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ABSTRACT

We have investigated the evolution of the ground state structures for small
Si, (n=4-10) clusters as afunction of charging by using Full-Potential Lin-
ear-Muffin-Tin-Orbital Molecular-Dynamics (FP-LM TO-MD) method. Most
of the ionic geometrical configurations from the neutral cluster structures
still keep original geometrical configurations except for local structural dis-
tortion. The structural distortion is different for different Si clusters with
increasing charging. The electrostatic repulsion among the charged atoms
and the change of bonding characteristic for some atoms cause the distor-
tion. However, some of the multiply charged structures from the neutral
cluster structures are not global minima. We have obtained their ground
state structures for Si M (n=4-10, M=0, £1, 2, +3, 4) clusters by the
Amsterdam Density Functional (ADF) combined with a single-parent evo-

KEYWORDS

Silicon cluster;
Multiply charged cluster;
Molecular-dynamics
simulation.

[ution algorithm.

INTRODUCTION

Thedectronicand geometric structuresfor silicon
clustershave been extensively studied because of their
significant interest and potentia applicationin micro-
electronics. During the past decades, theoretical and
experimenta studiesarefocused onsmall silicon clus-
tersbecauselarger clusters can fragment into thesmall
clugters. Experimentdly, thesmall silicon clusterswith
4, 6, 7 and 10 atoms are much more stable than other
clusterd®3, Most of thetheoretica structuresfor the
small neutral silicon clusters have been accepted uni-
versally. Except for Si,, thestructures of thesmall Si
(n<8) clustershave been confirmed by anion photo-
€l ectron spectroscopy, or by Raman®™ and infrared®
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measurementson mairix-isol ated clugters. Wehavea so
investigated the geometrica structuresof thesmall S|
clustersusing Full-Potentia Linear-Muffin-Tin-Orbital
Molecular-Dynamics (FP-LMTO-MD) method™9.
Our calculated resultsarein good agreement with ex-
perimental valuesand theoretical results obtained by
other methods?.

Experimentaly, moreattention hasfocused onthe
ionicsilicon clustersbecause of thehighionization en-
ergy of theS_clusterg®3*13, Thechemical reactions
of theionic clusterswith some small moleculeshave
been studied**>21 Accordingtoacollison-induced dis-
sociation study, thecationic S * clusterscontaining up
to 60 atomsdissociatemainly by lossof S or S, spe-
ciesand little by thelossof Si_or Si, 2. These are
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consistent with prominent presenceof Si;*, Si.*, and
Si,,'ionsinthemass spectra®*.

Theoretically, thegeometricd structuresof thesili-
con cluster ions have been obtained by employing dif-
ferent dynamicsmethodd 6182224 |t isfound that most
of thestructuresfor singly charged speciesaresmilar
to those of their corresponding neutrals, but afew of
ionic clustersadopt different geometriesastheir ground
state structures. In addition, some structures are still
controversy intheliteratures.

Multiply ionized clustersattract scientist’s interest
becausethey can fragment into smaller speciesdueto
strong coulomb repulsion?!, Study of multiply ionized
alkaineclustersinastrong el ectromagneticfield had
been reported?l. For multiply ionized Si M (N=2-7,
M=0,£1, +2, +3) clusters, their stability and fragmen-
tationshad beeninvestigated by usng spin density func-
tionad method withthe6-31G* basissat?. It wasfound
that thefragmentation of the clusterssignificantly af -
fectsthe mass-spectraof themultiply ionized silicon
clusters. For doubly ionized silicon clugter cations, large
fragmentation energy correspondsto the high peaksat
N=4 and 6 in mass-spectra. For Si, —* clusters, the
peak ispredicted to beat N=5. Thetheoretica results
a s0 suggest that the geometrica structuresfor themul-
tiplyionized Si ¥ clustersare similar to those of their
neutral sathough some structural distortion occurred.
Experimentally, Tsong had obtained mass-spectrafor
doubly ionized silicon cluster cationg?.

