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Ground-state structures, vibrational frequencies, HOMO-LUMO energy gap, electron affinities, and cluster
mixing energy of binary semiconductor clusters SimGen in the ranges ) m + n e 7 have been investigated
using the B3LYP-DFT and CCSD(T) methods with the basis of 6-311+G(d). SimGen clusters are found to
have similar structural patterns and the same spin multiplicities as those of corresponding elemental clusters
of Sis and Ges but with more isomeric structures and lower symmetries. Notable structural changes induced
by the additional electron were observed, except fors) 4. The mixing energies of binary clusters are negative,
which suggests that the mixed clusters are more stable than pure Si and Ge clusters. Both the HOMO-
LUMO gaps and the calculated mixing energy show that binary clusters SiGe2, Si2Ge2, Si2Ge3, Si2Ge4, and
Si2Ge5 are species with high stability and more likely to be produced experimentally.

I. Introduction

Recently, there has been a growing interest in materials
containing the group IV atoms C, Si, Ge, and Sn.1-5 These
materials are important due to their applications in the semi-
conductor and optoelectronic industries.6-9 In addition to the
pure elemental materials, many applications involve more than
one type of element, whether in compounds, impurities, alloys,
or interfaces. For example, Si-Ge materials have been studied
extensively in the past years, and the binary heterostructure Si/
Si1-xGex has produced a new generation of high-performance
heterojunction bipolar transistors (HBT), field effect transistors,
and infrared detectors.1,10

Atomic-scale analysis on Si-Ge materials is becoming more
and more important as semiconductor devices are constantly
being scaled down. It is found that concepts obtained from SiGe
in the bulk form may not be directly applicable to SiGe at the
nanoscopic level due to enormous surface energy effects and
lattice strains. Therefore, fundamental understanding of the
structure and thermodynamic/electronic properties of Si-Ge
nanoclusters would soon play an important role in the advance-
ment in the nanoscale devices, especially in the interfacial areas
where the lattice mismatch occurs due to the change of atomic
composition. Furthermore, in most semiconductor and surface
growth processes, chemical vapor deposition (CVD) methods
are commonly used, and understanding of chemical and physical
properties of such building block molecules is crucial in the
production of the desired properties.11-13

For theoreticians, the elusive structures of these silicon and
germanium molecules make them attractive systems for high-
level ab initio treatment. The search for the global minima as
well as their growth patterns for silicon clusters Sis and
germanium clusters Ges has received much theoretical atten-
tion.5,14-21 Previous studies have confirmed that the global
minimum silicon cluster Sis and germanium clusters Ges have
identical geometries up tos ) 12.17,22 The main difference is

the increase in bond lengths of Ge clusters by about 4-5%
compared to Si. Since the pure elemental clusters in this size
range have identical geometries, it is reasonable to ask whether
binary clusters SimGen would preserve such trend.

Up to now, mixed SimGen clusters remain underexplored
compared to their elemental counterparts. Li and Jin23 investi-
gated the low-energy structures of SimGen (for m + n e 10)
clusters using tight-binding methods based on averaged param-
eters of Si and Ge without frequency analysis. Later on, they
performed a more extensive study on binary AmBn (A, B ) Si,
Ge, C andm+ n e 10) clusters using the B3LYP-DFT method,
but only on selected initial geometries with high symmetries.24

They suggest that SiGe2 has a triplet ground state, different from
both Si3 and Ge3 which have singlet ground states. The
possibility for an abrupt change of electronic properties by
changing the stoichiometry motivates us to carry out a detailed
and systematic study on all possible alloy combinations.
Furthermore, calculations on anionic clusters, which are more
relevant to experimental conditions, are also performed.

