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The ground state configuration of a macroscopic quantity of Na and Cl ions is the well-known
crystalline, face-centered cubic struct(@ble salt. However, when the number of ions is reduced

to a handful, geometrically quite different and interesting ground state structures occur. Such
configurations are realized in the early stages of crystal growth and are important in a growing
number of physical applications. This article describes the application of a genetic algorithm to the
difficult problem of the determination of the lowest-energy geometrical configurations of few-ion
(<12) clusters of Na and CI. The binding energy and the frequencies of vibration determined for
these structures are compared to experimental data and to published results of other calculations.
The advantages and limitations of the genetic algorithm as a tool for cluster physics are discussed.
© 1998 American Association of Physics Teachers.

I. INTRODUCTION =-4.01eV) (Ref. 3 which represent the energy require-

Sodium chloride, table salt, is an ionic crystal with aments needed to form a pair of charged ions from originally

simple interleaved face-centered cubic structure of the Ngeutral. atomé.. . . L .
and Cl ionst This fact has been established through electron 1€ interaction potential between two neighboring ions in
diffraction experiments which give an interiofNa—C) the crystal consists principally of a simple point charge Cou-

nearest-neighbor distance qf=2.82 A at normal tempera- Iomb_ attr_acti_on or repulsiofdepending on whether the ion
ture and pressure. Knowledge of the structure and density giPecies is different or the sajnand a strong repulsion at
the NaCl crystal gives a second, independent measure of thiort distance due to the Pauli exclusion of the antisymmet-
distancé A binding energy of—7.933 eV per ion pair, with  TiC electron wave functions. There are also induced dipole
respect to charged ions at infinite separation, has been detdfteraction terms of the order of a few percent arising from
mined from experiments giving the “heat of sublimation,” the distortion of the electron clouds for ions in close prox-
that which must be given to the substance in order for it tomity. There are other, lesser, components to the interaction
sublimate into atoms. The energy per ion pair, with respecenergy due to the zero point quantum motion of the ions and
to neutral atoms at infinite separatior,6.803 eV, is ob- a small amount of energy arising from a van der Waals force.
tained after including an electron ionization energy of NaThese latter two contributions are small and of opposite sign
(E;=+5.14 eV) and an electron affinity energy of &4  and therefore normally neglected.
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The binding energy of a macroscopic ionic crystal appearsional astronomy where knowledge of the absorption and

in solid state textbooks in the form emission bands of interstellar cluster “dust” is required for a
> correct interpretation of the data.More recently, cluster
Eg=—N @€ —A exp(— ro/P)} (1)  Physics has been instrumental in the development of the new
|47€ol o fields of nano-electronics, where elements derive their prop-

erties from the quantum nature of the clusteand novel
materials, where clusters instead of atoms constitute the
ae® A building blocks*

2 In the following section we briefly discuss the most popu-

lar theoretical approaches to determining the ground state
The first term represents the Coulomb energy, wiheig@the  properties of clusters. In Sec. Ill we define a simple two-
number of ion pairsr, is the nearest-neighbor equilibrium body ion—ion potential. With a fitness function defined in
distancee is the fundamental unit of charge, aeg is the  terms of this potential, in Sec. IV we describe the application
permittivity of free space. The second term in Ed. or (2) of a genetic algorithm to the determination of lowest energy
represents the repulsive Pauli energy. The congtaiven  configurations of different sized few-ion clusters of Na and
the value 0.317 A for NaClRef. 6 andn usually takes the Cl. In Sec. V some properties of our predicted ground states
value of 9.1(Ref. 7) for this salt. From quantum mechanical and their low-energy isomers are compared with both experi-
considerations, the electron wave functions decrease exp8iental data and published results obtained through other cal-
nentially with distance, and the more realistic form of theculations. The advantages and limitations of the genetic al-
repulsion is that of the exponential Born—Mayer term, Eq.gorlthm approach to cluster configuration are summarized in
(D). the conclusions.
The constantr is known as the Madelung coefficiéretnd

represents the normalized sum of the strengths of the Coudl. CONFIGURING CLUSTERS
lomb interactions for all interacting ion pairs,[) separated
at distances;; . Thus,

or sometimes as

EB:_N

-—.
_47Teol’0 o

Theoretical determinations of cluster properties can be di-
vided into two groupsab initio and semi-empiricalAb initio

