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The geometric, energetic, and bonding properties of CUuS#4, 6, 8, 10, and 12clusters in neutral and
charged states are studied systematically using a hybrid density functional niB8io¢P). The Sj, frame-
works in most isomers of CuSare found to adopt the geometries of the ground-state or low-lying isomers of
Si, or Si,,,, with Cu at various substitutional or adsorption sites. Several cagelike structures with Cu at the
center site are found for Cugiand CuSj,. A hexagonal double-chair structure with Cu at the center, which
bears a similarity to the structure of a regular hexagonal prism recently reported fg5'WiSi Hiura et al,
Phys. Rev. Lett86, 1733(2001)], is identified as the best candidate for the ground state of,guBhe Cu-Si
bond in Cu§j is strong for the substitutional and the center-site structures, but weak for the adsorption
structures where charge transfer and resulting ionic interaction is found to play a more important role. The Cu
atom reveals a similar bonding character to the replaced Si atom in the substitutional structures except for
CuSi,, where the Cu atom both in the substitutional and in the center-site structures is found to form
multicenter bonds with as many as nieibstitutional to 12 (center-sit¢ Si atoms. Various energetic prop-
erties, including binding and dissociation energies, ionization potentials, electron affinities, and vertical de-
tachment energies are reported for GuSi
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[. INTRODUCTION of the ample use made of metal-doped silicon structures in
microelectronic technology. It appears that the basic pro-
Since the discovery and large-scale synthesis gf, C cesses governing the interaction between a metal impurity
fullerenes and metallofullerenes have been the focus of exand the silicon host can be studied more easily in a finite
tensive investigations. These investigations indicated that theluster than in an extended system, as a cluster is more easily
doped atoms can interact with the fullerenes in three possibleccessible to accurate computational analysis than the sur-
ways: (1) encapsulated inside the fullerene cageface or bulk systems. This consideration provides a strong
(endohedral® (2) adsorbed outside the fullerene cage motivation for the study of the mixed metal-silicon clusters.
(exohedral,? and(3) incorporated into the fullerene network On the other hand, the hope to explore mixed silicon clusters
by substitution of carbon atomsubstitutional® The suc-  Wwith special properties for interesting material designs is an-
cessful syntheses of heterofullerenes opened up the possibdther strong motivation for cluster study. For example, the
ity of fine tuning the electronic properties of the cage strucossibility of stabilizing fullerenelike structures of silicon
tures via selected doping. It was found that doped atoms caglusters by metal atoms is a topic of increasing interest.
dramatically modify the electronic properties of fullerenes in ~ Several experimental projects dealt with the metal-silicon
a variety of ways, leading to the discovery of unprecedente@ystems. In the pioneering work of Betithe metal-silicon
phenomena such as superconductivity, magnetism, anelustersMSi,, with M =Cu, Cr, Mo, and W, were generated
chemical reactivity, and that doped atoms can strongly stabising a laser vaporization technique. The mass spectrum of
lize some fullerenes that are otherwise unstéble. CuS}, (6=n=<12) yielded exceptional stability for Cugi
Similar to fullerenes, intensive research was carried out ifMore recently, Scherer and co-work€rs* produced small
recent years on pure silicon clusters to understand the sizBetal-silicon clusterd/,Si, for three noble metal elements
dependence of their structures and propefiié&These stud- (M =Cu,Ag,Au) withm> 1. Kishi et al?? carried out a com-
ies revealed that the geometric structures of small silicoined experimental and theoretical study of Nagi<7),
clusters differ from those of carbon clusters. Cagelike strucand found that the Na atom serves as an electron donor to the
tures of fullerenes have not been experimentally found foiSi, framework and that the most stable isomer of Na®t
pure silicon clusters to date, to our knowledge. tains the framework of the corresponding, 8luster nearly
In contrast to metallofullerenes, much fewer efforts haveunchanged upon the adsorption of Na.
been devoted to metal-doped silicon clusters. The problem of Very recently, the authors of Ref. 23 reported experimen-
the metal-silicon bond was a topic of a number of studies irtal evidence of the formation of stable metal-encapsulating
bulk metal-silicon systems, both experiment&liiy® and  Sicage cluster ionMSi,* (M=Hf, Ta, W, Re, Ir, etc., with
theoretically**~*" The motivation for the great and persisting n=14, 13, 12, 11, 9, respectivélpnd proposed a structural
interest in this topic consists of both its fundamental rel-model of a regular hexagonal prism for Wgith the W
evance to the understanding of the silicon-based composi@om at the center in aab initio theoretical analysis. This
materials and its high degree of practical importance in viewfinding arouses increasing interest in the search for cagelike
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Si clusters stabilized by metal atoms. calculations:”2036-48The B3LYP/6-31% G(d) results are
Stimulated by the experimental findings, several compuusually close to those of the B3LYP/GEN approach but re-
tational investigations were performed for metal-doped sili-veal noticeable improvement in the electron affinities. For
con cluster€*~* Also, considerable efforts have been in- Si,* and CuSi, no experimental data are available and our
vested in the computational search for fullerenelike siliconB3LYP/6-311+ Géd) results compare well with previous
clusters stabilized by metal atoriis® Very recently, Kumar calculations’#**In addition, we have checked the influ-
and Kawazo&>* reported theoretical findings of several ence of increasing the number of polarization functions in
types of metal-encapsulating caged structures with high stdhe 6-31% G(md,nf) basis set seriest{<3,n<2) for Si
bility for a series ofM @ Si, clusters(n=14-17,M=Cr, and Cu atoms and their dimers as well as for the most stable
Mo, W, Fe, Ru, Os, Ti, Zr, Hf isomer of Cu§j (4a), and found that the increase in the
We have initiated a series of theoretical studies on théumber of the polarization functions beyond 6-31G(d)
geometric and electronic properties of CuSiusters®-3|n ~ has only a slight effect on the geometries0.01 A in the
two recent contribution&2° we reported studies of the ge- ond lengths of Cugi(4a)]. .
ometries and stabilities of neutral CySin=4,6,8,10,12) In the calculations performed previously at the B3LYP/
clusters using a hybrid density functional meth@BLYP). ~ GEN level, wé®* searched extensively for the low-lying
However, the emphasis of these investigations was on clustéfomers of Cugiby placing a Cu atom at various adsorption
geometries and stabilities, while a bonding analysis was cal@" Substitutional sites and the center of a number of selected
ried out only for selected CuSiand CuSj isomers?® In Si frameworks:(1) Cu is placed at vanous_ads_,orpnon sites
addition, since most experimental measurements are peRld the center of the ground-state or low-lying isomers pf Si
formed on the charged species, the impact of charge on th@& detgrmln(gdlob)ab initio and density-functional calcula-
structures and properties of clusters has to be explored. tions(Fig. 1.°~7(2) Cu is placed at various adsorption sites
In this paper, we extend our study of neutral Gu@i ar_1d the center of highly symmetric ca_gell_ke structures of
=4,6,8,10,12) clusters to the neutral and charged species arth. @nd(3) Cu is placed at various substitutional sites of the
report results in the following aspect&) presenting some ground-state or low-lying isomers of Si; (Fig. 1.7
low-lying isomers and examining the influence of positiveThese structures were subject to full geometry optimization
and negative charges on the structures and energetics 8f the BSLYP/GEN level. Note that these considerations of
CusSi, clusters;(2) extending the bonding analysis for CySi Cu-Si interactions co_rrespond to the three types of metal-
and CuSj to clusters up to Cu$j, so as to gain a better fullerene interactions in metallofuller.enesj.
understanding of the Cu-Si bonding in different types of Most of the geometries reported in this paper for neutral
structures; and3) presenting our theoretical results of vari- CUSh clusters at the B3LYP/6-311G(d) level were de-
ous energetic properties, including binding and dissociatiofived by further relaxing the structures of neutral Guai
energies, ionization potentials, electron affinities, and vertifh® B3LYP/GEN level. The relaxation is usually quite small.
cal detachment energies of CySiusters. The paper is ar- [N addition, several low-lying isomers were found and re-
ranged as follows: the computational details are described iRorted in this paper for Cugi CuSg, and especially Cug;

Sec. II; the results and discussion are presented in Sec. lifVith above-mentioned search strategy. The influence of
and our final conclusions are given in Sec. IV. charge on the structures, stabilities and energetics of CuSi

clusters was then examined by relaxing all neutral isomers
without any symmetry constraint in the singly cationic and

In previous studies of neutral CyS(n=4,6,8,10,12) We assumed a spin doublet state for all neutral and singlet

clusters?®2° we employed the B3LYP hybrid density func- state for all charged CuSisomers in the present calculation.
tional method with a basis set labeled GEN, which is a com he doublet states were shown to correspond to the ground

bination of the 6-3G(d) basis set for Si and a state of neutral CuSi species in our previous
[8s,6p,4d,1f] basis set for Cu. The latter is taken from calculations’®2° A spin-unrestricted scheme was adopted for

Wachter's[8s,6p,2d] basis séf augmented byl andf po- open-shell species, and the spin contamination was found to

larization functions and is nearly equivalent to the be negllglblt.a' for all cases. . . .

6-311G(d) basis set. Since diffuse functions are important . Th? stabilities Qf all stationary points were examined by
for proper description of anionic clusters, we chose, in the/iPrational analysis. In the case of an imaginary frequency,
present study, the 6-3#1G(d) basis set for both Cu and Si relaxation along the corresponding unstable normal coordi-

and applied the B3LYP method as in our previous IouinCa_nate was carried out until a true local minimum was reached.

tions. The geometries for the ground and low-lying states of
The quality of the B3LYP/6-31% G(d) scheme for the pure Sj, (n_=4—13) clusters in the neutral and charged _states
description of Cu-Si clusters was tested by calculations on SJ'€'¢ reoptlm_|zed at the B3 LYP/G'S}B(d.) level; see Fig.
and Cu atoms and their dimers. As seen in Table I, the caft for comparison with the resuilts of CySilusters. All C{?I'
culated bond lengths, binding energies, vibrational frequenSulations were performed with t@AUSSIAN 94 package’
cies, adiabatic ionization potentials, and adiabatic electron
affinities for Si and Cu atoms and their dimers in all charge
states are in quite good agreement with available experimen- In the following, we will first describe the geometries and
tal data and otherab initio and density-functional relative stabilities of individual Si(n=4-13) and CuSi

III. RESULTS AND DISCUSSION
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TABLE |. Comparison of calculated properties at B3LYP/6-31G(d) and B3LYP/GEN levels with
experimental data and othab initio and density-functional results for Si and Cu, atoms and their dimers.
Re: bond lengthA); E, : binding energy(in eV); w,: vibrational frequencyin cm™1); IP: ionization energy
(in eV); EA: electron affinity(in eV).

