - Ujj) = 3(Ujic Ui (Uggg - Uy ) (U - Uje) Cfo(a.u.Alg) 283616 427
+9(u:-u)(UL-U Ug,-Up ) (Ui - U )], 5 Me 1.964
( ij Jk)( jk kl)( kl I|)( li IJ)] ( ) P 0.589
H — M10 1.336
D(ijkl)=D3(rij)Ds(rj)Da(ri)Ds(ryi), (6) 5, 1337
. . 3.395
Whgre®i is t_he angle_ subtenFjed _by any trlple_t of atom§ and gfo 3.548
uj; is the unit vector in the direction from atoirto atomj. As (a.u) 2.067
The damping functions were taken in the form: vs (A7) 0.407
C, (a.u. A% 978.844
F{ ( ro . \? 13 3.164
exp — un| B ——1) rij<Bnlo Bs 1.597
Dy(rij)= " (7) A, (a.u) ~0.949
1 Fi> Bl o, 4 (A7Y) 0.163
i1~ Pafo Cy, (au. A 703050.339
where ., and B, are free parameters ang is the dimer //;4 118513875
4 .

equilibrium distance. The total number of free parameters ta
be fitted in the potentia{l)—(7) is 21. In some cases, it is

useful to include in the exchange potential, two exponential
functions which can change sign of the exchange contribu-,.
tion for certain geometries. different Ag; structures was chosen not less than 5 per the

For the two-body dispersion energy, the dipole—dipolenumber of parametgrs in thé; andV, potentials. .
(r=%), dipole-quadrupole r(®), and dipole-octopole plus Once the analytic form of the model potential and the

quadrupole-quadrupoler (19) interactions were taken into parameter optimization procedure are established, we try to

account. For the three-body dispersion energy the welimatch accurate quantum-mechanical electronic energies of a

known Axilrod-TelleP® expression was used, whereas for thela_rge variety of selected Agstructures. In the following, we
four-body dispersion energy the expression derived b)y\"” refgr o the case of the Agcluster, aIthough'the proce-
Bad&® was incorporated. The angular part of the four-bodydure will be analogous for other cluste_rs of different size.
dispersion energy contains many terms which have a strongeca_use of the great number of calculations tq be performed
tendency to cancel each other because of the nature of theil dimers, wrimers up to hexamers, we require not only a

angular dependence. So, in some cases it is sufficient to uggllable, but also a flexible quantum-mechanical method ap-

only the exchange four-body term. The damping function_FI)_Lqpr.'attf] for the stucrj]y of these ;etlatévely.thefavytgomgljtt)#nds.
Dy(rij) is added to all dispersion terms. The reason for this IS Its Iet reasonv;/ %v;/el relso: 0 density _unc||ona " ec|>ry
is described in Refs. 41,42. as a tool to compute total electronic energies. In particular,

rve work inside the Kohn-Sham scheme and use the all-

Next, we describe the parameter optimization procedu o . .
using Ag, clusters as an example. We found efficient to usee]ectron NL.SD method Wh'Ch’ n add'Flon to local spin den-
ity terms, involves gradient corrections of both, the ex-

two steps in the parameter optimization procedure. In thé : . L
first steg we optirrrJﬂze the pargmeters\bj gndv in Eq change and correlation function&fs*° All contributions are

’ 3 . . . . X .
(1), separately, using fov, the calculatedib initio potential included in a self-consistent field process for higher accu-

curve of Ag and for V3 the calculatedab initio potential racy. Calculauon; were performed W.'th. the use of the
surface of Ag. The number of calculated NLSD points on DGAUSS computational packagé.An optimized procedure

the energy curve and surface was not less than 10 per fittin ased on nonlinear least-squares method was also required to