1 ai \[a\ro calculations solve the Schrodinger equation with varying de-
a=—3 q—) (q_J) (r—) , 3 grees of approximation of the Hamiltonian for the electron—
j#i + - ij

electron, electron—nucleus, and nucleus—nucleus interac-

is the ionic charge of Na1) andq_ that of Cl (—1). The calculatlo_n are_t_he values of the fundamental constants.
factor of £ accounts for the double counting of the interaction COMPIexities arising from the many-body nature of clusters
pairs. This sum converges for the macroscopic crystal eveffnder this approach very computationally expensive, except

though the range of the Coulomb force is infinite, because o r optimization of relatively small' clugters. Also, at some
the compensating effect, becoming more complete with disClUSter Size, the degree of approximation of the many-body
tance, of the alternating positive and negative charges of th amiltonian cancels the benefits of the quantum calculation.

crystalline structure. The result for the infinite NaCl crystal HOWeVer, if quantum information, such as bond breaking
is a=1.748%® Likewise, the constant& or A’ of Eq. (1) or and accompanying electronic rearrangement or spin densi-
o ! ' iies, is required, there is no substitute for thb initio

(2) represent the normalized sum of the strengths of the Pau L loulationt®
repulsion for all interacting ion pairs in the crystal. This term Semi L
emi-empirical approaches normally assume a two-body,

converges even faster than the Coulomb term due to th . .

. . . o . entral potential whose parameters are determined from ex-
fpldgle(_:re;ste n _rep(;JIS|onhV\t/;;[htI(t)rr]1 sepflratt_|o|n. _The Cons.tarﬂ)erimental observables of the molecule, macroscopic crystal,

or IS determined such that the potential gives a Mini . 5 jimited cluster data. The potential depends on the
mum at the experimental crystal equilibrium distance of 2.8Z4istance between the ions but may also depend on induced

' . . electric dipole moments. The positions and induced dipole
The convergence of both ,the'attractlve and repulsive termg, o ants of the ions are then optimized through one of a
of the potential« andA or A’, gives the result that the total ,mper of sophisticated techniques with the goal of obtain-
interaction energy, E1) or (2), is proportional to the num-  jnq the lowest energy configuration. Fitting potential param-
ber of ion pairsN, and not to the number of pair interac- eters to experimental data can include effects which often go
tions, ~NZ2. In other words, beyond a certain crystal size atbeyond the scope of approximadb initio calculations, and,
which convergence ofr and A or A’ have occurred, the in any case, the results of the semi-empirical approach can be
lowest energy configuration is unique. For NacCl it is foundused as configurational input to a full quantum calculation.
to be, at normal temperature and pressure, the interleaved The dimensionality of the hyperspace for the search of the
face-centered cubic structure. most stable configuration increases linearly with the number
Below the convergence size, however, this is not true andf ions in the cluster, but the complexity of the potential
the lowest energy structure depends on the number of pagnergy surface increases much faster than linearly with the
interactions and the details of the two-body potential. Wenumber of ions® Given this complexity and limited comput-
believe that this interesting fact is not adequately addressedg power, past semi-empirical investigations have been
in undergraduate treatments of the solid state. Rectificationbliged to employ “intuitive” approaches which either con-
of this omission is particularly important given the recentstrain the geometry of initial configurations to “realistic”
growth in the number and variety of physical applications ofones(particular lattice structures or symmetpiesd thus to
atomic clusters. These applications range from elucidating manageable number of local optimizatidhsy which con-
crystal growth pattern$l® to photography and catalysis strain the search to particular sequences based on the optimi-
where cluster size and structure are importang observa-  zation of smaller configurations. As an example of the latter,
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Hoare and Paldeveloped a procedure to “grow” aggregates dynamic$! where the atomic displacements are directed by
of atoms in the computer by adding a new atom to the mostalculating the total force acting on an individual atom due
“compact” surface position of an already optimized clusterto the rest of the atoms in the cluster. Applying Newton's
and continuing the optimization with the three additional po-laws leads to a powerful dynamical method of finding low-
sition variables of the new atom. With this procedure theyenergy configurations while also yielding thermodynamic
found low-energy candidates for the global minimum struc-properties of the cluster. This popular method has been ap-
tures of clusters of up to 55 atoms bound through a Lennardplied to the configuration of both sm#liand largé® clusters.
Jones potential. Based on the icosahedral substructure The disadvantages are the amount of computer time required
many of the ground state configurations found by Hoare angor calculating the dynamics and the problem of entrapment
Pal, Northby’ implemented a refined lattice search proce-in local minima at low temperature which arises when a clus-
dure and found new, lower energy candidates for various ofer has a large number of almost degenerate isomers of the
the clusters below 55 atoms in size and extended the seargfiound state.
up to cluster sizes of 147 atoms. A number of so-called “intelligent” global optimization
Such judicious selection of the symmetry dramatically re-techniques have been developed in recent years. These tech-
duces the dimensionality of the search space and thus thfques learn about the search space in which they are oper-
overall computational effort. However, it has become apparating and the direction for continuing the search is deter-
ent that the ground state geometry can be quite different fomined on the basis of this accumulated historical knowledge.
clusters which differ in size by only one atom. Adding an These techniques include the tabu se#réhand the genetic
atom to the most compact surface position of the configurag|gorithm?® The tabu search borrows from the concepts of
tion representing the global energy minimum of a given clus=ytificial intelligence and learning. It builds a table of moves
ter often produces a new cluster which is separated by a larggng assigns desirability in a flexible memory that is continu-
potential barrier from its true global minimum and which ally updated. The moves may be completely forbidden or
requires extensive collective movements of the atoms for thﬁssigned a selection probability determined by the success
transformation. In other words, constrained search procépte of recent application. Tabu searches have outperformed