Re E, we IP EA
Si B3LYP/GEN 8.113 0.948
B3LYP/6-311+ G(d) 8.112 1.327
QCISD(T)/(7s,6p,3d,1f )2 1.35
G2° 1.355
CASSCF/CASPT2 DKS1 7.92 1.34
Expt. 8.1% 1.385
Cu B3LYP/GEN 8.030 1.002
B3LYP/6-311+ G(d) 8.037 1.212
LCGTO-LSD 8.61 1.56
CASSCF/CASPT2 DK1 7.82 0.83
Expt! 7.724  1.2350.005
Si B3LYP/GEN 2.286 3.081 490 7.905 1.815
B3LYP/6-311+ G(d) 2.280 3.065 487 7.919 2.091
MP4/(6s,5p,3d,1f )9 2.265 3.06 507
QCISD(T)/(7s,6p,3d,1f )2 2.09
G2 3.19Ph 7.944 2.208
Expt. 2.248 3.209 509+10 7.92% 2.176+0.002
Cw, B3LYP/GEN 2.265 1.885 249 7.984 0.697
B3LYP/6-611+ G(d) 2.279 1.804 241 8.001 0.847
LCGTO-LSD 2.20 2.60 216 8.69 1.11
LCGTO-GGA 2.27 2.26 205 8.82 1.39
Exptf 2.22 2.08-0.02 265 7.904  0.8360.006
CuSi  B3LYP/GEN 2.247 2.093 332 7.226 1.255
B3LYP/6-311+ G(d) 2.251 2.038 326 7.246 1.475
MP2/6-311 G(d)’ 1.783 6.874 1.325
QCISD/6-311 G(d)' 2.242 1.830 336 6.744 1.222
QCISD(T)/6-311+ G(d)' 2.235 1.787 325 7.009 1.424
CASSCF/CASPT2 2.270 1.985 376 7.052 1.502
CASSCF/CASPT2 DKS1 2.199 2.192 384 7.106 1.520
Expt. 228  2.25M2.3@ 320"
Si,* B3LYP/GEN 2.304 3.289 441
B3LYP/6-311+ G(d) 2.302 3.258 435
MP2/6-31G(d)" 2.263
Cw't  B3LYP/GEN 2.423 1.932 179
B3LYP/6-311+ G(d) 2.450 1.840 166
LCGTO-LSD 2.34
LCGTO-GGA 2.36
Expt! 187+8
CuSi"  B3LYP/GEN 2.251 2.897 347
B3LYP/6-311+ G(d) 2.255 2.828 340
B3LYP/6-311+ G(3df )8 2.810
MP2/6-611 G(d)' 2.165
QCISD/6-611 G(d)' 2.257 2.270 358
QCISD(T)/6-311+ G(d)' 2.258 2.158 311
G2° 2.710
CCSD(T)/6-311+ G(3df)° 2.00d
CASSCF/CASPT2 2.194 3.836 372
CASSCF/CASPT2 DK1 2.152 3.039 371
Expt? 2.650+0.078
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TABLE I. (Continued)

Re Ep we IP EA
Si, B3LYP/GEN 2.203 3.948 544
B3LYP/6-311+ G(d) 2.198 3.830 537
MP2/6-31G(d)? 2.202
Expt/ 2.207+0.005 5335
Cu,~ B3LYP/GEN 2.393 1.581 187
B3LYP/6-311+ G(d) 2.404 1.439 180
LCGTO-LSD ' 2.33 205
LCGTO-GGA 2.44 183
Expt. 2.35-0.01%P 1.57£0.08  210+15°P
Cusi” B3LYP/GEN 2.279 2.400 295
B3LYP/6-311+ G(d) 2.274 2.186 294
MP2/6-311 G(d)' 2.054
QCISD/6-311 G(d)' 2.262 2.036 283
QCISD(T)/6-311+ G(d)' 2.268 2.034 270
CASCF/CASPT2 2.164 3.015 299
CASSCF/CASPT2 DK®' 2.154 3.037 384?)

aReference 7.

PReference 36.

‘Reference 37.

dReference 38.

°Reference 39.

‘Reference 40.

9Reference 5.

"Reference 41.

'Reference 42.

IReference 43.

kReference 44.

'Reference 45.

MReference 20.

"Reference 46.

°Reference 47.

PReference 48.

DK means one-component relativistic Douglas-Kroll correction.

*Single-point calculation with geometry optimized at QCISD/6-313(d) level.

8Single-point calculation with geometry optimized at B3LYP/6-G1l) level (2.142 A, obtained from the
authors.

Single-point calculation with geometry optimized at MP2/653il) level (2.002 A, obtained from the
authors.

®This datum is questionable since it is too far from the CASSCF/CASPT2 value and is the same as the one

for CuSi neutral.

(n=4,6,8,10,12) clusters in the neutral and charged statesp the CuSj structures. The structures of ,S{n=4-13)
then discuss the size dependence of various energetic proglusters have been studied extensively by kaihinitio and
erties of Cu§j, including binding and dissociation energies, density-functional approactes® and were reoptimized at
ionization potentials, electron affinities, and detachment enthe B3LYP/6-31% G(d) level (see Fig. 1 For a review, the
ergies, and finally analyze the Cu-Si bonding in representareader is referred to Ref. 9.
tive CusSj, species. Among the small Siclusters 0<13), Si, Sis, Sk, and
Siyg are found with enhanced stability in the mass spectrum.
The ground state of giis a planar rhombus[y{,;) in the
neutral, cationic and anionic state$yhile the ground state
of Sis is a compressed trigonal bipyrami® g;,).>°

Before describing the geometries of CySive summa- Sig has three low-lying isomers very close in enefgyan
rize the geometries of the ground-state and low-lying isoedge- and a face-capped trigonal bipyrant@d,, -1 and
mers of pure §ji(n=4-13) clusters that are closely related C,,-1l) and a compressed octahedrorD,{). The

A. Geometries of the ground-state and low-lying isomers
of pure Si,
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e<08>o

Siz (Dan)

Sig (TTP, D) Sii3 (C5) Sirz (Cs)

FIG. 1. Structures of Giclusters in the ground and low-lying states<4—13).

HF/6-31G calculatiort favors the C,,-1 isomer over the the Cy,-l isomer is the ground state while ti@, -1 and
C,,-1l and D,y ones by 0.043 and 0.434 eV, respectively, D4, ones lie higher by 0.0007 and 0.035 eV, respectively.
while the PWB/DNP calculatioh(using a gradient-corrected The C,,-I structure remains the ground state of 'Siwhile
Perdew-Wang-Becke88 exchange-correlation functional antheC,,-11 structure becomes the ground state @gf Sivhich

a double numerical plus polarization basis set in DMal  has a dihedral angle of 151.77° between the 3Si-1Si-2Si and
vors theD,, isomer over theC,,-1 one(C,,-Il collapses to  1Si-2Si-4Si facesdenoted as 3Si-1Si-2Si-4Shat is much
D,p) by about 0.006 eV. At the B3LYP/6-3#1G(d) level, larger than the corresponding angle of neutrgl ($15.039.
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The ground state of neutral.Ss a pentagonal bipyramid The ground state of §ihas aC,, symmetry at the PWB/
(Dsp),%° which corresponds to the S{C,,-11) framework ~ DNP level? which corresponds to the $i(Cs-11) structure
capped with a Si atom over the 3Si-4Si bridge. The geometcapped with an extra Si atom on the 4Si-5Si-6Si face. At the
ric parameters of Si(Dsp,) are much closer to anionicSi B3LYP/6-311+G(d) level, however, such a configuration is
(C,,-11) than to neutral $i(C,,-11). For example, the 3Si- a transition state and relaxation leads to two isomes|
5Si bond length and the 3Si-5Si-6Si angle in neutra) Si andCs-1l, with the former lower than the latter by 0.49 eV.
(Cyy-11) are 2.72 A and 99.13°, while the equivalent data in The Cs-| isomer is the ground state of,$andSi;,", while
Sig~ (Cy,-11) are 2.50 A and 108.96°. The latter are very the Cs-II structure is the ground state of;Si.
close to the respective values of 2.51 A and 108.0° in Si __ Further capping the 2Si-5Si-8Si face of SCs-11) leads
(Dsp). In fact, there is also a correspondence between th Shs (CZU)_' This isomer was found by Ra’e_t al. ™ [de-
ground-state structures of S{C<) and Si~ (Cy, OF Ca,), noted therein asC,,(I1)]as the newest candidate for the

. ) - ! ol ground state of $i", which is lower than the earlier pro-
Siy1 (Ce1), and Sio-~ (C4,) as well as i (C2,) and S, posed ground state for §i (C,, isomer in Ref. 9 by 0.39

(Cel). . . . eV at the PWB/DNP level, and we relaxed it for the neutral.

The ground StGaJe of ngl_JtraI E’S.'S a distorted t_"ca‘?ped In addition, Sj; has two other low-lying isomer&Cg and
octahedron Cy). ™" In addition, S4 has two low-lying iso- ¢ _ ) that cannot be built from SiTTP). TheC, isomer was
mers(C,, .and Csp) (Rgf. 9 which are similar in structure proposed as the ground state of,Sin the PWB/DNP
and are higher than $(C,) by 0.20 and 0.56 eV, respec- ca|cylatio} and it can be regarded as grown from & Si
tively, at the B3LYP/6-313 G(d) level. TheC,, andCs,  (C,,) unit. The C;, isomer is a top-capped double-chair
(7Si-2Si forming the trigonal axis shown in Fig) somers  strycture, reminiscent of the bulklike chair structure of Si
can both be viewed as a nearly planar rhombus interactingd, ) discussed in Ref. 11, and it is higher than tBg
face to face with another bent rhombus. TBg, geometry  jsomer by 0.13 eV at the PWB/DNP levelAt the
remains the ground state ofgSi while the C,, and Cj, B3LYP/6-311+ G(d) level, theC,, isomer corresponds to
isomers become competitive candidates for the ground statée ground state of neutral,giwhile theCg andCg, isomers
of Sig™. are higher by 0.31 and 0.49 eV, respectively.

