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The equilibrium geometries and electronic properties of CumSin (2 ≤ m + n ≤ 7) clusters have been studied by

using density functional theory at the B3LYP/6-311+G (d) level. Our results indicate that the structure of CuSin

(n <6) keeps the frame of the corresponding Sin cluster unchanged, while for CunSi clusters, the rectangular pyramid

structure of Cu4Si is shown to be a building block in many structures of larger CunSi clusters. The growth patterns

of CumSin clusters become more complicated as the number of Cu atoms increases. Both the binding energies and the

fragmentation energies indicate that the Si–Si bond is stronger than the Cu–Si bond, and the latter is stronger than

the Cu–Cu bond. Combining the fragmentation energies in the process CumSin →Cu+Cum−1Sin and the second-order

difference ∆2E(m) against the number of Cu atoms of CumSin, we conclude that CumSin clusters with even number

of Cu atoms have higher stabilities than those with odd m. According to frontier orbital analyses, there exists a mixed

ionic and covalent bonding picture between Cu and Si atoms, and the Cu d orbitals contribute little to the Cu–Si

bonding. For a certain cluster size (m + n = 3, 4, 5, 6, 7), the energy gaps of the most stable CumSin clusters show

odd–even oscillation with changing m, the clusters with odd m exhibit stronger chemical reactivity than those with

even m.
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1. Introduction

Nowadays, the microelectronic devices are becom-

ing miniaturized, and it is expected that the spatial

extension of electronic elements will soon approach the

size of clusters. Thus, it is of fundamental importance

to explore the structures and electronic properties of

clusters. Substantial efforts have focused on elucidat-

ing the geometric, electronic, and energetic properties

of pure silicon clusters due to its potential applications

in the field of electronic materials.[1−5]

Meanwhile, binary clusters have been also sub-

stantially investigated.[6−11] In the last two decades,

several experimental studies have dealt with metal-

doped silicon clusters. Using laser vaporization ex-

periment, Kishi et al produced SinNam (1≤ n ≤14,

1≤ m ≤5) binary clusters.[12] Beck [13] used a laser

vaporization supersonic expansion technique to inves-

tigate small MeSin(Me = Cu, Cr, Mo, and W) clus-

ters; he reported that such clusters turned out to be

more stable toward photofragmetation than the cor-

responding bare Sin clusters. Specifically, for CuSin

clusters, Beck[13] pointed out that there was a pro-

nounced abundance maximum at CuSi10 in the range

of 6≤ n ≤12. Consequently, using cavity ringdown

laser absorption spectroscopy and time-of-flight mass

spectroscopy, Scherer et al, who identified several se-

ries of smaller CumSin clusters (m ≤3, n ≤9),[14] com-

plemented Beck’s investigation.

Stimulated by these experimental results, several

computational investigations have been performed on

the geometric, electronic, and energetic properties of

metal-doped silicon clusters,[15−19] including CrSin

(n = 8–17),[15] ReSin(n = 1–12),[16] TaSin(n = 1–

13),[17] ZrSin(n = 1–16),[18] SinM(M = Ti,Zr,Hf).[19]

The principal problem in studying metal-doped sili-

con clusters is the comprehension of the modifications

of properties compared with the case of bare silicon

clusters. With noble-silicon clusters, Xiao et al have

performed several computational studies on the geo-

metric and electronic properties of CuSin by using a

hybrid density functional technique (B3LYP).[20−24]

They pointed out that the Sin frameworks in most

stable isomers of CuSin adopt the geometries of the
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ground state or low-lying isomers of Sin or Sin+1, with

Cu at various adsorption or substitutional sites.