dures frequently become trapped in the nearest local minigimyated annealing procedures at optimization of some stan-
mum, especially when the size of the cluster becomes largga 4 test function&

and many low-energy isomers e>_<ist with an energy clos_e 0 The genetic algorithm is an analog of nature’s biological
that of the true ground state. This was recently appreciated, pjem solving technique. This algorithm assigns a “ge-

for thg Lte?nargw—.]ort]ﬁs cluste(;_ \;vfcljerbe S|E|'” Iowerder;erlg netic code” to a particular cluster configuration. A popula-
ground states than those predicted by roare and Fal Qfyn of randomly generated configurations is created as a first

glorthbytwiaretkcljlstcm/ere’cf. For the NaCl cILthtetr, we r‘:\"” %reneration. The populations of subsequent generations are
emonstrate fhat the minimum €nergy structure change eproduced” from previous generations through applica-

abruptly from an extepded two-dmepsmnal structure to Qion of the genetic operators of mutation and cross over to
compact three-dimensional one in going from three to fouly, ., oo hatic codes of selected best fit individusvest en-
QS S‘t):r'gs’uan% ; {:gts'ttgi igorr?ung r:t%tesi%m?rgtzﬁ? 32 mam%rgy configurations In this way, cluster configurations are

» Up b ' que. “evolved” through generations to their lowest energy geom-

Nonconstrained stochastic techniques such as randony . ; : . ;
searches and simulated annealff§ have been applied to etries. The global nature of the genetic algorithm is due to its
ability to escape local minima through application of the

the cluster configuration problefhRandom searches are not . o . . )
genetic operators. It is intelligent because information re-

efficient for problems with a complex fitness surf&c& and g 1  h - . lated
have generally been replaced by more sophisticated methoddd'@!Ng Promising areas of the search space IS accumulate
In the genetic codes of the individuals and this information is

Simulated annealing starts with a particular cluster configu- .
ration at a given temperature. Random displacements of ir£xchanged among the population through the crossover
dividual atoms are induced with a magnitude proportional tg"€chanism. _ _ _
the temperature. If a random displacement of an atom brings F'St proposed by I;|olland in the 1960s in relation to work
the cluster to a lower energy, it is accepted and the searci cellular automat& the genetic algorithm has now been
proceeds from this new configuration. Gradually the tem—SucceSSfU”ngaPD“Ed to numerous difficult _proble?ﬁ%.
perature is lowered and the search becomes more and mofedsonet al™ first applied the genetic algorithm to the mo-
local. This technique is an analogy of the annealing proces&cular conformation problem of atoms confined to two di-
in nature, by which, for example, liquids freeze into their mensions and interacting through a Lennard—Jones potential.
lowest energy, crystal state. For resolving this problem, the genetic algorithm, combined
A particular problem with simulated annealing is that of With & local conjugate gradient minimization, was consider-
selecting an adequate cooling schedule since the optimal &bly more efficient than either the random search or the
known to be very problem specific. The ensemble approachimulated annealing approaches. Recently, the application of
to simulated annealif§ addresses this problem by sending the genetic algorithm to the optimization of Lennard—Jones
an ensemble of random walkers to make parallel searches éfusters in three dimensions yielded new, lower energy pre-
the entire configuration space simultaneously. Informatiordictions for the ground states of various clustérgor a
on the best energy found by each walker after a given timgood review of the genetic algorithm published in this jour-
interval provides statistics for determining the cooling schednal see Sutton and Boydéh.
ule, and also for mapping the distribution of local minima in  In this article we will use the genetic algorithm to deter-
the complex potential energy surface. Such information isnine, in the semi-empirical approximation, the lowest en-
useful for studying the thermodynamic behavior of theergy geometries of small alkali halide clusters and obtain
cluster® their binding energies and vibrational frequencies. First we
Simulated annealing is often combined with moleculardefine a two-body, pair-wise additive, ion—ion potential.
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the predicted value afg, in Eq. (4) the predicted molecular
binding energy, with respect to neutral atoms at infinite sepa-