II. Computational Details

In this work, the B3LYP-DFT method with 6-311+G(d) basis
set has been employed to optimize the geometries of neutral
and anion semiconductor binary systems. Frequency analyses
are also performed at the same theoretical level to check whether
the optimized structures are transition states or true minima on
the potential energy surfaces of corresponding cluster systems.
With the use of the B3LYP optimized geometries, the energies
of the clusters are calculated with coupled cluster singles and
doubles including a perturbative estimate of triple excitations
(CCSD(T)) method with the 6-311+G(d) basis set. The choice
of B3LYP geometries in computing CCSD(T) energies has been
verified for pure Ge cluster systems to get more satisfactory
energy values at relatively lower computational cost.25 All ab
initio calculations reported in this work were performed with
the Gaussian 03 package.26

The initial input structures of SimGen for the first principle
investigations are constructed using the published structure of
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Sis or Ges as templates.15,25,27To speed up our calculations, for
m > n we built the initial structures by replacing then Si atoms
by n Ge atoms from the Sim+n template and form < n we
replaced the Ge atoms by Si from the Gem+n template. Although
all 2m+n combinations within a given (m, n) can be generated
straightforwardly, we have further used the symmetry of the
template structure to reduce amount of calculations. Since all
symmetrically related structures would have identical physical/
chemical properties, only one representative is needed. This
approach is useful especially for the highly symmetrical
bipyramid templates (form+ n ) 5, 6, and 7). It was suggested
that in the small Sis or Ges, triplet states can be more stable
than the singlet state. Hence, we have optimized all the neutral
clusters in both the singlet and triplet potential energy surfaces
and optimized all anionic clusters on both doublet and quadruplet
potential energy surfaces.

III. Results and Discussion

III.A. Equilibrium Structures of Si mGen and SimGen
-. The

ground-state geometries of the neutral and anion SimGen clusters
are compared in Figures 1 and 2. Tables 1-III tabulate the
calculated HOMO-LUMO gap and vibrational frequencies of
the lowest energy structures obtained at the same theoretical
level (B3LYP/6-311+G(d)) as that used in the optimization
processes. Figure 3 shows the comparison of the bond length
of neutral and anion clusters. Figure 4 shows the molecular
orbitals to explain the structural changes by adding one electron
to neutral ones. Throughout the work, cutoff distances are used
to define whether a bond is formed between two atoms. The
cutoff distance is determined by the bond length distribution of

pure Sis and Ges clusters. Form + n e 5, the cutoff of Si-Si
and Ge-Ge is 2.7 and 2.8 Å, respectively. Form + n g 6, the
cutoff of Si-Si and Ge-Ge is 3.3 and 3.5 Å, respectively. The
cutoff of Si-Ge bond is taken as the average of those of Si-Si
and Ge-Ge bonds.

III.A.1. Linear SimGen and SimGen
- (s ) m + n ) 2).The ab

initio results indicate that the total energy of the triplet SiGe
cluster is 0.68 eV lower than that of the singlet cluster. This
indicates that SiGe binary clusters have the same multiplicity
as that of elemental dimers Si2 and Ge2 which have been
confirmed in both experiments and theory.25

The bond distance, harmonic vibrational frequencies, dis-
sociation energy, and dipole moment for the ground state of
SiGe are listed in Table 1. Some calculated and experimental
values in the literature are also listed for comparison.2-4,11,24,28

For the SiGe diatomic molecule, Li et al.4 measured an infrared
spectrum in 1994. They obtained the SiGe sample by arc-melting
the mixed metal under an argon atmosphere. They determined
the fundamental vibrational frequency for the SiGe to be 419
cm-1 for the ground state. Our calculated frequency is 426 cm-1,
as shown in Table 1, in good agreement with the experimental
value.

The predicted dipole moment for SiGe is very small, 0.19
D. The small dipole moment is mainly due to the fact that the
standard electronegativity of silicon is 1.8, which is nearly equal
to that of germanium. The result of Sari et al.28 is 0.20 D, which
agrees well with our calculation. From the satisfactory results
of SiGe, the B3LYP/6-311+G(d) method is adequate to provide
reliable properties of SimGen clusters.