The ground state proposed for neutrg) Biof C,, sym-
metry at the PWB/DNP levél,which corresponds to the
ground-state structure of anionicgSi(C,,) capped with a
Si atom over the 7Si-8Si bridge. At the B3LYP/6-311 Based on the ground-state and low-lying structures pf Si
+G(d) level, this geometry will undergo a slight relaxation described above, as well as the possible highly symmetric
to aC, symmetry(Fig. 1) with a minute energy gain of 0.01 cagelike structures of Si and using the optimization strat-
eV. In addition, Sj has an important isomer with the shape €9y described in Sec. Il, we have conducted an extensive
of a tricapped trigonal prism (TTBg;), which lies higher ~Search for the low-lying isomers of Cysi (n
than Si (C) by 1.49 eV at the B3LYP/6-312G(d) level, —46:8,10,12). In total, three isomers for Cu&@ind Cusy,
and has been shown to be a building block in many strucliN€ ISOMErs _for Cugi 20 isomers for Cugp, and 12 iso-
tures of larger Si clusters’ The C, isomer remains the mers for CuSi, have_ been found. .
ground state of §i" while the ground state of $i is a Since thg expenmenta[ observations correspopd to the
slightly relaxed TTP structuréC, symmetry.® The ground most stable isomers, we W|_II focus for_each Qpﬁmemes_ on

CTs . ; the structures and properties of the isomers nearly isoener-
st.ates .and several Iow—Iy|.ng ISomers 0_£o$I5l11. Sh, and getic with the most stable ongvithin 0.1 e\) and of some
Sy (Fig. 1) can all be built from the $i(TTP,Dgp) Struc-  ggjacted isomers of special interest to our discussion while
ture by capping additional atoms on various fates, the remaining isomers will be described only briefly. The

The ground states of iand Si, are both a tetracapped ytimized geometries for the selected Cudiisters are pre-
trigonal prism Cs,), while the ground state of §i" under-

X ! sented in Fig. 2, and related properties are listed in Tables
goes a slight relaxation to & symmetry from theCs, ;v and shown in Figs. 3—7. Optimized geometric param-

geometry’ Among the four low-lying isomers of §i, the  gters are given in Table 1l only for the most stable isomer of
Csl, Cs-ll (L1ain Ref. 19 andC, (11bin Ref. 13 isomers  cygi | The results for other isomers are available from the
all maintain the Sh (Cs,) framework nearly unchanged. At 5 thors upon request. The isomers for selected neutral,CuSi
the B3LYP/6-31% G(d) level, theCs-1 isomer corresponds  4re |abeled asa, nb,... according to their energy ordering,

to the ground state of i, while theC;,, Cs-lIl andCy  \ypile the corresponding isomers for CySiand CuSj~ are
isomers are higher by 0.09, 0.23 and 0.30 eV, respectivelygpaled asiat nb*.... andna—. nb— ... respectively.

Calculations at the PWB/DNIPRef. 9 and LDA (Ref. 8

(local density approximatignlevels give the same energy _

ordering as that proposed by us for these isomers. In the CuSi,

PWB/DNP calculatior!,where theC.-1, C¢-11 andC,, iso- Among the three isomers we identified for Cu8ta, 4b,
mers are denoted b@4(1), C(11) andC,,(1), theC,, and  4c), the framework of a planar S{(D,,) rhombus is nearly
Cs-1l isomers are higher than thés-1 one by 0.022 and retained irdaand4b with Cu at a face and an off-plane edge
0.297 eV, respectively, while in the LDA calculatfothe C;  adsorption position, respectivelfig. 2). Isomers4b and4c
isomer is higher than th€.,-11 one by 0.132 eV. are obtained by the substitution of Cu for a Si atom at the

B. Geometries and relative stabilities of CuSj
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4a=4b’

74
'f<\‘4\°

~

444444

N7

666666

A\

8a" 10f, 10f", 10f

\Y
k

FIG. 2. Structures of selected CySiusters in neutral and charged forms=4-12).
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isoenergetic. For the cationic and anionic species, however,

the two isomers are separated in energy by as much as 0.373
and 0.156 eV, respectively, and are, therefore, energetically

distinguishable. For the cationic species, the energy order of

4a* and 4b™ changes as compared to the neutral species.

Because both the geometries and the relative stabilities of the

neutral species are considerably different from the charged

ones, any attempt to explain experimental results obtained

for the charged species—such as mass spectroscopy, photo-
electron spectroscopy, and ion mobility data—on the basis of

the structures of the neutral clusters, is not justified.

CuSis

Among the three isomers identified for CgSba corre-
sponds to a face adsorption of Cu on thg &,,-I1) frame-
work while 6b can be considered either as a top adsorption
of Cu over S§ (C,,-11) or an a substitutional structure of;Si
(Dsp) with Cu at the equatorial 7Si sitgig. 2). Similar to
Si; (Dsy), the S framework in bothba and6b can be much
more readily related to anionicgSi (C,,-11) than to neutral
Sig (C,,-11). To be specific, the 3Si-5Si bond length and the
3Si-5Si-6Si angle are 2.48 A and 110.05°@a (see Table
I, and 2.48 A and 108.78° iéb, which are much closer to
the corresponding parameters i Si(C,,-11) (2.50 A and
108.969 than in neutral Si(C,,-11) (2.72 A and 99.13° A
. substitutional structure similar to the presébtwas reported
126, 127, 1267 124, 12d", 12d° by Kishi et al?? as the ground state of NaSi

The last isomef6c represents the top adsorption of Cu
above a hexagonal chair structure of @ 34).° This isomer
is of interest since the chairlike framework of;3$ a frag-
ment of bulk Si lattice and can be considered to be a finite
counterpart of bulk Si.

It is worth pointing out that the substitutional ison&y

12e, 12¢", 12¢" can be obtained either by substituting Cu for one of the equa-
torial atoms of Si (Dsgy,) or by inserting Cu at the center of
FIG. 2. (Continued) a regular Q) or compressed,,) octahedron of i In
the latter two cases, the Cu atom does not remain stationary
apex or the equatorial site ofs3iD3y,), respectively. For all  at the center of the cage but moves to the surface, and ¢he Si
three isomers, symmetric adsorption, i.e., the top adsorptiofO;, or D,) framework relaxes into the ground-state struc-
of Cu over the midpoint of planar Srhombus inda, the  ture of Sy~ (C,,-Il). This indicates that a cagelike structure
coplanar adsorption of Cu on the 2Si-4Si edge of the planawith Cu at the center site is not favored for CySiThe
Si, rhombus in4b, and the top adsorption of Cu over the reason is that the ${O}, or D,;,) cage is too small to enclose
midpoint of the 1Si-2Si bridge of the bent,;Shombus indc, a Cu atom at the center without significantly weakening the
turn out to be first-order transition states, which lie higherSi-Si ligand interaction.
than the corresponding local minima only by 0.04—0.06 eV. The three structures for neutral Cyire largely retained

The three structures for neutral CySipecies reduce to in the anionic charge state but will reduce to tW@a*
two different structures both in the cationic4g" =6b* and6c’) structures in the cationic forrfFig. 2). The
=4c*,4b") and in the anionic 42~ =4b™,4c") charge 6a"=6b" structure corresponds to a face adsorption of Cu
states(Fig. 2 and Table IlJ. For the cationic species, the on Si (C,,-1) (Fig. 1), whereac" adopts a structure simi-
symmetric top adsorption and coplanar edge adsorption corar to neutraléc.
figurations, which are the transition states for neufiaabnd From Table I, one finds thata and6b are competitive
4b, become the local minima fofa™ (Fig. 2) and 4b*, candidates for the ground state of CiSand represent an
respectively. For the anionic specigss =4b~ can be de- adsorption and a substitutional structure, respectively, in all
scribed as an apex adsorption of Cu on the 4Si atom of aharge states. The bulklike isom@e is considerably higher
nearly planar Sirhombus, whiledc™ maintains the frame- than6a or 6b, especially in the neutral and cationic charge
work of neutraldc nearly unchanged. states, indicating that the bulklike structure is unfavorable for

The relative energies of these species are listed in TablEuSg. Note that the framework of §in 6aand6b changes
[ll. For the neutral species, the three isomers are nearljrom Si (C,,-Il) in the neutral and anionic species tg; Si
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TABLE Il. Optimized geometrie:éA and degreesfor the most stable isomers of CyS#a, 63, 8a, 103,
12a) at the B3LYP/6-31% G(d) level. The dihedral angle between tAeB-C andB-C-D planes is denoted

by A-B-C-D.
Geometric Optimized Geometric Optimized
Cluster Symmetry parameter value parameter value
CuSj, Cs Cu-1Si 2.5635 1Si-3Si 2.3544
Cu-4Si 2.3602 1Si-4Si 2.4047
1Si-2Si 2.4376 3Si-1Si-2Si-4Si 179.6078
CusSg Cs Cu-2Si 2.3508 2Si-3Si 2.4506
Cu-5Si 2.4421 2Si-5Si 2.8876
1Si-2Si 24779 5Si-3Si 2.4764
1Si-3Si 2.4106 5Si-6Si 2.4446
2Si-5Si 2.4807 3Si-5Si-6Si 110.0478
CuSg C, Cu-2Si 2.3635 2Si-3Si 2.3963
Cu-5Si 2.4762 2Si-4Si 2.4114
Cu-6Si 2.4541 3Si-5Si 2.4652
Cu-7Si 3.8128 4Si-6Si 2.4090
Cu-9Si 2.4563 7Si-5Si 2.4485
1Si-2Si 2.6317 7Si-6Si 2.6875
1Si-3Si 3595 9Si-5Si 2.6517
1Si-4Si 2.4140 9Si-6Si 2.3919
1Si-7Si 2.5712 9Si-7Si 2.4511
CuSiy C, Cu-1Si 2.4307 7Si-5Si 2.5360
Cu-4Si 2.4146 2Si-5Si 2.5191
Cu-7Si 3.8786 3Si-1Si 2.6158
Cu-9Si 2.3347 3Si-2Si 2.5920
10Si-1Si 2.4075 3Si-8Si 2.4369
10Si-2Si 2.4182 3Si-9Si 2.3787
10Si-3Si 2.3721 6Si-4Si 2.4804
7Si-1Si 2.4694 6Si-5Si 2.5736
7Si-2Si 2.5153 6Si-8Si 2.4996
7Si-4Si 2.4690 6Si-9Si 2.4379
CuSi,, Cop, Cu-1Si 2.4464 2Si-3Si 2.4543
Cu-2Si 2.9524 3Si-4Si 2.4130
Cu-3Si 2.4565 1Si-7Si 2.3756
Cu-4Si 2.7766 2Si-8Si 2.3902
1Si-2Si 2.4468

(C,,-1) in the cationic species. This transformation is relatedspecies. As a representative case, the natural charges for at-
to the change in the charge of the; &iamework in6aand  oms of6ain different charge states are indicated in Table V.
6b in different charge states. Natural population analysisTherefore, the Siframework exhibits a negative charge in
(NPA) (Table V) indicates that the §iframework has a nega- all the neutral and the anionic species, and a positive charge
tive charge in both the neutral and the anionic speciggaof in all the cationic species of CygsiThis leads to the finding
and6b (—0.52 and — 0.64e for 6a and6b and —1.36 and that, as is the case for CySimost of the anionic isomers
—1.58 for6a” and6b™). Therefore, the Fiframework in  adopt structures similar to the corresponding neutral species
both the neutral and the anionic speciesafand6b corre-  while more cationic isomers are found with structures differ-
sponds to i~ (C,,-11), which is the ground state for Si.  ing from their neutral counterparts.
In contrast, the Qi framework in 6a"=6b" possesses a
positive charge {0.3%), and hence tends to rearrange to
the ground state i (C,,-1) structure. Four (8a—8d) of the nine isomers identified for CySire
As a general observation, we have found that the Cu atorehown in Fig. 2. Isomer8a and8b are a substitutional struc-
adopts a positive charge in all CySin=4,6,8,10,12) iso- ture of Sy (Cs), with Cu occupying the 8Si site, and an
mers investigated, and its charge changes only slightly witladsorption structure of $i(C,,) with Cu capped over the
different charge states and sizes of the cluster. Typically, théSi-6Si bridge, respectively.
charge of Cu in CuSiis around (0.50—0.6@)in the neutral The other two isomer8c and8d are obtained by inserting
and the anionic species, and (0.30—0el@) the cationic Cu at the center of §i(C,,) or Sk (C,,), respectively.