"\ ] ration, is
sp e - Emo=Ueqt Ei— Ea= —4.237 eV,
[ \ ] . . ..
T ] in close agreement with the empirical value .22 eV

I Na-Cl R

from thermochemical dataDifferences in the predicted and
experimental equilibrium distance and binding energy can be
attributed, for the most part, to neglect of the small induced
dipole moments. Thus, E¢4), derived from the equilibrium
characteristics of the NaCl crystal, predicts the equilibrium
characteristics of the monomer and we should be safe in
assuming that it is also valid for intermediate clusters.

Energy [eV]
o

r [A] IV. THE GENETIC SEARCH

In the semi-empirical approximation with a central two-
body potential, the search hyperspace for the lowest energy
stable configuration of N&I,, is defined by the three posi-
tion coordinates of each ion and the ion tyip& or C)). The
Ill. THE ION —ION POTENTIAL space thus has a dimensionality o4 6 where\ is the
number of ions and the-6 results from removing the de-
rees of freedom associated with the translational and rota-
onal invariance of the cluster. The invariance is most easily
accounted for by choosing a Cartesian coordinate system

Fig. 1. The two-body ion—ion potentials.

We assume that the form of the binding is mainly ionic for
few-ion clusters, as it is for the macroscopic crystal, and tha?
the ionic charge states arel and—1 for Na and ClI, re- :
spectively. The large difference between the binding energy . : ' AR

. ith the x axis defined by a line joining atoms 1 and 2 and
of the (NaCly molecule(~—4.22 eV/ relative to neutral . L .
atoms at infinite separatipand the difference of the ioniza- they axis chosen_ to lie n the pla.n(.a deﬂne(i by_atoTs 1.2
tion energy of Na and the electron affinity energy of Cl&nd 36 g)btamed in practice by fixing, =y, =2,=y,=2,
(=+1.13 eV) suggests that this is a valid assumption. =Z3=Y- L

The ions N& and CI” are both noble, with closed electron mggﬁg'gm ;‘L‘S t%gubnod 4 ;tgctjet}eﬁgglraé(t;)nsrgzsui(r)(;(;r(])erﬂl)\/lau
shells, and thus are spherically symmetric so the Coulomb ™. . C o . P TR
potential for ions at large separation has the simple form of ?e rS|Egiggﬁ;etgﬁlagﬁ?6k®sbvé§c;pncezgisn?/vtig(laﬁ;iﬁepcgstsr}gIglus
two-point charge interaction. At small separation, the elec onfigurations in two or three dimensigrend we find not
tron charge distributions begin to overlap, become distortedt®Md

and dipole moments are induced. Here, however, we take tH'€: but many local minima in the potential energy surface.
rigid sphere approximation in which there are no induce inding the lowest energy configurations of many-ion clus-

moments. Such an approximation is valid because close rs 'gherefore requires a global anq efficie_nt search _method.
electron shells act almost like rigid sphefeEhe two-body N this work we employ the genetic algorithm. Applied to
potential then consists of the sum of the attractive or repul!uSter configuration, the genetic algorithm proceeds as fol-
sive point charge Coulomb energy and the repulsive Pau'PWS'

energy. We take the Born—Mayer form for the repulsive in-(1) generate a random initial population of genetic codes
teraction, Eq(1). Because the radii of the electron clouds are  defining distinct cluster configurations;

different for the alkali and halide ions, the coefficient of the (2) evaluate the fitnestbinding energy of each configura-
repulsionA depends on whether the interaction is between tion;

Na-Na, CI-ClI, or Na—Cl ions. Thus, the ion—ion potential is(3) generate a new populatidisecond generatigrof con-

o2 figurations through application of the genetic operators
Ujj= IthAij exp(—ri;/p), (4) of crossover and mutation to the genetic codes of the
TEQljj best-fit configurations;

where the parameters and p were obtained from an analy- (4) te;gz:lgate the fitness of the new generation of configura-

sis of crystal data by Tosi and Furféompiled in Ref. 6. ' . .