In order to better understand the physical and
chemical propertiesof theSi_ clustersand their ions,
wehave performed careful investigationson the change
of geometricd structuresforthesmal S (n=4-10) clus-
tersasafunction of charging using the Full-Potential
Linear-Muffin-Tin-Orbital Molecular-Dynamics
method. At thesametime, globa structureoptimization
has been performed by Amsterdam Density Functional
(ADF) combined withasingle-parent evolution algo-
rithm. Theresultsare presented in thethird section.

METHOD

TheFull-Potentia Linear-Muffin-Tin-Orbital Mo-
lecular-Dynamics (FP-LMTO-M D) method isasdlf-
cond stent i mplementati on of the K ohn-Sham equations
intheloca -density gpproximation?>%, During themo-
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lecular-dynamicscd culations, paceisdividedintotwo
parts: non-overlapping muffin-tin (M T) spheres cen-
tered a thenucle, and theremaininginterstitia region.
LMTOsareaugmented Hanke functionsingdetheMT
spheres, but not intheinterstitia region*2%, Sdf-con-
sistent field calcul ations are carried out with aconver-
gencecriteriaof 10° a.u. onthetotal energy and 103
au.ontheforce.

By usingthe FP-LMTO-MD method, we havein-
vestigated themultiply charged silicon clustersby add-
ing eectronsinto, or removing e ectronsfrom the neu-
tral clusters. In order to search for the ground state
structuresfor the multiply charged clusters, we per-
formed global structure optimization by employing
Amsterdam Dengty Functiona (ADF) combined with
asingle-parent evolution agorithm®,

IntheADF program®”, molecular orbitals (M Os)
wereexpanded using alarge, uncontracted set of Sater-
typeorbitals: TZ2P%. The TZ2Pbasisisan al-elec-
tron basisof triple-C quality, augmented by two sets of
polarizationfunctions(2p and 3d on H; d and f on heavy
atoms). Anauxiliary setof s, p, d, f, and g STOswas
used to fit the molecular density and to represent the
Coulomb and exchange potentia s accurately in each
sdf-consstent field (SCF) cycle. Geometry optimiza-
tionswere performed with ageneralized gradient ap-
proximation (GGA) with Becke Perdew exchange po-
tentid.

Themethodsare suitablefor investigating the geo-
metrica and el ectronic structuresof semiconductor and
metal clusterg®*4%, The calculated resultsfrom the
methodsarein good agreement with those obtained by
some other advanced mol ecular dynamics methods?4.
In order to compare with those obtained by 6-31G*
and MP4/6-31G* cdculationd®! and theexperimental
values*", our resultsfor small Si, , clustersare pre-
sentedin TABLE 1. Thecalculated S—Si bond lengths
areexpected to berdiableto within 1-2%. In MP4/6-
31G* cdculations, eectron correlation effectswerein-
cluded by means of complete fourth order Moller—
Plesset perturbation theory with the 6-31G* basisset
(MP4/6-31G*). Thistheory has contributions from
single, double, triple, and quadruple substitutionsfrom
the starting HF determinant and givesreliablebinding
energiesfor many calculations. However, comparison
withthe corresponding experimentd va uessuggeststhat
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about 80-85 % of'the true binding energy is obtained.
A scaefactor of 1.2 empiricdly correctsfor theunder-
estimations, and yields binding energiesin good agree-
ment with experiment!¥. Using the FP-LMTO-MD
method and the ADF program, we have a so obtained
thesameground state structuresfor S, , clusters. The
geometrical parametersare in consistent with those
obtained by other LDF methods. Wehaven’t listed the
valuesrepeatedly here. Although the cal culated cohe-
siveenergies(binding energy per atom) arelarger than
the corresponding experimentd vaues, wefindthat scde
factors of 0.77 (for FP-LMTO-MD) and 0.82 (for
ADF) empirically correct for the overestimations, and
yiddshinding energiesin excellent agreement with ex-
periment values. Theuseof suchasingleuniformscale
factor doesnot biastherelative comparisonsof thedif-
ferent clusters.

