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ABSTRACT

We have investigated the structures and stabilities of Ga As, cluster and
itsionsin detail using full-potential linear-muffin-tin-orbital molecular-dy-
namics (FP-LMTO-MD) calculations. Thelowest energy structure for neu-
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tral cluster is found. Our calculations suggest that some ionic structures
are different from that of the corresponding neutral cluster. They depend
on the amount of charge. The structural distortions of the ion clusters
result from the el ectrostatic repulsion among the charged atoms.
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INTRODUCTION

The semiconductor industry isahighly developing
industry, which hasaworth of billionsof dollars. The
arsenic and thegallium play important rolesinthisin-
dustry. It isnecessary to make theoretical >3 and ex-
perimenta researcheson GaAscrysta and clusterg9.
Infact, for themixed clusterslike GaAs, thetheoretical
investigation onthemiscomparatively difficult because
of thecomputationd difficultiesassociaed withthestruc-
tural and permutationd variationsresultingfromthepres-
ence of morethan one el ement even though they con-
tain afew atoms. However, dueto their scientific and
technological applications®, agreat effort has been
devoted to theinvestigation on their properties. Upto
now, somedevel opment hasd ready been obtained both
experimentaly and theoreticaly.

Experimentaly, |aser vaporizationfollowed by su-
personic expansionisused to producethe GaAsclus-
tersand their iong™9. Theoretically, somereportsabout

the GaAs clusters can be found. For neutral Ga As,
cluster, Mohammad et a. considered three structures
with T, C, and D, symmetriesusing an abinitio mo-
lecular-orbital method'”, and Song et a. examined Six
structurest£~which arearhombic prim structure, apla
nar octahedron structure, an edge-capped pentagonal
pyramid structure, an edge-tricapped rhombus struc-
ture, adoubl e bicapped rhombus structure, and adouble
rhombus structure using ab initio method!*Y,

Vasiliev et d. studied the absorption spectraof two
Ga,As, dtructuresusing atime-dependent density-func-
tional formalism withintheloca density approxima-
tion*2. In Song’sreport, therhombic prism structureis
regarded asthe ground-state structure for the Ga As,
cluster™. Wei Zhao et . calculated the Ga,As, clus-
ter usingfull-potentid linear-muffin-tin-orbital molecu-
lar -dynamics method (FP-LMTO-MD)™, They found
anew edge-capped pentagona bipyramid structure as
itsground state structure. Its binding energy ismuch
larger than that of the C. symmetry structure™. For
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TABLE 1: Calculated total binding ener gy (E,, in€V), cohe-
siveenergy (E, ineV), scaled cohesiveenergy (E, ineV) and
themeasur ed cohesiveenergy (E,, ,in eV) by Knudsen mass
spectrometers. TheHF/6-31G* andJ M P4/6-31G* calculations
arecited from Ref %, Theexperimental resultsarequoted
from Ref 134

Cluster

Siz Sig Si4 Sis Sie Si7 Sig
E: (HF/6-31G*) 1.472.96 5.90 7.24 9.90 12.0813.20
E: (MP4/6-31G*)  2.606.3410.5713.7418.0222.1624.31
E: (FP-LMTO-MD) 4.059.9715.8121.3026.97 32.6136.34
E. (HF/6-31G¥) 130211 264 2.75 3.00 3.17 3.04
Ec (FP-LMTO-MD) 2.023.32 3.95 4.26 450 4.66 4.54
Es (MP4/6-31G*) 1.562.54 3.17 3.30 3.60 3.80 3.65
Es (FP-LMTO-MD) 1.562.54 3.05 3.28 3.47 3.59 3.50
Eop 1.662.44 299 3.24 343 3.53 3.54

GaAs, cluster, Louet d. presented two structures us-
ing Dmol method. Their binding energieswere com-
paratively low. The ground-state energy structureisa
tetracapped trigond prism (T TP) structuré?4. Andreoni
considered three structures™, whileYi considered one
structure (acube-based structure) using cp method( ¢!,
Vasiliev et al. also studied the absorption spectra of
two Ga,As, structures*?. Zhao et a. also studied the
GaAs, cluster using the FP-LMTO-MD method™".
They presented 27 stable structures for the neutral
GaAs, cluster. A two-capped cube structurewasre-
garded asitsground-gtate structure. They also investi-
gated 9 stablestructuresfor neutral Ga,As, cluster!™,
Recently, Zhao et d. investigated the G As, cluster!™.
10 stable structureswere obtained including thering
structure presented by Sun et a. We have studied
GaAs (n=4, 5, 6) cluster ionsin detail. It’sfound
that gallium atoms are more easily on capped atomic
positionsthanarsenicaomsinthenegaiveGa As dus-
ters. Among those studies, the cal cul ationsare confined
totheneutral Ga As clusters. Infact, onchargingthe
neutral clusters, their structuresand properties change
sgnificantly.