. the parameters of thab initio model potential. In Eq(7)
arameter of th&/, andV5 potentials. In the second step, we . L . ’
P 2 3P P the theoretical value of the Agequilibrium distance,

calculate the nonadditive energy of the cluster under StUdy'r0=2.66 A, was used?
Enonadd AGn) = Ep(Agn) —V2(Agn), ®) Table | shows the numerical values of the 21 parameters
for the Ag; potential. It is important to note that this set of
whereEy(Ag,) is the cluster binding energy, and fit the sum parameters is valid only for tha=6 case. However, the
V3+V, to the nonadditivab initio energyE, ,naqd AQn) - FOr  procedure for constructing tresb initio model potential can
V3, the parameters found at the first step are used as thHee applied to clusters of arbitrary size using #einitio data
initial set. In the fit ofV3+V,, for a better reproduction of of the corresponding cluster. Therefore, our model potential
the three-body energy, it is more effective to add to theis size-dependent in the sense that although its analytical
EnonaddAQn) the energyEs(Ags) of those triangles which expression is the same for any cluster size, the potential pa-
are absent in the Agcluster geometry. In order to provide a rameters depend on each specific size. This is justified since
better accuracy, the number of NLSD calculated energies foon the one hand it can not be expected that a single set of
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Isomers of Agg Several Ag cluster isomers were obtained combining
constant energy MD method and simulated annealing and

quenching technique. These are the best currently avail-
able procedures to find global and local minima of potential
energy surface$PES. They allow us to test the results by
varying cooling rates and initial configurations. The struc-
tures obtained using such methods correspond to stable con-

C..(2D) C..(2D) figurations associated to minima of the cluster multidimen-
2 & sional PES. In a typical calculation, we used a disordered

cluster structure at a temperatufies 2000 K, as initial con-
figuration, and performed MD simulations in which the total
energy was decreased until the cluster structure no longer

C.(3D) . (2D) changed on further coolingTE10 # K). Several initial

v e conditions corresponding to different disordered cluster
z structures and cooling rates in the range of'4010"*K s™2
were used to obtain stable Agluster isomers as minima of
the PES.

Figure 1 shows the structures of the five most stable
isomers obtained during the simulated annealing and quench-
ing procedures. In Table Il, the binding energy information
FIG. 1. Optimized geometries of the five most stable isomers of the Ag for each cluster isomer is presented. As expected, the lowest-
cluster obtained using thab initio many-body model potential. energy isomer corresponding to a two-dimensional trigonal

C,, structure obtained by following the above procedure,

agrees with the results fromb initio NLSD calculationg®
parameters, defining the cluster potential energy surfaceésomers |, Ill, and V are well-known metal cluster structures
could describe correctly the complexity in the physical be-used as prototypes of atomic configurations with 6.46-48
havior of clusters of any size. On the other hand, it is not @On the other hand, isomers Il and IV have only been seldom
realistic problem to find an analytical expression for the deconsidered as stable metal cluster configurations. In this
pendency of parameters on clusters size. diénitio model  work, they are found as local minima of the PES. These two
potential obtained by the procedure described above also r@fanar structures, according to the model potential calcula-
produces well the energetics of dimers and trimers, which isions, are more stable than the three-dimensional isomers, Il
important for the study of cluster fragmentation. and V, respectively. The binding enerdy,, for the MD-
optimized structures corresponding to the five isomers was
also calculated by the NLSD method. The last two columns
of Table Il show those values and the relative error with
respect to the values obtained through #ieinitio model

We use the potential given in Eg&l)—(7) to calculate  potential. It is observed that the binding energy ordering,
analytically its first derivatives with respect to the atomic calculated using the NLSD method, does not coincide com-
Cartesian coordinates and generate the forces acting on eagletely with the model potential calculation, which make the
cluster atom. A constant-energy MD code was implementedhree-dimensional structurésomers Il and V more stable
with such forces to calculate structural and dynamical clustethan isomers Il and IV, respectively. This fact reflects that
properties. The Newton equations of motion were solved usthe optimized structures obtained with the NLSD method
ing the Verlet algorithrf with a time step of 1 fs, giving and the simulated annealing and quenching MD procedures,
0.05% of accuracy in the total energy conservation, even imlo not necessarily coincide due to numerical errors remain-
runs as large as £Qime steps. Initial values of coordinates ing in the fitting of the parameter values. However, the rela-
and momenta were chosen to yield a nontranslating and notive error is small(except for the case of isomer )Vindi-
rotating cluster. cating that the parameter optimization is good enough. In