CuSig
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TABLE Ill. Relative energyAE (in eV), binding energy per atork, (in eV/aton), and dissociation
energyD. (in eV) for selected neutral and charged Gu§pecies (=4,6,8,10,12). For their definitions, see

the text.
Cluster Neutral Cation Anion
AE E, D, AE E, De AE E, D,

CuSi, 4a 0.000 2.466 1.453 0.000 2.680 2.523 0.000 2.674 1.715

4b  0.003 2466 1.450 —0.373 2.755 2.896 —da

4c  0.086 2.449 1.367 —4a* 0.156 2.643 1.559
CuSi 6a 0.000 2.805 1.637 0.000 2.999 2.993 0.000 2.945 1.737

6b 0.078 2.794 1.559 —6a’ —0.005 2.946 1.742

6C 0.913 2.674 0.724 1.179 2.830 1.815 0.126 2.927 1.612
CuSg 8a 0.000 2.888 1.999 0.000 3.044 3.400 0.000 3.067 2.119

8b 0.008 2.887 1.991 0.038 3.040 3.363 0.084 3.077  2.202
8c 0357 2849 1.642 0.258 3.015  3.142 0.401 3.023 1.718
8d 0949 2783 1.050 0.542 2.984  2.858 0.615 2.999 1.504
CuSiy 10a 0.000 3.009 1.356 0.000 3.178  3.210 0.000 3.157 1.951
10b 0.006 3.008 1.350 0.229 3.157  2.981-0.008  3.157 1.959
10c 0.049 3.005 1.307 0.048 3.173  3.162 0.180 3.140 1.771
10d 0.090 3.001 1.267 0.127 3.166  3.083 0.190 3.139 1.761
10e 0.091 3.001 1.265 —0.069 3.184  3.280 0.422 3.118 1.529
10f 0.289 2983 1.068 0.494 3.133  2.716—0.077 3.164  2.027
10g 0.392 2973 0.964 0.579 3.125 2.631 0.588 3.103 1.363
10h 0.405 2972 0.951 0.925 3.093  2.850 0.528 3.109 1.423
10i 0.422 2905 0.208 0.755 3.109  2.455 0.657 3.969 1.294
CuSi, 12a 0.000 3.060 2.051 0.000 3.166  3.433 0.000 3.202  2.733
12b 0.275 3.039 1.775 —0.244 3.185 3.677 0.500 3.164  2.233
12c 0.342 3.034 1708 —-0.207 3.182 3.640 0.603 3.156  2.129
12d 0.353 3.033 1.698 0.354 3.139  3.079 0.060 3.197 2.672
12e 0.855 2.994 1.196 0.441 3.132  2.992 0.950 3.129 1.782

Strong relaxation occurs i8c and 8d, and the Cu atom CuSj;, 8d is also much higher than the most stable isomer
moves from the center to the surface, which is similar to thesa, by 0.95 eV(Table Il), suggesting that the bulklike struc-
observation made for CuSand indicates that the surface- ture is preferred neither for CuSihor CuS;.
site structure is preferred over the center-site structure both The investigated charged CySilusters nearly maintain
for CuSg and for CuSi. the structures of the neutral species for all four isont@as-

In addition to8a, three other substitutional structures of 8d) in anionic form, and fo8b*, 8c*, and8d™ in cationic
Sig (Cs) are identified with Cu at the 4Si, 6Si, or 9Si sites, form, while 8a™ is relaxed to a structure &a capped with
respectively, which are higher th&a by 0.36—0.50 eV. The an 8Si-9Si dimer on the 5Si-6Si-Cu face. In fact, the struc-
substitution of Cu for 7Si in i (TTP, Dg,) and the top ture of neqtraBacan be related to an_other isom_er of _Q},lSi
adsorption of Cu over $i(C,,) leads to two other isomers it can be viewed as the structure@ bicapped with 3Si and
with energies higher thasa by around 0.26 eV, but the 4Si. As will be shown in Sec. Il D, this connection leads to

framework of these isomers reconstructs considerably. The<k Notable similarity in the bonding properties of Cy&hd
five isomers are not shown in Fig. 2. CuSk. From Table Ill, we find thaBa and 8b are competi-

We note that8a can be obtained from several different Ve candidates for the ground state of Gu8i all charge

initial geometries: It can be derived from substitution of cystates.
for 8Si in Sk (Cg) or for 1Si in Sy (D3,), or from the CuSiy
insertion of Cu either at the center 0§;RIC,,) or the center

of tetrahedral cage Of@ Similar to Cu$, the C” atom in dance in the mass spectrdficcordingly, the largest num-
the latter two cases is found to be unstable in the centelo, of isomers has been identified for CuSamong the
position and moves to the surface while the framework gf Si CuSj, (n=4,6,8,10,12) series in our extensive search, and
relaxes into that of i(Cy). _ most of them represent substitutional structures.

All of the above results document that the cagelike struc- | total, twenty isomers have been found for CySind
ture with Cu at the center site is unfavorable both for GUSI nine of them(10a-10i) are shown in Fig. 2. The structures of
and for Cu§. Alternatively, isomeBd bears similarity with  these twenty isomers can be classified into three types: two
the chair structure oBc with two more atomg7Si and 8Si  adsorption structures, 15 substitutional structuveh three
capped on the 1Si-3Si and 2Si-3Si edge®. 2). Just like  also belonging to the adsorption typeand three center-

CuSiy is the cluster that occurs with the highest abun-
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TABLE IV. Adiabatic ionization potentialAIP, in eV) and elec- TABLE VI. Natural electronic configuration for Cu and Na at-
tron affinity (AEA, in eV) for selected neutral CuSspecies as well oms in selected isomers of CySiand NaSj cluster
as vertical detachment ener@yDE, in eV) for corresponding an- =4,6,8,10,12).
ionic CuSj, species (=4,6,8,10,12).
Cluster Natural electronic configuration
Cluster AIP AEA VDE VDE-AEA Cusi 12 Cu 3d° 940530 0444001
CusSj, 4a 6.968 2.365 2.591 0.226 4b Cu 3d°9%45%-584p0-03
4b 6592 2368  2.591 0.223 4c Cu 3d%8%505%p20%d0 0t
4c 6.882 2.295 2.791 0.496 CuSj 6a Cu 3d°8%s05%p003
CuSk 6a 6.680 2.308 2.606 0.298 6b Cu 3d°8%s4%4p0-05
6b  6.603 2391 2513 0.122 NaSg Na 3s%0%3p®0t
6c 6.947  3.095  3.509 0.414 CuSj 8a Cu 3d°8%4s0-5%4p0-0%4 001
CuSk 8a 6.636 2.940 3.183 0.243 8b Cu 3d°%9%450-5%p0-02
8b 6.666 3.031 3.352 0.321 CuSiy 10a Cu 3d%9%s04%4p0-02440-01
8c 6.537 2.896 3.128 0.232 10b Cu 3d%9%s%58 p0-0%550.01
8d 6.229  3.274  3.564 0.290 10c Cu 3d%87450-504 n00%4,¢0-01
CuSiy 10a 6.183 2.950 3.550 0.600 10g Cu 3d°87459-5%4p0-2%4,40-06550.01
10b  6.407 2964  3.211 0.247 CuSh, 12a Cu 3d°8745%424p01%4d° 055002
10c  6.182 2.819  3.169 0.350 12d Cu 3d°8%s%4%4p0-074(40-0%5 5001
10d 6.220 2.850 3.074 0.224
10e 6.022 2.620 2.921 0.301
10f 6.388 3.316 3.478 0.162
10g 6.370 2.754  3.304 0.550 site structures. Elements of the first two classes have been
10h  6.703 2.828  2.919 0.091 found in the smaller Cugiclusters =4,6,8), in which the
10i 6.516 2715  2.961 0.246 Cu atom always stays at a surfa@dsorption or substitu-
CuSi, 12a 6590 3.175  3.352 0.177 tional) site. However, no endohedréenter-sitg structures
12b 6.136 2050 3.179 0.229 with Cu occupying the center of a cagelike Si framework
12¢  6.105 2915 3.279 0.364 have so far been found stable for CuSCuSj, and CuSj.
12d  6.654 3.468  3.645 0.177 Isomers10a-10e are the five competitive candidates for
12e 6240 3.080 3.306 0.226 the ground state of Cui(Fig. 2 and Table Ill. Isomer10b

is an adsorption structure of §i(Cs,), 10c and 10d are

TABLE V. Natural charges for all atoms in selected isomers of GuSi, . 1, and NaSj clusters =4,6,8,10,12).

Cluster CulNa SiL) Si2 Si3 Si4 Si5) Si6) Si7) Si® Si9 Si10) Si(1l) Si(12) Si(13)

CuSj, 4a 047 -0.19 -0.19 0.04 -0.13
4 048 -0.06 —0.36 0.10 —0.16
4c 051 -0.18 -0.18 -0.04 -0.11

CuSg 6a 052 -025 -031 0.12 0.12 -0.10 —0.10
6a” 065 -0.27 —-041 0.02 052 040 0.09
6a 036 -0.33 -0.25 -0.16 -0.16 —-0.23 -0.23
6b 0.64 -0.32 -0.32 -0.03 -0.03 0.03 0.03

Si, (Dsp,) -027 —027 011 011 011 011 0.11
NaSi; 090 -0.36 —0.36 —0.12 —0.12 0.03 0.03
CuSi 8a 057 -020 —028 013 0.14 —-0.16 —0.16 —0.02 - -0.03
8b 052 -0.13 -0.13 0.11 -011 -0.17 —-0.35 0.13 0.13
Siy (Cy) -0.14 -0.14 015 0.17 -0.17 —0.20 0.07 0.07 0.19
CuSiy 10a 062 -033 —-0.14 -0.13 —-0.19 008 -0.03 0.01 000 —0.16 0.28
10b 049 -0.13 -0.13 —-0.13 -0.12 -0.12 —0.12 —0.01 —-0.01 —0.01 0.30
10c 057 -0.29 —029 -0.22 —0.02 —0.02 —0.15 - -0.03 —0.03 0.33 0.16
Siy, (Ce11) -0.22 —022 —-0.32 0.05 005 —0.19 0.12 0.04 0.04 042 0.23
CuSi, 12a 048 -0.08 0.02 -0.12 005 -0.12 002 005 —-0.12 002 -0.08 0.02 -0.12
12d 060 -0.19 000 -0.19 0.00 —0.19 000 0.06 —0.07 0.08 —0.13 0.08 —0.07
Sii3 (Ca,) —-0.05 —0.06 —0.05 —0.06 —0.05 —0.06 0.09 —0.04 0.09 —0.04 0.09 —0.04 0.16
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FIG. 3. Size dependence of the binding energy per atiom
eV/atom for the most stable isomers of neutral and charged CuSi
as well as neutral Siclusters (=4-12).