III.A.2. Planar Structures of Triangular SimGen and SimGen
-

(s ) m + n ) 3). For SimGen (s ) m + n ) 3) binary clusters,
linear structures are excluded in our discussion here due to the
fact that they have extremely low stabilities in the pure
clusters.25,29 The theoretically optimized ground states are in
singlet state with triangular shapes. As shown in Figure 1, SiGe2

has three possible configurations. SiGe2-a (C2V) is more stable
than SiGe2-c (Cs) because of the bond energy order Si-Si >
Si-Ge (SiGe2-a has two Si-Ge bonds, whereas SiGe2-c has
one Si-Ge bond and one Ge-Ge bond). The simple estimate
yields correct energetics other with the ab initio results. The
energy of the triplet triangular SiGe2-b is between that of SiGe2-a
and SiGe2-c. Similarly, for Si2Ge, the structure with Ge atom
at the terminal of the bent linear structure has lower energy
than the one with Ge in the middle. This is different from the
results of Li et al.,24 where they missed theCs structure SiGe2-a
and took the triplet as the ground state. From this example, we
can see that it is not guaranteed to find the ground state by
considering only the highly symmetric structures.

When adding one electron to the neutral cluster, the bond
angle becomes smaller and the bond length becomes longer.
For example, SiGe2 changes from 84.7° to 68.4° and from 2.256
to 2.338 Å. Thus, the additional of one electron to the cluster
squeezes the open triangle into a closed one (the Ge-Ge bond
in SiGe2 changes from 3.040 to 2.629 Å).

III.A.3. Rhombus SimGen and SimGen
- (s) m+ n ) 4). From

the geometrical point of view, four-atom clusters are important
as it can show the onset of three-dimensional (3D) evolution.
Similar to Si4 and Ge4, planner rhombus are much more stable
than both linear and tetrahedron structures, and the singlet state
is much more stable than the triplet state. SiGe3 has two isomers,
one with the Si atom at short diagonal position, and another
with the Si at long diagonal position. The calculated total
electronic energy shows that silicon atoms prefer to occupy the
short diagonal positions to form more stronger (Si-Si) bonds.

Figure 1. All of the equilibrium structures of the neutral and anion
SimGen (s ) m + n ) 3, 4) clusters optimized at the B3LYP/6-311+G-
(d) level. (The bond lengths and angles of the anions are presented in
parentheses.) Isomers are arranged according to their relative stability
with the most stable structure on the right. One of the common trends
in both neutral and anionic clusters is that the Si atom prefers to occupy
the high-coordination position.
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Upon charging them negatively, the rhombus structures relax
along the long diagonal direction, while the short diagonal atoms
contract inward. However, the atomic relaxations associated with
charging are very small, with interatomic distances changing
by not more than a few percent. This indicates the rhombus
structures are very stable, and a detailed discussion will be given
in section B.

III.A.4. Bipyramid or Distorted Bipyramid SimGen and
SimGen

- (s ) m + n ) 5, 6, 7).As the cluster size increases,
it becomes much more costly to locate the lowest energy
structure by theoretical means because the number of possible
geometries increases exponentially. For SimGen clusters withs
) m + n > 5, there exist a great number of possible isomers
with very little difference in structures and energies. For
simplicity, only the most stable structures are given in Figure
2, and the others are given in the Supporting Information.

Whens ) m + n ) 5, the SimGen cluster has a larger bond
length between the base atoms than that ofs ) 6 and 7. For
example, in Si2Ge3 it is 3.249 Å, whereas the Ge-Ge bond in
Si2Ge5 is 2.643 Å. The SimGen

- clusters, although retaining the
triangle bipyramid motif, shrink the base triangle (from 3.249
to 2.929 Å in Si2Ge3) and increase the bond lengths between
the two apex Si atoms (from 3.020 to 3.520 Å in Si2Ge3). This
large relaxation from neutral to anion cluster will be discussed
in the next section.

