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Geometric, energetic, and bonding properties of neutral and charged copper-doped silicon cluster
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The geometric, energetic, and bonding properties of CuSin ~n54, 6, 8, 10, and 12! clusters in neutral and
charged states are studied systematically using a hybrid density functional method~B3LYP!. The Sin frame-
works in most isomers of CuSin are found to adopt the geometries of the ground-state or low-lying isomers of
Sin or Sin11 , with Cu at various substitutional or adsorption sites. Several cagelike structures with Cu at the
center site are found for CuSi10 and CuSi12. A hexagonal double-chair structure with Cu at the center, which
bears a similarity to the structure of a regular hexagonal prism recently reported for WSi12

1 @H. Hiura et al.,
Phys. Rev. Lett.86, 1733~2001!#, is identified as the best candidate for the ground state of CuSi12. The Cu-Si
bond in CuSin 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
CuSi12, where the Cu atom both in the substitutional and in the center-site structures is found to form
multicenter bonds with as many as nine~substitutional! to 12 ~center-site! Si atoms. Various energetic prop-
erties, including binding and dissociation energies, ionization potentials, electron affinities, and vertical de-
tachment energies are reported for CuSin .

DOI: 10.1103/PhysRevB.66.075425 PACS number~s!: 31.15.Dv, 36.40.Cg, 61.46.1w, 73.22.2f
e
t
ib
ge
ge
k

si
uc
c
in
te
a
ab

t
si

co
uc
fo

v

i

g
el
s

iew

s in
ro-
rity
ite

asily
sur-

ong
rs.
ters
an-
the
n

on

d
of

s

the

en-
ing

l

like
I. INTRODUCTION

Since the discovery and large-scale synthesis of C60,
fullerenes and metallofullerenes have been the focus of
tensive investigations. These investigations indicated that
doped atoms can interact with the fullerenes in three poss
ways: ~1! encapsulated inside the fullerene ca
~endohedral!,1 ~2! adsorbed outside the fullerene ca
~exohedral!,2 and~3! incorporated into the fullerene networ
by substitution of carbon atoms~substitutional!.3 The suc-
cessful syntheses of heterofullerenes opened up the pos
ity of fine tuning the electronic properties of the cage str
tures via selected doping. It was found that doped atoms
dramatically modify the electronic properties of fullerenes
a variety of ways, leading to the discovery of unpreceden
phenomena such as superconductivity, magnetism,
chemical reactivity, and that doped atoms can strongly st
lize some fullerenes that are otherwise unstable.4

Similar to fullerenes, intensive research was carried ou
recent years on pure silicon clusters to understand the
dependence of their structures and properties.5–10These stud-
ies revealed that the geometric structures of small sili
clusters differ from those of carbon clusters. Cagelike str
tures of fullerenes have not been experimentally found
pure silicon clusters to date, to our knowledge.

In contrast to metallofullerenes, much fewer efforts ha
been devoted to metal-doped silicon clusters. The problem
the metal-silicon bond was a topic of a number of studies
bulk metal-silicon systems, both experimentally11–13 and
theoretically.14–17The motivation for the great and persistin
interest in this topic consists of both its fundamental r
evance to the understanding of the silicon-based compo
materials and its high degree of practical importance in v
0163-1829/2002/66~7!/075425~23!/$20.00 66 0754
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of the ample use made of metal-doped silicon structure
microelectronic technology. It appears that the basic p
cesses governing the interaction between a metal impu
and the silicon host can be studied more easily in a fin
cluster than in an extended system, as a cluster is more e
accessible to accurate computational analysis than the
face or bulk systems. This consideration provides a str
motivation for the study of the mixed metal-silicon cluste
On the other hand, the hope to explore mixed silicon clus
with special properties for interesting material designs is
other strong motivation for cluster study. For example,
possibility of stabilizing fullerenelike structures of silico
clusters by metal atoms is a topic of increasing interest.

Several experimental projects dealt with the metal-silic
systems. In the pioneering work of Beck,18 the metal-silicon
clustersMSin , with M5Cu, Cr, Mo, and W, were generate
using a laser vaporization technique. The mass spectrum
CuSin (6<n<12) yielded exceptional stability for CuSi10.
More recently, Scherer and co-workers19–21 produced small
metal-silicon clustersMmSin for three noble metal element
(M5Cu,Ag,Au) withm.1. Kishi et al.22 carried out a com-
bined experimental and theoretical study of NaSin (n<7),
and found that the Na atom serves as an electron donor to
Sin framework and that the most stable isomer of NaSin re-
tains the framework of the corresponding Sin cluster nearly
unchanged upon the adsorption of Na.

Very recently, the authors of Ref. 23 reported experim
tal evidence of the formation of stable metal-encapsulat
Si cage cluster ionsMSin

1 ~M5Hf, Ta, W, Re, Ir, etc., with
n514, 13, 12, 11, 9, respectively! and proposed a structura
model of a regular hexagonal prism for WSi12 with the W
atom at the center in anab initio theoretical analysis. This
finding arouses increasing interest in the search for cage
©2002 The American Physical Society25-1
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Si clusters stabilized by metal atoms.
Stimulated by the experimental findings, several com

tational investigations were performed for metal-doped s
con clusters.24–30 Also, considerable efforts have been i
vested in the computational search for fullerenelike silic
clusters stabilized by metal atoms.31,32 Very recently, Kumar
and Kawazoe33,34 reported theoretical findings of sever
types of metal-encapsulating caged structures with high
bility for a series ofM@Sin clusters~n514– 17, M5Cr,
Mo, W, Fe, Ru, Os, Ti, Zr, Hf!.

We have initiated a series of theoretical studies on
geometric and electronic properties of CuSin clusters.28–30In
two recent contributions,28,29 we reported studies of the ge
ometries and stabilities of neutral CuSin (n54,6,8,10,12)
clusters using a hybrid density functional method~B3LYP!.
However, the emphasis of these investigations was on clu
geometries and stabilities, while a bonding analysis was
ried out only for selected CuSi4 and CuSi6 isomers.28 In
addition, since most experimental measurements are
formed on the charged species, the impact of charge on
structures and properties of clusters has to be explored.

In this paper, we extend our study of neutral CuSin (n
54,6,8,10,12) clusters to the neutral and charged species
report results in the following aspects:~1! presenting some
low-lying isomers and examining the influence of positi
and negative charges on the structures and energetic
CuSin clusters;~2! extending the bonding analysis for CuS4
and CuSi6 to clusters up to CuSi12, so as to gain a bette
understanding of the Cu-Si bonding in different types
structures; and~3! presenting our theoretical results of va
ous energetic properties, including binding and dissocia
energies, ionization potentials, electron affinities, and ve
cal detachment energies of CuSin clusters. The paper is ar
ranged as follows: the computational details are describe
Sec. II; the results and discussion are presented in Sec
and our final conclusions are given in Sec. IV.

II. COMPUTATIONAL DETAILS

In previous studies of neutral CuSin (n54,6,8,10,12)
clusters,28,29 we employed the B3LYP hybrid density func
tional method with a basis set labeled GEN, which is a co
bination of the 6-31G(d) basis set for Si and a
@8s,6p,4d,1f # basis set for Cu. The latter is taken fro
Wachter’s@8s,6p,2d# basis set35 augmented byd and f po-
larization functions and is nearly equivalent to t
6-311G(d) basis set. Since diffuse functions are importa
for proper description of anionic clusters, we chose, in
present study, the 6-3111G(d) basis set for both Cu and S
and applied the B3LYP method as in our previous publi
tions.

The quality of the B3LYP/6-3111G(d) scheme for the
description of Cu-Si clusters was tested by calculations o
and Cu atoms and their dimers. As seen in Table I, the
culated bond lengths, binding energies, vibrational frequ
cies, adiabatic ionization potentials, and adiabatic elec
affinities for Si and Cu atoms and their dimers in all char
states are in quite good agreement with available experim
tal data and other ab initio and density-functiona
07542
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calculations.5,7,20,36–48The B3LYP/6-3111G(d) results are
usually close to those of the B3LYP/GEN approach but
veal noticeable improvement in the electron affinities. F
Si2

1 and CuSi2, no experimental data are available and o
B3LYP/6-3111G(d) results compare well with previou
calculations.37,41,45 In addition, we have checked the influ
ence of increasing the number of polarization functions
the 6-3111G(md,n f ) basis set series (m<3,n<2) for Si
and Cu atoms and their dimers as well as for the most st
isomer of CuSi4 ~4a!, and found that the increase in th
number of the polarization functions beyond 6-3111G(d)
has only a slight effect on the geometries@,0.01 Å in the
bond lengths of CuSi4 ~4a!#.

In the calculations performed previously at the B3LY
GEN level, we28,29 searched extensively for the low-lyin
isomers of CuSin by placing a Cu atom at various adsorptio
or substitutional sites and the center of a number of sele
Si frameworks:~1! Cu is placed at various adsorption sit
and the center of the ground-state or low-lying isomers ofn
as determined byab initio and density-functional calcula
tions ~Fig. 1!.5–10 ~2! Cu is placed at various adsorption sit
and the center of highly symmetric cagelike structures
Sin , and~3! Cu is placed at various substitutional sites of t
ground-state or low-lying isomers of Sin11 ~Fig. 1!.5–10

These structures were subject to full geometry optimizat
at the B3LYP/GEN level. Note that these considerations
Cu-Si interactions correspond to the three types of me
fullerene interactions in metallofullerenes.

Most of the geometries reported in this paper for neu
CuSin clusters at the B3LYP/6-3111G(d) level were de-
rived by further relaxing the structures of neutral CuSin at
the B3LYP/GEN level. The relaxation is usually quite sma
In addition, several low-lying isomers were found and r
ported in this paper for CuSi6 , CuSi8 , and especially CuSi12
with above-mentioned search strategy. The influence
charge on the structures, stabilities and energetics of Cn
clusters was then examined by relaxing all neutral isom
without any symmetry constraint in the singly cationic a
anionic charge states.

We assumed a spin doublet state for all neutral and sin
state for all charged CuSin isomers in the present calculation
The doublet states were shown to correspond to the gro
state of neutral CuSin species in our previous
calculations.28,29A spin-unrestricted scheme was adopted
open-shell species, and the spin contamination was foun
be negligible for all cases.

The stabilities of all stationary points were examined
vibrational analysis. In the case of an imaginary frequen
relaxation along the corresponding unstable normal coo
nate was carried out until a true local minimum was reach

The geometries for the ground and low-lying states
pure Sin (n54 – 13) clusters in the neutral and charged sta
were reoptimized at the B3LYP/6-3111G(d) level; see Fig.
1 for comparison with the results of CuSin clusters. All cal-
culations were performed with theGAUSSIAN 94 package.49

III. RESULTS AND DISCUSSION

In the following, we will first describe the geometries an
relative stabilities of individual Sin (n54 – 13) and CuSin
5-2
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TABLE I. Comparison of calculated properties at B3LYP/6-3111G(d) and B3LYP/GEN levels with
experimental data and otherab initio and density-functional results for Si and Cu, atoms and their dim
Re : bond length~Å!; Eb : binding energy~in eV!; ve : vibrational frequency~in cm21!; IP: ionization energy
~in eV!; EA: electron affinity~in eV!.