In this paper, we investigate neutral and ionic
GaAs, duster usng FP-LMTO-MD method. Our main
aimistoinvestigateitsneutra ground state structure
and theinfluenceof chargeonthe neutra cluster.

METHOD

Thefull-potentid linear-muffin-tin-orbita molecu-
lar-dynamicsmethod (FP-LMTO-MD) isaself-con-
sstent implementation of the K ohn—-Sham equationsin
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thelocal density approximation?-24, During the mo-
lecular dynamicscalculations, spaceisdividedintotwo
parts: non-overlapping muffin-tin (M T) spheres cen-
tered a thenucle, and theremaininginterstitia region.
LMTOsareaugmented Hanke functionsingdetheMT
spheres, but not intheintergtitia region®2, Sdf-con-
sistent calculations are carried out with convergence
criteriaof 10° a.u. onthetotal energy and 103 a.u. on
theforce. Thedetails of how the molecular dynamics
method can be performed are described in references
[25-29]

Themethod issuitablefor investigating the geo-
metrical and e ectronic structuresof semiconductor. Our
ca culated resultsarein good agreement with other ad-
vanced methods***!, In order to compare with those
obtained by 6-31G* and MP4/6-31G* calcula-
tiong®%7 and the experimental values®®*, our re-
sultsfor small S, ; clustersare presentedinTABLE 1.
The calculated Si-Si bond lengths are expected to be
reliable to within 1-296%¢. In MP4/6-31G* calcula-
tions, electron correlation effects were included by
meansof completefourth order Moller—Plesset pertur-
bation theory withthe6-31G* bassset (MP4/6-31G*).
Thistheory hascontributionsfrom single, double, triple,
and quadrupl e substitutionsfrom the starting HF deter-
minant and givesreliablebinding energiesfor many cd-
culations. However, comparison with the correspond-
ing experimental val ues suggeststhat about 80-85 % of
thetrue binding energy isobtained. A scalefactor of
1.2 empiricaly correctsfor the under-estimations, and
yieldshinding energiesin good agreement with experi-
ment®1, Using the FP-LM TO-M D method, we have
also obtained the same ground state structuresfor S,
gclusters. Thegeometricd parametersarein consistent
with those obtained by other LDA methods. We haven’t
listed the valuesrepeatedly here. Although the cal cu-
|ated cohesive energies (binding energy per atom) are
larger than the corresponding experimentd values, we
find that ascalefactor of 0.77 empirically correctsfor
theoverestimations, and yieldshinding energiesin ex-
cellent agreement with experiment va ues.

Theuseof such asingleuniform scalefactor does
not biastherel ative comparisons of thedifferent clus-
ters.

Inthis paper, we obtain anumber of new isomers
for Ga,As, cluster and itsions by means of the FP-
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GaAy7E) GaAy7F)

GaAq7G)

GaAgq7H)
Figurel: Thestablestructureswith largebinding ener -
gies for the Ga As, cluster. White spheres and black
spheresrefer to Gaatom and Asatom, respectively

GaAg7l)

TABLE 2: Therelative energies (E,, in eV) for the stable
structuresof Ga As, cluster swith respect tothelowest en-
ergy structures, whichisset to0€eV. Egs(in eV) arethegaps
between the highest-occupied molecular orbital and thelow-
es unoccupied molecular orbital (HOM O-LUMO)
Sructure GaAs(7A) GaAs(7B) GaAs(7C) GaAs(7D) GaASs(7E)

Ep 0.00 1.09 112 1.15 1.29

Ey 1.30 141 0.68 119 112
Structure GaAs(7F) GaAs(7G) GaAs(7H) GaAs(71)

= 1.30 1.35 1.42 143

Eqy 112 1.10 0.79 0.85

LMTO-MD method. But, only some representative
structures are presented below in order to stressthe
essentialsof thecluster.