C.A3D)

IIl. MOLECULAR DYNAMICS SIMULATION, RESULTS
AND DISCUSSION

TABLE II. Structural information and binding energies of the five most stable structures of thelédster,
calculated from theb initio model potential ¥) and by the NLSD methodHj,).

Ey—V
Isomer Geometry Symmetrfgimension  V(eV/atom Ep(eV/atom ? By
I trigonal C,, (2D) —-1.200 —1.205-1.209 0.004
1l incomplete hexagon C,, (2D) —1.183 —1.142-1.170 0.036
1 pentagonal pyramid Cs, (3D) —-1.172 -1.171-1.180 0.005
\% triangular chain C,, (2D) -1.170 —0.993-0.999 0.179
V tripyramidal C,, (3D) —1.069 —1.080—1.109 0.010

&The values in parentheses are obtained after an optimization of the cluster geometry by the NLSD method.
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TABLE lIl. Many-body, exchange, and dispersion energy contributions toHowever, the trend in the relative variation of their values
the binding energy of the Agcluster isomers in eV, calculated from thb o djfferent isomers can be instructive. It is also evident that
initio model potential. . . . .
V4is is not the pure dispersion energy because of the damping
Isomer  V vV, A Vv, Veren Vi function corrections which take into account the influence of
the exchange effect. According to the data of Table I, it
[ ~7202 -12509 15525 -10.218 82155 -89.357 ., that the three-bod Isive f ke the th
I —7.099 —12.535 15.601 —10.165 82.464 -89.563  'OIOWS that the three-body repulsive Torces maxe the three-
n —7.030 —14.412 21.024 —13.641 93.422 —100.452 dimensional structures less stable than the planar isomers.
v —-7.022 -12.604 14.929 -9.347 82.624 -89.646  This also was shown in thab initio calculation of silver
vV -6411 -16.809 27.086 —16.689 106.739 —113.150  clusters’® On the other hand, considering the exchange and
dispersion contributions it can be concluded that the large
magnitude of the repulsive exchange forces, notwithstanding

fact, such errors are within the accuracy of first principlesCf the larger contributions from the dispersion terms, is the
calculations like NLSD¥® According to our calculation®® ~ reason of Igss stability of three-dimensional with respect to
the preciseness of the NLSD method for the silver dimer i§Wo-dimensional structures. 3 .
about 5% for the equilibrium distance and 10% for the dis-  B€low, results on the thermal stability and dynamical
sociation energy. One of the possible origins for the larg?@havior of the Ag cluster are presented. The lowest-energy
errors in the model potential description of the isomer IV istWO-dimensional trigonaC,, structure was first considered.

due to the low weight of the high energy structures in theA dynamical study of this isomer is interesting due to its
fitting procedure. isomerization into two- and three-dimensional structdfes.

Thus, the model potential is a good approximation of theThe cluster dynamical behavior is monitored by the short-

true PES for the low-lying isomers of Agind can be used to ime averageover 5 vibrational _perig.)dsof the kinetic en-
describe the temperature behavior of the clusters up t§"9Y (STAKE) as a function of time Thermal stability is

evaporation. The latter is also provided by the optimizationstudied by calculating the root-mean-square bond-length
procedure, in which model potentials for dimers and trimerdluctuations given by

are optimized together with the cluster model potential. 5 n [(r?)—<r-->2]1’2

In Table Ill, we present a decomposition of the model 5= > ! L , (11)
potentialV in its many-bodyV,,, exchangeV gy, and dis- n(n—1) i< (rij)
persion,Vgs contributions for the five isomers, where we