FIG. 5. Size dependence of the adiabatic ionization potefitial
eV) for the most stable isomers of CySand Sj clusters @
=4-12).

substitutional structures of Si(Cs-11) and Si; (Cs-1), re-  Fig. 2, exceptlLOf, since this is the most stable isomer in the
spectively, andlOa and 10e can be described either as two anijonic charge state.

adsorption structures of gi(C3,) or as substitutional struc- The three center-site isometfg, 10h, and10i lie about
tures of Sj;(C;) and Siy(C.-1), respectively. Thus the most 0.4 eV abovelOa-10e (Fig. 2 and Table I\ In 10i, Cu
stable isomers of Cugj CuSk and CusSj, (4a, 6a, and10a)  occupies the center of Bi(Cs,). This structure is less stable
all correspond to adsorption structures, in agreement with they 0.42 eV than the corresponding adsorption structures

magic feature of Qi, Sis, and S, clusters. (104, 10b, and10e, where Cu is adsorbed on various surface
In addition, we have identified 12 other adsorption or sub-sites of Sj, (C3,) (Table IlI).
stitutional isomers that are higher thda@a-10e by 0.11- By inserting Cu at the center of a tetracapped octahedron

0.72 eV, of which one is an adsorption structure @b 8C3,)  (T,) of Siy and relaxing the geometry, we have obtained
with Cu capped over the 7Si-10Si bridge, five are substitutwo isomers. One is the center-site structfigy while the
tional structures of §i(Cs-1) with Cu at the 3S{10fin Fig.  other is a substitutional structure of,§{C,,) with Cu at the

2), 4Si, 6Si, 7Si, and 9Si sites, three are substitutional struc3s; site, and the former is higher than the latter by 0.23 eV.
tures of Sj; (Cs-11) with Cu at the 8Si, 10Si, and 11Si sites  From the above comparison a0Dg and 10i with corre-
[the one with Cu occupying the 11Si site can also be countegdponding adsorption and substitutional structures, we con-

as an adsorption structure of;${Cs,)], and three are sub- clude that the center-site structures are still unfavorable for
stitutional structures of $j (C,,) with Cu at the 3Si, 7Si,

and 9Si sites, respectively. These isomers are not shown i

4.0
—a— AEA(CUSIp)

35 {—o— AEA(Sip)
—o— VDE(a)

4.0

< 801 —e— VDE(n)
L
< 354 =
S & 25 - D/D/\/
L ©
> c
> 3.0 4 w 544
é —— CuSin
25 - s 1.5 1
5 —o— CuSip
% 20 4 —— CUSin_ 10
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FIG. 6. Size dependence of the adiabatic electron affi(AA,

' in eV) for the most stable isomers of CySind Sj,, and the ver-
tical detachment energi€gDE, in eV) for CuSj,” (n=4-12). For
comparison, the VDEs calculated at the geometries of nCuGir-

FIG. 4. Size dependence of the dissociation enéigyeV) for responding to the most stable isomers of anionic Gu$open

the most stable isomers of neutral and charged Culbisters as  circle, VDE()] or of neutral CuS§j[solid circle, VDE()] species

well as neutral Si,; clusters (=4-12). are both shown.
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CuSi, but they become quite comparable in energy withisomers(10b—10i) shown in Fig. 2 are all essentially re-
the adsorption and substitutional structures. tained in both the cationic and the anionic forms, withe"

We have also considered the insertion of Cu at the centeind10f~ being the most stable among the respective charged
of a bicapped tetragonal antiprisiD {4) of Sijo. This highly  species. The structure of neutrdba is maintained in the
symmetric cageliké® 4 structure was proposed by Kitfas  cationic form, but it transforms to a substitutional structure
a geometric model of Cugj, and was expected to show a of Sj;, (C-I1) in anionic form(Fig. 2. As seen in Table III,
high stability to account for the pronounced abundance ofne energy spacing between these isomers increases consid-
CuSho as observed in Becks mass spectrometriCeraply when the clusters are charged, similar to the observa-
experiment® Optimization at the B3LYP/6-31G(d)  tions made for CuSi Therefore, these isomers may be dis-

level, however, indicated that th,4 structure of CuSp is tinguishable more easily as cations or anions than as
unstable and rearranges to th@i structure. From the above neutrals

description, we know that there exist a number of low-lying

isomers for CuS§j that exhibit a variety of structures and are

very close in energy. For this reason, the high abundance of CusSiy,

CuSi,, observed in the mass spectriinshould not be as-

cribed to the geometric stability of a specific structure, but to  12-atom clusters can form a number of highly symmetric

the existence of a multitude of near-degenerate isomers. cagelike structures with the following symmetries: icosahe-
We examined the influence of charge on the structures afiron (1)), octahedron @), bicapped pentagonal antiprism

all isomers of CuSj. The structures for the eight neutral (Dsq), hexacapped trigonal prismDg,), and hexagonal

(a) CuSi¢ (6b) NaSie

FIG. 7. (a) Contour mapgarbitrary unit$ for the HOMO's of S~ (C,,—11), Si;(Ds,), CuS (6b), and NaSj in the plane passing
through the 3Si-6Si atoms. Cu and Na are on the top of the pdmeTontour mapsarbitrary unitg for the HOMO's of Sj (C,) and CuSj
(8a) in the plane passing through 5Si, 6Si, and 88iCu) atoms, with 8Si or Cu on the top of the panel, and the second HOMO of;CuSi

(8a) in the plane passing through the 1Si, 2Si, 7Si, and Cu atoms, in which the 1Si and 2Si atoms are at the bottom, Cu is to the right, and

9Si is on the top of the panel but slightly off the plaf@. Contour mapsarbitrary unit$ for the HOMO's of Sj;,” (Cs,) and CuSj, (10a,

10b, and 109 in the plane passing through the 3Si, 6Si, 10Si, and(@6iCu for 10¢) atoms.(d) Contour mapgarbitrary unit3 for the
HOMO's of Sij3 (Cs,) and CuSj, (12d) in planeA passing through the 1Si, 4Si, 7Si, and 10Si atoms, and the second HOMO qf CuSi
(129 in planeA, and in planeB passing through the 2Si, 3Si, 5Si, and 6Si atof@sThe diagonal bond between the 1Si and 8Si atoms:
contour mapgarbitrary unitg for the HOMO's of Si;(C3,), CuSi, (12a and 12d) in the plane passing through the 1Si-2Si-7Si-8Si

rhombus with 7Si and 8Si at the bottom of the panel. Note that only the 1Si, 7Si, and 8Si atoms are exactly in the plane while the 2Si atom

is slightly off it for Sij3 (C3,) and12d because of the distortion of the rhombus. R, the distortion of the rhombus is considerably
reduced as compared with;${C3,), and the four atoms can be seen in the plane.
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FIG. 7. (Continued)
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prism (Dgp). The Si, cluster provides a suitable test case for structures of Sk (C;) with Cu at the 2Si, 4Si, 8Si, and 13Si
the exploration of the question: Can Cu stabilize cagelike Sisites; and one is a substitutional structure g $C3,) with
structures? Cu at the 13Si sit¢12d in Fig. 2). These isomers are higher
Based on the cagelike frameworks indicated above as wefhan the most stable isomé&@aby 0.28—1.27 eV. The sub-
as the ground-state and low-lying structures g @ind Sis stitutional |somer120 can alsp pe classified as an.adsorptlon
(Fig. 1), we performed an extensive search for stable isomerStructure of S, (Cs-11) and it is the only adsorption struc-
of CuSi,. Altogether, we identified 12 isomers for Cysi ture we have identified for Cui .
which can be classified into two types: nine substitutional Isomer§120 and 1_26 are both derived from _the ground
structures(with one also belonging to the adsorption type state of Sj; (C.-1) with Cu at an adsorption site or at the

and three center-site structures; five selected isomers of the gnter, respectively. Ir_1 both ISomers, the,Sramework
are plotted in Fig. 2 ransforms to that of $} (Cs-11), which is the ground state

. . of Si;, , and these two isomers are higher than the most
n c_ontrast _to Cl_JSI through CuSj, where the most table isomefl2aby 0.34 and 0.86 eV respectively, indicat-
stable isomer is derivable from the ground-state structure q g that the growth pattern of CuSbased on the ground-
Si,~ (4a, 64, 109 or Si,,; (8a) with Cu at an adsorption or

DS . ) : state structures of Sor Si,, 1, as observed in Cugthrough
a substitutional site, the lowest isomer of CySidopts the CuSiy,, becomes unfavorable at=12; thus the systematics

shape of a cagelike hexagonal double-chiaita) with Cu at  qf the Cusj size evolution is expected to changerss 12.

the center of the cagéig. 2. This geometry does not cor- 1t is interesting to compare the relative stability of the
respond to the ground-state structures g 8Cs-1) or Shz  center-site structurel2a and corresponding substitutional
(Cz,), butis related to a higher-lying isomer ofi${(C3,).  structurel2d, both of which have a double-chair framework
Similar results was reported for metallofullerenes, namely, af Si;,. From Table Ill, one finds that2ais more stable
discrepancy between the cage structure of some endohedtglin 12d by 0.35 eV, showing a clear preference of the
metallofullerenes and the structure of the most stable isomefenter-site structure over the substitutional structure for
of pure fullerenes? CuSi,.

It is worth noting thatl2ais quite similar to the regular  From the above description and Table I, one can also
hexagonal prism recently proposed in Ref. 23 as the groundind that12ais clearly lower than all other isomers we have
state structure of Wgj. We have found that, if Cu is re- jdentified for CuSj, by at least 0.28 eV. This finding con-
placed by W in our center-site isom&@a, relaxation will  trasts with the cases of CyS{n=4,6,8,10) where several
lead to the regular hexagonal prism structure of WSI*?  competitive isomers exist as candidates for the ground state
However, charge transfer between the metal and the Siof the cluster. Whether the cluster is positively or negatively
framework in these two systems are found to proceed itharged, the structures for isoméiza—12eshown in Fig. 2
opposite_directions and their bonding characters are foungre all retained, an#i2b™ becomes the most stable isomer in

different> _ . ~ the cationic charge state which is lower th&2a" by 0.24
Isomerl2acan be obtained from several different starting ey,

geometries. One arrives at this unit by inserting a Cu atom at
the center of the $j (D3, or Dg;,) cage, by adsorbing a Cu

atom on a face of the $i(Oy,) cage, or by substituting a Cu )
atom for the 13Si atom of $j (Cs,) and moving it to the Based on the above geometric results, we have calculated

center of the double-chair framework. the binding energy per atont() and the dissociation energy
The 12astructure has some similarity to bulk Si, as have(DPe) for all isomers shown in Fig. 2 in the neutral and

6c and 8d. Note that the chairlike structure appears as thecharged formgTable I11). The overall stability of Cugican

least stable isomer both for CySind for CuSi, but it turns be_characterlzed by the binding energy per atom with respect

out to be the most stable for CySj implying that some O isolated atoms:

bulklike behavior might emerge in Cu$i As will be shown o N .

in Sec. IlID below, the bonding nature itRa also reveals Ep(CuSH) =[E(CU+NnE(S) —E(CuSH)J/(n+1),

interesting features. Of course, th2astructure is still quite E.(CuSL™ ) =[E(CU" )+ nE(Si)— E(CuSi)1/(n+1

different from the bulk, since the binding energyl&a (3.06 ol h™)=LE( ) (S —E( b1/ ),