Pure Si6 or Ge6 clusters have an edge-caped trigonal bipyra-
mid (C2V) ground-state structure, and a square bipyramid (D4h)
local minimum structure which has very close energy to the
ground state. Therefore, we take both of the two structures as
the initial structures of them+ n ) 6 mixed clusters. However,
most of the edge-caped trigonal bipyramids are optimized to
square bipyramids during the optimization process except for
SiGe5, which keeps the two different topologies. The square
bipyramid SiGe5-a (C4V) is found to have one doubly degenerate
imaginary frequency at 9i cm-1 (e). However, the value of the
imaginary frequency is very small (which can be neglected)
and the total electronic energy is the lowest of all the isomers.
Edge-caped trigonal bipyramid SiGe5-b (C2V) is found to be a
local minimum but has a higher energy than SiGe5-a (C4V).
Therefore, we believe SiGe5-a (C4V) is the most stable structure.
For SimGen

-, the changes upon charging the neutral clusters
are similar to that ofs ) 5, with the two apex distances
lengthened (from 2.799 to 3.286 Å in Si2Ge4) and the base atoms
shrinking (from 2.900 to 2.749 Å in Si2Ge4).

The ground-state structure of the Si7 or Ge7 is a pentagonal
bipyramid (D5h). The binary clusters retain this structure but
with lower symmetry according to different combination ofm
andn. Again, the Si atom prefers to occupy the apex position.
The ground state of Si4Ge3 has two Si atoms on apex positions,
and another two on the separate base positions, while another
isomer with Si atoms occupying two nearby base positions has
only a little higher energy than the ground state. The same trend
is valid for Si5Ge2. This indicates that the arrangement of Si
atoms between the base position does not affect the stability
very much because the low coordination. In the case of the
anion, the distance between two apex atoms is increased (from
2.632 to 2.966 Å in Si2Ge5), which shrinks the base pentagon
by reducing the atom distance (from 2.643 to 2.596 Å in Si2-
Ge4). The changes of structures are similar to that ofs ) 5 and
6, but much smaller.

III.A.5. Structural Relaxations upon Charging SimGen Clusters
NegatiVely. Atomic relaxations upon adding one electron to
neutral are important in interpreting photoemission data on

Figure 2. Lowest energy structures of all calculated minima of the bipyramid SimGen (s ) m + n ) 5, 6, 7) clusters optimized at the B3LYP/
6-311+G(d) level. (The bond lengths of the anions are presented in parentheses.) The structures of other isomers can be found in the Supporting
Information. The bond lengths between two apex atoms are given in bold italic font on the top; the bond lengths between the apex and base atoms
are given on the top left; the bond lengths between base atoms are given on the bottom right. A common feature of structural changes upon adding
one electron to the neutral clusters is the mutual repulsion of the two apex atoms in the vertical direction, while the planar atoms contract inward.

TABLE 1: Bond Distances (in angstroms), Harmonic
Vibrational Frequencies (in cm-1), Dissociation Energies (D0,
in eV), and Dipole Moments for the Ground State of SiGe at
the B3LYP/6-311+G(d) Level

level of theory R ω D0 µ

B3LYP/6-311+G(d) 2.229 426 2.74 0.19
cc-pVQZ CCSD(T)a 2.315 411 3.01 0.20
B3LYP/6-311G(3df)b 2.22 431 2.9
MRCIc 2.360 387
LSDd 2.339 397 3.79
experimente 419
experimentf 3.08( 0.22

a Ref 28.b Ref 24.c Ref 11.d Ref 3. e Ref 4. f Ref 2.