Re Eb ve IP EA

Si B3LYP/GEN 8.113 0.948
B3LYP/6-3111G(d) 8.112 1.327
QCISD(T)/(7s,6p,3d,1f )a 1.35
G2b 1.355
CASSCF/CASPT21DKc,† 7.92 1.34
Expt. 8.15d 1.385e

Cu B3LYP/GEN 8.030 1.002
B3LYP/6-3111G(d) 8.037 1.212
LCGTO-LSDf 8.61 1.56
CASSCF/CASPT21DKc,† 7.82 0.83
Expt.f 7.724 1.23560.005

Si2 B3LYP/GEN 2.286 3.081 490 7.905 1.815
B3LYP/6-3111G(d) 2.280 3.065 487 7.919 2.091
MP4/(6s,5p,3d,1f )g 2.265 3.06 507
QCISD(T)/(7s,6p,3d,1f )a 2.09
G2 3.191b,h 7.944h 2.208b

Expt. 2.246i,j 3.209i 509610j 7.921k 2.17660.002j

Cu2 B3LYP/GEN 2.265 1.885 249 7.984 0.697
B3LYP/6-6111G(d) 2.279 1.804 241 8.001 0.847
LCGTO-LSDf 2.20 2.60 216 8.69 1.11
LCGTO-GGAf 2.27 2.26 205 8.82 1.39
Expt.f 2.22 2.0860.02 265 7.904 0.83660.006

CuSi B3LYP/GEN 2.247 2.093 332 7.226 1.255
B3LYP/6-3111G(d) 2.251 2.038 326 7.246 1.475
MP2/6-3111G(d) l 1.783 6.874 1.325
QCISD/6-3111G(d) l 2.242 1.830 336 6.744 1.222
QCISD(T)/6-3111G(d) l 2.235 1.787‡ 325 7.009‡ 1.424‡

CASSCF/CASPT2c 2.270 1.985 376 7.052 1.502
CASSCF/CASPT21DKc,† 2.199 2.192 384 7.106 1.520
Expt. 2.28m 2.25,m 2.36n 320m

Si2
1 B3LYP/GEN 2.304 3.289 441

B3LYP/6-3111G(d) 2.302 3.258 435
MP2/6-31G(d)h 2.263

Cu2
1 B3LYP/GEN 2.423 1.932 179

B3LYP/6-3111G(d) 2.450 1.840 166
LCGTO-LSDf 2.34
LCGTO-GGAf 2.36
Expt.f 18768

CuSi1 B3LYP/GEN 2.251 2.897 347
B3LYP/6-3111G(d) 2.255 2.828 340
B3LYP/6-3111G(3d f )o,§ 2.810
MP2/6-6111G(d) l 2.165
QCISD/6-6111G(d) l 2.257 2.270 358
QCISD(T)/6-3111G(d) l 2.258 2.158‡ 311
G2o 2.710
CCSD(T)/6-3111G(3d f )o 2.003¶

CASSCF/CASPT2c 2.194 3.836 372
CASSCF/CASPT21DKc,† 2.152 3.039 371
Expt.o 2.65060.078
075425-3
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TABLE I. ~Continued.!

Re Eb ve IP EA

Si2
2 B3LYP/GEN 2.203 3.948 544

B3LYP/6-3111G(d) 2.198 3.830 537
MP2/6-31G(d)a 2.202

Expt.j 2.20760.005 53365
Cu2

2 B3LYP/GEN 2.393 1.581 187
B3LYP/6-3111G(d) 2.404 1.439 180

LCGTO-LSD2f 2.33 205
LCGTO-GGAf 2.44 183

Expt. 2.3560.01f,p 1.5760.06p 210615f,p

CuSi2 B3LYP/GEN 2.279 2.400 295
B3LYP/6-3111G(d) 2.274 2.186 294
MP2/6-3111G(d) l 2.054

QCISD/6-3111G(d) l 2.262 2.036 283
QCISD(T)/6-3111G(d) l 2.268 2.034‡ 270

CASCF/CASPT2c 2.164 3.015 299
CASSCF/CASPT21DKc,† 2.154 3.037 384~?!

aReference 7.
bReference 36.
cReference 37.
dReference 38.
eReference 39.
fReference 40.
gReference 5.
hReference 41.
iReference 42.
jReference 43.
kReference 44.
lReference 45.
mReference 20.
nReference 46.
oReference 47.
pReference 48.
†DK means one-component relativistic Douglas-Kroll correction.
‡Single-point calculation with geometry optimized at QCISD/6-3111G(d) level.
§Single-point calculation with geometry optimized at B3LYP/6-311G(d) level ~2.142 Å, obtained from the
authors!.

¶Single-point calculation with geometry optimized at MP2/6-31G(d) level ~2.002 Å, obtained from the
authors!.

~?!This datum is questionable since it is too far from the CASSCF/CASPT2 value and is the same as
for CuSi neutral.
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(n54,6,8,10,12) clusters in the neutral and charged sta
then discuss the size dependence of various energetic p
erties of CuSin , including binding and dissociation energie
ionization potentials, electron affinities, and detachment
ergies, and finally analyze the Cu-Si bonding in represe
tive CuSin species.

A. Geometries of the ground-state and low-lying isomers
of pure Sin

Before describing the geometries of CuSin , we summa-
rize the geometries of the ground-state and low-lying i
mers of pure Sin (n54 – 13) clusters that are closely relate
07542
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op-

-
a-

-

to the CuSin structures. The structures of Sin (n54 – 13)
clusters have been studied extensively by bothab initio and
density-functional approaches5–10 and were reoptimized a
the B3LYP/6-3111G(d) level ~see Fig. 1!. For a review, the
reader is referred to Ref. 9.

Among the small Sin clusters (n<13), Si4 , Si6 , Si7 , and
Si10 are found with enhanced stability in the mass spectru
The ground state of Si4 is a planar rhombus (D2h) in the
neutral, cationic and anionic states,5,9 while the ground state
of Si5 is a compressed trigonal bipyramid (D3h).5,9

Si6 has three low-lying isomers very close in energy:5,9 an
edge- and a face-capped trigonal bipyramid~C2v-I and
C2v-II ! and a compressed octahedron (D4h). The
5-4
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FIG. 1. Structures of Sin clusters in the ground and low-lying states (n54 – 13).
ly
d
an

ly.

and
HF/6-31G calculation5 favors the C2v-I isomer over the
C2v-II and D4h ones by 0.043 and 0.434 eV, respective
while the PWB/DNP calculation9 ~using a gradient-correcte
Perdew-Wang-Becke88 exchange-correlation functional
a double numerical plus polarization basis set in DMol! fa-
vors theD4h isomer over theC2v-I one~C2v-II collapses to
D4h! by about 0.006 eV. At the B3LYP/6-3111G(d) level,
07542
,

d

the C2v-I isomer is the ground state while theC2v-II and
D4h ones lie higher by 0.0007 and 0.035 eV, respective
The C2v-I structure remains the ground state of Si6

1, while
theC2v-II structure becomes the ground state of Si6

2 which
has a dihedral angle of 151.77° between the 3Si-1Si-2Si
1Si-2Si-4Si faces~denoted as 3Si-1Si-2Si-4Si! that is much
larger than the corresponding angle of neutral Si6 ~115.03°!.
5-5
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The ground state of neutral Si7 is a pentagonal bipyramid
(D5h),6,9 which corresponds to the Si6 (C2v-II ) framework
capped with a Si atom over the 3Si-4Si bridge. The geom
ric parameters of Si7 (D5h) are much closer to anionic Si6

2

(C2v-II ) than to neutral Si6 (C2v-II ). For example, the 3Si
5Si bond length and the 3Si-5Si-6Si angle in neutral6
(C2v-II ) are 2.72 Å and 99.13°, while the equivalent data
Si6

2 (C2v-II ) are 2.50 Å and 108.96°. The latter are ve
close to the respective values of 2.51 Å and 108.0° in7
(D5h). In fact, there is also a correspondence between
ground-state structures of Si9 (Cs) and Si8

2 ~C2v or C3v!,
Si11 (Cs-I ), and Si10

2 (C3v) as well as Si13 (C2v) and Si12
2

(Cs-II ).
The ground state of neutral Si8 is a distorted bicapped

octahedron (C2h).6,9 In addition, Si8 has two low-lying iso-
mers ~C2v and C3v! ~Ref. 9! which are similar in structure
and are higher than Si8 (C2h) by 0.20 and 0.56 eV, respec
tively, at the B3LYP/6-3111G(d) level. TheC2v and C3v
~7Si-2Si forming the trigonal axis shown in Fig. 1! isomers
can both be viewed as a nearly planar rhombus interac
face to face with another bent rhombus. TheC2h geometry
remains the ground state of Si8

1, while the C2v and C3v
isomers become competitive candidates for the ground s
of Si8

2.
The ground state proposed for neutral Si9 is of C2v sym-

metry at the PWB/DNP level,9 which corresponds to the
ground-state structure of anionic Si8

2 (C2v) capped with a
Si atom over the 7Si-8Si bridge. At the B3LYP/6-31
1G(d) level, this geometry will undergo a slight relaxatio
to aCs symmetry~Fig. 1! with a minute energy gain of 0.01
eV. In addition, Si9 has an important isomer with the sha
of a tricapped trigonal prism (TTP,D3h), which lies higher
than Si9 (Cs) by 1.49 eV at the B3LYP/6-3111G(d) level,
and has been shown to be a building block in many str
tures of larger Sin clusters.9 The Cs isomer remains the
ground state of Si9

1 while the ground state of Si9
2 is a

slightly relaxed TTP structure~Cs symmetry!.9 The ground
states and several low-lying isomers of Si10, Si11, Si12 and
Si13 ~Fig. 1! can all be built from the Si9 (TTP,D3h) struc-
ture by capping additional atoms on various faces.6–10

The ground states of Si10 and Si10
2 are both a tetracappe

trigonal prism (C3v), while the ground state of Si10
1 under-

goes a slight relaxation to aCs symmetry from theC3v
geometry.9 Among the four low-lying isomers of Si11, the
Cs-I , Cs-II ~11a in Ref. 15! andC1 ~11b in Ref. 15! isomers
all maintain the Si10 (C3v) framework nearly unchanged. A
the B3LYP/6-3111G(d) level, theCs-I isomer corresponds
to the ground state of Si11, while the C2v , Cs-II and C1
isomers are higher by 0.09, 0.23 and 0.30 eV, respectiv
Calculations at the PWB/DNP~Ref. 9! and LDA ~Ref. 8!
~local density approximation! levels give the same energ
ordering as that proposed by us for these isomers. In
PWB/DNP calculation,9 where theCs-I , Cs-II andC2v iso-
mers are denoted byCs(I ), Cs(II ) andC2v(I ), theC2v and
Cs-II isomers are higher than theCs-I one by 0.022 and
0.297 eV, respectively, while in the LDA calculation8 theC1
isomer is higher than theCs-II one by 0.132 eV.
07542
t-

i
e

g

te

-

ly.