However, Xiao et al’s investigations mainly fo-

cused on the clusters containing one Cu atom. What

about the geometric and energetic properties of small

Cu–Si binary clusters containing many Cu atoms? Wu

and Hagelberg have investigated the geometries and

energetic properties of MemSi7−m (Me = Cu and Li,

m ≤6) clusters in terms of density functional theory

(DFT) employing a plane wave basis.[25] According

to their investigations, pentagonal ground state struc-

tures derived from the D5h equilibrium geometries of

both Si7 and Cu7 clusters were obtained for CumSi7−m

with m < 6. However, the investigations on smaller

clusters have, to our knowledge, scarcely been re-

ported, and calculations of CumSin (2 ≤ m + n ≤ 6,

m ≥ 2) clusters have not been systemically studied. In

the present paper, geometric and energetic properties

of CumSin (2 ≤ m+n ≤ 7) are systematically studied

by the first-principle method based on the DFT. The

study of Cu–Si clusters could furnish a better under-

standing in the interaction between Si and Cu atoms,

and could contribute to the answer of the topical ques-

tion of the degree to which various metal elements can

be solvated in finite semiconductor structures.

This paper is organized as follows: Section 2 gives

a brief description of the computational method. Sec-

tion 3 presents the main results and discussions. Main

conclusions are summarized in Section 4.

2. Computational method

In this paper, all the calculations for CumSin

(2 ≤ m + n ≤ 7) clusters are performed with the

B3LYP[26] hybrid density functional method and the

6-311+G (d) basis set in the Gaussian 03[27] package.

In order to test the quality of the B3LYP/6-311+G

(d) scheme for the description of Cu–Si binary clus-

ters, we have calculated some properties of the Si and

Cu atoms and Cu2, Si2, CuSi dimers. As shown in

Table 1, the calculated bond lengths, binding ener-

gies per atom, vibrational frequencies, ionization po-

tentials, and electron affinities for Si and Cu atoms

and their dimers are in fairly good agreement with

the available experimental data.[28−34] Therefore, we

have confidence to use the same basis set throughout

the whole calculation. The calculation convergence

criterion for energy is set to 1×10−5 eV.

Table 1. The bond length (Re), binding energy per atom (Eb), vibrational frequency (ωe), ionization

potential (IP), and electron affinity (EA) of Cu, Si, Cu2, Si2 and CuSi at DFT/B3LYP/6-311+G(d) level.

cluster Re Eb/eV ωe/cm−1 IP/eV EA/eV

Si B3LYP/6-311+G(d) 8.109 1.441

Expt. 8.15[28] 1.385[29]

Si2 B3LYP/6-311+G(d) 2.280 1.532 485.8 8.601 2.046

Expt. 2.246[30] 1.604[30] 509±10[31] 7.921[32] 2.176±0.002[31]

Cu B3LYP/6-311+G(d) 8.033 1.212

Expt.[33] 7.724 1.235±0.005

Cu2 B3LYP/6-311+G(d) 2.277 0.902 239.772 7.997 0.729

Expt.[33] 2.22 1.04±0.01 265 7.904 0.836±0.006

CuSi B3LYP/6-311+G(d) 2.249 1.019 323.933

Expt.[34] 2.28 1.125 320

We firstly calculate the geometrical structures of

pure Cu and Si clusters so that these pure clusters

might be regarded as the reference of the initial ge-

ometries of Cu–Si binary clusters. For Si-rich clusters,

we try to start the geometry optimization of CumSin

clusters in the frame of the corresponding Sin clusters,

in which Cu atoms are located on Si atoms or bridged

over two atoms or capped on several atoms or substi-

tuted for Si atoms. While for Cu-rich clusters, simi-

lar methods are also used. All optimizations are car-

ried out without symmetry constraints (C1 symmetry

group). The stabilities of CumSin clusters are exam-

ined by evaluating the harmonic frequencies. For each

of these clusters, all the computed frequencies have

been confirmed to be real. In the case of an imaginary

frequency, the relaxation along the corresponding un-

stable normal coordinate is carried out until a true

local minimum is reached. Therefore, the energies of
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the geometric structures for these clusters are indeed

at their local minima on the potential energy surfaces.

We have started with a spin-singlet configuration for

the even-electron systems and a spin-doublet config-

uration for the odd-electron systems until the energy

minimum is reached. For each stable structure, bind-

ing energies per atom (Eb), fragmentation energies

(Ef), vertical ionization potentials (VIP) and energy

gaps (Eg) of CumSin clusters are then calculated and

discussed. Furthermore, the geometries and energetic

properties for the pure Cun, Sin (n = 1–7) clusters are

also presented for comparison.