C. Energetic properties

eV/atom) is much smaller than that of bulk Si4.64 E,(CuS} ) =[E(Cu)+ (n—1)E(Si)+ E(Si")
eV/atom,® and the relative positions of the double chairs in
12aand in bulk Si are different. —E(CuSj)]/(n+1),

In addition to12a, we have found two other endohedral
geometries of Cu$j, in which the Cu atom is at the center
of Si;, (Cs-11) (12ein Fig. 2) and Si, (Dsq or I,) (not
shown in Fig. 2. These isomers are, however, much higher

while the interaction of Cu with the Siframework can be
characterized by the dissociation energy with respect to Cu
+ Siy:

in energy tharl2a by 0.86 and 1.74 eV, respectively. D(CuS})=E(Cu) + E(Si,) — E(CuS},),
The remaining nine isomers all belong to the substitu-

tional group, of which four are substitutional structures of D(CuSj,")=E(Cu") +E(Si,) — E(CuS},),

Siy3 (C,,) with Cu at the 7Si sit€12bin Fig. 2) and the 8Si,

10Si and 13Si12cin Fig. 2) sites; four are substitutional D(CuSj,” )=E(Cu+E(Si, ) —E(CuS},).
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Figure 3 shows the size dependence of the binding energy The size dependence of the dissociation energies for
per atom for the most stable isomers of Guiithe neutral CuSj, and Sj,; shows a striking difference arount=6.
(4a, 6a, 8a, 103 and12a), cationic(4b*, 6a*, 8a", 106"  This difference comes from the enhanced stabilization effect
and 12b"), and anionic(4a”, 6b~, 8a~, 10f", and12a’)  on the Sj framework of the extra Si atom, i.e., the 7Si atom
charge states. For comparison, the size dependence of the Si, (Ds,), as compared to the Cu atom of CgSiThe
binding energy per atom for neutral ,Scalculated at the exceptional stability of Si(Dg,) is ascribed to its special
B3LYP/6-311+G(d) level is also shown. geometric arrangement, i.e., a highly symmetric close-
First, we compare the size dependence of the binding erpacked-pentagonal bipyrami¢Fig. 1), and the resulting
ergy for neutral Cu§iand Sj, clusters. Both curves reveal strong bonding interaction. The extra 7Si atom of @g,)
the same size dependence with enhanced stability=e8  acts as one of the five equivalent equatorial atoms among
and 10, and possibly also at=4. This result indicates that which a strong bond is formed in the HOM@ighest occu-
the stability of Cu§j can be related to the stability of pure pied molecular orbita) as shown in Sec. (D) below. This
Siy - special symmetric arrangement is destroyed in the most
The enhanced stability of Cugimay be regarded as a stable isomer of Cugin all charge formsa,6a”,6b~) and
factor that contributes to the pronounced abundance dhe Cu atom has a much weaker bonding interaction with the
CuSip, as observed in Beck’s mass spectrometricSi atoms. Therefore, the enhanced stabilization effect of the
experiment® This is in addition to the contribution of the extra 7Si atom on the Siframework disappears when it is
high multiplicity of nearly isoenergetic low-lying isomers of replaced by Cu.
this species. In addition to the binding and dissociation energies, we
Furthermore, our results indicate that Cusnd CuSj have also calculated the adiabatic ionization potertAdP)
may also have considerable stability, a finding that is inand the adiabatic electron affinityAEA) for all neutral
agreement with the more recent experiment of Schere€CuSj, species presented in Fig. 2 as well as the vertical de-
et al!® which demonstrated that copper silicide clusters withtachment energyVDE) for corresponding anionic CuSi
less than six Si atoms can be formed in high abundance. species, which are defined as the difference of total energies
Next we compare the size dependence of the binding erin the following ways:
ergies for CuS§jin the neutral and charged forms. The curve  AIP: E(optimized cation)E(optimized neutral),
for CuSj,* shows a size dependence similar to that for neu- AEA: E(optimized neutral)E(optimized anion),
tral CuS},, and the enhanced stability of Cg%ind CuSjg is VDE: E(neutral at optimized anion geomekry
even more obvious in the cationic form. The curve for E(optimized anion
CusSj,” is, however, rather smooth, so that nearly no magid-rom the definition, the VDE will be larger than the AEA,
feature is observable at CySiand CuSj, . It follows that and their difference reflects the geometric relaxation of the
different patterns for the cationic and the anionic species canluster from the anion to the neutral. The calculated results
arise in mass spectroscopy and other experiments. It shoultte tabulated in Table IV and shown in Figs. 5 and 6. We
be noted that the mass spectrometric measurements ekpect that these data will stimulate further experimental
Beck!® and of Schereet all® were both performed for cat- studies of CuSiclusters.
ionic species. The present analysis suggests that similar re- From Table 1V, we see that the values of the AIP, AEA,
sults should be expected for the neutral species. and VDE for different isomers of Cu$Sare quite close and
Figure 4 shows the size dependence of the dissociatiothey do not change much with cluster size. The former con-
energy for the most stable isomers of Gu8i all charge clusion implies that different isomers of a cluster may hardly
states. Also plotted in Fig. 4 is the size dependence of thee distinguishable by measuring these quantities. For most
dissociation energy for neutral Si; with respect to Si isomers, the VDE is larger than corresponding AEA by 0.2—
+ Si, determined at the B3LYP/6-3#1G(d) level. One 0.3 eV. However, there are several casés, 10a 109
finds that the dissociation energy for CiiShows a similar  where the VDE exceeds the corresponding AEA by as much
size dependence in all charge forms with minimanaté  as 0.5-0.6 eV, indicating that a considerable rearrangement
and 10. This means that Cu stabilizes thef@mework to a  in the cluster geometry is associated with the removal of the
lesser extent in CuSiand CuSj, than in other CuSiclus-  extra electron from the anion.
ters. This finding is consistent with the exceptional stability ~Figures 5 and 6 show, respectively, the size dependence of
of Sig and Sj,, and therefore less stabilization effect can bethe AIP and AEA for the most stable isomers of Guand
anticipated by addition of a Cu atom to these systems than t8i,. The curve for the AEA of Cu§i(Fig. 6) reveals a simi-
the other §j units studied here. lar size dependence to,Sand, for all cluster sizes, the AEA
On the other hand, the curve for the dissociation energy ofor CuSj, is larger than the values for the Cu and the Si
neutral CuSj lies consistently and substantially lower than atoms(Table |) and for the corresponding,Stluster(Fig. 6).
that of neutral Sj,;, indicating that the Cu-Si interaction is In contrast, the AIPs for Cugiand Sj, (Fig. 5 show differ-
much weaker than the Si-Si interaction, in agreement witkent size dependencies and, for all cluster sizes, the CuSi
the conclusion drawn from analysis of CuSi and @imers  units have smaller AIP values than those found for the Cu
(Table ). Because of the much weaker Cu-Si interaction, theand Si atomgTable ) and for the corresponding Stluster
Si-Si bonding is dominant in the CyStlusters and this ex- (Fig. 5). If we compare the curve for the AIP of CySh Fig.
plains why the stability and even the framework of GuSi 5 with the curve for the dissociation energy of Cufi Fig.
can be related to that of Si 4, we find local minima ah=6 and, more remarkably, at
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n=10 in both curves, implying that the ionization potential transfer proceeding from Cu toSas suggested by NPA. A

of the CusSj cluster is related to the Cu-Si interaction. comparison of the HOMOs for $i (C,,-11), Si; (Dg,) and
Finally, the size dependence for the VDE of anionicgp in the plane passing through the equatorial plé3®i to

CuSj,~ species is also shown in Fig. 6. For comparison, thess) is shown in Fig. 7a).

VDEs calcqlated at thg geometries of the C;,JSis_pecies The HOMO of Si~ (C,,-I1) consists almost completely

corresponding, respectively, to the most stable isomers gft orpjtals from the equatorial atoms, i.e., a dominant contri-

anionic Cu§j~ clusters[4a”, 6b", 8a", 10f and12a, | tion(57.39% from thep orbitals of 3Si and 4Si atoms and

denoted by open circles and VD&Y n Fig. 6] an_d to t_he a large contributior{30.5%9 from thes andp orbitals of 5Si

most stable isomers of neutral CySilusters[4a”, 6a, and 6Si atoms. This leads to strong bonds in the 3Si-5Si and

8a , 10a and 12a, denoted by the solid circle and C et : . . : .

' - ' X . 4Si-6Si bridges, but antibonding connections in the 3Si-4Si
VDE(n) in Fig. 6] are both shown. The size dependencies P - I ;
for VDE(a) and VDE() are quite similar, and they are and 5Si-6Si pairgFig. 7(a)]. The contribution of the 1Si and

: " T o
different from the size dependence of the AEA for GuSi tzhsel 22.255?0 dt'rr]:c?;;MrgsoTti ! (.(;Zvelrl) 'Se‘ZTatl)léﬁ d/?np 'T)e_
only atn= 10, indicating that the rearrangement is larger in 4ot direct ulting n very w ng

. X : . tween them.
CuSi than in other cluster sizes when the cluster is nega- . . .
10 g The bonding character among the 1Si to 6Si atoms of

tively charged. Indeed, the structures for the most stable iso- ) s ) _ )
mers of CuSj are largely retained at=4, 6, 8, and 124a, Sig~ (Cyy,-I1) is es;entlally retalqed in the HOMOs ofSi
6a, 8a, and 123 when the clusters are negatively charged,(Psn). 6aandéb [Fig. 7(a)]. For S (Dsp), the top equato-
with a small difference between the VDE and AEA of 0.18- fial atom 7Si has a large charactef25.1%p) in the HOMO
0.30 eV, while the structure for the most stable isomer ofand forms strong bonds with the neighboring equatorial at-
CuSiy (10a) rearranges to another structure in the anionicoms 3Si and 4SjiFig. 7(a)]. For the substitutional isoméb,
form (Fig. 2), where the VDE and AEA differ by 0.60 eV the Cu atom has 13.0% and 3.2%d characters in the
(Table V). HOMO. Therefore, Cu behaves quite similar to the replaced
Si atom, reproducing a relatively strong bond with the neigh-
D. Bonding properties boring equatorial atoms 3Si and 4&iig. 7(a)]. The Cu-Si

ond, however, is still much weaker than the Si-Si bond

. , . . N b
In this subsection, the Cu-Si bonding properties in thegjnce the contribution of Cu to the HOMO 66 is only half
representative isomers of neutral Cu8lusters are analyzed. 4t of 7Si to the HOMO of Si (Ds,). Concerning the
At the B3LYP/GEN level, we found that theéshell of Cuin L oMm0 of the adsorption isomesa, it ;as only 1.1%d and
all somers of CuSi and Cu§ clusters remains nearly o go,p characters on Cu, and shows a striking similarity to
closed® This conclusion is confirmed by the present calcu-iho HOMO of Si~ (C,,-11) in the equatorial plane. The
lation at the B3LYP/6-31% G(d) level, as can be seen from oMo of 6ais hence not shown in Fig.(a.