e

The ground state of Si12 has aC2v symmetry at the PWB/
DNP level,9 which corresponds to the Si11 (Cs-II ) structure
capped with an extra Si atom on the 4Si-5Si-6Si face. At
B3LYP/6-3111G(d) level, however, such a configuration
a transition state and relaxation leads to two isomers,Cs-I
andCs-II , with the former lower than the latter by 0.49 e
TheCs-I isomer is the ground state of Si12 andSi12

1, while
the Cs-II structure is the ground state of Si12

2.
Further capping the 2Si-5Si-8Si face of Si12 (Cs-II ) leads

to Si13 (C2v). This isomer was found by Rataet al.10 @de-
noted therein asC2v(II )#as the newest candidate for th
ground state of Si13

1, which is lower than the earlier pro
posed ground state for Si13

1 ~C2v isomer in Ref. 9! by 0.39
eV at the PWB/DNP level, and we relaxed it for the neutr
In addition, Si13 has two other low-lying isomers~Cs and
C3v! that cannot be built from Si9 ~TTP!. TheCs isomer was
proposed as the ground state of Si13 in the PWB/DNP
calculation9 and it can be regarded as grown from a S8
(C2v) unit. The C3v isomer is a top-capped double-cha
structure, reminiscent of the bulklike chair structure of S6
(D3d) discussed in Ref. 11, and it is higher than theCs
isomer by 0.13 eV at the PWB/DNP level.9 At the
B3LYP/6-3111G(d) level, theC2v isomer corresponds to
the ground state of neutral Si13 while theCs andC3v isomers
are higher by 0.31 and 0.49 eV, respectively.

B. Geometries and relative stabilities of CuSin

Based on the ground-state and low-lying structures ofn
described above, as well as the possible highly symme
cagelike structures of Sin , and using the optimization strat
egy described in Sec. II, we have conducted an exten
search for the low-lying isomers of CuSin (n
54,6,8,10,12). In total, three isomers for CuSi4 and CuSi6 ,
nine isomers for CuSi8 , 20 isomers for CuSi10, and 12 iso-
mers for CuSi12 have been found.

Since the experimental observations correspond to
most stable isomers, we will focus for each CuSin species on
the structures and properties of the isomers nearly isoe
getic with the most stable one~within 0.1 eV! and of some
selected isomers of special interest to our discussion w
the remaining isomers will be described only briefly. T
optimized geometries for the selected CuSin clusters are pre-
sented in Fig. 2, and related properties are listed in Tab
III–VI and shown in Figs. 3–7. Optimized geometric param
eters are given in Table II only for the most stable isomer
CuSin . The results for other isomers are available from t
authors upon request. The isomers for selected neutral Cn
are labeled asna, nb,... according to their energy ordering
while the corresponding isomers for CuSin

1 and CuSin
2 are

labeled asna1, nb1,... andna2, nb2,..., respectively.

CuSi4

Among the three isomers we identified for CuSi4 ~4a, 4b,
4c!, the framework of a planar Si4 (D2h) rhombus is nearly
retained in4a and4b with Cu at a face and an off-plane edg
adsorption position, respectively~Fig. 2!. Isomers4b and4c
are obtained by the substitution of Cu for a Si atom at
5-6
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FIG. 2. Structures of selected CuSin clusters in neutral and charged forms (n54 – 12).
075425-7
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apex or the equatorial site of Si5 (D3h), respectively. For all
three isomers, symmetric adsorption, i.e., the top adsorp
of Cu over the midpoint of planar Si4 rhombus in4a, the
coplanar adsorption of Cu on the 2Si-4Si edge of the pla
Si4 rhombus in4b, and the top adsorption of Cu over th
midpoint of the 1Si-2Si bridge of the bent Si4 rhombus in4c,
turn out to be first-order transition states, which lie high
than the corresponding local minima only by 0.04–0.06

The three structures for neutral CuSi4 species reduce to
two different structures both in the cationic (4a1

54c1,4b1) and in the anionic (4a254b2,4c2) charge
states~Fig. 2 and Table III!. For the cationic species, th
symmetric top adsorption and coplanar edge adsorption
figurations, which are the transition states for neutral4a and
4b, become the local minima for4a1 ~Fig. 2! and 4b1,
respectively. For the anionic species,4a254b2 can be de-
scribed as an apex adsorption of Cu on the 4Si atom o
nearly planar Si4 rhombus, while4c2 maintains the frame-
work of neutral4c nearly unchanged.

The relative energies of these species are listed in T
III. For the neutral species, the three isomers are ne

FIG. 2. ~Continued.!
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isoenergetic. For the cationic and anionic species, howe
the two isomers are separated in energy by as much as 0
and 0.156 eV, respectively, and are, therefore, energetic
distinguishable. For the cationic species, the energy orde
4a1 and 4b1 changes as compared to the neutral spec
Because both the geometries and the relative stabilities o
neutral species are considerably different from the char
ones, any attempt to explain experimental results obtai
for the charged species—such as mass spectroscopy, p
electron spectroscopy, and ion mobility data—on the basi
the structures of the neutral clusters, is not justified.

CuSi6

Among the three isomers identified for CuSi6 , 6a corre-
sponds to a face adsorption of Cu on the Si6 (C2v-II ) frame-
work while 6b can be considered either as a top adsorpt
of Cu over Si6 (C2v-II ) or an a substitutional structure of S7
(D5h) with Cu at the equatorial 7Si site~Fig. 2!. Similar to
Si7 (D5h), the Si6 framework in both6a and6b can be much
more readily related to anionic Si6

2 (C2v-II ) than to neutral
Si6 (C2v-II ). To be specific, the 3Si-5Si bond length and t
3Si-5Si-6Si angle are 2.48 Å and 110.05° in6a ~see Table
II !, and 2.48 Å and 108.78° in6b, which are much closer to
the corresponding parameters in Si6

2 (C2v-II ) ~2.50 Å and
108.96°! than in neutral Si6 (C2v-II ) ~2.72 Å and 99.13°!. A
substitutional structure similar to the present6b was reported
by Kishi et al.22 as the ground state of NaSi6 .

The last isomer6c represents the top adsorption of C
above a hexagonal chair structure of Si6 (D3d).5 This isomer
is of interest since the chairlike framework of Si6 is a frag-
ment of bulk Si lattice and can be considered to be a fin
counterpart of bulk Si.

It is worth pointing out that the substitutional isomer6b
can be obtained either by substituting Cu for one of the eq
torial atoms of Si7 (D5h) or by inserting Cu at the center o
a regular (Oh) or compressed (D4h) octahedron of Si6 . In
the latter two cases, the Cu atom does not remain statio
at the center of the cage but moves to the surface, and the6
~Oh or D4h! framework relaxes into the ground-state stru
ture of Si6

2 (C2v-II ). This indicates that a cagelike structu
with Cu at the center site is not favored for CuSi6 . The
reason is that the Si6 ~Oh or D4h! cage is too small to enclos
a Cu atom at the center without significantly weakening
Si-Si ligand interaction.

The three structures for neutral CuSi6 are largely retained
in the anionic charge state but will reduce to two~6a1

56b1 and6c1! structures in the cationic form~Fig. 2!. The
6a156b1 structure corresponds to a face adsorption of
on Si6 (C2v-I ) ~Fig. 1!, whereas6c1 adopts a structure simi
lar to neutral6c.

From Table III, one finds that6a and6b are competitive
candidates for the ground state of CuSi6 , and represent an
adsorption and a substitutional structure, respectively, in
charge states. The bulklike isomer6c is considerably higher
than 6a or 6b, especially in the neutral and cationic char
states, indicating that the bulklike structure is unfavorable
CuSi6 . Note that the framework of Si6 in 6a and6b changes
from Si6 (C2v-II ) in the neutral and anionic species to S6
5-8
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TABLE II. Optimized geometries~Å and degrees! for the most stable isomers of CuSin ~4a, 6a, 8a, 10a,
12a! at the B3LYP/6-3111G(d) level. The dihedral angle between theA-B-C andB-C-D planes is denoted
by A-B-C-D.

Cluster Symmetry
Geometric
parameter

Optimized
value

Geometric
parameter

Optimized
value

CuSi4 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

CuSi6 Cs Cu-2Si 2.3508 2Si-3Si 2.4506
Cu-5Si 2.4421 2Si-5Si 2.8876
1Si-2Si 2.4779 5Si-3Si 2.4764
1Si-3Si 2.4106 5Si-6Si 2.4446
2Si-5Si 2.4807 3Si-5Si-6Si 110.0478

CuSi8 C1 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

CuSi10 C1 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

CuSi12 C2h 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
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(C2v-I ) in the cationic species. This transformation is rela
to the change in the charge of the Si6 framework in6a and
6b in different charge states. Natural population analy
~NPA! ~Table V! indicates that the Si6 framework has a nega
tive charge in both the neutral and the anionic species o6a
and6b ~20.52e and20.64e for 6a and6b and21.36 and
21.58 for 6a2 and 6b2!. Therefore, the Si6 framework in
both the neutral and the anionic species of6a and6b corre-
sponds to Si6

2 (C2v-II ), which is the ground state for Si6
2.

In contrast, the Si6 framework in 6a156b1 possesses a
positive charge (10.35e), and hence tends to rearrange
the ground state Si6

1 (C2v-I ) structure.
As a general observation, we have found that the Cu a

adopts a positive charge in all CuSin (n54,6,8,10,12) iso-
mers investigated, and its charge changes only slightly w
different charge states and sizes of the cluster. Typically,
charge of Cu in CuSin is around (0.50– 0.60)e in the neutral
and the anionic species, and (0.30– 0.40)e in the cationic
07542
d
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m

th
e

species. As a representative case, the natural charges fo
oms of6a in different charge states are indicated in Table
Therefore, the Sin framework exhibits a negative charge
all the neutral and the anionic species, and a positive ch
in all the cationic species of CuSin . This leads to the finding
that, as is the case for CuSi6 , most of the anionic isomers
adopt structures similar to the corresponding neutral spe
while more cationic isomers are found with structures diff
ing from their neutral counterparts.

CuSi8

Four ~8a–8d! of the nine isomers identified for CuSi8 are
shown in Fig. 2. Isomers8a and8b are a substitutional struc
ture of Si9 (Cs), with Cu occupying the 8Si site, and a
adsorption structure of Si8 (C2v) with Cu capped over the
4Si-6Si bridge, respectively.

The other two isomers8c and8d are obtained by inserting
Cu at the center of Si8 (C2h) or Si8 (C2v), respectively.
5-9
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TABLE III. Relative energyDE ~in eV!, binding energy per atomEb ~in eV/atom!, and dissociation
energyDe ~in eV! for selected neutral and charged CuSin species (n54,6,8,10,12). For their definitions, se
the text.