wherer;; is the distance between atorandj and(---)
denotes time average.
Figure 2 shows the time dependence of STAKE for three
Vi, exchs (9)  values of the cluster total energy. At low total energies
(lower curve, the cluster vibrates around its equilibrium
4 configuration C,, structurg, giving an almost constant
Viis= 2 Vin.dis (100 value for this quantity(solidlike behavioy. At intermediate
m=2 total energiedmiddle curve, STAKE shows a multimodal
Although the model potentidl reproduces the NLSD results distribution of values as a function of time indicating the
with good accuracy, it contains fitted parameters, therefore itoexistence of several Agluster isomers, cf. Ref. 30. At
can not be expected th&t,, ., and Vs reproduce the exact this energy, the potential energy minima visited by the clus-
theoretical values of the exchange and dispersion energieter corresponds to two-dimensional structures. We call this

designate:

M=

Vexch=

m=2

0.08 T T T T T T T T T

0.07 | @ .

0.06 [f
€
2 FIG. 2. Short-time average of the cluster kinetic energy
3 05r as a function of time for three values of the Awtal
A energy. Total energieén eV/atom corresponding to
2 ooal | the three curves are(a) —1.178; (b) —1.146; (c)
"5'" —1.066. The trigonal two-dimensional,, structure
I} ®) was used as initial configuration in the MD simulation.
E 0.03 - Isomer | Isomer | Isomer |+ Labels on curvgb) indicate the regions in which the
¥ corresponding isomers are obtained after the quenching

0.02 procedures.

