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It will be shown that amb initio molecular dynamics procedure based on gradient corrected de
functionals for exchange and correlation and using a Gaussian atomic basis (AIMD-GDF
plemented for parallel processing represents a suitable tool for detailed and accurate investig
structural and dynamical properties of small systems. Gradients of the Born—-Oppenheimer
state energy, obtained by iterative solution of the Kohn—-Sham equations, are used to calcul
forces acting on atoms at each instantaneous configuration along trajectories generated by
classical equations of motion. Dynamics of different isomers of theluster have been investigate
as a function of excess energy. It is shown that different isomers, even those similar in ener
exhibit different structural and dynamical behavior. The analysis of the simulations leads to th
clusion that structures with a central atom, in particular the centered antiprisr§ exHibit con-
certed mobility of the peripheral atoms at relatively low excess energy. In contrast, col
tetrahedral type structures show much more rigid behavior at low excess energy. However, t
mer ones need larger excess of internal energy to undergo isomerizations to geometrically d
structures than the latter ones. At the time scale of our simulations we found that for the intern
excess energies it is “easier” to carry the cluster in the basin of the lowest energy isomer thar
reverse direction. It has been found that the liquid-like behavior in small Li clusters becomes app:
relatively high temperature in spite of large mobility of their atoms.
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initio calculations.
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The importance of small atomic clusters has received increasingly recognition c
evidence that novel physical and chemical phenomena can be obtained by cont
the cluster size, shape and temperatufée extrapolation from the bulk propertie
towards the atofmproved to be inadequate, since it does not account for indivi
characteristics of the given cluster size, which play a key role in determining elect
and structural properties. New areas of applications such the construction of qu
dot lasers or single electron transistors, although still in a developmentthgee

confirmed this fact. In spite of many open questions concerning the success o
structing such devices, it is now clear, that the addition of a single atom or a few
to a given cluster can be the way of modulating the color of emitted light whic
addition, will further depend on the nature of the atoms. Similarly, a significant €
on the transport properties has been found studying the rearrangements of at
sodium nanowires which can be influenced by elongating the wire (changing the
perature). These nanowires assume molecular type supported structures related
known shapes of the gas phase sodium clisters

The need for the precise determination of structural, optical and dynamical prog
of small pure and mixed metal clusters basedabninitio quantum chemical treat:
ment§—8has been widely recognized. In fact i initio studies provided precise dat
on structures and stabilities of neutral and charged alkali metal clusters well befo
experimental setups reached the accutdéwhich could make use of these results.
direct experimental evidence of the ground state geometries of small metal clus
the gas phase is still not available, but spectroscopic techhigtfean probe the size-
dependent structural propertieg the cluster excited states. These findings are re
vant, however, provided that a complementary theoretical information is availabl
fact, theab initio determination of optically allowed transitions and their intensities
the stable cluster structures has been established as a reliable predictive tool, |
larly for simple metaf§—2%or mixed aggregatés A comparison ofb initio spectros-
copic patternS—2! with experimental data allowed in several cases to assign
measured features to a specific cluster structure.

Such a comparison is strictly valid at zero temperature. Depletion spectra of
metal clusters have been recorded first at relatively high tempefattfré&s?® while
only more recently low temperature d&tas well as spectra obtained by two phot
femtosecond spectroscogypecame available. However, the presence of energetic
close lying isomeric forms corresponding to local minima and separated by low bg
is typical for small pure and mixed metallic clusters. Therefore, it might be nece
to consider the contributions of different isomeric forms when simulating the
perimental optical spectra recorded at low or moderate temperature.

The ground statab initio molecular dynamic is particularly useful to study influen
of the temperature on structural properties, allowing to determine the statistical in
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ance of individual isomers at the given temperature as well as the mechani
isomerization proce$&28

In this paper we will first briefly outline thab initio molecular dynamics methoc
which we developed mainly with the aim of studying temperature dependent g
state properties. Then, the resultsabfinitio molecular dynamics (AIMD) of Eiwill
be presented as an example of a different temperature behavior of different ¢
structures. The investigation of isomerization processes will also allow to form
precise criteria for “phase transition” from solid-like to liquid-like behavior for fin
systems.