They areA; = 423.80 eV ifi and] are both Na ions, 3485.23 (®) repeal steps 3 and 4 for a number of generations until an

if they are both Cl ions, and 1254.53 if one of the ions is Na adequate low-energy configuration is found.

and the other Cl, and=0.317 A. Equatior(4) is plotted for Choosing a binary representation for each of the search

all three interactions in Fig. 1. variables(because of the computational facility to manipu-
The validity of Eq.(4) may be checked by comparing the late bit string$ genetic codes are created of the form

predicted equilibrium distance and binding energy for the

monomer (NaCl) with that obtained from experimental 5 2z wn = L =2 ¥ z=...Iyv zv yv 2w

data. To obtain the equilibrium distance from the potential,

we differentiate Eq(4) with respect to ion separation and set [0[1oofoo1foroltfroifooto1o}--[olotofoooliog]

the result equal to zero. The solution of the resultant equatiowhere the one bit representing the ion type implies a Na ion

IS req=2.312 A, similar to the empirical value of 2.36 A if | is equal to 1 or a Cl if it equals 0. For display purposes,

obtained from the rotational spectrum of NaCl vapttsing  each of the coordinate variables is represented here by only 3
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bits and we have not removed the 6 rotational and transle
tional degrees of freedom. In our implementation, each co
ordinate variable occupies 7 bits, implying (22/)—(6
X 7) bits per genetic code. The number of bits per coordinat:
variable can be varied and determines the “coarseness” c
the genetic search.

For the first generation, 50 such trial codes were created ¢
random from the search space;

=01 and -5.0A<z;,y;,z<5.0A,

P

-

avg Eg

which is sufficiently large to allow for all conceivable cluster
configurations up to sizes of about six ion pairs. The Dar-
winian fitness of the code was related to the value of the
cluster binding energykg (the lower the energy, the more

fit), where

best Eg

[ P P PR PO PO .3 O P

1
Es=5 2 Uj (5)

60

with U;; as given by Eq(4) and ther;; determined from the generation
ion coordinatess;, y;, z andx;, y;, z;.

Of the 50 initial configurations in the first generation, the Fig. 2. The average binding energy of the 50% best fit configurations, and
fittest 25 were selected for the “gene pOOl” for reproduction, Fhat of_the best configuration, asa function of gengration_number for_a three
the other half were discarded. The mating procedure starte:8n pair NaCl cluster(dashed linesand for a five ion pair cluste¢solid
with a random selection of 25 two-parent pairs from the genemes)'
pool. Each pair produced two offspring codes according to
the following prescription which was found to be efficient at o ) )
converging on fit configurations while maintaining diversity auires a reduction in the search space which would imply a

given beginning of the search to prevent trapping at a local mini-

- ) o ) mum and to obtain as many distinct solutidfisal configu-
(1) a 10% probability of faithful reproduction in which the rationg as possible. However, since our definition of fitness
offspring codes are identical to their parents, is fixed, we would like results as near as possible to exact

(2) a 3% probability of point-mutated reproduction in which sojutions. We therefore applied a more efficient conjugate
one bit chosen at random of each parent code was

flipped,

(3) an 87% probability of crossover reproduct®im which
the two parent codes were separated at a boundary of MONOMER
two genegthe variables chosen at random and respec-
tive portions swapped to produce new offspring. This O—=0
procedure is analogous to the biological process of
crossing over of the genes which occurs frequently be- -5.3673
tween two homologous chromosomes during meiosis to
form the gametes. DIMER

In addition to the above reproduction prescription, we took
the so-called “elitist” approacH by ensuring that the very O—0———(—0
best individual always reproduced an exact copy of itself for
the gene pool of the following generation. With the above -6.0393
procedure, reproduction is constrained to keep the total
population constant from generation to generation, which is a ~6.4694
practical necessity of the algorithm.

We repeat this procedure creating a third generation by TRIMER,
reproduction of the best fit 50% of the second generation and
so on for a number of generations until little improvement in
the fitness is observed from one generation to the next. For
the particular cases of clusters of three and five ion pairs, the
average binding energy of the fittest 50% of the configura- -6.3302
tions of each generation, and the binding energy of the best
configuration of the generation, is plotted as a function of the
generation number in Fig. 2. For the early generations, the

increase in average fitnegdecrease in binding energys Fig. 3. The lowest energy configurations found for cluster sizes from one to

gr(_aat. The rate of average fltn_ess Improvement _Of_the POPYfree ion pairs along with their respective binding energ@#ion paip.
lation decreases after generation number 40. This is a CONSene small circles are the sodium ions and the large ones are the chlorine

guence of the fact that approaching the optimal solution reions.