3. Results and discussions

The optimized geometries of the CumSin clusters,

including the Cun and Sin structures, are shown in

Figs.1–3. We adopt the labels m, n, y, where m and n

denote the numbers of Cu and Si atoms in the CumSin

cluster, respectively, while y(= a, b · · ·) denotes the

rank of the order of energy. For instance, a and b in-

dicate the most stable and the next stable structures,

respectively.

3.1.CumSin(m = 0, 1, 2 ≤ m + n ≤ 7 and

n = 0, 1, 2 ≤ m + n ≤ 7)

For CumSin (m = 0, 1, 2 ≤ m + n ≤ 7 and

n = 0, 1, 2 ≤ m + n ≤ 7) clusters, the lowest en-

ergy structures and their isomers are shown in Fig.1.

The ground state of all the clusters examined is dou-

blet except for Cu2Si, Cu4Si and Cu6Si whose ground

state is singlet. The ground state structures of Cu4Si

and Cu5Si possess C4v symmetry and those of CuSi2,

CuSi3 and Cu2Si are all of C2v symmetry, while the

symmetry of CuSi4, CuSi5, CuSi6 and Cu3Si reduces

to Cs. For the CuSin clusters, the structures of the

most stable isomers retain the framework of the cor-

responding Sin except CuSi6. This means that the

Si–Si bond predominates over the Cu–Si one. Our

results obtained for the structural and the electronic

properties of the lowest energy isomers are similar to

those in Ref.[24] in DFT/B3LYP calculations except

for CuSi3. Our calculation shows that in Fig.1 1.3.a

is more stable than 1.3.b, being higher in energy than

the latter by 0.181 eV; however, the result in Ref.[24]

is opposite to this.

Due to the very weak s–d electron hybridiza-

tion, Cun clusters tend to form three-dimensional (3D)

structures, that is, the lowest energy structures of Cun

(n ≤6) are planar structures, while that of Cu7 clus-

ter is 3D with a pentagon bipyramid geometry. This

result is in good agreement with previous theoretical

work.[35] For the CunSi (n ≥2) clusters, only Cu2Si

shows the planar structure. The ground state struc-

ture of Cu3Si is a bent rhombus. The lowest energy

structure of Cu4Si is a rectangular pyramid, which is a

building block in many structures of larger CunSi clus-

ters. For example, Cu5Si, Cu6Si can be described as

Cu atom capping on various adsorption sites of Cu4Si.

3.2.CumSin(n = 2, 2 ≤ m ≤ 5 and n = 3,

2 ≤ m ≤ 4)

The geometries of the CumSi2, CumSi3 clusters

are shown in Fig.2. It is found that the ground state

is a singlet for m = 2, 4, while it is a doublet for m

= 3, 5. The most stable structure of Cu2Si2 2.2.a is a

bent rhombus (C2v) including four equal Cu–Si bonds.

An initial structure with two Cu atoms substituting

two connected Si atoms of Si4 relaxes to 2.2.b, which

is 0.547 eV higher in energy than 2.2.a©For Cu3Si2,

3.2.a is a trigonal bipyramid with Cs symmetry, re-

sembling the Si5 species. While an isomer with three

Cu atoms replacing three Si atoms at the equatorial

sites of Si5 relaxes to a deformed rectangular pyramid

3.2.b, being higher in energy than 3.2.a by 0.251 eV.

Cu4Si2 has three low-lying isomers, in which 4.2.a is

a C2v face-capped trigonal bipyramid. 4.2.b and 4.2.c

have the structures of an edge-capped trigonal bipyra-

mid and a rectangular bipyramid, being higher in en-

ergy than 4.2.a by 0.409 eV and 0.621 eV, respectively.