SimGen and SimGen
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negatively charged clusters.30 Although the overall morphology
of the anionic clusters remained similar to that of their neutral
counterparts, notable structural changes occur depending on the
size of the cluster due to the charge polarization induced by
the additional electron. Figure 3 shows the comparison of the
bond length of neutral and anion clusters. Points above (below)

the diagonal line are the bonds lengthened (shortened) upon
adding an electron to the neutrals. From Figure 3 we can see
clearly the size dependence of the structural relaxation. Except
for s ) 4, atomic relaxations as a result of charging are
substantial with changes in the interatomic distances and bond
angles typically up to about 18%.

Whens) m+ n ) 5, 6, 7, the binary clusters have bipyramid
or distorted bipyramid structures. Silicon atoms prefer to occupy
the apex positions, and the Ge atom prefers to occupy the lower
coordination (base atom) over the apex position, indicating

TABLE 2: Calculated Electronic State, Electronic EnergiesEt (hartree/Particle), Relative EnergyErel (eV), HOMO-LUMO
Energy GapsEgap (eV), and Harmonic Vibrational Frequencies (cm-1) of SimGen Binary Clusters (s ) m + n ) 2, 3, 4)a

SimGen

electronic
state Et Erel Egap vibrational frequency

SiGe a 3Σ -2364.339745 0.00 426(σ)
b 1Σ -2364.314660 0.68 0.64 474(σ)

SiGe2 a 1A1 -4439.810177 0.00 2.45 110(a1) 421(b2) 423(a1)
b 3A′ -4439.800686 0.26 3.55 198(a1) 210(b2) 366(a1)
c 1A1 -4439.798616 0.31 2.29 123(a′) 301(a′) 425(a′)

Si2Ge a 1A′ -2653.388387 0.00 2.41 144(a′) 422(a′) 536(a′)
b 3B2 -2653.382889 0.15 3.59 237(a′) 237(a′) 435(a′)
c 1A1 -2653.376600 0.32 2.31 138(a1) 421(a1) 432(b2)

SiGe3 a 1A1 -6515.278697 0.00 2.41 66(b1) 140(a1) 203(a1) 240(b2) 340(a1) 397(b2)
b 1A1 -6515.273970 0.13 2.30 68(b1) 144(b2) 210(a1) 265(a1) 271(b2) 381(a1)

Si2Ge2 a 1Ag -4728.863544 0.00 2.49 75(b3u) 177(b2u) 212(ag) 366(b3g) 391(b1u) 403(ag)
b 1A′ -4728.860586 0.08 2.36 79(a′′) 161(a′) 237(a′) 298(a′) 358(a′) 462(a′)
c 1Ag -4728.856574 0.19 2.29 80(b3u) 179(b2u) 231(ag) 294(b3g) 377(ag) 384(b1u)

Si3Ge a 1A1 -2942.444545 0.00 2.42 87(b1) 200(b2) 268(a1) 398(b2) 408(a1) 473(a1)
b 1A1 -2942.442341 0.06 2.35 91(b1) 194(a1) 301(a1) 315(b2) 416(a1) 484(b2)

a Et andErel at the CCSD(T)/B3LYP/6-311+G(d) level, the others at the B3LYP/6-311+G(d) level.

TABLE 3: Calculated Electronic State, HOMO-LUMO Energy Gaps Egap (eV), and Harmonic Vibrational Frequencies (cm-1)
of the Lowest Energy SimGen Binary Clusters (s ) m + n ) 5, 6, 7) at the B3LYP/6-311+G(d) Level

SimGen Egap vibrational frequency

SiGe4
1A1 3.14 107(e) 107(e) 144(a1) 199(e) 199(e) 225(e) 317(e) 317(e) 354(a1)

Si2Ge3
1A1′ 3.23 118(e′) 118(e′) 155(a1′) 266(e′′) 266(e′′) 307(a2′′) 333(e′) 333(e′) 384(a1′)

Si3Ge2
1A1 3.07 122(a1) 155(b2) 180(a1) 272(a2) 287(b1) 337(b2) 356(b1) 368(a1) 439(a1)