STRUCTURESAND DISCUSSIONS

Inorder to search for theequilibrium structures of
the GaAs, cluster systemically, we need many initia
geometric configurationsas seeds. Thereare hundreds
of possihilitiesof arranging two kindsof aomstoform
aGaAs, cluster. Inour caculations, themaininitial
atomic configurationsare set up by random selections
of atomic positionsin three-dimensiona space. The
separation of theatomsis confined in somerange. In
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addition, someinitia ionic configurationsare selected
from the stabl e structures of its corresponding neutral
cluster. A number of final stablestructuresare obtained
after hundredsof initid geometrica configurationswere
relaxed. In some cases, thegeometrica optimization of
several differentinitia configurationsisfoundtogive
oneand the same structure. Becausewe adopt enough
initid geometric configurationsincludingadmost dl the
arrangement of two kindsof atoms, we have good rea-
son to say that the structure with thelargest binding
energy inthisLetter isthe ground state Structure of the
GaAs, cluster.

For the Ga As, cluster, we present 9 stable struc-
tureswith large binding energies, which areshownin
figure 1. Their relativeenergies (E,) with respect tothe
lowest energy structureand gaps E, betweenthe high-
est-occupied molecular orbital and thelowest unoccu-
pied molecular orbital (HOMO-LUMO) arelistedin
TABLE 2.

The structures rank in the sequence of stability.
Structure GaAs(7A) isthe most stable among the 9
structures, while structure GaAs(71) is the least.
GaAs(7B) and GaAs(7C) structures arefound to be
1.09and 1.12 eV lessstablethan GaAs(7A), respec-
tively. Theenergy difference between GaAs(7A) and
GaAg(7l) structuresis1.43eV. Inthe GaAy(7A) struc-
ture, one of the two-capped Ga atomsis put on the
triangular face of thetriangular prism, and the other on
therectangular face of the prism. In addition, thereare
two Gaatoms on capping atom positions, which have
only three bonds. The second most stable structure
GaAs(7B) hasthree capped Gaatoms, and thethird
most stable structure GaAs(7C) has two capped Ga
atoms. Intheother six stable structures, Gaatomsmore
easily occupy the capping positionscompared withAs
atoms. Accordingtother vaencebonding characteris-
tics, it is easy to understand the property. The elec-
tronic configurationsof arsenic aomand galliumatom
are4s’4p?, and 4s’4pt, respectively. Arsenic atom can
adopt sp, 5%, p° or p°dt hybrid, whereasgdlium atom
usually hasonly sp or sp? hybrid. Inaddition, both of
them canform o bonds, or = bondswith neighbor at-
oms. Therefore, inthemixed clusters, thegallium at-
omsareeasily on the capping atom positions, which
need fewer bonds. Theresult agreeswell withthedis-
cussionsconsidered in Ref.[12%, The energy gapsin
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GaAg(7A) (2+) GaAgq7A) (1+) GaAg(7A) GaAq7A) (1) GaAq7A) (2)
Figure2: Thestablestructuresof neutral GaAs(7A) and itscorresponding positive and negativeions. White spheres
and black spheresrefer to Gaatom and Asatom, respectively

GaAs(7B) (2+) GaAS(7B) (1+) GaA<(7B)

GaAy(7B) (1-)
Figure3: Thestablestructuresof neutral GaAs(7B) and itscor r esponding positive and negativeions. White spheres
and black spheresrefer to Gaatom and Asatom, respectively

GaAS(7B) (2-)
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TABLE 3: TheHOM O-LUM O gapsof theionic structures

correspondingtothestructure GaAg(7A)

GaAs(7A) GaAs(7A) GaAs(7A) GaAs(7A)
U on @) ) ()
Gap Eq 1.28 1.27 0.93 0.98

TABLE 4: TheHOM O-LUM O gapsof theionic structures

correspondingtothestructure GaAs(7B)

GaAs(7B) GaAs(7B) GaAs(7B) GaAs(7B)

sruaure SGHP S0 T e

Gap E, 1.29 1.10 0.77 1.04

TABLE 2indicatethat most of thestructuresinfigure 1
haveagap of larger than 1 eV. All thestable structures
with fourteen atomsare singlet state becausethey have
even number of valence e ectronsand furthermoredl
the electrons are paired together in their respective
molecular orbitals.