Ab initio MOLECULAR DYNAMICS FOR DETERMINATION OF STRUCTURES
OF ALKALI METAL CLUSTERS AND THEIR TEMPERATURES BEHAVIOR

Ab initio molecular dynamics (AIMD) which couples quantum mechanical treatmel
electrons and forces acting on nuclei with classical equations of niéti8has been
established as a powerful method for search of geometries corresponding tc
minima on energy surfaces. The advantage of the AIMD over the conventional gr:
based geometry optimization is that all local minima can be in principle acce
Namely, the cluster geometries generated along the classical trajectories can t
for search of isomeric forms on the energy potential surfaces. The accurate dete
tion of the electronic energies and forces can be achieved either at the Ha
Fock®124-26(HF) or density function level employing Gaussian basis’S&¢GDF).
Both procedures allow therefore, the identification of stable isomers and, in adc
the investigation of dynamical and temperature behavior.

The idea of AIMD, originally initiated by Car and Parrinéfla connection with a
DF procedure employing a plane waves expansion, is here revisited in terms of a
tum chemical approach based on fully self consistent energies and gradients
framework of the HF (ref$-29 or GDF (refé’?8 procedures, employing the AO bas
sets centered at the nuclei.

The classical trajectories are calculated using the Verlet algordhme{?4) accord-
ing to which the position and velocity of the nuclégs, v;) at time stef, = nAt, are
obtained recurrently:

An+1) = 2pn) — ,»(n ny = At? F( n) D
i | m

V|(n+ D= V(n) + ( F(n 14 F(n)) 2

The force A" acting on nucleus is related to the gradients of the total molecu
energy computed at SCF (HF or DF) level. The ground state electronic wavefur
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and energy are computed at each time stepfér each geometric configuration). Ii
our AIMD-HF or AIMD-DF programs the total molecular energy obtained from itera
HF or iterative Kohn—Sham procedure, is the potential energy and its correspc
derivatives are the forces acting on the nuclei.

The accuracy of calculated energies and gradients must be higher than u
needed for the geometry optimization, since the precise determination of forces
quired for the conservation of the total energy. In order to obtain meaningful info
tion on dynamical properties sufficiently long trajectories have to be calculated.
computational demand is large due to both requirements. Therefore, different stre
had to be used to speed up calculations. Since both AIMD-HF and AIMD-DF sch
are suitable for parallel processing, the efficiency of the programs has been ac
first by means of a full parallelization of the most numerically demanding algoritl
Secondly, all input—output operations have been eliminated by keeping the integ
memory and finally, a careful optimization of the sequential parts has been |
duced®?8 However, applications are limited to small systems, particularly in the
of AIMD-DF with gradient corrections owing to time-consuming numerical thr
dimension integration of the functionals for the exchange-correlatiantbiose pro-
posed by Beck®and Lee, Yang and P&/(B-LYP)).

In spite of these limitations AIMD schemes represent suitable tools to study not
structural features but also the influence of internal energy on the dynamics of
clusters. The latter aspect is particularly important, since it allows to investigate r
anism of isomerization processes with increasing tempefétéfté-or this purpose the
trajectories need to be calculated over a broad range of different fixed total ene
The total energy of a cluster is varied by random distortions of its equilibrium geor
in the case that zero initial atomic velocities are assumed. We have chosen initi
ditions which satisfy the requirement of zero linear and angular momenta of the
ters. The time step is equal to 0.5 fs and the lengths of the simulations range fron
40 ps. The conservation of the total cluster energy in the longest runs was bette
102eV, due to the high-accuracy criteria for calculations of energies and derivati

A small split valence basis set with three s-functions and one p-function was u
our AIMD calculation$*-?8 Cluster geometries, which were generated along the tre
tories at high internal energies were employed as initial coordinates in a gradient-
search for stable isomers, which were identified as local minima by carrying out
harmonic vibrational analysis. In addition to the isomers already found by star
optimization techniqués'?the AIMD procedure gave evidence of existence of ot
isomeric forms. The structures and energy sequence of the isomersabiidters ob-
tained using a small AO basis were in agreement with the corresponding resul
tained with considerably larger basis $&ts