Linear Chain

-6.7920
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TETRAMER PENTAMER
O -
-6.9788

-6.8997

[ z E -6.9500

-6.8696

i

-6.9263
-6.7470

Fig. 4. The lowest energy configurations found for the cluster size of fourFig. 5. The lowest energy configurations found for the cluster size of five

-6.9486

ion pairs along with their respective binding energie®/ion paip. ion pairs along with their respective binding energie/ion paiy.

gradient local minimizatiof? (to a precision ofAEg/Eg At finite temperatures, vibrational excitation of the cluster
<10 ') to the 10 best distinct configurations after 50 gen-is possible. The vibrational modes of oscillation of a particu-
erations of genetic evolution. lar configuration, in the harmonic oscillator approximation,

can be predicted from the second derivatives of the binding
V. RESULTS energy, Eq(5), W|th rgspect to ion dl_sp!acem_ents at the equi-
librium configuration’ For the multi-dimensional potential
The five lowest energy configurations found for clustersurface, a 3/X 3\ dynamical matrix is constructed of the
sizes of one to six ion pairs are shown, along with theirfollowing form:

corresponding binding energi€eV per ion pai), in Figs. PE PE PE JE
3-6. Two mutually perpendicular views are given for most 2B B B B
of the three-dimensional clusters to help in the interpretation Xy IXqdY1 9X10Z;  IX10X;
of the structure. The figures are not schematic but actual 2 2 2 2
e st ; ut-a #PEg  °Eg  ’Eg  J°Ep
visualizations of structures found. For clarity, the ion sizes >
are not drawn to scale, and ions are connected by rods if the | 9Y19X1  dy1  dy1dZy dyidX; . (®
ratio of the distance between the ion centers to the sum of 9Eg

their radii is less than or equal to 1.12.

We note first that the number of halide ions is equal to the
number of alkali ions ifh=n) in all of the low-energy con-
figurations found. The two-dimensional ring configuration is Diagonalization of this matrix gives the eigenvalues which

isoenen ;?rsbeégeo';‘é’stth‘isstr%?%ybgf%?d ';Oirrsdutﬁfrsrgﬁntg_égteegre the force constanks Six of the eigenvalues will be zero,
parrs. bey X ; pairs, thé groul . corresponding to the degrees of freedom which must be re-
struciures are three-dimensional but the two-dimensional ISGhoved due to the translational and rotational invariance of

mers are still competitive. Note th’?‘t _the three ion pair dou_ble(he cluster. The force constants are related to the wave num-
chain doesn’t appear in Fig. 3 as it is not stable. At four 10Ny o 1A of fhe vibrational modes through

pairs, the two-dimensional ring is more tightly bound than
the two-dimensional double chain, but at five and six ion 1 1 (k)”2

92,9%,

)

pairs the reverse is true. It is interesting to note that many =5
. 7mC \ u

ground-state structures have a unique symmetry and that

most of these structures and the isomers are not based on tivberec is the speed of light in vacuum andis the reduced

face centered cubic structure of macroscopic NacCl. mass
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HEXAMER TRIMER
‘ -7.1485
-6.5632
% -7.1412

@ w
Y 5l

@ -7.0182
Fig. 7. Saddle point configurations encountered during the optimization for

-7.0071 the cluster sizes of three and five ion pairs along with their respective bind-
& ing energiedeV/ion paip.

Welch et al® studied the NaCl monomer, dimer, and tri-
mer, using a potential identical to ours but which also in-
Fig. 6. The lowest energy configurations found for the cluster size of six ioncluded the interaction of induced electric dipole moments. In
pairs along with their respective binding energfe¥/ion paip. this case, comparison of energies provides a measure of the
importance of including these moments in the interaction
potential. The geometries of the ground state configurations
MM found by Welchet al. are equivalent to those found in this
u= Na el (8) work. The ratios of the binding energies of the ground state
Mnat Mg (this work/Welchet al) are 0.934, 0.960, and 0.980 for the