RESULTSAND DISCUSSIONS

Theground statestructureof neutral S, clugterisa
rhombuswithsymmetry D,, . Someionicstructuresfrom
itsneutrd are optimized by theFP-LM TO-M D method.
Theresults are shown asfigure 1. Si ", Si,*%, Si,*2,
S, S,%8,%8,%8,*“andSi > clugterionshavea
similar geometrica structurewith the same symmetry
(someof ionic structuresare not drawnin figure 1).
TABLE 2 presents the evolution of bond lengthsd, ,
and d,, asafunctionof charging. Aninspection of the
bond |lengths showed that both increasing and decreas-
ing charging result intheincrease of the bond lengths.
InSi,*? and Si,** cations, the bond length d_, isthe
shortest anongtheclugtersincludingitsneutra cluster.
But the shortest d,, bond length occursin the Si -2
anion structures. Overall, the neutral structureismore
compact than the other ionic structures. Intheionic
structures, the charge added or removed will change
thebonding characteristicsfor slicon atoms. Mulliken
population anaysisshowsthat chargeinthe S, cluster
cations trend to distribute into each atom evenly as
chargeincreases. Therefore, if more electronswere
removed from Si, cluster, theelectronic configuration
would transfer from 2s22p? into 2°2pt. Such electronic
configuration easily creates §p? hybrid producing ring
structure. Cations Si,* and S, have such ring struc-
tures. On the other hand, when one or two electrons
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Figure2: Global minimumfor Si,“cluster ion

areadded into the cluster, most of charge accumulates
onatoms1and 2. Thelarger distance between atoms
1and2isresulted from larger electrostatic repulsion
between them. However, chargedistribution on atoms
3 and 4 trends to increase when more electrons are
added into the cluster. Hence, thebond length d,, in-
creasesasadditional eectronsincreases.

We have also performed calculations on Si,"
(M=£1,+2,+3,+4) cluster ions from neutral Si, clus-
ter by usingtheADF program. Theresultsobtained are
similar tothosein figure 1. But, we cannot obtain the
stablestructureof S,** cation. Furthermore, global op-
timization based on asingle-parent evol ution a gorithm
producesdifferent lowest energy structureof Si,* an-
ionshown asfigure2.

Figure 3 showsthestablestructures of Si,_ cluster
and itsions obtained by the FP-LM TO-M D method.
The bond lengths larger than 3.2A are not drawn in
figure2. Neutra Si_ cluster hasacompact ground sate
structure. The bond lengths of d,., d, and d , are
2.96A, 3.04A and 2.30A, respectively. The ionic struc-
tureisnot so compact asitsneutra structure. Removal
of more el ectrons makesits structurelarger in space.
Mulliken population anaysis suggeststhat charge on
aomsland3inpostiveion S areboth 0.52e, which
islarger than that on other atoms. Theweak bond be-
tween atoms 1 and 3isresulted from the el ectrostatic
repulsion between them. After four electronsaretaken
away, itssymmetry becomesD,, againduetothesame
charge distribution on three side atoms 1, 2, and 3.
Taking away fiveelectronsfrom S, cluster makesthe
sructureunsteble.
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Figure3: Thestructureof neutral Si_ cluster and theionic
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Figure10: Thestructureof neutral Sijisomer and theionic
structuresobtained fromit

Figure4: Global minimafor S cluster and itsions

Figure5: Thestructureof neutral Si; cluster and theionic
structuresobtained from it

Figure7: Thestructureof neutral Si, cluster and theionic  Figure12: Thestructureof neutral Si;cluster and theionic
structuresobtained fromit structuresobtained from it
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Figurel4: Thestructureof neutral S, cluster and theionic
structuresobtained fromit

Figure15: Global minimafor Si, cluster and itsions

Onthecontrary, charge on each apex atom4, or 5
is0.41einthe Si_?ion, whereas charge on each side
atomsis 0.39e. As aresult, the bond between apex
atoms 4 and 5 becomes weak dueto larger e ectro-
dtatic repulson. Further adding e ectronsresultinmore
obviousstructura digtortion. Itisfound from observing
two Si_*and Si_*ion structuresthat thesideatom 3is
repulsed dueto morechargeonit.