Si4Ge 1A1 3.07 147(b2) 165(a1) 201(a1) 282(b1) 334(a2) 357(a1) 368(b1) 429(b2) 448(a1)
SiGe5-a 1A1 3.21 9i(e) 9i(e) 59(b2) 143(b1) 179(a1) 200(a1) 210(b2) 221(e) 221(e) 331(a1) 334(e) 334(e)
SiGe5-b 1A′ 3.19 16(a′′) 24(a′) 59(a′) 145(a′′) 178(a′) 200(a′) 208(a′) 220(a′′) 221(a′) 328(a′) 331(a′′) 337(a′)
Si2Ge4

1A1g 3.39 22(eu) 22(eu) 52(b2u) 148(b2g) 200(a1g) 213(b1g) 245(a2u) 316(eg) 316(eg) 328(eu) 328(eu) 372(a1g)
Si3Ge3

1A1 3.33 50(b2) 60(a1) 71(b1) 208(a1) 212(b2) 249(b1) 267(a1) 304(a2) 334(b2) 342(b1) 377(a1) 400(a1)
Si4Ge2

1A1 3.34 23(b2) 61(a1) 84(a2) 233(a1) 254(b1) 268(a1) 281(b2) 339(a2) 341(b1) 381(a1) 394(b2) 430(a1)
Si5Ge 1A1 3.19 38(b2) 97(a1) 103(b1) 262(b2) 272(a1) 274(b1) 343(a2) 344(a1) 362(b1) 399(a1) 429(b1) 433(a1)
SiGe6

1A1 3.03 84(e2) 84(e2) 127(e1) 127(e1) 136(a1) 156(e2) 156(e2) 190(e1) 190(e1) 191(e2) 191(e2) 208(a1) 308(e1) 308(e1) 313(a1)
Si2Ge5

1A1′ 3.13 80(e2′′) 80(e2′′) 149(e1′) 149(e1′) 160(e2′) 160(e2′) 169(a2′′) 194(e2′) 194(e2′) 215(a1′) 270(e1′′) 270(e1′′) 296(e1′) 296(e1′) 370(a1′)
Si3Ge4

1A1 3.01 83(a2) 105(a1) 149(b2) 152(a1) 165(a1) 178(b1) 182(b2) 204(a1) 249(b2) 253(a1) 274(a2) 287(b1) 304(b2) 351(a1) 383(a1)
Si4Ge3

1A1 3.07 102(a2) 113(b1) 150(a1) 154(b2) 190(b1) 201(a1) 209(b2) 238(a1) 252(b2) 280(b1) 298(a2) 298(a1) 336(a1) 369(b2) 389(a1)
Si5Ge2

1A1 3.05 114(b1) 132(a2) 159(a1) 186(b2) 199(b1) 209(a1) 230(b2) 268(b2) 274(a1) 289(a2) 307(b1) 336(a1) 356(b2) 381(a1) 402(a1)
Si6Ge 1A1 3.05 127(b1) 154(a2) 176(b2) 205(a1) 208(b1) 233(a1) 252(b2) 287(a1) 305(b1) 314(a2) 324(b2) 343(a1) 378(a1) 394(b2) 412(a1)

Figure 3. Comparison of bond lengths of all the low-energy SimGen

vs SimGen
- clusters in the structures optimized at the B3LYP/6-311+G-

(d) level. Each point represents a bond length of a cluster. Points above
(below) the diagonal line are the bonds lengthened (shortened) upon
adding an electron to the neutrals.

Figure 4. Molecular orbitals of Si2Ge3, Si2Ge4, and Si2Ge5 at the
B3LYP/6-311+G(d) level. The antibonding orbital of the two apex
atoms makes the bond lengthen upon adding one electron to the neutral.
However, fors ) 5, the HOMO of the anion and LUMO of the neutral
are different and the LUMO of neutral cluster corresponds to the
LUMO-2 in the anion. This reordering of the orbitals is related to the
substantial relaxation ins ) 5.