As to Cu5Si2, similar to the results in Ref.[25],

a structure derived from the D5h prototype defines

the lowest energy state of Cu5Si2 5.2.a (C2v); whereas

5.2.b is a bi-capped trigonal bipyramid, being higher

in energy than 5.2.a only by 0.062 eV. We also obtain

another two similar face-capped rectangular bipyra-

mid structures 5.2.c and 5.2.d, which are 0.139 eV and

0.981 eV higher in energy than 5.2.a, respectively.

For CumSi3 (m = 2, 3, 4,) clusters, the ground

state structure of Cu2Si3 2.3.a is irregular with C2v

symmetry, two Cu atoms and two Si atoms form a bent

Cu2Si2 rhombus and one Si atom is located above this

rhombus. Cu2Si3 2.3.b is a trapezoidal planar struc-

ture, which is 0.272 eV higher in energy than 2.3.a,

and 2.3.c is a side-adsorbed structure with one Si atom

attaching to a Cu2Si2 framework, being higher in en-

ergy than 2.3.a by 0.714 eV. The equilibrium struc-
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ture of Cu3Si3 3.3.a (C1) has a face-adsorbed geometry

with one Cu atom on the face of the Cu2Si2 rectangu-

lar pyramid. The structures of 3.3.b and 3.3.c adopt

a rectangular bipyramid and a face-capped trigonal

bipyramid, which are higher in energy than 3.3.a by

0.139 eV and 0.380 eV, respectively.

Fig.1. Optimized geometries of CumSin (m = 0, 1, 2 ≤ m + n ≤ 7 and n = 0, 1, 2 ≤ m + n ≤ 7) clusters

at the B3LYP/6-311+G (d) level. The dark and grey spheres represent Cu and Si atoms, respectively.
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Fig.2. Optimized geometries of CumSin (n = 2, 2 ≤ m ≤5 and n = 3, 2 ≤ m ≤4) clusters at the B3LYP/6-

311+G (d) level. The dark and grey spheres represent Cu and Si atoms, respectively.

For Cu4Si3, our calculations agree well with the

results in Ref.[25]. Either 4.3.a or 4.3.c can be de-

scribed as a distorted pentagonal bipyramid, the lat-

ter is higher in energy than the former by 0.104 eV,

while 4.3.b is a bi-capped trigonal bipyramid, being

higher in energy than 4.3.a only by 0.029 eV.

3.3.Cu2Si4, Cu3Si4 and Cu2Si5

The ground states of Cu2Si4 and Cu2Si5 consid-

ered here are both singlet and that of Cu3Si4 is dou-

blet. As shown in Fig.3, Cu2Si4 2.4.a is a deformed

triangular prism (C2) with two Cu atoms at differ-

ent sides; 2.4.b and 2.4.c are near-degenerate, being

higher in energy than 2.4.a by 0.089 eV and 0.138 eV,

respectively.

Similar to Ref.[25], the ground state of Cu3Si4

3.4.a (C2) is characterized by three Cu atoms sub-

stituted for three connected Si atoms at equatorial

sites of Si7. An isomer 3.4.b originating from four

Si atoms replacing four Cu atoms of Cu7 7.0.c turns

out to be higher in energy than 3.4.a by 0.042 eV. Wu

and Hagelberg[25] calculated a substitutional structure

with three disconnected Cu atoms at the equatorial

sites of Si7, while our results show that this struc-

ture is unstable. Additionally, an initial substitutional

structure with three Cu atoms at the outside sites of

Si7 0.7.c relaxes to 3.4.c, which is 0.159 eV higher in

energy than 3.4.a.

Fig.3. Optimized geometries of Cu2Si4, Cu3Si4 and Cu2Si5 clusters at the B3LYP/6-311+G (d) level. The dark

and grey spheres represent Cu and Si atoms, respectively.
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Similar to Cu3Si4, the equilibrium structure of

Cu2Si5 2.5.a and 2.5.b calculated are in agreement

with the results in Ref.[25]. The third lowest struc-

ture 2.5.c originates from two Cu atoms substituted

for two Si atoms at the equatorial sites of Si7 0.7.b

and is 0.980 eV higher in energy than 2.5.a.