Local minimization of a given configuration leads to either MONOMer, dimer, and trimer, respectively. Similarly, the ra-

a true minimum or a saddle point in the potential energyfi©S Of the equilibrium distancetbetween neighboring Na

surface. An analysis of the eigenvalues of the dynamical ma@nd C! ion$ are 0.980, 0.986, and 0.991 for the monomer,

trix, however, can distinguish between these two cases. If thimer, and trimer, respectively. Welch's results are in good
configuration is a true minimum, real positive wave numbers

result. If the configuration is a saddle point, at least one of

the wave numbers will be imaginarfcorresponding tdk o 50 100 150 200 250 0 50 100 150 200 250
negativg. This analysis of the dynamical matrix is equiva- [(&cn, [T (Nach,
lent to checking the values of the second derivative of the P i C ﬂ

PENTAMER

-6.9622

Q= NWw
[N S

T
Pl | ll’
binding energy at the declared minimum to determine Wave Number [cm™] Wave Number [em™']
whether the point is a true minimum, maximum, or a point of
inflection (saddle point All of the configurations presented
in Figs. 3—6 gave real wave numbers and thus are true

minima. Saddle points, with one small imaginary frequency, 52219180 200 250 3020100130 200 20
encountered during the optimization process are presented i 2 Naths 1l 3 fZ(Nﬁ"Cl)l*’u L ©
Fig. 7. For the one mode of vibration of the monomer oG=———" —"— [om™] ® Wave Number [cm™')

(NaCl); we found 1A=346.41cm?, in close agreement
with the experimental value of 336 crh(Ref. 6. The vibra-
tional spectra for the most-bound configuration of cluster
sizes of two to six ion pairs are presented in Fig. 8. 40,50 100 150 200 250
The alkali halide cluster has been studied previously zfmacy, ' = ' -
through a number of distinct techniques. Since almost all gCLLLLL Il HE ]
works have used a slightly different potential, a quantitative ~ Wave Number [cm™]
comparison of the energies of the configurations is not mean-

ingful. Instead, we compare the geometrical configurationsig. . The vibrational spectra for the most stable configuration of each
and their sequence in energy. cluster size.
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agreement with the available experimental data for the
monomer, giving 5.75 e\{compared to the experimental
values of 5.35 eV,and 5.81 eV(Ref. 37] for the binding
energy relative to ions at infinite separation, and 2.36 A
[compared to the experimental values of 2.36 236 A3’

and 2.388 A(Ref. 38] for the equilibrium distance. It is
interesting to note that whereas we found the NacCl linear
dimer to be a stable configuration, Welehal. found it to be
unstable with induced electric dipole moments included.
From this comparison we conclude that the electric dipole
interaction is of only slight importance to the energy and
geometrical configuration of the ground state for small clus-
ters and plays an increasingly reduced role for larger clusters
(further verified through our own optimizations of much Fig. 9. True scale model of the lowest energy configuration found for a

. . . cluster size of three ion pairs. The large spheres are the Clions and the small
larger NaCl clusterS). However, inclusion of dipole mo- ones are the Na ions.

ments can influence the stability of certain cluster configura-
tions which lie in shallow potential wells.

Martin™ has published an extensive study of the NaCIA, consistent with experimental data and semiempirical cal-

clustgr up to 32 lons In size, using a potential not Inf‘j!w“.ngculations including dipole interactions, but about 3% larger
the dipole interactions, in which a large number of “intui- than our value

tlvet .|n|'|ual c?.nflgutrgtlonfs w;ahre mmwplzfed Io'cally. Qurlgeto- The alkali halide systems (KGl)and (KCl); have been
metrical configurations for the one 1o four 1on pair ClUSIersy | ;e by Rose and Beffthrough molecular dynamics
and their sequence in energy are identical to those obtain

by Martin althouah i lahtly | . ing a two-body potential similar to ours. The three most
y Martin although our energies are slighty lower SINC€4iahtly bound minimum energy configurations we found for

Martin assumed equal repulsive potentials for the Na_Na(NaCI)4 are in agreement with those found by Rose and

CI-Cl, and Na—Cl interactions. For the five and six ion paurBerry for (KCI),. For (NaCl), our second most tightly

systems, how_ever, signi_ficant differences were found. Firstbound configuratiorithe distorted capped-cubwas found
unlike in Martin’s depiction of the lowest energy pentamerto be a saddle pointsee Fig. 7 and not a true minima as

(the capped-cube configuratiprwe found that the cap on
. : reported by Rose and Berry for the system (KCIWe at-
the cube opens up to form a ririgee Fig. 5. Second, we ibute this to the differences in the repulsive Pauli interac-

found the pentamer double-chain structure to be more tightl o for the Na—Cl and K—Cl svstems
bound than the ring structure. The fourth structure in energ y X

also appears to be distinct from the one found by Martin. Our Figure 9 shows a true scale rr_lodel of our _predlct_ed ground
state geometry for the cluster size of three ion pairs.