ADF globa optimization based onasingle-parent
evolution agorithm producesthe ground state struc-
turesof neutral andionic i, (M=0, £1,£2, +3,+4)
clusters. Theresultsareshown asFig.4. Thestructures
of Si," (M=0, £1, £2, -3, —4) clustersare similar to
those obtained by the FP-LM TO-M D method dthough
somestructures havedifferent symmetry. In particular,
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thelowest energy structuresfor positive S and Si.*
ionsareplaneand line-likestructuresrespectively, which
differ fromthose, resulted fromneutrd Si; cluster.

Theneutral and ionic geometrical structuresof S
cluster are shown as figure 5. Experimentaly and
theoreticaly, S, duster exhibitshigh stability compared
with neighboring clusters. A smpleinspection of Fig.5
revedsthat charging on Si, cluster does not changeits
basic geometrica configuration except for loca struc-
tural distortion. All the positive and negativeion struc-
turesare not as compact asitsneutral structure. Most
severedigtortionoccursin Si * cluster ions.

By performing structural optimization ontheionic
structuresfrom neutral Si, cluster using theADF pro-
gram, wecanobtainsimilar Sructurestotheresultsfrom
the FP-LM TO-MD method. But global search finds
that some Si, cluster ionshavedifferent ground state
dructures, shownasFigure6. S, ionhasaplanestruc-
ture, whereas Si,/, Si . anions have abicapped tetra-
hedron. Inaddition, thestructureof Si_*ionisdifferent
fromthetetragona bipyramid of neutral S cluster.

For S, cluster, thesituationissomewhat different.
After four electrons are taken away, the structure for
Si,*ion canberegarded asan adsorption structure (Fig-
ure?). Inthiscationic structure, oneS alom seemsto be
adsorbed on an gpex atom of Si;, cluster. Removal of
onemored ectron resultsin planar ionic structure. On
theother hand, structura distortion aso arisesfrom ad-
dition of electrons. It isinteresting that thereis severe
digortioninSi_* cluster ion. But for S clugterion, in-
stead of theincreasing distortion, the decreasing distor-
tionisobserved. TheADF program producessimilar
geometrical configurationsto theresultsfrom the FP-
LMTO-MD method. But someof theground statestruc-
turesfromgloba optimization aredifferent (Figure8).

We can obtain two low-lyingisomersof Si; cluster
by the FP-LM TO-MD method. Itsground state struc-
tureisadistorted transcapped octahedronwith C, (Fig-
ure9). Inthe previousliteratures, thetranscapped oc-
tahedron with C,, wasthe most stable. But, we find
that the C,, can further undergo structural distortion
into the C,. Another structureisaC,, bicapped octa-
hedron (Figure 10) obtained by capping the adjacent
faces. Thelatter lies0.39 eV abovetheformer. When
fiveeectronsareremoved fromitsground state struc-
ture, two atoms become adatom, which is somewhat

—r—,  \lBCromolecules
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TABLE 1: Calculated total bindingenergy (E,, ineV), cohe-
sveenergy (E,, in eV), scaled cohesiveenergy (E, ineV), and
themeasur ed cohesiveenergy (E,_, in V) by Knudsen mass
spectrometers. TheHF/6-31G* andF M P4/6-31G* calculations
arecited from Ref., Theexperimental resultsarequoted
from Ref [4-471
Cluster Si, S; S, Ss S S; S

E; (HF/6-31G*) 147296 590 7.24 9.90 12.08 13.20
E; (MP4/6-31G*) 2.60 6.34 10.57 13.74 18.02 22.16 24.31
E; (FP-LMTO-MD)  4.059.97 15.81 21.30 26.97 32.61 36.34
E; (ADF) 4.32 9.42 15.13 19.96 24.99 29.98 33.68