3.4.Growth patterns of CumSin clusters

The growth patterns of CumSin clusters could be

figured out from Figs.1–3 (only look at the ground

state structures denoted in a). The ground state struc-

tures of CuSin(n < 6) can be derived from those of

the Sin clusters by capping one Cu atom on various

surface sites of Sin, which is similar to the growth pat-

tern of NaSin clusters.[12]While for CunSi clusters, the

rectangular pyramid structure of Cu4Si is a building

block in many structures of larger CunSi clusters.

In another perspective consideration, for CumSin

(m + n = 4) clusters, all the Si4, Cu4 and CuSi3

structures are planar rhombus while the structures of

Cu2Si2 and Cu3Si prefer to be the bent rhombus. As

to the CumSin (m + n = 5, 6) clusters, owing to the

considerable difference between the 3D structures of

Si5 and Si6 and the planar structures of Cu5 and Cu6,

the growth patterns of CumSin (m+n = 5, 6) clusters

become more complicated. Whereas for CumSin(m+n

= 7) clusters, we obtain pentagonal bipyramid struc-

tures in the most stable clusters except for Cu6Si.

In Ref.[24], it was shown that charge transfers

from Cu to Si. In our calculation, there is also charge

transfer from Cu to Si atom owing to the larger elec-

tronegativity of the Si atom than that of the Cu

atom. This result has been reflected in the struc-

tures of the CumSin clusters described above. For

example, in Cu2Si2 cluster, the bond distance of Cu2

subunit (0.2575nm) is distinctly closer to that of Cu2

cation (0.2448nm) than that of the neutral molecule

(0.2278nm). While in Cu2Si5, two Cu atoms form

a dimer with a distance of 0.2604nm, and this value

is close to that of Cu+
2 . A similar charge transfer is

found in NaSin and TaSin(n = 1–11).[12,17] A charge-

transfer proceeding in the opposite direction, from Sin

to transition metal (TM), was recorded for CrSin.[15]

3.5. Electronic and bonding properties

of CumSin clusters

We now discuss the size-dependent physical prop-

erties of these clusters. The binding energies per atom

(Eb), the fragmentation energies (Ef) with respect to

CumSin →Si + CumSin−1 or Cu + Cum−1Sin, the

vertical ionization potentials (VIP) for CumSin and

the corresponding values of pure Sin and Cun clusters

are shown in Table 2. We expect that these data may

be helpful for experimental studies in the future.

The binding energies per atom (Eb) for the most

stable isomers of CuSin, CunSi, Cun+1 and Sin+1 (n

= 1–6) with respect to isolated atoms are presented

in Table 2, and their size dependences are shown in

Fig.4. For all the clusters except CuSi, the stabilities

of Sin+1, CuSin, CunSi and Cun+1 are in the order of

Sin+1 >CuSin >CunSi>Cun+1. Therefore, the Si–Si

bond is stronger than the Cu–Si bond and the latter

is stronger than the Cu–Cu bond.

Fig.4. Binding energies per atom (Eb) for the most stable

isomers of CuSin and CunSi (n ≤ 7) and Sin+1, Cun+1(n

= 1–6) clusters at the B3LYP/6-311+G (d) level.

As shown in Table 2, Eb of CumSin (m = 1, 2, 3,

4, 5) clusters increases with increasing number of Si

atoms. Thus, the clusters can continue to gain energy

during the growth process. In another perspective ex-

periment, Eb of Si2 is larger than that of Cu2 and Eb

of CuSi lies in between the Eb’s of Cu2 and Si2 clusters

(Table 1). Thus, we may expect that the Eb of the

Cu–Si binary clusters tends to increase with increasing

number of Si atoms. Indeed, as shown in Fig.5, Eb’s

of CumSin (m + n = 4, 5, 6, 7) clusters increase with

increasing number of Si atoms. Eb’s of CumSin clus-

ters lie between those of corresponding pure Cum+n

and Sim+n clusters. It thus can be shown that the

Si-rich clusters are more stable than the Cu-rich ones

for the clusters with the same size.
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Table 2. The binding energy per atom (Eb), fragmentation energy (Ef), vertical ionization potential (VIP)

and (HOMO–LUMO) gap (Eg) for the CumSin (2 ≤ m + n ≤ 7) clusters.