Cluster Neutral Cation Anion

DE Eb De DE Eb De DE Eb De

CuSi4 4a 0.000 2.466 1.453 0.000 2.680 2.523 0.000 2.674 1.715
4b 0.003 2.466 1.450 À0.373 2.755 2.896 →4a2

4c 0.086 2.449 1.367 →4a1 0.156 2.643 1.559
CuSi6 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 →6a1 À0.005 2.946 1.742
6c 0.913 2.674 0.724 1.179 2.830 1.815 0.126 2.927 1.6

CuSi8 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 2.2
8c 0.357 2.849 1.642 0.258 3.015 3.142 0.401 3.023 1.7
8d 0.949 2.783 1.050 0.542 2.984 2.858 0.615 2.999 1.5

CuSi10 10a 0.000 3.009 1.356 0.000 3.178 3.210 0.000 3.157 1.95
10b 0.006 3.008 1.350 0.229 3.157 2.98120.008 3.157 1.959
10c 0.049 3.005 1.307 0.048 3.173 3.162 0.180 3.140 1.7
10d 0.090 3.001 1.267 0.127 3.166 3.083 0.190 3.139 1.7
10e 0.091 3.001 1.265 À0.069 3.184 3.280 0.422 3.118 1.529
10f 0.289 2.983 1.068 0.494 3.133 2.716À0.077 3.164 2.027
10g 0.392 2.973 0.964 0.579 3.125 2.631 0.588 3.103 1.3
10h 0.405 2.972 0.951 0.925 3.093 2.850 0.528 3.109 1.4
10i 0.422 2.905 0.208 0.755 3.109 2.455 0.657 3.969 1.2

CuSi12 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 À0.244 3.185 3.677 0.500 3.164 2.233
12c 0.342 3.034 1.708 20.207 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 2.6
12e 0.855 2.994 1.196 0.441 3.132 2.992 0.950 3.129 1.7
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Strong relaxation occurs in8c and 8d, and the Cu atom
moves from the center to the surface, which is similar to
observation made for CuSi6 and indicates that the surface
site structure is preferred over the center-site structure b
for CuSi6 and for CuSi8 .

In addition to8a, three other substitutional structures
Si9 (Cs) are identified with Cu at the 4Si, 6Si, or 9Si site
respectively, which are higher than8a by 0.36–0.50 eV. The
substitution of Cu for 7Si in Si9 ~TTP, D3h! and the top
adsorption of Cu over Si8 (C2v) leads to two other isomer
with energies higher than8a by around 0.26 eV, but the
framework of these isomers reconstructs considerably. Th
five isomers are not shown in Fig. 2.

We note that8a can be obtained from several differe
initial geometries: It can be derived from substitution of C
for 8Si in Si9 (Cs) or for 1Si in Si9 (D3h), or from the
insertion of Cu either at the center of Si8 (C2v) or the center
of tetrahedral cage of Si8 . Similar to CuSi6 , the Cu atom in
the latter two cases is found to be unstable in the ce
position and moves to the surface while the framework of8
relaxes into that of Si9 (Cs).

All of the above results document that the cagelike str
ture with Cu at the center site is unfavorable both for Cu6
and for CuSi8 . Alternatively, isomer8d bears similarity with
the chair structure of6c with two more atoms~7Si and 8Si!
capped on the 1Si-3Si and 2Si-3Si edges~Fig. 2!. Just like
07542
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CuSi6 , 8d is also much higher than the most stable isom
8a, by 0.95 eV~Table II!, suggesting that the bulklike struc
ture is preferred neither for CuSi6 nor CuSi8 .

The investigated charged CuSi8 clusters nearly maintain
the structures of the neutral species for all four isomers~8a–
8d! in anionic form, and for8b1, 8c1, and8d1 in cationic
form, while 8a1 is relaxed to a structure of6a capped with
an 8Si-9Si dimer on the 5Si-6Si-Cu face. In fact, the str
ture of neutral8a can be related to another isomer of CuSi6 :
it can be viewed as the structure of6b bicapped with 3Si and
4Si. As will be shown in Sec. III D, this connection leads
a notable similarity in the bonding properties of CuSi6 and
CuSi8 . From Table III, we find that8a and8b are competi-
tive candidates for the ground state of CuSi8 in all charge
states.

CuSi10

CuSi10 is the cluster that occurs with the highest abu
dance in the mass spectrum.18 Accordingly, the largest num-
ber of isomers has been identified for CuSi10 among the
CuSin (n54,6,8,10,12) series in our extensive search, a
most of them represent substitutional structures.

In total, twenty isomers have been found for CuSi10 and
nine of them~10a–10i! are shown in Fig. 2. The structures o
these twenty isomers can be classified into three types:
adsorption structures, 15 substitutional structures~with three
also belonging to the adsorption type!, and three center-
5-10
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TABLE IV. Adiabatic ionization potential~AIP, in eV! and elec-
tron affinity ~AEA, in eV! for selected neutral CuSin species as well
as vertical detachment energy~VDE, in eV! for corresponding an-
ionic CuSin

2 species (n54,6,8,10,12).

Cluster AIP AEA VDE VDE2AEA

CuSi4 4a 6.968 2.365 2.591 0.226
4b 6.592 2.368 2.591 0.223
4c 6.882 2.295 2.791 0.496

CuSi6 6a 6.680 2.308 2.606 0.298
6b 6.603 2.391 2.513 0.122
6c 6.947 3.095 3.509 0.414

CuSi8 8a 6.636 2.940 3.183 0.243
8b 6.666 3.031 3.352 0.321
8c 6.537 2.896 3.128 0.232
8d 6.229 3.274 3.564 0.290

CuSi10 10a 6.183 2.950 3.550 0.600
10b 6.407 2.964 3.211 0.247
10c 6.182 2.819 3.169 0.350
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
10h 6.703 2.828 2.919 0.091
10i 6.516 2.715 2.961 0.246

CuSi12 12a 6.590 3.175 3.352 0.177
12b 6.136 2.950 3.179 0.229
12c 6.105 2.915 3.279 0.364
12d 6.654 3.468 3.645 0.177
12e 6.240 3.080 3.306 0.226
07542
site structures. Elements of the first two classes have b
found in the smaller CuSin clusters (n54,6,8), in which the
Cu atom always stays at a surface~adsorption or substitu-
tional! site. However, no endohedral~center-site! structures
with Cu occupying the center of a cagelike Si framewo
have so far been found stable for CuSi4 , CuSi6 , and CuSi8 .

Isomers10a–10e are the five competitive candidates fo
the ground state of CuSi10 ~Fig. 2 and Table III!. Isomer10b
is an adsorption structure of Si10 (C3v), 10c and 10d are

TABLE VI. Natural electronic configuration for Cu and Na a
oms in selected isomers of CuSin and NaSi6 cluster (n
54,6,8,10,12).

Cluster Natural electronic configuration

CuSi4 4a Cu 3d9.904s0.584p0.044d0.01

4b Cu 3d9.914s0.584p0.03

4c Cu 3d9.884s0.554p0.054d0.01

CuSi6 6a Cu 3d9.894s0.554p0.03

6b Cu 3d9.894s0.414p0.05

NaSi6 Na 3s0.093p0.01

CuSi8 8a Cu 3d9.864s0.514p0.054d0.01

8b Cu 3d9.914s0.554p0.02

CuSi10 10a Cu 3d9.904s0.454p0.024d0.01

10b Cu 3d9.904s0.584p0.025s0.01

10c Cu 3d9.874s0.504p0.054d0.01

10g Cu 3d9.874s0.524p0.254d0.065s0.01

CuSi12 12a Cu 3d9.874s0.424p0.164d0.055s0.02

12d Cu 3d9.884s0.424p0.074d0.025p0.01
TABLE V. Natural charges for all atoms in selected isomers of CuSin , Sin11 , and NaSi6 clusters (n54,6,8,10,12).

Cluster Cu/Na Si~1! Si~2! Si~3! Si~4! Si~5! Si~6! Si~7! Si~8! Si~9! Si~10! Si~11! Si~12! Si~13!

CuSi4 4a 0.47 20.19 20.19 0.04 20.13
4b 0.48 20.06 20.36 0.10 20.16
4c 0.51 20.18 20.18 20.04 20.11

CuSi6 6a 0.52 20.25 20.31 0.12 0.12 20.10 20.10
6a1 0.65 20.27 20.41 0.02 0.52 0.40 0.09
6a2 0.36 20.33 20.25 20.16 20.16 20.23 20.23
6b 0.64 20.32 20.32 20.03 20.03 0.03 0.03

Si7 (D5h) 20.27 20.27 0.11 0.11 0.11 0.11 0.11
NaSi6 0.90 20.36 20.36 20.12 20.12 0.03 0.03
CuSi8 8a 0.57 20.20 20.28 0.13 0.14 20.16 20.16 20.02 ----- 20.03

8b 0.52 20.13 20.13 0.11 20.11 20.17 20.35 0.13 0.13
Si9 (Cs) 20.14 20.14 0.15 0.17 20.17 20.20 0.07 0.07 0.19
CuSi10 10a 0.62 20.33 20.14 20.13 20.19 0.08 20.03 0.01 0.00 20.16 0.28

10b 0.49 20.13 20.13 20.13 20.12 20.12 20.12 20.01 20.01 20.01 0.30
10c 0.57 20.29 20.29 20.22 20.02 20.02 20.15 ----- 20.03 20.03 0.33 0.16

Si11 (Cs-II ) 20.22 20.22 20.32 0.05 0.05 20.19 0.12 0.04 0.04 0.42 0.23
CuSi12 12a 0.48 20.08 0.02 20.12 0.05 20.12 0.02 0.05 20.12 0.02 20.08 0.02 20.12

12d 0.60 20.19 0.00 20.19 0.00 20.19 0.00 0.06 20.07 0.08 20.13 0.08 20.07
Si13 (C3v) 20.05 20.06 20.05 20.06 20.05 20.06 0.09 20.04 0.09 20.04 0.09 20.04 0.16
5-11
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substitutional structures of Si11 (Cs-II ) and Si11 (Cs-I ), re-
spectively, and10a and 10e can be described either as tw
adsorption structures of Si10 (C3v) or as substitutional struc
tures of Si11(C1) and Si11(Cs-I ), respectively. Thus the mos
stable isomers of CuSi4 , CuSi6 and CuSi10 ~4a, 6a, and10a!
all correspond to adsorption structures, in agreement with
magic feature of Si4 , Si6 , and Si10 clusters.

In addition, we have identified 12 other adsorption or su
stitutional isomers that are higher than10a–10e by 0.11–
0.72 eV, of which one is an adsorption structure of Si10 (C3v)
with Cu capped over the 7Si-10Si bridge, five are subst
tional structures of Si11(Cs-I ) with Cu at the 3Si~10f in Fig.
2!, 4Si, 6Si, 7Si, and 9Si sites, three are substitutional st
tures of Si11 (Cs-II ) with Cu at the 8Si, 10Si, and 11Si site
@the one with Cu occupying the 11Si site can also be coun
as an adsorption structure of Si10 (C3v)#, and three are sub
stitutional structures of Si11 (C2v) with Cu at the 3Si, 7Si,
and 9Si sites, respectively. These isomers are not show

FIG. 3. Size dependence of the binding energy per atom~in
eV/atom! for the most stable isomers of neutral and charged Cun

as well as neutral Sin clusters (n54 – 12).