E. (HF/6-31G*) 130211 264 275 3.00 317 3.04
E. (FP-LMTO-MD) 202332 395 426 450 4.66 454
E. (ADF) 2163.14 378 399 417 428 421
Es (MP4/6-31G*) 156254 317 330 3.60 380 3.65
Es(FP-LMTO-MD) 156254 3.05 328 347 359 3.50
Es (ADF) 177257 310 3.27 342 351 345
Eep 166244 299 324 343 353 354

smilarto S " dugterion. Thenegative S, cluster struc-
turesdtill remainsimilar geometrical configurationtoits
neutra cluster (Figure9). For theC, structure, thesimi-
lar Stuationisobserved. Itisinteresting that the geom-
etry of Si,;*> cation lookslikethat of Si;* anion (Figure
10). TheADF program can obtain similar results. But,
if global structure optimization isperformed, somedif-
ferent lowest energy structures are obtained. There-
sultsarepresented infigure 11.

Figure 12 presentsthestable structures of S clus-
ter anditsionsobtained by the FP-LM TO-MD method.
Accordingtofigure 12, the positiveionsstill keep the
bi capped pentagond bipyramid structure. But thenega:
tiveionsundergo significant sructurd distortion. Among
thestructures, thedistortionin Si;# ionisthe most se-
vere. If theADF program optimizesal theionic struc-
turesfromneutra S, dluster, smilar resultsareobtained
but their structural distortionisnot assevereasthat in
the FP-LMTO-MD method. However, global optimi-
zation present some new structuresfor S, cluster ions,
shown asfigure 13.

S, clusterisalso animportant becauseof itshigh
stability likeSi, and Si, clusters. Figure 14 showsits
neutra and ionic structures. Similarto S, and S, clus-
ters, the cationic and anionic structuresof Si,  cluster
keepitsneutra geometrica configurationbasicaly even
though loca distortion exists. Single-parent evolution
agorithm showstheresultsinfigure 15. Except for neu-

tral S, cluster anditssingly chargedions, other ionic
structures aredifferent from each other.

According to the discussions above, if theionic
sructuresfrom neutral clustersareoptimized, somelo-
ca structurd distortion occurs. But most of them still
keep origina geometrica configurations. Theresultsare
In agreement with those obtained by Hashimotoet. ...
Our cd culated results show thet theinfluence of charge
onthestructuresfrom neutral clusterswith 4, 6and 10
atomsisless compared with the other clusters, sug-
gesting the clustersare more stable. But global struc-
ture optimization suggeststhat some charged clusters
adopt different geometrica configurationsfromtheneu-
tral clusters. Our calcul ated resultsfor neutral and sin-
gly charged Si | (n=4-10) clustersarein good agree-
ment with those computed by other methodg 517182223,
Thestructureof S differsfromthat of theneutral D,
tetragona bipyramid. The ground statesfor Si,*, Si,,
and Si; areentirely dissimilar: C_ capped pentagonal
bipyramid, C, distorted bicapped octahedron, and C,,
tetracapped tetrahedron, respectively. Theground Sate
for S isatricapped trigonal prism but that for Si; and
Si," ishicapped pentagonal bipyramid.

The electronic configuration of silicon atom is
3s23p?. It usudly adopt sp° hybrid. Therefore, Si atom
hardly formssingle or doublebondswith other S at-
omsintheclusters. Sometimes, evenif therearethe
structureswith single or doublebonds, they areusually
not very stable. When the electronsareremoved from
S atom, itselectronic configuration changes. Thep dec-
tronin 3s?3p! configuration formssingle c bond with
neighbor atomseasily. The bonding characteristicsin
S, Si*and Si; ionsprobably belong to the situa-
tion. Inaddition, configuration 35°3p* can d so produce
edge atom with double bonds or planar structures by
sp* or sp” hybrid. Si.* and Si_* ion structures prob-
ably arisefrom thebonding characteristics. On theother
hand, the €l ectrostatic repul sion between the positive
atomsisanother reason creating structurd distortion.
When the el ectronsare added into the clusters, new «t
bonds probably form between the atoms with addi-
tiona el ectrons, which causetheincrease of somebond
strength. Of course, the negative atomswould bere-
pul sed because of the el ectrostatic repul sion. The equi-
librium bond |engths depend on the strength of thetwo
forces.
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TABLE 2: Changeof bond lengthsd,,and d_, (in A) for Si,
cluster anditsionsasafunction of charging