The long time average of the kinetic enetlgyover the entire length of a trajector
was used to estimate the temperafliref a cluster according t® = 20, [4(3n — 6K,
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wheren is the number of atoms akds the Boltzmann const&it?® The influence of
internal energy (temperature) on dynamics gfdluster obtained in the framework c
a gradient corrected AIMD-DF approach (B-LYP) will be presented in the next sec

RESULTS AND DISCUSSION OF DYNAMICS OF Li§ CLUSTER

In a previous work on structural properties, the centered antipbigghf{as been ident-
ified as the most stable isomer offLiat the HF levél (isomer1). This result was
confirmed also by an electron correlation treatment using large scale Ct'freds
well as by the geometry optimization with the gradient corrected density funct
method (B-LYP). However, two other isomeric forms close in energy have been f
by standard geometry optimization techniques as well as by AIMD schemeS;, th
structure (isomeB) (which can be obtained by capping ffigform of octamer or by
bicapping a pentagonal bipyramid) and @g form (isomer3) (a deformed section o
the fcc lattice). They were identified as local minima by harmonic frequency ana
both in the framework of the HF and B-LYP procedure. At the HF level, the en
sequence 9,4 < C,(AE = 0.06 eV) <C, (AE = 0.20 eV). The electron correlatio
effects included in the density functional treatment increase the energy separat
the isomer® and3 with respect to the isomér(AE = 0.22 andAE = 0.40 eV) but the
energy sequence remains uncharfjed

We have chosen to discuss temperature behavior of individual isomegsabdidtier
because they are characterized by distinct type of structures. Note that the most
isomer of L} (D,y) assumes a shape different from the most stable isomerdChx
Therefore distinct temperature behavior of Bhd N§ clusters might be expectec
Investigation of the temperature behavior of the neutrgldester has been carried ol
using Car, Parrinello methddemploying DF with gradient corrections and pla
waves®. Notice that gradient corrections introduced in DF by B&cka exchange
part of the functional, which improved the determination of binding energy and |
distances considerably, proved to be also very important for calculation of the e
sequences of the isomers.

Our simulations were initialized from randomly distorted geometries of diffe
isomers of Lj, and zero initial velocitiesc{. the preceding section and r&fg9. The
results obtained from AIMD-B-LYP simulations will be analy#&asing the following
four quantities. We find particularly instructive to analyze the trajectories in terrr
“atomic equivalence indeces”

ai(t) = Z Ir®-n®1 . )

wherer;(t) is the position of the atoimat the timet (ref2%). Theao;(t) quantities account
for all the structural information for a given atom, which depends on the position
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the surrounding atoms at the given time. The non-accidental degeneraciesof)th
quantity reflect also the symmetry equivalence of a subset of atoms. Structures
do not coincide with a local minimum but belong to its basin of attraction are ch
terized byo;(t) values which are “similar” to those of the isomer. Sharp variation
oi(t) values along a trajectory indicate transition from one to another basin and
fore an isomerization process. Moreovei(t) curves allow the identification of the
atomistic mechanism of an isomerization and to distinguish between pathways c
terized by concerted motion of atoms from those along which exchange between
occurs. Also at relatively high internal energy (temperature) the analysis in tert
o;(t) quantities is helpful, since one can easily identify the time intervals conne
with different isomers.

The root-mean-square (RMS) bond length fluctuadgmef24), which is calculated
at the end of trajectories, has been often used for bulk materials. A sharp increase
0 value is known as the Lindemann criterion for bulk melting, while in the conte>
finite-size clusters it has been taken as an indication of transition from solid-lil
liquid-like state. However, large atomic displacements can occur which are not 1
sentative of isomerization processes but which cause incredseailues. Therefore,
the transition from solid-to liquid-like state cannot be determined only on the ba:
0 quantities for small finite systems.