fifth structure in energy for the pentamer is equivalent to our One run of the genetic algorithm required approximately

fourth structure but with the Cl ions replaced by Na ions and0 21's CPU time on a DEC Alpha Station 50866 MH2)
vice versanot shown in Fig. % The energy of this structure and was sufficient to consistently find all the lowest energy

was determl_ned to be-6.9245 eV. For the ht_axamer, con- configurations reported for clusters up to three ion pairs in

trary to Martin’s results, we found the double ring to be moregize “For four to six ion pairs, three runs of approximately

tightly bound than the rectangular structure. Many newg 46 s CPU time each were sufficient to find the lowest en-
minima were found with significantly lower energy than ergy closed structure configuration if the search space was
Martin’s third-in-energy, double-chain structure. Three such:gnfined to a box ©5 A dimension, and approximately ten

structures are listed in Fig. 6. The differences between oUfns for the open configurations in a box of 10 A dimension.
findings and those of Martin can be attributed in part to the

differences in the potential used and in part to the fact that, at
this size of cluster, there are many local minima and theVl- DISCUSSION AND CONCLUSIONS
“intuitive” or random local search procedures are not suffi-
ciently global.

Hakkinen et al*® have studied the structures and energie
of the ground state configurations of (Nagl)l<n<4, us-
ing a local-spin-density functional calculatigguantum,ab

The low-energy configurations presented in this work are
those which would be the most probableTat 0 K. At finite
Stemperatures the vibrational modes of the configurations are
important and we should minimize the free energy rather
9 : ; . . _than the potential. This implies that some configurations
initio calculation$. The geometries of these configurations,, 11 are more energetically probable at low temperature are
correspond to those of ours. However, they find that the,, necessarily the most probable at higher temperature. The
double-chain trimer isomer is stable whereas our, Martin'syq\er the vibrational frequency of the intrinsic modes of the
and Welch's semlemplrlca] calculqtlons predlct It to be UN-configuration, the more likely it is to exist at higher tempera-
stable. The binding energies per ion pair they find for theyre “However, there is no single configuration which is pre-
monomer, dimer, trimer, and tetramer ground states are 5.53cted to occur exclusively: all of the low-energy configura-
6.54, 6.76, and 7.01 eV, respect_weﬁl}&ncludmg an  tions found here will occur at any temperature with varying
“exchange-correlation gradient correctiofi® and assuming probability dependent on their natural frequendfes.
an electron affinity energy of Cl of 4.01 eV and an electron ~ |nduced dipole moments are generated for ions in close
ionization energy of Na of-5.14 eV(Ref. 2]. These values proximity but we have neglected this contribution to our in-
fluctuate slightly around the results obtained with semi-teraction potential. In the previous section we have seen that
empirical calculationgsee, for example, Figs. 3 ang.&he  this results in slightly smaller values of both the binding
equilibrium distance they calculate for the monomer is 2.38&nergy and the interion equilibrium distances for small clus-
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ters. However, the dipole interaction is important to the quesstructure and energetics of the ground state and its
tion of cluster stability. The charge—dipole, dipole—dipole,isomerst®? Therefore, a quick and thorough survey of the
and self-dipole energy must be taken into account in a moreonfiguration minima and saddle points provides substantial
exact calculation. It is straightforward to extend the optimi-insight into the interpretation of molecular dynamic results.
zation to the electric dipole moments by including in the We suggest further that coupling the genetic algorithm to the
genetic code another three variables per ion, defining thgore sophisticated molecular dynamic aiv initio calcula-
vector moment. The results of this extension are not too diftions through the use of the evolved cluster minima as initial
ferent and will shortly be published along with results for configurational input should provide an efficient and power-
larger sized NaCl clusters and other alkali halide s8lts.  ful tool for cluster physics.

Genetic algorithms are endowed with a number of charac- Cluster physics is an important new science with many
teristics which suggest their potential utility as an effectivepotential applications. We have presented a simple introduc-
tool for configuring clusters. First, they are efficient becausdion to cluster physics normally not included in undergradu-
they optimize the time spent between looking for solutions inéte solid state courses and have suggested an accessible new
new regions of the search space and exploiting the gootPol, the genetic algorithm, for the development of this sci-
regions already found. In fact, it has been shown that DarwirfNce.
fithess-proportionate reproduction assigns a mathematically
nearly optimal allocation of trials to the different regions of ACKNOWLEDGMENTS
the search spac.Their efficiency is further enhanced by .
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