2238 J. Phys. Chem. A, Vol. 112, No. 11, 2008 Bing et al.



directional bonding between Si-Ge bonds. A common feature
of the relaxations as a result of charging is the mutual repulsion
of the two apex atoms in the vertical direction, while the planar
atoms contract inward. This is because the LUMO in the neutral
case has antibonding character centered on the apex atoms, as
shown in Figure 4. Usually, when adding one electron to the
neutral cluster, the electron will occupy the LUMO orbital.
Under the Koopman’s theorem, the LUMO of the anion and
HOMO of neutral molecules would be the same, and this is
indeed the case fors ) 6, 7. However, fors ) 5, the HOMO
of the anion and LUMO of the neutral are different and the
LUMO of the neutral cluster corresponds to the LUMO-2 in
the anion. This reordering of the orbitals is related to the
substantial relaxation ins ) 5.

III.B. Electron Affinities. Electron affinities of a cluster are
important parameters in understanding its chemical stability.
Calculated electron affinities, when compared with experimental
data, help to distinguish between various low-energy isomers.30

A schematic drawing to illustrate the definition of vertical
electron detachment energies (VDE) of the anions, adiabatic
electron affinities (AEA) of the neutral clusters, and relaxation
energies (∆ER) is presented in Figure 5a. The AEA is equal to
the difference between the total energies of a neutral system
and the corresponding anion. The VDE correspond to transitions
from the ground electronic state of the anion to the identical
geometry in the neutral molecule ground electronic state, so
the VDE should be higher than AEA. The∆ER is calculated
by the difference between VDE and AEA. Therefore,∆ER

indicates the geometrical changes between the neutral and anion
clusters. The AEA, VDE, and∆ER are calculated as31

The computed VDE, AEA, and∆ER of SimGen clusters are
presented in Figure 5b. From Figure 5b we can see that SimGen

clusters withs ) m + n ) 4 and 7 have lower AEA and∆ ER

than their neighboring clusters, indicating that they are magic
number clusters which are geometrically and electronically
stable. These are agreed with the fact that the pure Si4, Si7 and

Ge4, Ge7 clusters are also magic number clusters.15,32,33Espe-
cially for the cluster size 4, there is a very small difference of
about 0.02 eV between the calculated VDE and EA, consistent
with very little geometrical relaxation accompanying achment
of an electron from the ground state of the neutral cluster. The
larger relaxation energy for cluster sizes 5 and 6 indicates a
significant structural transition upon addition of an electron on
it. For structures which undergo significant atomic relaxations
upon charging, a considerable portion of the electron affinity
is associated with these relaxations.

VDE, AEA, and HOMO-LUMO gap can be measured
experimentally using the anion photoelectron spectrometer. In
the anion photoelectron spectra, the positions of the intensity
maxima of the lowest energy bands determined the VDE. The
onset energy of band yields the AEA. The first gap in the
photoelectron spectrum corresponds to the HOMO-LUMO gap
in the neutral clusters. However, in some cases, the exact onset
is unclear because the band tails off slowly toward high electron
kinetic energy; these tails are attributed to vibrationally hot
anions. Thus, accurate AEA and the HOMO-LUMO gap
cannot be obtained from the photoelectron spectra data alone.
To our knowledge, there are no such experiments for mixed
SimGen cluster. The theoretical predictions in the present work
serve as useful references for future photoionization threshold
measurements and photoelectron spectroscopy studies of semi-
conductor binary clusters.