Additional information about the dynamical behavior of a cluster associated w
local structure can be obtained from the power spectrum defined as

f(w) = j ?y/((é))v(((())))uucos(mt) at | @

which is the Fourier transform of the velocity autocorrelation function defined as

(t) v(O)D: Z Z Vilty + 1) Vilty) - 5)

]—ll

In Eg. ©), n; is the number of time origirty.

The analysis of trajectories in termsaft) quantities, the power spectra, short-tin
averaged kinetic energy per at@i/nCand bond length fluctuatiordsare presented or
Figs 1-5.

The plots ofo;(t) values at low internal energy (temperature) along trajectories
itialized from the three isomeB,, C,, andCs, of the L§ cluster are shown in Fig. !
and serve as a guidance for identification of groups of equivalent atoms with (al
degenerates;(t) values. For the same trajectories the calculated power spectr
shown on the right hand side of Fig. 1. The comparison of power spectra obtail
low excess energy for all three isomers is instructive because different features
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identified. The positions of peaks correspond to frequencies obtained by harmor
brational analysis (vertical lines), whereas the intensities are dependent on the p
lar run. The power spectrum related to tbg, is characterized by peaks located
=100, 200-350 cmt and a particularly narrow peak a#00 cntl. The latter one is
absent in the power spectra of isomersCgf and C;, symmetry, which are charac
terized by peaks spread in the interval between 100 and 360 cm

The difference in dynamical behavior of three isomers investigated at different
ter energies (temperature) can be clearly seen from Figs 2-5.

From the graphs off,/nOresulting from trajectories initiated from a distorted ce
tered antiprism (isomek) shown in Fig. 2, it is possible to see that the fluctuations
present already @t = 182 K and become larger with increasing temperature. Thi
even more evident from the analysis in termgf) quantities, as shown on the rig}
side of Fig. 2. The pheripheral atoms of the centered antiprism (2-9) (see Fig.
patterns of reference;(t)) are highly mobile but no exchange occurs with the cen
atom (1), which is characterized by lawvalue, untilT = 472 K. The sudden chang
of o;(t) value for the central atom indicating its exchange with one of the pheripl
atoms occurs first af = 513 K. At this temperature (internal energy) the mechan
responsible for the isomerization can be followed, which is reflected in a su
change of the values af(t) which now are those characteristic for the structures
isomers2 and 3 (cf. Fig. 1). This is in agreement with the results obtained by
gradient based quenching procedure applied to the trajectory of the graph=2B&3 K).
The graph 2BeT(= 513 K) is particularly instructive since it shows that the liquid st:
of Lig has not been reached yet at a temperature higher than 500 K.

The peripheral atoms of the centered antiprism perform a concerted type of n
leading to equivalent isomeric forms hf The atomistic mechanism can be visualiz
as a concerted mutual rotation of two opposite square faces of the antiprism acc
nied by relaxation of the interplane distance. For an idealized case of a cubooctat
the atoms belonging to two parallel faces (identified by labels of Fig. 1 collecte
parenthesis) (2345)/(6789) rearrange into an equivalentdayni2467)/(3589) by two
successive rotations of one face with respect to the otherbiy &fpposite directions.
The first rotation, which would bring tHg,,structure into thé®,, one, has never beel
identified, since the concerted motion of all eight atoms occurs avoiding alway
more symmetricaD,, structure which lies in energy 0.15 eV above Ehgone. The
concerted motion defines a possible path between two equivalent forms along w
saddle point has been found with the energy of 0.007 eV abow@,ffierm. Notice
that the exact determination of the saddle point is very difficult on such an flat et
surface. The concerted motion of peripheral atoms of the centered antiprism leac
equivalent isomeric forms is a relatively slow process at low excess of internal e
occurring on a time scale of a few picoseconds for the trajectory of the grapi 2A:
182 K).