Table VI, where the natural electronic configurations for the  \pa indicates that. for Si(Dsp), the positive charge re-

(_:” atom in representative isomers of GUSIN  gides on the five equatorial atorfSi to 7Si, each 0.¥)
=4,6,8,10,12) are tabulated. Therefore, thehell of Cuis  \hjje negative charge is found on the two apex atddsi
expected.to play only a small role in Cu-S! bondlr_lg. Sincegng 2Si, each-0.27) (Table \). The charge on Cu of the
the bonding in Cugi has been analyzed in detail at the g jittional isome6b is similar to the equatorial but op-

B3LYP/GEN levef® and the results are similar at the posite to the apex Si atoms of,qDs;). This explains why
BSLYP/6T311+ G(d) level, no further dgscrlptlo.n of this ¢ pstitution of Cu for the equatorial atoms of $Ds,) re-
cluster will be given here and we start with CySi tains stability, but substitution of Cu for the apex atoms leads
to a large reconstruction. Since the charge on Cu is trans-
ferred almost entirely to the two apex atoms 1Si and 2Si in
Among the three isomers identified for CySbaand6b  6b, the Cu atom interacts with the adjacent equatorial atoms
are two competitive candidates for the ground state and reBSi and 4Si through covalent bonding while it interacts with
resent adsorption and substitutional structures, respectivelthe apex atoms 1Si and 2Si through an ionic interaction. In
The geometry of Qiframework is close to i (C,,-11) in  the adsorption isomea, the equatorial atoms 5Si and 6Si
both isomers. Natural population analySPA) indicates that are close to Cu also acquire negative charges, in addition
that the electron transfers i6a and 6b are, respectively, to the adjacent apex atom 2Si. Therefore, the Cu atofain

CuSig

0.52 and 0.64 from Cu to the §j framework (Table V). is bound to the Qiframework mainly through an ionic inter-
Therefore, the structural and charge-transfer features botdction.
suggest that the electronic structureséaf and 6b would It is interesting to compare the substitutional isorgéer

correspond to that of $i (C,,-11). For the substitutional with NaS which has a similar structuré.This cluster was
isomer6b, it is desirable to examine how the Cu atom will determined by Kishet al?? as the ground state of NaSind
modify the electronic structure of the substituted Si atom inreoptimized at the B3LYP/6-311G(d) level. NPA indi-
Si; (Dsgp). cates that there is an electron transfer of as large a®0.90
Examining the molecular orbitals, we find that the HO- from Na to its neighboring atomd Si to 4S) in the substi-
MOs of 63, 6b, and Sj (Ds;,) all clearly correspond to the tutional NaSj structure(Table V). The Na atom in Nagi
lowest unoccupied molecular orbital ofgSIC,,-11) or the  donates its valence electron almost completely to the Si
HOMO of Sig~ (C,,-11). This is consistent with electron framework and behaves like a Naon (Tables V and VJ,
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leading to a nearly purely ionic interaction between Na and For the adsorption isome8b, the contribution of Cu to
the Si framework. Indeed, the HOMO of NaSiwhich is  the HOMO is very small, while the bonding nature among Si
shown in Fig. Ta) has only 4.1%p character on Na. Note atoms in the HOMO is quite similar to that among corre-
that the 3 orbital of Na has one radial node and the delo-sponding Si atoms in the HOMO of S{C,). Therefore, the
calized outer part is too diffuse and weak to be visible in thecu-Si bonding is quite weak iBb. On the other hand, Cu
figure. This bonding mechanism is similar to the predomi-nas a positive charge of 0.62whereas the natural charges
nantly ionic Cu-Si interaction in the adsorption isoréarbut 5, the adjacent 4Si and 6Si atoms are both negative, being
unlike the mixed c_ova_llent z_ind ionic Cu-Si interaction Pré-_o.11e and — 0.3%, respectively(Table V). Therefore, the
vailing in the substitutional isomesb. Cu atom is bound to the Sframework of8b mainly through
CuSig an ionic interaction, similar to the case of the adsorption

] structureba.
The two most stable isomeBa and 8b are also nearly

isoenergetic and represent substitutional and adsorption _
structures, respectively. Similar to CySithe electronic CuSio
structure of8a and 8b can be understood by reference to  CuSi, has five nearly isoenergetic isoméfi®a-10¢ as
Sig~ (C,,) and Sy (Cy). competitive candidates for its ground state, one of which is a
The structure of 3i(C,) can be regarded as a3SiC,,) typical adsorption structurélOb), two are typical substitu-
framework capped atop with a 9Si atdfig. 1). The HOMO tional structureg10c and 10d), and two can be subsumed
of Sig (Cs) has largep coefficients on the atoms from 1Si under either categor{l0a and 10e. We choose to analyze
through 8Si but only 1.9% character on 9Si. This leads to a the bonding in the representati®®a, 10b, and10cisomers.
delocalized bonding among the atoms in the up@&i to The electronic properties df0a 10b, and10c can all be
4Si) and lower (5Si to 8S) rhombi while the interaction related to Sj,” (Cs,). The structure of Si~ (Cg,) is a
between these two rhombi is weakly antibonding. The comeapped TTP and consists of four layers along the trigonal
ponents of the HOMOs of the substitutional isorBarand of  axis (3Si-6Si direction (Fig. 1). Its HOMO has large com-
Sig (Cs) on corresponding Si atoms are very similar. Theponents on all atoms orienting along the trigonal axis. In
contribution of Cu to the HOMO o8a consists of 8.3%p  addition, all atoms except the 4Si-5Si-6Si layer also contrib-
and 3.4%d characters, while the contribution of the replacedute larges components to the HOMO. As a result, strong
8Si atom to the HOMO of Qi(Cs) amounts to 13.2%  delocalized bonds are formed among the three atoms of each
character. A comparison of the HOMOs 0§ $C;) and8ain  layer and between adjacent layers along the trigonal axis,
the plane passing through 8&ir Cu) and two neighboring making this geometry exceptionally stable. The contour map
atoms 5Si and 6Si can be found in Figb) Just like the of this HOMO in a typical plane passing through the trigonal
substitutional structuréb, the Cu atom oBaexhibits a simi-  axis and the 3Si, 6Si, 7Si, and 10Si atoms is shown in Fig.
lar bonding pattern to the replaced 8Si atom of &). 7(c). One finds that the HOMO exhibits alternative positive
We have examined the second HOMO8afand found an  and negative patterns along the trigonal axis.
interesting connection to 5{Dsy). The contour map for the The HOMOs 0f10a 10b, and 10c all correspond to the
second HOMO of the substitutional structi@&in the plane HOMO of Sij,~ (Cg,), showing similar alternating positive
passing through Cu, 1Si, 2Si, and 7Si atoms is shown in Figand negative patterns in the 3Si-6Si directjig. 7(c)]. For
7(b), in which the 1Si and 2Si atoms are at the bottom, Cu ighe adsorption isometOb, the HOMO has largs, consider-
to the right, and 9Si is on the top of the panel but slightly off ablep as well as smaltl components on Cu and these com-
the plane. If we compare this bonding pattern with theponents well match the positive lobe of theorbitals of the
HOMO of 6b in the equatorial plangFig. 7(a)], a striking atoms on the 4Si-5Si-6Si face df0b. Therefore, the Cu
similarity emerges. This bonding similarity roots in the struc-atom of10b is bound strongly to the 4Si-5Si-6Si face of the
tural analogy of the two cluster species. As seen in Fig. 1, th&i,, framework.
structure of § (C,) can be viewed as a distorted framework  For the substitutional isometO¢, the Cu atom has con-
of Si; (Ds;,) bicapped with 3Si and 4Si atoms. For a quan-siderables and p, and smalld components in the HOMO.
titative demonstration of this structural relationship, one mayTherefore, Cu interacts quite strongly with neighboring Si
compare the geometric data for the pentagonal (I1®), 2Si, atoms in10c
and 7Si to 99i of Siy (Cs) with the pentagonal equator of Similar to the adsorption isometOb, the Siy(Cs,)
Si; (Dsy). The 9Si-7Si, 7Si-1Si, and 1Si-2Si bond lengthsframework is largely retained and the Cu atom is capped to a
for Sig (C¢) are 2.49, 2.54, and 2.62 A, respectively, while face of three atoms, 1Si-4Si-9Si, 19a (Fig. 2). The contri-
the 8Si-9Si-7Si, 9Si-7Si-1Si, and 7Si-1Si-2Si bond angledution of Cu to the HOMO ofLOa consists of considerabke
are, respectively, 107.46°, 108.29°, and 105.89°. These vaind smallp characters, which is also similar to the case of
ues are close to the corresponding bond lengths of 2.51 AOb. However, since the three atoms of the capping face
and bond angles of 108.0° for the pentagonal equator of1Si, 4Si, and 9Siin 10a are situated in different layers of
Si; (Dsp). The Cu atom oBais located at one of the equa- the Sig (Cs,) framework and they have domingmcharac-
torial sites, leading to the similarity of the second HOMO for ters in the HOMO that are different in phase at the Cu site,
8a with the HOMO for6a. The change in the order of mo- the Cus orbital cannot overlap effectively with theorbitals
lecular orbitals reflects the influence of the capped 3Si andf the 1Si, 4Si, and 9Si atoms, leading to a weak interaction
4Si atoms. between Cu and the 1Si-4Si-9Si face.
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NPA indicates that Cu has positive charges of 8,62 andR, values for Sj; (C,) are 2.68 and 3.95 A, while the
g\'/i%:’hg?;eg'izvghgg;hf gg'ge*jb;':g‘% g' ng)msl%ir{onbe, 92" corresponding, andR, values are 2.83and 3.81 A fmﬂq,
and10g, respectively(Table V). It seems that the ionic inter- apd 3.01 and 3.72 A fod2a The A, and A, values in
action has a more important role I8athan in10band10c ~ Siz (Cs,) are 109.33° and 67.21°. They change to 103.91°
The bonding feature revealed 10ais similar to those found and 71.64° in12d, and 101.05° and 77.36° ibi2a The Cu
in the adsorption structures 6&.and8b and the isomei0a atom tends to reduce the distortion of the double-chair
may, therefore, be better classified as an adsorption structursamework and regularize it toward the perfect hexagonal

prism of Dg,, symmetry. As will be rationalized below, this
CusSiy, effect of regularization, as compared with ${C3,), can be
ascribed to the tendency of Cu to bond with more Si atoms

| In contrast tof smaller Cu.$i(n|_|=(4,§,8.;|0) (r:llu_sters, the than the 13Si atom and, as shown in Table V, the interaction
owest isomer of Cugj is a cagelike double-chair structure penyeen Cu and Siis characterized by considerable charge
(12a) with Cu at the center site. We focus on the analysis o r

bonding f £ th o q ansfer and hence by a substantial ionic bonding component.
sggn:ﬂﬁg gﬁ:)usrt?titi%ngl eisg?nn&tgzs'te isomigta and Corre-  1hq trend of the geometric regularization of thg,Siame-
. ) X work upon insertion of a central metal impurity, which ma
The electronic properties af2a and 12d can both be P purity y

lated ' (C Th £ Si(C X ‘ act as electron donor or acceptor, is further documented by
related to Si (Cg,). The structure of §4 (Cg,) consists of  \yg;  \here the metal-Si charge transfer was found to be

hexagonal double chairs capped atop with a Si atom. Si - CuSi -
distorted rhombi can be discerned within double chair ar-%gnUCh stronger than in the case of nd the S, cage

rangement(Fig. 1). The HOMO of Sj;(Cjz,), which is Lurggri(_jzzgzm to adopt the shape of a perfect hexagonal
composed of Sm"’?"’. components on the top 13Si atom, b.Ut We now turn to the details of the bonding in the substitu-
large p ands coefficients on the atoms of the double chalrs,,[i nal isomer12d and the center-site isomé@a Compared

is doubly degenerate. Strong delocalized bonds are formeglih the contribution of the atom 13Si in the HOMO of
among the atoms of each chair and between adjacent atorgﬁ (Cs,), the Cu atom has a considerably largeas well

of the two chairs, while the top 13Si atom is weakly bound to, S0 =i/ components in the HOMO of2d. In addition,