cluster Eb/eV fragmentation Ef/eV fragmentation Ef/eV VIP/eV Eg/eV

process process

Si2 1.532 Si+Si 3.064 8.601 1.644

Si3 2.234 Si+Si2 3.638 8.222 2.382

Si4 2.718 Si+Si3 4.171 8.137 2.423

Si5 2.836 Si+Si4 3.307 8.164 3.171

Si6 2.998 Si+Si5 3.811 7.937 3.252

Si7 3.099 Si+Si6 3.703 8.038 3.161

Cu2 0.902 Cu+Cu 1.804 7.997 3.238

Cu3 0.887 Cu+Cu2 0.857 6.041 1.309

Cu4 1.177 Cu+Cu3 2.046 6.703 1.934

Cu5 1.275 Cu+Cu4 1.667 6.336 1.371

Cu6 1.446 Cu+Cu5 2.302 7.226 3.170

Cu7 1.490 Cu+Cu6 1.752 6.056 1.295

CuSi 1.019 Si+Cu 2.037 Cu+Si 2.037 7.243 1.616

CuSi2 1.884 Si+CuSi 3.615 Cu+Si2 2.589 7.436 1.497

CuSi3 2.225 Si+CuSi2 3.247 Cu+Si3 2.198 7.950 1.643

CuSi4 2.465 Si+CuSi3 3.427 Cu+Si4 1.453 7.107 1.664

CuSi5 2.721 Si+CuSi4 4.002 Cu+Si5 2.148 7.619 1.930

CuSi6 2.804 Si+CuSi5 3.299 Cu+Si6 1.636 6.909 1.606

Cu2Si 1.498 Si+Cu2 2.481 Cu+CuSi 2.247 7.333 2.060

Cu3Si 1.470 Si+Cu3 3.700 Cu+Cu2Si 2.077 6.727 1.810

Cu4Si 1.786 Si+Cu4 4.222 Cu+Cu3Si 2.567 7.457 3.378

Cu5Si 1.681 Si+Cu5 3.710 Cu+Cu4Si 1.155 5.857 1.561

Cu6Si 1.735 Si+Cu6 3.466 Cu+Cu5Si 2.058 6.532 2.602

Cu2Si2 2.060 Si+Cu2Si 3.955 Cu+CuSi2 2.588 6.966 2.703

Cu2Si3 2.234 Si+Cu2Si2 2.932 Cu+CuSi3 2.272 7.598 2.784

Cu2Si4 2.422 Si+Cu2Si3 3.359 Cu+CuSi4 2.204 7.425 2.203

Cu2Si5 2.692 Si+Cu2Si4 4.313 Cu+CuSi5 2.516 7.473 3.052

Cu3Si2 1.895 Si+Cu3Si 3.112 Cu+Cu2Si2 1.234 6.288 1.577

Cu3Si3 2.116 Si+Cu3Si2 3.225 Cu+Cu2Si3 1.526 6.653 1.476

Cu3Si4 2.382 Si+Cu3Si3 3.977 Cu+Cu2Si4 2.144 7.030 1.482

Cu4Si2 1.920 Si+Cu4Si 2.593 Cu+Cu3Si2 2.048 6.784 2.257

Cu4Si3 2.140 Si+Cu4Si2 3.461 Cu+Cu3Si3 2.285 6.586 2.175

Cu5Si2 1.888 Si+Cu5Si 3.135 Cu+Cu4Si2 1.697 6.317 1.584

Fig.5. Binding energy per atom (Eb) for CumSin (m + n

= 4, 5, 6, 7) clusters versus the number of Si atoms n for

the most stable structures.

Studying the fragmentation energies (Ef) is also

an appropriate way for comparing the local stabilities

of different sizes of CumSin clusters and comparing

the relative strengths of Si–Si, Cu–Si and Cu–Cu in-

teractions. As shown in Table 2, the Ef ’s with respect

to the process of CumSin →Si+CumSin−1 are higher

than those of the CumSin →Cu+Cum−1Sin. This re-

sult shows that the bonding strengths are arranged in

the order of Si–Si>Cu–Si>Cu–Cu, following the same

hierarchy established by the Eb’s.