Collect. Czech. Chem. Commun. (Vol. 63) (1998)



1439

ainBiy 9ui Jo apis WBL dYr uo pajedlpul os|e e ainjeladws) pajewnsa ay) pue ‘08 T Agq
palys ‘(Ae ul) wore Jad salfiaus [e10] Buipuodsaiiod sy ‘8ousiuaAuO0d J04 “181snjo 87 sy Jo (Tawos!) sainonnsPr@y) Buioisip Aq pazijeniul
Sa110103lk4] 10} awn Jo suonouny se (g) (1)ieaxapul asuajeAlinba olwole, pue (v)OEME Jod ABlaus onauy pabesane (sd gz Q) sawn-uUoys

Ab initio Molecular Dynamics

MNesT =1
N3 8Y9'T- =3

M ¥0E =1
N3 SEV'T-=3

MN6veE =1
Ao 62ET-=3

Nelr =1
N8 280T-=3

MNEIS =1
Ao 2L60—-=3

00T

0's

00

0's

00
000°0

(014

oe

- 0T0°0

V\)\I\}\)\\/\/\I{\I\l\'l\n\ - 0z00

- = 0€00
- 0v0°0

0's

oe

or

0
0700
-1 0200

ﬂl/\.((.\f\/\f)\/\(.\{(/\/?)\s\ 0€0'0

py_ 7] 0¥V0°0
—1 0s0°0

0'sT

00T

00

(014

ST0°0
- §20°0

|,\/\l/\.)\/>>\)>;>\l)>\(</.\,\r/\z\,>\<<(x 500

w_ - G700

-1 Ss00

G200

>L></\(r>\<,l>\<>k/\>z§ 5900
-1 SS0°0

Tl seo0

Tl s900

ooy  0'GE 0°0€
T T

0'se

0'0C

0'ST

0'se

1
00g

0'sz 00¢

0'ST

l
00T

G200
-1 §€00
— S¥0'0

-] ss0'0
by

- S90°0

A8 130

¢ o

Collect. Czech. Chem. Commun. (Vol. 63) (1998)



1440 Bonacic-Koutecky, Reichardt, Pittner, Fantucci, Kouteck

Simulations initialized by energizing the other two higher energy isomersGyjth
andC,, structures give rise to substantially different behavior. The graphis/ofJand
oi(t) for the isomer2 and 3 are shown on Figs 3 and 4. At low excess energy,
fluctuations of atoms are small due to compactness @@ 4hendC,, structures, but the
isomerization process occurs at an energy (temperature) considerably lower th
trajectories initialized from th®,4form (cf. Figs 2—-4). Moreover, on the time scale
our simulations the isomerization processes take place @gmor C,;, to D,y form
while the inverse process occurs only at energies corresponding to more thanchO(
Figs 2-4). In the case of dynamics initiated from the iso@gy the isomerization
occurs first into the basin of th®,, isomer and than into the basin of tbg,isomer
(Fig. 4). This suggests that the activation barriers which control the transition bet
C,, and C,, are lower than those betweé&y, and D, or C5, andD,4 The graphs of
(E,/nOexhibit pronounced branches which can be connected with individual iso
(cf. graphs 3A and 4A); the;(t) quantities provide the same information and in ad
tion also a precise description of the atomistic mechanism of isomerizatigraphs
3B and 4B).

The bond length fluctuatiod plotted as a function of the cluster energy (see Fig
exhibits two distinct types of energy or temperature dependencies. One (full tria
is associated with simulations initialized frd, structure of the isomet, the other
(open symbols) has been obtained from trajectories started by distorting the othi
isomers lying at higher energies. At relatively low energy a sudden incredsaline
is connected with a mobility of atoms of the centered antiprism which involves a
certed motion of the peripheral atoms, according to analysis basedtoquantities.
Notice that such an increase dnvalue at low temperature (excess energy) for
isomerl (D,y), is not an indication of a phase transition, which actually occurs at n
higher energy (temperature). In fact, 8healue increases very slowly between 200-50C
and then a second abrupt increase occurs due to fast isomerizations involving al
isomersl, 2 and3.

In contrast, small values @&f are characteristic for th@,, and C;, structures at low
temperature (energies) indicating solid-like behavior; the abrupt change for a
increase in energy is due to isomerizations to Dhg form (cf. open circles and
triangles in Fig. 5). In the range ©f= 200-500 K, in the case of trajectories initialize
from configurations related to the isomd&s, and C;,, the values ob lie above the
(almost constantd values which characterize the trajectories initialized fromCthe
form. The details may change in longer simulations.