Isomer Il and IV
(@
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behavior two-dimensional isomerization. The existence oBoltzmann constatt is given in Fig. a). It shows a two
these isomers is detected by direct visualization of the clustestep meltinglike transition. At temperatures around 300 K, it
configurations as a function of time, and by making quenchpresents an abrupt increase. This temperature corresponds to
ing procedures using the cluster coordinates recorded at tlthe case where the cluster total energy is in the range at
points corresponding to values of low kinetic eneftigh ~ which the isomerization phenomenon in the gidrve (b) of
potential energy shown in curve(b) of Fig. 2. The two- Fig. 2] was observed. At this temperature the cluster struc-
dimensional isomers which are more frequently seen, in adture changes between several two-dimensional isomers de-
dition to theC,, structure are the incomplete hexagon with ascribed above. The second jump d[Eqg. (11)], at 450 K,
central atom(isomer I) and an elongated structure of equi- indicate the onset of liquidlike behaviéupper curve of Fig.
lateral triangles, formed by two parallel linear chains of three2).
atoms(isomer V). At a higher total energyupper curve The thermal stability as a function of the cluster tem-
three-dimensional cluster isomers are also observed. Theerature for the pentagonal pyramid configuratissomer
pentagonal pyramid Gs,), the tripyramidal configuration 1ll) is of special interest A dynamical study of thisCs,
(C,,), and other less symmetric structures were observethree-dimensional structure is motivated by the lack of sym-
during the visualization of the cluster trajectory at this en-metry existing in this configuration with respect to its pen-
ergy. The STAKE now shows large fluctuations due to fastagonal plane. The motion of the apex atom toward the
cluster structural changes. At this energy, the cluster dynanplane, combined with the possibility of crossing the corre-
ics becomes liquidlike. sponding barrier, as was shown in our preliminary stfdy,
The change in the root-mean-square bond-length fluctuagives an interesting dynamical behavior. Figufe)3hows
tions with the cluster temperatureT=2(E,)/(3n—6)k, the temperature dependence &ffor this isomer. At low
where E, is the total cluster kinetic energy arldis the temperatures, it changes very slowly showing a linear behav-
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0.05 1 | ‘ ‘ : FIG. 4. Short-time average of the cluster kinetic energy
as a function of time for three values of the Aptal
energy. Total energieén eV/atom corresponding to
the three curves are(a) —1.149; (b) —1.142; (¢)
—1.075. The pentagonal pyrami@s, structure was
used as initial configuration in the MD simulation. La-
bels on curveb) indicate the regions in which the cor-
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ior characteristic of the cluster thermal expansion through abeen related to a liquidlike phase, which extends beyond
increase in the amplitude of the atomic vibrational motion.2000 K. At aboutT=2500 K, the cluster fragmentation
At these temperatures the cluster behaves as a solidlike. through dimer evaporation was observed. For comparison, in
the temperature range of 300-500 K, the cluster departsulk Ag, the melting temperature is equal to 1235 K whereas
from its vibrational motion around the pentagonal pyramidthe boiling point is around 2436 & Thus, our results indi-
structure to display an isomerization behavior. At this stagecate that the liquidlike behavior in the Agluster begins at
the main change is due to the displacement of the apex atomlower temperature than in bulk, but the evaporation is ob-
towards the pentagonal plane, following by the interchangeerved almost at the same high temperature. Once the cluster
between several two-dimensional structures, correspondingdissociates at these high temperatures, the MD simulation
to local minima of the PES. Such isomerization phenomenavas stopped.
results in a variation of the bond-length fluctuations from  The thermal behavior of th€,, and Cs, Agg isomers
10% to 20%. It is important to mention that three- emerging from the above simulations shows similarities once
dimensional isomers were not seen, within the simulatiorthe pentagonal pyramid configuration is lost at temperatures
time, in this range of temperatures. The isomerization onlyaroundT=250 K. In the temperature range of 300-500 K
occurs between two-dimensional structures. two-dimensional isomerization occurs in both calculations
Another important aspect of this dynamical behavior isdespite the availability of three-dimensional local minima
that we did not observe, within the time scale of the simula-with similar potential energy. Nevertheless, at higher tem-
tion, that the apex atom returned to its original position orperatures, cluster fluctuations between two- and three-
cross the pentagonal ring to the opposite side of the pentagoimensional structures were observed for both isomers. At
nal pyramid. This effect is identified in Fig. 4 where the temperatures below 250 K, the thermal behavior of Gg
STAKE results are displayed for isomer 1ll. At low total isomer is different from that one corresponding to ©g,
energies it shows an almost constant value indicating vibrastructure because the MD simulation is exploring different
tional motion around the pentagonal pyramid configurationbasins of attraction. This effect is reflected through a differ-
However, at intermediate total energies the STAKE start aent temperature dependence of the rms bond length fluctua-
some value and remains around it by 450 ps. Later, this valugon. Such isomeric-specific phenomenon was also seen in
increases indicating that structures with lower potential enMD simulations of lithium clusters and is not related with
ergy are being explored. As time increases, the STAKE valany incomplete sampling of the phase sp&c&.
ues fluctuate around this higher kinetic energy and do not
return to their original values_ correspondmg to V|brqt|ons|V. SUMMARY AND CONCLUSIONS
around the pentagonal pyramid structure. This behavior can
be explained if we keep in mind that the Agluster has A general approach to construab initio model poten-
several more stable planar and almost degenerate isometils for metal clusters was applied to generate a potential for
So, the probability for a return to a pyramidal structure isthe Ag; cluster with further use in a MD simulation. Two
much lower than the isomerization between two-dimensionahew stable planar isomers wit@,, and C,, symmetries
geometries. This situation is contrary to the Nhrtolecule  were found as local minima of the cluster PES. Results on
case, where do not exist stable structures in the ground elethe thermal stability and dynamical behavior of this cluster
tronic state other than the pyramidag, conformation. were presented. Several structural changes as the cluster in-
Above 500 K, the Ag cluster undergoes fast structural ternal temperature increases were observgdlidlike,
changes between 2D and 3D structures. Such behavior h&omerization, liquidlike and fragmentation behayiover a
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