FIG. 4. Size dependence of the dissociation energy~in eV! for
the most stable isomers of neutral and charged CuSin clusters as
well as neutral Sin11 clusters (n54 – 12).
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Fig. 2, except10f, since this is the most stable isomer in th
anionic charge state.

The three center-site isomers10g, 10h, and10i lie about
0.4 eV above10a–10e ~Fig. 2 and Table III!. In 10i, Cu
occupies the center of Si10 (C3v). This structure is less stabl
by 0.42 eV than the corresponding adsorption structu
~10a, 10b, and10e!, where Cu is adsorbed on various surfa
sites of Si10 (C3v) ~Table III!.

By inserting Cu at the center of a tetracapped octahed
(Td) of Si10 and relaxing the geometry, we have obtain
two isomers. One is the center-site structure10g while the
other is a substitutional structure of Si11 (C2v) with Cu at the
3Si site, and the former is higher than the latter by 0.23

From the above comparison of10g and 10i with corre-
sponding adsorption and substitutional structures, we c
clude that the center-site structures are still unfavorable

i
FIG. 5. Size dependence of the adiabatic ionization potentia~in

eV! for the most stable isomers of CuSin and Sin clusters (n
54 – 12).

FIG. 6. Size dependence of the adiabatic electron affinity~AEA,
in eV! for the most stable isomers of CuSin and Sin , and the ver-
tical detachment energies~VDE, in eV! for CuSin

2 (n54 – 12). For
comparison, the VDEs calculated at the geometries of CuSi

n

2 cor-
responding to the most stable isomers of anionic CuSin

2 @open
circle, VDE(a)# or of neutral CuSin @solid circle, VDE(n)# species
are both shown.
5-12
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CuSi10, but they become quite comparable in energy w
the adsorption and substitutional structures.

We have also considered the insertion of Cu at the ce
of a bicapped tetragonal antiprism (D4d) of Si10. This highly
symmetric cagelikeD4d structure was proposed by King50 as
a geometric model of CuSi10, and was expected to show
high stability to account for the pronounced abundance
CuSi10 as observed in Beck’s mass spectrome
experiment.18 Optimization at the B3LYP/6-3111G(d)
level, however, indicated that theD4d structure of CuSi10 is
unstable and rearranges to the10i structure. From the abov
description, we know that there exist a number of low-lyi
isomers for CuSi10 that exhibit a variety of structures and a
very close in energy. For this reason, the high abundanc
CuSi10 observed in the mass spectrum18 should not be as-
cribed to the geometric stability of a specific structure, bu
the existence of a multitude of near-degenerate isomers

We examined the influence of charge on the structure
all isomers of CuSi10. The structures for the eight neutr
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isomers~10b–10i! shown in Fig. 2 are all essentially re
tained in both the cationic and the anionic forms, with10e1

and10f2 being the most stable among the respective char
species. The structure of neutral10a is maintained in the
cationic form, but it transforms to a substitutional structu
of Si11 (Cs-II ) in anionic form~Fig. 2!. As seen in Table III,
the energy spacing between these isomers increases co
erably when the clusters are charged, similar to the obse
tions made for CuSi4 . Therefore, these isomers may be d
tinguishable more easily as cations or anions than
neutrals.

CuSi12

12-atom clusters can form a number of highly symmet
cagelike structures with the following symmetries: icosah
dron (I h), octahedron (Oh), bicapped pentagonal antiprism
(D5d), hexacapped trigonal prism (D3h), and hexagonal
uSi
right, and

uSi
s:

Si
2Si atom
ly
FIG. 7. ~a! Contour maps~arbitrary units! for the HOMO’s of Si6
2 (C2v2II ), Si7(D5h), CuSi6 ~6b!, and NaSi6 in the plane passing

through the 3Si-6Si atoms. Cu and Na are on the top of the panel.~b! Contour maps~arbitrary units! for the HOMO’s of Si9 (Cs) and CuSi8
~8a! in the plane passing through 5Si, 6Si, and 8Si~or Cu! atoms, with 8Si or Cu on the top of the panel, and the second HOMO of C8

~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
9Si is on the top of the panel but slightly off the plane.~c! Contour maps~arbitrary units! for the HOMO’s of Si10

2 (C3v) and CuSi10 ~10a,
10b, and10c! in the plane passing through the 3Si, 6Si, 10Si, and 7Si~or Cu for 10c! atoms.~d! Contour maps~arbitrary units! for the
HOMO’s of Si13 (C3v) and CuSi12 ~12d! in planeA passing through the 1Si, 4Si, 7Si, and 10Si atoms, and the second HOMO of C12

~12a! in planeA, and in planeB passing through the 2Si, 3Si, 5Si, and 6Si atoms.~e! The diagonal bond between the 1Si and 8Si atom
contour maps~arbitrary units! for the HOMO’s of Si13 (C3v), CuSi12 ~12a and 12d! in the plane passing through the 1Si-2Si-7Si-8
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
is slightly off it for Si13 (C3v) and 12d because of the distortion of the rhombus. For12a, the distortion of the rhombus is considerab
reduced as compared with Si13 (C3v), and the four atoms can be seen in the plane.
5-13
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FIG. 7. ~Continued.!
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FIG. 7. ~Continued.!
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prism (D6h). The Si12 cluster provides a suitable test case
the exploration of the question: Can Cu stabilize cageliken

structures?
Based on the cagelike frameworks indicated above as

as the ground-state and low-lying structures of Si12 and Si13

~Fig. 1!, we performed an extensive search for stable isom
of CuSi12. Altogether, we identified 12 isomers for CuSi12

which can be classified into two types: nine substitutio
structures~with one also belonging to the adsorption typ!
and three center-site structures; five selected isomers of t
are plotted in Fig. 2.

In contrast to CuSi4 through CuSi10, where the most
stable isomer is derivable from the ground-state structur
Sin

2 ~4a, 6a, 10a! or Sin11 ~8a! with Cu at an adsorption o
a substitutional site, the lowest isomer of CuSi12 adopts the
shape of a cagelike hexagonal double-chair~12a! with Cu at
the center of the cage~Fig. 2!. This geometry does not cor
respond to the ground-state structures of Si12 (Cs-I ) or Si13

(C2v), but is related to a higher-lying isomer of Si13 (C3v).
Similar results was reported for metallofullerenes, namel
discrepancy between the cage structure of some endoh
metallofullerenes and the structure of the most stable iso
of pure fullerenes.51

It is worth noting that12a is quite similar to the regula
hexagonal prism recently proposed in Ref. 23 as the grou
state structure of WSi12. We have found that, if Cu is re
placed by W in our center-site isomer12a, relaxation will
lead to the regular hexagonal prism structure of WSi12.27,52

However, charge transfer between the metal and the12
framework in these two systems are found to proceed
opposite directions and their bonding characters are fo
different.52

Isomer12acan be obtained from several different starti
geometries. One arrives at this unit by inserting a Cu atom
the center of the Si12 ~D3h or D6h! cage, by adsorbing a C
atom on a face of the Si12 (Oh) cage, or by substituting a C
atom for the 13Si atom of Si13 (C3v) and moving it to the
center of the double-chair framework.

The 12a structure has some similarity to bulk Si, as ha
6c and 8d. Note that the chairlike structure appears as
least stable isomer both for CuSi6 and for CuSi8 , but it turns
out to be the most stable for CuSi12, implying that some
bulklike behavior might emerge in CuSi12. As will be shown
in Sec. III D below, the bonding nature in12a also reveals
interesting features. Of course, the12astructure is still quite
different from the bulk, since the binding energy of12a~3.06
eV/atom! is much smaller than that of bulk Si~4.64
eV/atom!,5 and the relative positions of the double chairs
12a and in bulk Si are different.

In addition to12a, we have found two other endohedr
geometries of CuSi12, in which the Cu atom is at the cente
of Si12 (Cs-II ) ~12e in Fig. 2! and Si12 ~D5d or I h! ~not
shown in Fig. 2!. These isomers are, however, much high
in energy than12a, by 0.86 and 1.74 eV, respectively.

The remaining nine isomers all belong to the subst
tional group, of which four are substitutional structures
Si13 (C2v) with Cu at the 7Si site~12b in Fig. 2! and the 8Si,
10Si and 13Si~12c in Fig. 2! sites; four are substitutiona
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structures of Si13 (Cs) with Cu at the 2Si, 4Si, 8Si, and 13S
sites; and one is a substitutional structure of Si13 (C3v) with
Cu at the 13Si site~12d in Fig. 2!. These isomers are highe
than the most stable isomer12a by 0.28–1.27 eV. The sub
stitutional isomer12c can also be classified as an adsorpti
structure of Si12 (Cs-II ) and it is the only adsorption struc
ture we have identified for CuSi12.

Isomers12c and 12e are both derived from the groun
state of Si12 (Cs-I ) with Cu at an adsorption site or at th
center, respectively. In both isomers, the Si12 framework
transforms to that of Si12 (Cs-II ), which is the ground state
of Si12

2, and these two isomers are higher than the m
stable isomer12a by 0.34 and 0.86 eV respectively, indica
ing that the growth pattern of CuSin based on the ground
state structures of Sin or Sin11 , as observed in CuSi4 through
CuSi10, becomes unfavorable atn512; thus the systematic
of the CuSin size evolution is expected to change asn>12.

It is interesting to compare the relative stability of th
center-site structure12a and corresponding substitutiona
structure12d, both of which have a double-chair framewo
of Si12. From Table III, one finds that12a is more stable
than 12d by 0.35 eV, showing a clear preference of t
center-site structure over the substitutional structure
CuSi12.

From the above description and Table III, one can a
find that12a is clearly lower than all other isomers we hav
identified for CuSi12 by at least 0.28 eV. This finding con
trasts with the cases of CuSin (n54,6,8,10) where severa
competitive isomers exist as candidates for the ground s
of the cluster. Whether the cluster is positively or negativ
charged, the structures for isomers12a–12eshown in Fig. 2
are all retained, and12b1 becomes the most stable isomer
the cationic charge state which is lower than12a1 by 0.24
eV.

C. Energetic properties

Based on the above geometric results, we have calcul
the binding energy per atom (Eb) and the dissociation energ
(De) for all isomers shown in Fig. 2 in the neutral an
charged forms~Table III!. The overall stability of CuSin can
be characterized by the binding energy per atom with resp
to isolated atoms:

Eb~CuSin!5@E~Cu!1nE~Si!2E~CuSin!#/~n11!,

Eb~CuSin
1!5@E~Cu1!1nE~Si!2E~CuSin!#/~n11!,

Eb~CuSin
2!5@E~Cu!1~n21!E~Si!1E~Si2!