Sructure

Si* SiP S St S, St

dizs 296 246 229 229 231 231
dy 411 345 321 266 239 233

Bond

S S7 ST oS
233 237 249 265
228 245 273 316

TABLE 3: Adiabaticionization potentialsI P(1), IP(11), IP(l11),
and IP(1V) (in eV) aretheamount of ener gy needed when the
cluster losesone, two, threeand four electronsfromitsneu-
tral staterespectively, wher easadiabatic electron affinities
EA(I), EA(I), EA(ITT) and EA(IV) (in V) aretheamount of
ener gy released when thecluster obtainsone, two, threeand
four electronsreferringtoitsneutral staterespectively

Cluster
IP, EA
Siy Sis Sis Siy Sig Sig Siyo
IP(1) 803 836 794 817 732 756 801
IP(IT) 20.72 2169 2044 2031 1860 19.09 20.32
IP(I11) 3996 3956 3765 3642 3478 3492 3520
IP(1V) / 62.60 59.60 57.19 54.81 53.84 5375
EA(l) 2.00 221 1.89 1.79 212 181 2.23
EA(Il)  -0.52 0.82 0.41 0.06 0.91 0.22 1.27
EA(II) -7.72 638 -655 -634 -473 -518 -3.98
EA(IV) -18.02 -16.25 -16.54 -1552 -12.85 -1346 -12.25

TABLE 3 presentsadiabatic ionization potentia's
IP(1), 1P(11), IP(111), IP(1V) and adiabatic el ectron af -
finitiesEA(I), EA(II), EA(IIl) and EA(IV) of Si_ (n=4-
10) clusters. Theresultsare obtained by usingtheADF
program with ageneralized gradient approximation
(GGA) combined with Becke Perdew exchange po-
tential. IP(1), IP(I), IP(111), and IP(IV) are the amount
of energy needed when one, two, threeand four elec-
tronsarelogt fromitsneutrd sate, repectively. Whereas
EA(I), EA(I), EA(II) and EA(1V) arethe amount of
energy rel eased when the neutra stateobtainsone, two,
three and four el ectrons, respectively. Itisfound from
observing TABLE 3that both of theadiabaticioniza-
tion potential sand the adi abati c e ectron affinitiestrend
to decrease overall asthe atom number increases. In
addition, al of the EA(I)sarepositive, suggesting that
the clusters have atendency to gain an electron under
normal conditions, asit isenergetically favorabletodo
so. But, theEA(I1)sin TABLE 3 area so positive ex-
ceptfor Si,. Thevaluesaresmall universally, but Si |
cluster haslarger EA(Il) rdativey toitsneighboring dus-
ters. All of thenegative EA(l11)sand EA(IV)s show
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that thedlicon dustersgainthreeor mored ectronsunder
normal conditionsdifficultly.

CONCLUSIONS

On charging the ground state structuresand their
isomersof thesmall neutrdl S (n=4-10) clusters, they
undergo structural distortionto someextent. Thedis-
tortion depends on charge and their structures. The
structurd distortion of thecharged S, S, and S clus-
tersissmaller relatively to other clusters, suggesting the
clusters are more stablethan their neighboring. The
sructura distortion resultsfrom the e ectrostatic repul-
sion among the charged atomsand the change of bond-
ing characterigtic. Inaddition, removd of charge causes
theclustersto beunstableeasily. Theadiabaticioniza-
tion potential sand adiabatic el ectron affinitiestrend to
decreaseoveral astheclustersbecomelarge. Itisen-
ergeticdly favorablefor thesliconclusersgananeec-
tronfromitsneutral state. Mot of theclusters<till can
rel ease energy after they gaintwo electrons. But, they
obtain three e ectronsor moredifficultly. Globd struc-
ture optimization showsthat some of theionic struc-
turesfrom neutra clustersarenot themost stable. Some
multiply charged clustersadopt other structuresastheir
ground state structures.
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