Considering the bonding strength order Si–

Si>Cu–Si, it is much easier to dissociate a Cu atom

than a Si atom from the CumSin clusters. In the fol-
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lowing, we only discuss the Ef ’s of CumSin (n = 1, 2, 3,

4, 5) clusters in the process CumSin →Cu+Cum−1Sin.

As seen from Fig.6, all of the five curves show odd–

even oscillation, and their maxima are found at m =

2, 4, 6. We thus predict that CumSin (n = 1, 2, 3, 4,

5) clusters with even Cu atoms have higher stability

than the clusters with odd m.

Fig.6. Fragmentation energy (Ef ) for the CumSin (n =

1, 2, 3, 4, 5) clusters versus the number of Cu atoms m

for the most stable structures.

In cluster physics, the second-order difference of

cluster energies ∆2E (n) is a sensitive quantity that

reflects the relative stability of clusters. Figure 7

shows the second-order difference of cluster energies

∆2E(m) against the number of Cu atoms, that is ∆2E

(m, n) = E(m + 1, n) + E(m − 1, n) − 2E(m, n).

Fig.7. The second–order differences of cluster energies for

CumSin(n = 1, 2, 3, 4, 5) clusters.

Maxima are found at Cu2Si, Cu4Si, Cu2Si2, Cu4Si2,

Cu2Si3 and Cu2Si4, indicating that these clusters pos-

sess higher stabilities, which are consistent with the

results of the Ef ’s shown in Fig.6.

We now illustrate the bonding properties for

CumSin clusters. Table 2 shows that the VIPs of

CuSin clusters are lower than that of the pure Sin clus-

ters. This reduction reflects the change in the orbital

ionization. As seen from Fig.8, the highest occupied

molecular orbital (HOMO) of CuSin corresponds to

the lowest unoccupied molecular orbital (LUMO) of

Sin except that of CuSi6. This result is in agreement

with the growth patterns of CuSin clusters. For ex-

ample, the LUMO of Si4 is composed of the p orbitals

on the two Si atoms of the long diagonal and is weakly

antibonding between them. When one Cu atom caps

the Si4 rhombus, the p orbitals still exist on the long

diagonal of Si atoms, and there is a significant s and p

characters on the Cu atom. For CuSi5, its HOMO is

similar to the LUMO of Si5 with a little modification

due to the presence of Cu, and the d orbitals of Cu

exhibit only a small degree of hybridization with the

s, p orbitals of Si. While for CuSi6, its HOMO is much

different from the LUMO of Si6, but is similar to the

HOMO of Si7. This is consistent with the fact that

the ground state structure of CuSi6 1.6.a originates

from one Cu atom substituted for one Si atom at the

apical site of Si7.

As seen from Fig.8, the d orbitals of Cu are much

more localized, exhibiting only a small degree of hy-

bridization with the orbitals of Si, and there is a strong

hybridization between the s and p orbitals of Cu and

those of Si atoms. Thus, we may understand that

there exists a mixed ionic and covalent bonding pic-

ture between Cu and Si atoms, and the Cu d or-

bitals contribute little to the Cu–Si bonding. For fur-

ther analysis, from the HOMOs of the CuSi5, CuSi6,

Cu2Si5 and Cu5Si2, one can notice that the HOMO

states are mainly localized around Si atoms. But there

are also some distributions of HOMO states around

Cu atoms and antibonding interactions between Cu

atoms in the HOMOs of Cu2Si5 and Cu5Si2. All these

results further confirm the bonding strength order of

Si–Si, Cu–Si and Cu–Cu given above.



No. 11 First-principle studies of the geometries and electronic properties of · · · 3367

Fig.8. Contour maps of the HOMOs and LUMOs of the selected CumSin and Sin clusters.