2E~CuSin!#/~n11!,

while the interaction of Cu with the Sin framework can be
characterized by the dissociation energy with respect to
1Sin :

De~CuSin!5E~Cu!1E~Sin!2E~CuSin!,

De~CuSin
1!5E~Cu1!1E~Sin!2E~CuSin!,

De~CuSin
2!5E~Cu1E~Sin

2!2E~CuSin!.
5-16
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Figure 3 shows the size dependence of the binding en
per atom for the most stable isomers of CuSin in the neutral
~4a, 6a, 8a, 10a, and12a!, cationic ~4b1, 6a1, 8a1, 10e1

and 12b1!, and anionic~4a2, 6b2, 8a2, 10f2, and12a2!
charge states. For comparison, the size dependence o
binding energy per atom for neutral Sin calculated at the
B3LYP/6-3111G(d) level is also shown.

First, we compare the size dependence of the binding
ergy for neutral CuSin and Sin clusters. Both curves revea
the same size dependence with enhanced stability atn56
and 10, and possibly also atn54. This result indicates tha
the stability of CuSin can be related to the stability of pur
Sin .

The enhanced stability of CuSi10 may be regarded as
factor that contributes to the pronounced abundance
CuSi10 as observed in Beck’s mass spectrome
experiment.18 This is in addition to the contribution of th
high multiplicity of nearly isoenergetic low-lying isomers o
this species.

Furthermore, our results indicate that CuSi4 and CuSi6
may also have considerable stability, a finding that is
agreement with the more recent experiment of Sche
et al.19 which demonstrated that copper silicide clusters w
less than six Si atoms can be formed in high abundance

Next we compare the size dependence of the binding
ergies for CuSin in the neutral and charged forms. The cur
for CuSin

1 shows a size dependence similar to that for n
tral CuSin , and the enhanced stability of CuSi6 and CuSi10 is
even more obvious in the cationic form. The curve f
CuSin

2 is, however, rather smooth, so that nearly no ma
feature is observable at CuSi6

2 and CuSi10
2. It follows that

different patterns for the cationic and the anionic species
arise in mass spectroscopy and other experiments. It sh
be noted that the mass spectrometric measurement
Beck18 and of Schereret al.19 were both performed for cat
ionic species. The present analysis suggests that simila
sults should be expected for the neutral species.

Figure 4 shows the size dependence of the dissocia
energy for the most stable isomers of CuSin in all charge
states. Also plotted in Fig. 4 is the size dependence of
dissociation energy for neutral Sin11 with respect to Si
1Sin determined at the B3LYP/6-3111G(d) level. One
finds that the dissociation energy for CuSin shows a similar
size dependence in all charge forms with minima atn56
and 10. This means that Cu stabilizes the Sin framework to a
lesser extent in CuSi6 and CuSi10 than in other CuSin clus-
ters. This finding is consistent with the exceptional stabi
of Si6 and Si10, and therefore less stabilization effect can
anticipated by addition of a Cu atom to these systems tha
the other Sin units studied here.

On the other hand, the curve for the dissociation energ
neutral CuSin lies consistently and substantially lower tha
that of neutral Sin11 , indicating that the Cu-Si interaction i
much weaker than the Si-Si interaction, in agreement w
the conclusion drawn from analysis of CuSi and Si2 dimers
~Table I!. Because of the much weaker Cu-Si interaction,
Si-Si bonding is dominant in the CuSin clusters and this ex
plains why the stability and even the framework of CuSn
can be related to that of Sin .
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The size dependence of the dissociation energies
CuSin and Sin11 shows a striking difference aroundn56.
This difference comes from the enhanced stabilization ef
on the Si6 framework of the extra Si atom, i.e., the 7Si ato
of Si7 (D5h), as compared to the Cu atom of CuSi6 . The
exceptional stability of Si7 (D5h) is ascribed to its specia
geometric arrangement, i.e., a highly symmetric clo
packed-pentagonal bipyramid~Fig. 1!, and the resulting
strong bonding interaction. The extra 7Si atom of Si7 (D5h)
acts as one of the five equivalent equatorial atoms am
which a strong bond is formed in the HOMO~highest occu-
pied molecular orbital!, as shown in Sec. III~D! below. This
special symmetric arrangement is destroyed in the m
stable isomer of CuSi6 in all charge forms (6a,6a1,6b2) and
the Cu atom has a much weaker bonding interaction with
Si atoms. Therefore, the enhanced stabilization effect of
extra 7Si atom on the Si6 framework disappears when it i
replaced by Cu.

In addition to the binding and dissociation energies,
have also calculated the adiabatic ionization potential~AIP!
and the adiabatic electron affinity~AEA! for all neutral
CuSin species presented in Fig. 2 as well as the vertical
tachment energy~VDE! for corresponding anionic CuSin

2

species, which are defined as the difference of total ener
in the following ways:

AIP: E(optimized cation)-E(optimized neutral),
AEA: E(optimized neutral)-E(optimized anion),
VDE: E~neutral at optimized anion geometry!-

E~optimized anion!.
From the definition, the VDE will be larger than the AEA
and their difference reflects the geometric relaxation of
cluster from the anion to the neutral. The calculated res
are tabulated in Table IV and shown in Figs. 5 and 6. W
expect that these data will stimulate further experimen
studies of CuSin clusters.

From Table IV, we see that the values of the AIP, AE
and VDE for different isomers of CuSin are quite close and
they do not change much with cluster size. The former c
clusion implies that different isomers of a cluster may har
be distinguishable by measuring these quantities. For m
isomers, the VDE is larger than corresponding AEA by 0.
0.3 eV. However, there are several cases~4c, 10a, 10g!
where the VDE exceeds the corresponding AEA by as m
as 0.5–0.6 eV, indicating that a considerable rearrangem
in the cluster geometry is associated with the removal of
extra electron from the anion.

Figures 5 and 6 show, respectively, the size dependenc
the AIP and AEA for the most stable isomers of CuSin and
Sin . The curve for the AEA of CuSin ~Fig. 6! reveals a simi-
lar size dependence to Sin and, for all cluster sizes, the AEA
for CuSin is larger than the values for the Cu and the
atoms~Table I! and for the corresponding Sin cluster~Fig. 6!.
In contrast, the AIPs for CuSin and Sin ~Fig. 5! show differ-
ent size dependencies and, for all cluster sizes, the Cn
units have smaller AIP values than those found for the
and Si atoms~Table I! and for the corresponding Sin cluster
~Fig. 5!. If we compare the curve for the AIP of CuSin in Fig.
5 with the curve for the dissociation energy of CuSin in Fig.
4, we find local minima atn56 and, more remarkably, a
5-17
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XIAO, HAGELBERG, AND LESTER, Jr. PHYSICAL REVIEW B66, 075425 ~2002!
n510 in both curves, implying that the ionization potent
of the CuSin cluster is related to the Cu-Si interaction.

Finally, the size dependence for the VDE of anion
CuSin

2 species is also shown in Fig. 6. For comparison,
VDEs calculated at the geometries of the CuSin

2 species
corresponding, respectively, to the most stable isomers
anionic CuSin

2 clusters@4a2, 6b2, 8a2, 10f2 and 12a2,
denoted by open circles and VDE(a) in Fig. 6# and to the
most stable isomers of neutral CuSin clusters@4a2, 6a2,
8a2, 10a2 and 12a2, denoted by the solid circle an
VDE(n) in Fig. 6# are both shown. The size dependenc
for VDE(a) and VDE(n) are quite similar, and they ar
different from the size dependence of the AEA for CuSn
only at n510, indicating that the rearrangement is larger
CuSi10 than in other cluster sizes when the cluster is ne
tively charged. Indeed, the structures for the most stable
mers of CuSin are largely retained atn54, 6, 8, and 12~4a,
6a, 8a, and 12a! when the clusters are negatively charge
with a small difference between the VDE and AEA of 0.18
0.30 eV, while the structure for the most stable isomer
CuSi10 ~10a! rearranges to another structure in the anio
form ~Fig. 2!, where the VDE and AEA differ by 0.60 eV
~Table IV!.

D. Bonding properties

In this subsection, the Cu-Si bonding properties in
representative isomers of neutral CuSin clusters are analyzed
At the B3LYP/GEN level, we found that thed shell of Cu in
all isomers of CuSi4 and CuSi6 clusters remains nearl
closed.28 This conclusion is confirmed by the present calc
lation at the B3LYP/6-3111G(d) level, as can be seen from
Table VI, where the natural electronic configurations for t
Cu atom in representative isomers of CuSin (n
54,6,8,10,12) are tabulated. Therefore, thed shell of Cu is
expected to play only a small role in Cu-Si bonding. Sin
the bonding in CuSi4 has been analyzed in detail at th
B3LYP/GEN level28 and the results are similar at th
B3LYP/6-3111G(d) level, no further description of this
cluster will be given here and we start with CuSi6 .

CuSi6

Among the three isomers identified for CuSi6 , 6a and6b
are two competitive candidates for the ground state and
resent adsorption and substitutional structures, respecti
The geometry of Si6 framework is close to Si6

2 (C2v-II ) in
both isomers. Natural population analysis~NPA! indicates
that the electron transfers in6a and 6b are, respectively,
0.52e and 0.64e from Cu to the Si6 framework ~Table V!.
Therefore, the structural and charge-transfer features
suggest that the electronic structures of6a and 6b would
correspond to that of Si6

2 (C2v-II ). For the substitutiona
isomer6b, it is desirable to examine how the Cu atom w
modify the electronic structure of the substituted Si atom
Si7 (D5h).

Examining the molecular orbitals, we find that the HO
MOs of 6a, 6b, and Si7 (D5h) all clearly correspond to the
lowest unoccupied molecular orbital of Si6 (C2v-II ) or the
HOMO of Si6

2 (C2v-II ). This is consistent with electron
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transfer proceeding from Cu to Si6 as suggested by NPA. A
comparison of the HOMOs for Si6

2 (C2v-II ), Si7 (D5h) and
6b in the plane passing through the equatorial plane~3Si to
6Si! is shown in Fig. 7~a!.

The HOMO of Si6
2 (C2v-II ) consists almost completel

of orbitals from the equatorial atoms, i.e., a dominant con
bution ~57.3%! from thep orbitals of 3Si and 4Si atoms an
a large contribution~30.5%! from thes andp orbitals of 5Si
and 6Si atoms. This leads to strong bonds in the 3Si-5Si
4Si-6Si bridges, but antibonding connections in the 3Si-
and 5Si-6Si pairs@Fig. 7~a!#. The contribution of the 1Si and
2Si atoms to the HOMO of Si6

2 (C2v-II ) is small~4% p in
the 3Si-4Si direction!, resulting in very weak bonding be
tween them.