Furthermore, we have also investigated some of
the charged cluster structures. Figure 2 showsthestable
ionic structures corresponding to neutral GaAs7(A)
structure. Structure GaAs(7A) exhibits high stability
compared with other structures. It isfound from ob-
serving figure 1 that charging onthe GaAs(7A) struc-
turecan changeitsgeometric configuration Sgnificantly.
In particular, two el ectrons added to, or removed from
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the structurewould result in severe structural distor-
tion. Obvioudly, the structures GaAs(7A)(2-) and
GaAg(7A)(2+) arecompletely different fromitsneutra
structure GaAs(7A). TheHOMO-LUMO gapsof the
ionicstructuresarelisted in TABLE 3. Because neutral
GaAs(7A) isasinglet state structure, the gap of the
positiveion GaAs(7A)(1+) iscloserto 1.30eV of its
neutral GaAs(7A) structure. But the gap of the corre-
sponding negativeionisonly 0.93eV.

Similarly, for sructure GaAg7B), adding or remov-
ing one electron does not changeits basic geometrical
configuration except for obvious structura distortion.
Figure 3 showsitsionic structures. It isfound from ob-
serving figure 3 that adding or taking away two elec-
tronsresultsin severestructurd distortionlikethestruc-
tureGaAs(7A). Their gapsare presentedin TABLE 4.
Their change characteristicisexpected.

For thethird most stable structure GaAs(7C), its
two negativeionshave smilar geometricd configura-
tions. But removing electrons affectsthe geometrical
structures more significantly than adding electrons.
StructureGaAg(7C)(2+) infigure4 differsfromitscor-
responding neutral structure GaAs(7C). But two an-
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Figure4: Thestablestructuresof neutral GaAg(7C) and
itscor responding positiveand negativeions. Whitespheres
and black spheresrefer to Gaatom and Asatom, respec-
tively
TABLE 5: TheHOM O-LUM O gapsof theionic structures
correspondingtothestructure GaAs(7C)
GaAg(7C) GaAg(7C) GaAs(7C) GaAs(7C
sruaure SR S T e
Gap E, 1.57 0.69 0.88 0.99
ionic structures are similar to its neutral structure
GaAs(7C) except for small local distortion. Further-
more, our cal cul ated results suggest that removing more
electronsfrom the neutral structures makestheir sta-
bilities decrease. Some structureswould become un-
stable. But, adding four or five e ectronsto the neutral
stablegtructurescan il kegp their sability eventhough
thestructurd distortion become moreand moresevere.
Obvioudly, theinfluence of charge on different struc-
turesisdifferent. Theionic sructuresfromthesameneu-
tral structuredepend ontheamount of charge. Thegaps
for GaAy(7C) anditsionsare presentedin TABLES.
Accordingtothediscussionsabove, itisfound that
charging the GaAs clusterswould changetheir geo-
metricd sructuressgnificantly. Infact, theGaaomloses
€l ectron more easily than theAsatom in such amixed
cluster. Therefore, it is expected that thereisdipole
moment inthe neutral GaAsclusters. Removing elec-
tronsfrom, or adding electronsto the structureswould
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bresk origind dectrogtaticequilibrium. IntheionicGaAs
clusters, itisexpected that the el ectrostatic force be-
tween the charged atoms and original dipole moment
would changetheir geometrical structures. On other
hand, themixed clustershavelower symmetry dueto
different atomic radiusand bonding characteristicsbe-
tween two atoms compared with the pure clusterssuch
asSi and Ge, clusters. Therefore, similar initia geo-
metrical configurationswith different atomic ranking
probably changeinto different gablestructureson struc-
turd optimization.

One point to mention hereisthat thevauesof the
HOMO-LUMO gapsintheTABLESarenot thet large
asexpected. Most of thedensity functiond theory based
calculations probably underestimates the energy
gapd®. But at thesametime, it isfound that theenergy
gaps depend their geometrical structures. The property
ismoreobviousinthemixed Ga As, (m#n) clusters.
TheHOMO-LUMO gapsof Ga As,, (n=0-10) clus-
tersdepend strongly on cluster composition“e, Clus-
terswithevennumber of Gaaomsgenerdly havelarger
HOMO-LUMO gapsthan thoseclusterswith odd num-
ber of Gaatoms. It shows an even/odd ateration with
the number of Gaatoms (or Asatoms) inthecluster.

CONCLUSIONS

Wehaveinvestigated the Ga As, cluster and the
influence of charge onitsstablestructuresusing full-
potentia linear-muffin-tin-orbital molecular-dynamics
(FP-LMTO-MD) method. Itslowest energy structure
isdifferent fromitsneighboring clusters. Our cal culated
resultssuggest that thegallium atomsinthemixed clus-
ter areusually on capped atom places. On chargingthe
stable structures of the Ga As, cluster, they undergo
severe structural distortion, which depends on the
amount of chargeand their structures.
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