3.6.HOMO–LUMO Gap

Semiconducting characters of semiconductive ma-

terial silicon and the TM-doped silicon clusters can

be reflected from the energy gap (Eg) between the

HOMO and the LUMO. The Eg’s we obtained for

pure Cun clusters agree well with those determined

by Wang et al
[35] using a B3LYP/lanl2DZ calcula-

tions except for Cu5 and Cu7. As seen from Table

2, Eg’s of CuSin are distinctly lower than those of

Sin clusters. The similar trend is also found in other

TM-silicon clusters.[17] This means that the metallic

characteristics of CuSin clusters are enhanced. De-

tailed analyses of the electronic levels show that the

HOMO and LUMO are mainly composed of Cu s-

states mixed with Si s, p-states. Therefore, it is the

sp-hybridization that is responsible for the reduction

of energy gap with addition of Cu. In contrast, the

Eg’s of Cun are increased when one Si is doped into

the Cun clusters except Cu2Si and Cu6Si whose en-

ergy gaps are lower than those of the corresponding

Cu2 and Cu6, respectively.

As shown in Table 2, the Eg’s of pure Sin clusters

are larger than those of the Cun clusters except Cu2.

Thus, we may expect that the Eg’s of CumSin clusters

tend to decrease as the system changes from pure Sin

to pure Cun. The Eg’s of CumSin (m + n = 3, 4, 5,

6, 7) clusters are shown in Fig.9, in which we can see

Fig.9. Energy gaps (Eg) for CumSin (m + n = 3, 4, 5, 6,

7) clusters versus the number of Cu atoms m for the most

stable structures.
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our calculations for CumSi7−m clusters agree well with

those in Ref.[25]. All the four curves show the odd–

even oscillation behaviour, the Eg’s of the clusters

with odd Cu atoms are much smaller than those of

the clusters with even Cu atoms. It is well known that

the HOMO–LUMO gap reflects the relative chemical

reactivity of clusters. Our results indicate that the

clusters with odd Cu atoms exhibit stronger chemical

reactivity than the clusters with even Cu atoms.

4. Conclusions

In this paper, we have calculated the geometries

and electronic properties of Sin, Cun, and CumSin

(2 ≤ m + n ≤ 7) clusters at the DFT/B3LYP/ 6-

311+G(d) level. All the calculated results are sum-

marized as follows:

(1) The ground states examined for CumSin clus-

ters with even m are all singlet while those of the

clusters with odd m are all doublet.

(2) The structure of CuSin (n < 6) retains the

framework of the corresponding Sin cluster. This

means that the Si–Si bond predominates over the Cu–

Si one. While for CunSi clusters, the rectangular

pyramid structure of Cu4Si is shown to be a build-

ing block in many structures of larger CunSi clusters.

The growth patterns of CumSin clusters become more

complicated as the number of Cu atoms increases.

(3) The calculated energetic properties show that

the bonding strengths can be arranged in the order

of Si–Si>Cu–Si>Cu–Cu. The Eb’s of CumSin (m + n

= 4, 5, 6, 7) clusters tend to increase with increasing

number of Si atoms. Both the Ef ’s of CumSin (n =

1, 2, 3, 4, 5) and the ∆2E (m) show that the CumSin

clusters with even number of Cu atoms have higher

stabilities than those with odd m. According to fron-

tier orbitals analyses, the HOMO of CuSin (n < 6)

corresponds to the LUMO of Sin with a little modifi-

cation due to the presence of Cu. While for CuSi6, its

HOMO corresponds to the LUMO of Si7. This result

is consistent with the growth patterns of CuSin clus-

ters. There exists a mixed ionic and covalent bonding

picture between Cu and Si atoms and the Cu d or-

bitals contribute little to the Cu–Si bonding.

(4) The HOMO–LUMO gaps (Eg) of CuSin clus-

ters decrease obviously as compared with the pure Sin

clusters. While for the CumSin (m + n = 3, 4, 5, 6,

7) clusters, theEg’s of the clusters with odd number

of Cu atoms are much smaller than those of the clus-

ters with even number of Cu atoms, which indicates

that the clusters with odd m exhibit stronger chemical

reactivity than the clusters with even m.
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