The bonding character among the 1Si to 6Si atoms
Si6

2 (C2v-II ) is essentially retained in the HOMOs of S7

(D5h), 6a and6b @Fig. 7~a!#. For Si7 (D5h), the top equato-
rial atom 7Si has a largep character~25.1%p! in the HOMO
and forms strong bonds with the neighboring equatorial
oms 3Si and 4Si@Fig. 7~a!#. For the substitutional isomer6b,
the Cu atom has 13.0%p and 3.2%d characters in the
HOMO. Therefore, Cu behaves quite similar to the replac
Si atom, reproducing a relatively strong bond with the neig
boring equatorial atoms 3Si and 4Si@Fig. 7~a!#. The Cu-Si
bond, however, is still much weaker than the Si-Si bo
since the contribution of Cu to the HOMO of6b is only half
that of 7Si to the HOMO of Si7 (D5h). Concerning the
HOMO of the adsorption isomer6a, it has only 1.1%d and
0.9% p characters on Cu, and shows a striking similarity
the HOMO of Si6

2 (C2v-II ) in the equatorial plane. The
HOMO of 6a is hence not shown in Fig. 7~a!.

NPA indicates that, for Si7 (D5h), the positive charge re
sides on the five equatorial atoms~3Si to 7Si, each 0.11e!
while negative charge is found on the two apex atoms~1Si
and 2Si, each20.27e! ~Table V!. The charge on Cu of the
substitutional isomer6b is similar to the equatorial but op
posite to the apex Si atoms of Si7 (D5h). This explains why
substitution of Cu for the equatorial atoms of Si7 (D5h) re-
tains stability, but substitution of Cu for the apex atoms lea
to a large reconstruction. Since the charge on Cu is tra
ferred almost entirely to the two apex atoms 1Si and 2S
6b, the Cu atom interacts with the adjacent equatorial ato
3Si and 4Si through covalent bonding while it interacts w
the apex atoms 1Si and 2Si through an ionic interaction
the adsorption isomer6a, the equatorial atoms 5Si and 6S
that are close to Cu also acquire negative charges, in add
to the adjacent apex atom 2Si. Therefore, the Cu atom in6a
is bound to the Si6 framework mainly through an ionic inter
action.

It is interesting to compare the substitutional isomer6b
with NaSi6 which has a similar structure.22 This cluster was
determined by Kishiet al.22 as the ground state of NaSi6 and
reoptimized at the B3LYP/6-3111G(d) level. NPA indi-
cates that there is an electron transfer of as large as 0e
from Na to its neighboring atoms~1Si to 4Si! in the substi-
tutional NaSi6 structure~Table V!. The Na atom in NaSi6
donates its valence electron almost completely to the6
framework and behaves like a Na1 ion ~Tables V and VI!,
5-18
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GEOMETRIC, ENERGETIC, AND BONDING . . . PHYSICAL REVIEW B66, 075425 ~2002!
leading to a nearly purely ionic interaction between Na a
the Si6 framework. Indeed, the HOMO of NaSi6 , which is
shown in Fig. 7~a! has only 4.1%p character on Na. Note
that the 3p orbital of Na has one radial node and the de
calized outer part is too diffuse and weak to be visible in
figure. This bonding mechanism is similar to the predom
nantly ionic Cu-Si interaction in the adsorption isomer6a but
unlike the mixed covalent and ionic Cu-Si interaction p
vailing in the substitutional isomer6b.

CuSi8

The two most stable isomers8a and 8b are also nearly
isoenergetic and represent substitutional and adsorp
structures, respectively. Similar to CuSi6 , the electronic
structure of8a and 8b can be understood by reference
Si8

2 (C2v) and Si9 (Cs).
The structure of Si9 (Cs) can be regarded as a Si8 (C2v)

framework capped atop with a 9Si atom~Fig. 1!. The HOMO
of Si9 (Cs) has largep coefficients on the atoms from 1S
through 8Si but only 1.9%p character on 9Si. This leads to
delocalized bonding among the atoms in the upper~1Si to
4Si! and lower ~5Si to 8Si! rhombi while the interaction
between these two rhombi is weakly antibonding. The co
ponents of the HOMOs of the substitutional isomer8a and of
Si9 (Cs) on corresponding Si atoms are very similar. T
contribution of Cu to the HOMO of8a consists of 8.3%p
and 3.4%d characters, while the contribution of the replac
8Si atom to the HOMO of Si9 (Cs) amounts to 13.2%p
character. A comparison of the HOMOs of Si9 (Cs) and8a in
the plane passing through 8Si~or Cu! and two neighboring
atoms 5Si and 6Si can be found in Fig. 7~b!. Just like the
substitutional structure6b, the Cu atom of8a exhibits a simi-
lar bonding pattern to the replaced 8Si atom of Si9 (Cs).

We have examined the second HOMO of8a and found an
interesting connection to Si7 (D5h). The contour map for the
second HOMO of the substitutional structure8a in the plane
passing through Cu, 1Si, 2Si, and 7Si atoms is shown in
7~b!, in which the 1Si and 2Si atoms are at the bottom, Cu
to the right, and 9Si is on the top of the panel but slightly
the plane. If we compare this bonding pattern with t
HOMO of 6b in the equatorial plane@Fig. 7~a!#, a striking
similarity emerges. This bonding similarity roots in the stru
tural analogy of the two cluster species. As seen in Fig. 1,
structure of Si9 (Cs) can be viewed as a distorted framewo
of Si7 (D5h) bicapped with 3Si and 4Si atoms. For a qua
titative demonstration of this structural relationship, one m
compare the geometric data for the pentagonal ring~1Si, 2Si,
and 7Si to 9Si! of Si9 (Cs) with the pentagonal equator o
Si7 (D5h). The 9Si-7Si, 7Si-1Si, and 1Si-2Si bond lengt
for Si9 (Cs) are 2.49, 2.54, and 2.62 Å, respectively, wh
the 8Si-9Si-7Si, 9Si-7Si-1Si, and 7Si-1Si-2Si bond ang
are, respectively, 107.46°, 108.29°, and 105.89°. These
ues are close to the corresponding bond lengths of 2.5
and bond angles of 108.0° for the pentagonal equato
Si7 (D5h). The Cu atom of8a is located at one of the equa
torial sites, leading to the similarity of the second HOMO f
8a with the HOMO for6a. The change in the order of mo
lecular orbitals reflects the influence of the capped 3Si
4Si atoms.
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For the adsorption isomer8b, the contribution of Cu to
the HOMO is very small, while the bonding nature among
atoms in the HOMO is quite similar to that among corr
sponding Si atoms in the HOMO of Si9 (Cs). Therefore, the
Cu-Si bonding is quite weak in8b. On the other hand, Cu
has a positive charge of 0.52e, whereas the natural charge
on the adjacent 4Si and 6Si atoms are both negative, b
20.11e and20.35e, respectively~Table V!. Therefore, the
Cu atom is bound to the Si8 framework of8b mainly through
an ionic interaction, similar to the case of the adsorpt
structure6a.

CuSi10

CuSi10 has five nearly isoenergetic isomers~10a–10e! as
competitive candidates for its ground state, one of which
typical adsorption structure~10b!, two are typical substitu-
tional structures~10c and 10d!, and two can be subsume
under either category~10a and 10e!. We choose to analyze
the bonding in the representative10a, 10b, and10c isomers.

The electronic properties of10a, 10b, and10c can all be
related to Si10

2 (C3v). The structure of Si10
2 (C3v) is a

capped TTP and consists of four layers along the trigo
axis ~3Si-6Si direction! ~Fig. 1!. Its HOMO has largep com-
ponents on all atoms orienting along the trigonal axis.
addition, all atoms except the 4Si-5Si-6Si layer also contr
ute larges components to the HOMO. As a result, stron
delocalized bonds are formed among the three atoms of e
layer and between adjacent layers along the trigonal a
making this geometry exceptionally stable. The contour m
of this HOMO in a typical plane passing through the trigon
axis and the 3Si, 6Si, 7Si, and 10Si atoms is shown in F
7~c!. One finds that the HOMO exhibits alternative positi
and negative patterns along the trigonal axis.

The HOMOs of10a, 10b, and10c all correspond to the
HOMO of Si10

2 (C3v), showing similar alternating positive
and negative patterns in the 3Si-6Si direction@Fig. 7~c!#. For
the adsorption isomer10b, the HOMO has larges, consider-
ablep as well as smalld components on Cu and these com
ponents well match the positive lobe of thep orbitals of the
atoms on the 4Si-5Si-6Si face of10b. Therefore, the Cu
atom of10b is bound strongly to the 4Si-5Si-6Si face of th
Si10 framework.

For the substitutional isomer10c, the Cu atom has con
siderables and p, and smalld components in the HOMO
Therefore, Cu interacts quite strongly with neighboring
atoms in10c.

Similar to the adsorption isomer10b, the Si10 (C3v)
framework is largely retained and the Cu atom is capped
face of three atoms, 1Si-4Si-9Si, in10a ~Fig. 2!. The contri-
bution of Cu to the HOMO of10aconsists of considerables
and smallp characters, which is also similar to the case
10b. However, since the three atoms of the capping fa
~1Si, 4Si, and 9Si! in 10a are situated in different layers o
the Si10 (C3v) framework and they have dominantp charac-
ters in the HOMO that are different in phase at the Cu s
the Cus orbital cannot overlap effectively with thep orbitals
of the 1Si, 4Si, and 9Si atoms, leading to a weak interact
between Cu and the 1Si-4Si-9Si face.
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NPA indicates that Cu has positive charges of 0.6e,
0.49e, and 0.57e while the neighboring Si atoms carry neg
tive charges of20.68e, 20.36e, and20.62e in 10a, 10b,
and10c, respectively~Table V!. It seems that the ionic inter
action has a more important role in10a than in10b and10c.
The bonding feature revealed in10a is similar to those found
in the adsorption structures of6a and8b and the isomer10a
may, therefore, be better classified as an adsorption struc

CuSi12

In contrast to smaller CuSin (n54,6,8,10) clusters, the
lowest isomer of CuSi12 is a cagelike double-chair structur
~12a! with Cu at the center site. We focus on the analysis
bonding features of the center-site isomer12a and corre-
sponding substitutional isomer12d.

The electronic properties of12a and 12d can both be
related to Si13 (C3v). The structure of Si13 (C3v) consists of
hexagonal double chairs capped atop with a Si atom.
distorted rhombi can be discerned within double chair
rangement~Fig. 1!. The HOMO of Si13 (C3v), which is
composed of smallp components on the top 13Si atom, b
largep ands coefficients on the atoms of the double chai
is doubly degenerate. Strong delocalized bonds are for
among the atoms of each chair and between adjacent a
of the two chairs, while the top 13Si atom is weakly bound
the 2Si, 4Si, and 6Si atoms of the upper chair, as show
Fig. 7~d!.

In addition, a noticeable diagonal interaction is fou
among all atoms on the short diagonals of the six distor
rhombi of the double chairs, i.e., among the 1Si-8Si-3
10Si-5Si-12Si-1Si atoms, of Si13 (C3v), forming a chair-like
cyclic diagonal bond. For example, Figure 7~e! displays the
HOMO of Si13 (C3v) in the plane passing through the 1S
2Si-7Si-8Si rhombus. Since the rhombus is distorted, o
the 1Si, 7Si, and 8Si atoms are exactly on the plane while
2Si atom is slightly off. One sees that a diagonal bond
formed through the 1Si-8Si interaction. Because of the e
tence of the diagonal bond, the 1Si atom is pulled down
interaction with 8Si and 12Si atoms while 8Si moves up
interaction with 1Si and 3Si atoms, leading to a pucke
structure of the double chairs~Fig. 1!.