::h'e 275& 4Si, and 6Si atoms of the upper chair, as shown 'Wince the double chairs a2d are flatter than %k (C3,) and
ig. 7(d). the Cu-Si bond is shorter than the Si-Si bd@d5 and 2.61

In addition, a noticeable diagonal interaction is foundA in 12dand Sis (Cs,), respectively; the Cu atom is closer
among all atoms on the short diagonals of the six distorte N suae : ' . X
thombi of the double chairs, i.e., among the 1Si—88i—38i90 the upper chair and can interact not only with atoms in the

upper chair, but also with the atoms in the lower chair. Figure
7(d) exhibits the HOMO ofL2d on the plane passing through

. . ? . Cu and the 1Si, 4Si, 7Si, and 10Si atoms. Obviously, Cu
HOMO of Sk3(Cg,) in the plane passing through the 1Si- ¢ ,¢ 5 relatively strong bond with the 1Si atom aﬁd a

2Si-7Si-8Si rhombus. Since the rhombus is distorted, only, ooy er hond with the 4Si-10Si bridge. For the interaction of
the 1Si, 7Si, and 8Si atoms are exactly on the plane while the, i, the 3sj and 5si atoms, and the 2Si-8Si and 6Si-12Si

2Si atom is slightly Oﬁ' OF‘? Sees .that a diagonal bond .isoridges, analogous observations are found. Here Cu shows a
formed through the 1Si-8Si interaction. Because of the ex'sfendency to form multicenter bonds with as many as nine Si

tence O.f the Qiagonal bond, 'the 1Si atom Is pulled down by,ioms in12d. This bonding behavior is quite different from
interaction with 8Si and 12Si atoms while 8Si moves up by, -+ tound in smaller CuSi(n=4.6,8,10) clusters and also
interaction with 1Si and 3Si atoms, leading to a puckere ifferent from that in Sis (Cs )’ ,W,here the 13Si atom

structure of the double chaitgig. 1). mainly interacts with the 2Si, 4Si, and 6Si atoms of the upper

The HOMOs of the center-site isom&Paand the substi- . . -
. . ; chair and forms no bonds with the atoms of the lower chair.
tutional isomerl2d are both derivable from the HOMO of This leads to the expectation that, if Cu is located at the

Si;3 (C3,). The delocalized bond among the atoms of the o : ; )
double chairs and the diagonal bond still existliza and center site, it would bond with all Si atoms of the double

. . . chair framework and this would lead to a higher stability
12d [Fig. 7(e)], but the diagonal bonding and hence thethan12d. This structure is jusi2a

puckering of the double chairs diminish as one goes from ¢ niragt to the substitutional isomi2d, the HOMO of

Sh3 (C3,) t0 12bto 12a This can be seen from a Compa“' the center-site isomeéi2ahas nas or p contribution from the
son g the average lengths of the short and Iong d|_agonaléu atom, and its component of the @ucharacter is also
(R1,R;) and corresponding average opening anghesAz)  small. In fact, the interaction between Cu and thg Bame-

of the rhombi in the double chairs of these clusters. Fokyork is weakly antibonding in the HOMO df2a

to explain the meanings of these quantitiRs.andR, cor-  in 12ais obvious from inspection of the second HOMO,
respond to the lengths of 1Si-8Si and 2Si-7Si whileand  which lies 0.87 eV below the HOMO. This orbital has strong
A, are defined as the average of 2Si-1Si-7Si and 2Si-8Si-7S and p components on all Si aton(80.9% Sis and 44.9%
angles or the average of 1Si-2Si-8Si and 1Si-7Si-8Si anglesi p) and 22.2%p character on the Cu atom which is almost
respectively.R;, Ry, A;, andA, are the averages d®,, twice as large as the contribution of Cu found in the HOMO
R,, A; andA, over all rhombi of the double chairs. Ty  of the substitutional structuréb (13.0% Cup). As a result,

10Si-5Si-12Si-1Si atoms, of 3i(Cs,), forming a chair-like
cyclic diagonal bond. For example, Figurée)/displays the
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similar delocalized bonds are formed among all Si atoms obr substitutional sites, and the geometries of GuSin be
the upper and lower chaif§ig. 7(d)], and the Cu atom in- classified into three types according to the position of Cu in
teracts with all atoms of the double chairs through the overthe cluster: adsorption, substitutional and center-site geom-
lap between the Cp orbital and the delocalized orbitals of etries, with the substitutional type prevailing over the other
the double chair§Fig. 7(d)], forming an overall delocalized two. In CuSj, CuSj, and CuSj, the Cu atom is found to
bonding of the whole cluster. The contour maps in typicaloccupy exclusively surface site@dsorption or substitu-
planes for the delocalized bond among all Si atoms in theional), whereas in Cu$j it is found at both surface and
upper chair(planeB) and the overall delocalized bond be- center sites with slight preference for the surface site.
tween Cu and the giframework(planeA) are shown in Fig.  CuSi,, however, stabilizes in a cagelike geometry. The most
7(d) The delocalized bond in the lower chair is Similar, but stable isomer of Cu% adopts hexagona| double-chair struc-
opposite in phase, to that of the upper chair. So the twqyre with Cu at the center, which bears similarity to the struc-

chairs are not bound directly but are bound through the inyyre of a regular hexagonal prism recently reported in Ref. 23
teraction with Cu. As the contribution of Cu to the seconds, WSy,

Hr?'l\l/lof of 12ais sifablehand steimstl;rom the most gi.ﬁlfse (3) The bulklike chair structure is not favorable for CyiSi
shell o pu(see eloy, the overiap etween ths_p or |ta§ and CuSj, but becomes the most stable form for CySi
of the Si atoms and the orbital of the Cu atom is effective . : N .
. .. showing the onset of some bulklike behavior in GySi
and the role played by the second HOMO in the stabilization (4) The influence of the positive and negative charges on

of the cluster is expected to be strong. . . ;
b g the structures and energetics of all isomers of the Ccifs-

The natures of the bonding detectedlipa and 12d are X _
quite different from all substitutional and adsorption struc-1€'s Studied was examined. The Cu atom acts as an electron

tures we have discussed above for smaller CuGi donor in all CuS§j clusters. It is worth noting that thed3
=4,6,8,10) clusters. These bonding differences can be retd, and & transition-metal (TM) atoms encaged in
lated to the difference in the electronic configuration of Cu infullerenes are also found to exist as catiGhsimilar to the
these clusters. As seen from Table VI, the gopulation of ~ case of Cu in Cugi. However, .the electron transfer in the
Cu is usually quite small in the substitutional or adsorptionendohedral metallofullerenes is much stronger than that
structures of CuSi clusters, and reaches a maximum of found in CuSj and the electrostatic interactions play a domi-
0.07 in the substitutional structurg2d. The 4p population ~ hant role both in stabilizing the endohedral structures and in
of Cu becomes as large as Celid the center-site structure defining the metal impurity p05|“'0nr’§-. _ o

12a In addition, the 4 population of Cu in12a (0.0%) is (5) Various energetic properties, including binding and
also considerably larger than 2d and all other substitu- dissociation energies, adiabatic ionizational potentials and
tional and adsorption structures of CySiclusters electron affinities, and vertical detachment energies are re-
(<0.02%). Therefore, the orbitals of Cu is the most diffuse Ported. The CuSiand Sj, clusters show similar size depen-
in 12d among all substitutional and adsorption structures ofdénce in their binding energies and adiabatic electron affini-
CusSj, clusters, and the orbitals of Cu liRaare even more ties, and different size dependencies in their adiabatic
diffuse than inl12d. We have found that theptand 4d popu-  ionization potentials. The results for the binding and disso-
lations are considerably larger in all center-site structure§iation energies indicate that the Cu-Si interaction is much
than in the substitutional or adsorption structures of Gusi Weaker than the Si-Si interaction. Therefore, the Si-Si inter-
For example, the electronic configuration of Culifgis  actions determine the structure of the, Sramework in
30987 450524025 49006 50.01 (Taple VI). Thus it is a fea- CUSH and the stability of Cugican be well related to that of
ture common to the cagelike isomers investigated here thath - _ _ . ,

the Cu atom at the center site tends to be diffuse and bond (6) The high abundance of Cugiobserved in Beck’s

equally with all surrounding Si atoms, forming a character-mass spectrometric experiment is ascribed to the slightly en-
istic multicenter bond. hanced stability of Cu$j and the existence of a multitude of

nearly isoenergetic low-lying isomers.
(7) The bonding character in the representative isomers of
neutral Cu§j is analyzed by comparison with bonding in
V- CONCLUSIONS Si,~ or Si,, 1. The Cu-Si bond in Cugiis quite strong for
In this paper, a comprehensive study is reported on thénhe substitutional and center-site structures, but weak for the
geometric, energetic and bonding properties of Qu®  adsorption structures where charge transfer and resulting
=4,6,8,10,12) clusters in the neutral and charged states uisnic interaction are found to play a more important role. The
ing a hybrid density functional methoB3LYP) and the bonding between Cu and the,Rnvironment in the substi-
6-311+ G(d) basis set. The results we have obtained can béutional structures is found to be similar to that between the
summarized as follows. replaced Si atom and its surroundings within, Si. The
(1) Three isomers for Cugiand CuSj, nine isomers for exception appears at the level of CySiwhere the Cu atom,
CuSg, 20 isomers for Cugj, and 12 isomers for Cugiare  both in the substitutional and in center-site structures, is
identified. found to form multicenter bonds with as many as nigeb-
(2) The S}, frameworks in most isomers of CySare  stitutiona) to 12 (center-sit¢ surrounding Si atoms.
found to adopt the geometries of the ground-state or low- In a continuation of the effort described here, it will be
lying isomers of Sj or Si,.,, with Cu at various adsorption interesting to investigate the interaction of, 8lusters with
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other metal impurities, specificallyd3TM atoms along the research has recently been finalized and will be reported
lines investigated here. Our results on Gu&uld serve as elsewheré?

reference in these research activities. Further, as the results

presented here underscore the importance of hexagonal cage ACKNOWLEDGMENT
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