The above analysis shows that the lowest energy isomer{ofhiel centered anti-
prism D,y), exhibits very different dynamical behavior with increasing energy (t
perature) than other tw@,, and C, isomers. All peripheral atoms of tli®,, structure
perform concerted motion, but remain confined to the energy basin of the equilit
structure and do not easily rearrange in other isomeric forms until a considerably

Collect. Czech. Chem. Commun. (Vol. 63) (1998)
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temperatureT = 500 K) is reached. Just opposite is the case fo€ihand C,, struc-
tures, which exhibit a solid-like behavior at low excess of internal energy but unc
isomerizations already at relatively low temperature: (150 K).

Lig iterative DFT (B-LYP)

0.25 S
c
(=} A
2 020
S ° o A O
o v A
2 o O W v
£ 015 .
5 R
k]
g o010 s
o
%]
E A
€ o005 o7
I
OOO 1 L 1 1 |
0 100 200 300 400 500 600
A o o
Dad, A1 (0.000) Cav, 1A1(0.219) Cav, 11 (0.398)

FGc. 5
Root-mean-square bond length fluctuatidness a function of the total energy. The full and open sy
bols correspond to trajectories initialized from thg, and C,,, Cs, structures of the isometk(a),
2 (0) and3 (O), respectively, of Lj drawn with symmetry labels and energy sequence in eVre

CONCLUSIONS AND OUTLOOK

From investigating the dynamics of different isomeric forms gfthé following con-
clusions can be drawn:

1. A large increase of bond length fluctuat@does not necessarily indicate a soli
like to liquid-like transition. Therefore the averaged quarditpust be used with cau
tion to discuss the dynamics of finite size systems, in particularly the alkali n
clusters.

2. The atomic equivalence indexegt) which contain inherently structural informe
tion are well suited to follow dynamical processes along a given trajectory.
proved to be very valuable for determining the atomistic mechanism of isomeriz:
as it has been illustrated on the example of centered antiprisni.ofte o; values
allow to identify transformations leading to equivalent isomeric forms at low ex
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energy as well as to follow the multimodal behavior which is characteristic for tr:
tion between distinct isomers, at higher excess energies.

3. The individual isomers are characterized by specific dynamic properties as
tion of different energy. At low excess energy the structures with a central atom e:
a particular kind of concerted mobility of the peripheral atoms coordinated with
central one, while irC,, or Cg, forms atoms undergo only small fluctuations arou
equilibrium structures. At higher excess energies the latter forms undergo e
isomerization than the former ones.

As mentioned above, the most stable isomer gfdéaumes th€,, structure: on the
basis of our results on it is possible to estimate that the isomerization proces:
Na§ occurs at lower temperature (between 200 and 300 K) than{or Li

4. The higher energy isomers show tendency toward mutual isomerization at
excess energy (temperatures) due to low activation barriers. Of course, also the
tion energy for transformation of less stable isomers to the most stable form is
than that for the opposite process. This explains why the most stable form exists
out undergoing isomerization, for relatively long times in trajectories characterize
moderate or even high excess energy. This suggests that the basin of the lowest
isomers might be easier accessed than the basins of other isomers.

From the above described results as well as from our previous AIMD studieg a
Li,oand Li, clusters®it becomes clear that isomerization processes can take plac
different cluster sizes at different temperature, depending on the type of structure
most stable isomer.

In other words, specific structural properties of clusters must be taken into acc
also in the case of systems characterized by large atomic mobility, such as alkali
clusters.

The analysis of the dynamics ofjlélearly illustrates that the theoretical approact
explicitly considering the coupling between degrees of freedom of electrons and |
are useful tools for a detailed investigation of cluster properties. The developme
new methods oriented to the study of time-dependent phenomena involving elec
excitation and motion of nucRimight become an attractive future direction of que
tum theory of clusters.

This work has been supported by the Deutsche Forschungsgemeinschaft (SFB 337, Energy tre
molecular aggregates) and the Consiglio Nationale delle Ricerche (CNR, Rome).
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