The HOMOs of the center-site isomer12aand the substi-
tutional isomer12d are both derivable from the HOMO o
Si13 (C3v). The delocalized bond among the atoms of t
double chairs and the diagonal bond still exist in12a and
12d @Fig. 7~e!#, but the diagonal bonding and hence t
puckering of the double chairs diminish as one goes fr
Si13 (C3v) to 12b to 12a. This can be seen from a compar
son of the average lengths of the short and long diago
(R̄1 ,R̄2) and corresponding average opening angles (Ā1 ,Ā2)
of the rhombi in the double chairs of these clusters. F
clarity, we take the 1Si-2Si-7Si-8Si rhombus as an exam
to explain the meanings of these quantities.R1 andR2 cor-
respond to the lengths of 1Si-8Si and 2Si-7Si whileA1 and
A2 are defined as the average of 2Si-1Si-7Si and 2Si-8Si
angles or the average of 1Si-2Si-8Si and 1Si-7Si-8Si ang
respectively.R̄1 , R̄2 , Ā1 , and Ā2 are the averages ofR1 ,
R2 , A1 andA2 over all rhombi of the double chairs. TheR1
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andR2 values for Si13 (C3v) are 2.68 and 3.95 Å, while the

correspondingR̄1 andR̄2 values are 2.83 and 3.81 Å for12d,

and 3.01 and 3.72 Å for12a. The Ā1 and Ā2 values in
Si13 (C3v) are 109.33° and 67.21°. They change to 103.9
and 71.64° in12d, and 101.05° and 77.36° in12a. The Cu
atom tends to reduce the distortion of the double-ch
framework and regularize it toward the perfect hexago
prism of D6h symmetry. As will be rationalized below, thi
effect of regularization, as compared with Si13 (C3v), can be
ascribed to the tendency of Cu to bond with more Si ato
than the 13Si atom and, as shown in Table V, the interac
between Cu and Si12 is characterized by considerable char
transfer and hence by a substantial ionic bonding compon
The trend of the geometric regularization of the Si12 frame-
work upon insertion of a central metal impurity, which ma
act as electron donor or acceptor, is further documented
WSi12, where the metal-Si charge transfer was found to
much stronger than in the case of CuSi12 and the Si12 cage
turned out to adopt the shape of a perfect hexago
prism.27,52

We now turn to the details of the bonding in the substi
tional isomer12d and the center-site isomer12a. Compared
with the contribution of the atom 13Si in the HOMO o
Si13 (C3v), the Cu atom has a considerably largerp as well
as smalld components in the HOMO of12d. In addition,
since the double chairs of12d are flatter than Si13 (C3v) and
the Cu-Si bond is shorter than the Si-Si bond@2.35 and 2.61
Å in 12d and Si13 (C3v), respectively#, the Cu atom is closer
to the upper chair and can interact not only with atoms in
upper chair, but also with the atoms in the lower chair. Fig
7~d! exhibits the HOMO of12d on the plane passing throug
Cu and the 1Si, 4Si, 7Si, and 10Si atoms. Obviously,
forms a relatively strong bond with the 1Si atom and
weaker bond with the 4Si-10Si bridge. For the interaction
Cu with the 3Si and 5Si atoms, and the 2Si-8Si and 6Si-1
bridges, analogous observations are found. Here Cu sho
tendency to form multicenter bonds with as many as nine
atoms in12d. This bonding behavior is quite different from
that found in smaller CuSin (n54,6,8,10) clusters and als
different from that in Si13 (C3v), where the 13Si atom
mainly interacts with the 2Si, 4Si, and 6Si atoms of the up
chair and forms no bonds with the atoms of the lower ch
This leads to the expectation that, if Cu is located at
center site, it would bond with all Si atoms of the doubl
chair framework and this would lead to a higher stabil
than12d. This structure is just12a.

In contrast to the substitutional isomer12d, the HOMO of
the center-site isomer12ahas nos or p contribution from the
Cu atom, and its component of the Cud character is also
small. In fact, the interaction between Cu and the Si12 frame-
work is weakly antibonding in the HOMO of12a.

A bonding interaction between Cu and the Si12 framework
in 12a is obvious from inspection of the second HOMO
which lies 0.87 eV below the HOMO. This orbital has stro
s andp components on all Si atoms~30.9% Sis and 44.9%
Si p! and 22.2%p character on the Cu atom which is almo
twice as large as the contribution of Cu found in the HOM
of the substitutional structure6b ~13.0% Cup!. As a result,
5-20
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similar delocalized bonds are formed among all Si atoms
the upper and lower chairs@Fig. 7~d!#, and the Cu atom in-
teracts with all atoms of the double chairs through the ov
lap between the Cup orbital and the delocalized orbitals o
the double chairs@Fig. 7~d!#, forming an overall delocalized
bonding of the whole cluster. The contour maps in typi
planes for the delocalized bond among all Si atoms in
upper chair~planeB! and the overall delocalized bond b
tween Cu and the Si12 framework~planeA! are shown in Fig.
7~d!. The delocalized bond in the lower chair is similar, b
opposite in phase, to that of the upper chair. So the
chairs are not bound directly but are bound through the
teraction with Cu. As the contribution of Cu to the seco
HOMO of 12a is sizable and stems from the most diffusep
shell of Cu~see below!, the overlap between thesp orbitals
of the Si atoms and thep orbital of the Cu atom is effective
and the role played by the second HOMO in the stabilizat
of the cluster is expected to be strong.

The natures of the bonding detected in12a and 12d are
quite different from all substitutional and adsorption stru
tures we have discussed above for smaller CuSin (n
54,6,8,10) clusters. These bonding differences can be
lated to the difference in the electronic configuration of Cu
these clusters. As seen from Table VI, the 4p population of
Cu is usually quite small in the substitutional or adsorpt
structures of CuSin clusters, and reaches a maximum
0.07e in the substitutional structure12d. The 4p population
of Cu becomes as large as 0.16e in the center-site structur
12a. In addition, the 4d population of Cu in12a (0.05e) is
also considerably larger than in12d and all other substitu-
tional and adsorption structures of CuSin clusters
(<0.02e). Therefore, the orbitals of Cu is the most diffu
in 12d among all substitutional and adsorption structures
CuSin clusters, and the orbitals of Cu in12a are even more
diffuse than in12d. We have found that the 4p and 4d popu-
lations are considerably larger in all center-site structu
than in the substitutional or adsorption structures of CuSn .
For example, the electronic configuration of Cu in10g is
3d9.874s0.524p0.254d0.065s0.01 ~Table VI!. Thus it is a fea-
ture common to the cagelike isomers investigated here
the Cu atom at the center site tends to be diffuse and b
equally with all surrounding Si atoms, forming a charact
istic multicenter bond.

IV. CONCLUSIONS

In this paper, a comprehensive study is reported on
geometric, energetic and bonding properties of CuSin (n
54,6,8,10,12) clusters in the neutral and charged states
ing a hybrid density functional method~B3LYP! and the
6-3111G(d) basis set. The results we have obtained can
summarized as follows.

~1! Three isomers for CuSi4 and CuSi6 , nine isomers for
CuSi8 , 20 isomers for CuSi10, and 12 isomers for CuSi12 are
identified.

~2! The Sin frameworks in most isomers of CuSin are
found to adopt the geometries of the ground-state or lo
lying isomers of Sin or Sin11 , with Cu at various adsorption
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or substitutional sites, and the geometries of CuSin can be
classified into three types according to the position of Cu
the cluster: adsorption, substitutional and center-site ge
etries, with the substitutional type prevailing over the oth
two. In CuSi4 , CuSi6 , and CuSi8 , the Cu atom is found to
occupy exclusively surface sites~adsorption or substitu-
tional!, whereas in CuSi10 it is found at both surface and
center sites with slight preference for the surface s
CuSi12, however, stabilizes in a cagelike geometry. The m
stable isomer of CuSi12 adopts hexagonal double-chair stru
ture with Cu at the center, which bears similarity to the stru
ture of a regular hexagonal prism recently reported in Ref.
for WSi12.

~3! The bulklike chair structure is not favorable for CuS6

and CuSi8 , but becomes the most stable form for CuSi12,
showing the onset of some bulklike behavior in CuSi12.

~4! The influence of the positive and negative charges
the structures and energetics of all isomers of the CuSin clus-
ters studied was examined. The Cu atom acts as an elec
donor in all CuSin clusters. It is worth noting that the 3d,
4d, and 5d transition-metal ~TM! atoms encaged in
fullerenes are also found to exist as cations,53 similar to the
case of Cu in CuSin . However, the electron transfer in th
endohedral metallofullerenes is much stronger than
found in CuSin and the electrostatic interactions play a dom
nant role both in stabilizing the endohedral structures and
defining the metal impurity positions.53

~5! Various energetic properties, including binding a
dissociation energies, adiabatic ionizational potentials
electron affinities, and vertical detachment energies are
ported. The CuSin and Sin clusters show similar size depen
dence in their binding energies and adiabatic electron affi
ties, and different size dependencies in their adiab
ionization potentials. The results for the binding and dis
ciation energies indicate that the Cu-Si interaction is mu
weaker than the Si-Si interaction. Therefore, the Si-Si int
actions determine the structure of the Sin framework in
CuSin and the stability of CuSin can be well related to that o
Sin .

~6! The high abundance of CuSi10 observed in Beck’s
mass spectrometric experiment is ascribed to the slightly
hanced stability of CuSi10 and the existence of a multitude o
nearly isoenergetic low-lying isomers.

~7! The bonding character in the representative isomer
neutral CuSin is analyzed by comparison with bonding
Sin

2 or Sin11 . The Cu-Si bond in CuSin is quite strong for
the substitutional and center-site structures, but weak for
adsorption structures where charge transfer and resu
ionic interaction are found to play a more important role. T
bonding between Cu and the Sin environment in the substi
tutional structures is found to be similar to that between
replaced Si atom and its surroundings within Sin11 . The
exception appears at the level of CuSi12, where the Cu atom
both in the substitutional and in center-site structures
found to form multicenter bonds with as many as nine~sub-
stitutional! to 12 ~center-site! surrounding Si atoms.

In a continuation of the effort described here, it will b
interesting to investigate the interaction of Sin clusters with
5-21



su
c
d

ly

rted

ce

XIAO, HAGELBERG, AND LESTER, Jr. PHYSICAL REVIEW B66, 075425 ~2002!
other metal impurities, specifically 3d TM atoms along the
lines investigated here. Our results on CuSin could serve as
reference in these research activities. Further, as the re
presented here underscore the importance of hexagonal
structures, a detailed comparison between the endohe
CuSi12 unit identified in this work and the experimental
detected cagelike WSi12 cluster holds high interest.27,52 This
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research has recently been finalized and will be repo
elsewhere.52
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