III.C. Mixing Energy. The mixing energy corresponds to
the change in energy on constructing the alloy cluster from
identical configurations of the elemental clusters. A negative
value of ∆Emix corresponds to a nanoalloy cluster which is
thermodynamically stable with respect to pure elemental clusters
of the same size. The mixing energy of the two components in
a bulk alloy or a cluster can be used as a measure of stability.34

The mixing energy of SimGen clusters per atom can be expressed
as

whereE(SimGen) is the potential energy of the SimGen cluster
andE(SimSin) andE(GemGen) are the potential energies of the
SimSin and GemGen clusters which have the identical configu-

Figure 5. (a) Schematic representation of the definition of adiabatic electron attachment (AEA) energy, vertical detachment energy (VDE), and
relaxation energy (∆ER). (b) AEA, VDE, and (∆ER) of the SimGen

- cluster calculated at the CCSD(T)//B3LYP/6-311+G(d) level.∆ER ) VDE -
AEA.

AEA ) E(optimized neutral)- E(optimized anion) (1)

VDE ) E(neutral at optimized anion geometry)- E
(optimized anion) (2)

∆ER ) VDE - AEA (3)
∆Emix ) [E(SimGen) - m

m + n
E(SimSin) - n

m + n
E

(GemGen)]/(m + n) (4)

SimGen and SimGen
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ration of the binary cluster. The cluster energies of mixing∆Emix

of different compositions are calculated according to eq 4.
The calculated results are shown in Figure 6. The cluster

mixing energies∆Emix of SimGen are negative, which suggests
that the mixed clusters are more stable than pure Si and Ge
clusters, so they are possible to be produced experimentally.
From s ) 4-7, the mixing energy divided into three lines for
each size (two lines fors ) 3), which indicates the different
levels of stability. The solid lines on the bottom correspond to
the structures with both apex positions (low coordination atom)
occupied by two Si atoms, which are the most stable configura-
tions. The dotted lines on the top correspond to the structures
with both apex positions occupied by two Ge atoms, which are
the most unstable configurations. The dashed lines in the middle
correspond to the structures with one apex occupied with Si
and another with Ge, whose stabilities are between the former
two extremes. Among the different configurations with the same
composition, the most stable structure has the smallest mixing
energy.

From Figure 6 we can see that SiGe2, Si2Ge2, Si2Ge3,
Si2Ge4, and Si2Ge5 have the lowest mixing energy of the same-
sized clusters; therefore, they are the most stable clusters of
each size. These stable clusters have structures where all Si
atoms are in high-coordination positions, and Ge atoms are in
low-coordination positions. These clusters are also found to have
the highest HOMO-LUMO gaps of the same-sized clusters.

Apart from SiGe and the four-atom cluster, the mixing energy
becomes larger as the cluster size increases. It has been
confirmed that the mixing free energy of bulk SiGe alloy is
positive at 0 K;35 then there must exist a critical size at which
the mixing energy becomes positive. It will be very interesting
to find out at what size the transition will occur.

IV. Conclusions

In this work we have systematically studied the neutral and
anionic SimGen (s ) m + n e 7) clusters for all choices ofm
andn. The lowest energy isomers have been identified for all
the combinations ofm andn, as well as several of the lowest-
lying isomers. We have examined all neutral clusters in both
singlet and triplet potential energy surfaces and found that all
the most stable neutral clusters are in singlet states except for

the dimers. All the anionic clusters were optimized in both
doublet and quadruplet states, and the stable structures in a given
(m, n) are all in doublet states. In short, binary clusters are found
to have similar ground-state structures and spin multiplicity as
the corresponding elemental clusters. We should point out that
the singlet state Si2Ge-a (Cs) is found to be more stable than
the triplet state (C2V), which is different from Li et al.’s
conclusion that Si2Ge has a triplet ground state24 based on
studying selected isomers with high symmetry. This discrepancy
shows that one should not be biased toward the highly
symmetric structures and a detailed searching is necessary for
identifying the global minima structures.

The overall morphology of anionic clusters remained similar
to that of their neutral counterparts, but notable structural
relaxations due to the charge polarization induced by the
additional electron were observed. Except fors ) 4, atomic
relaxations as a result of charging are substantial with changes
in the interatomic distances and/or bond angles typically up to
about 18%. Fors ) 5, 6, and 7, a common feature of the
relaxations is the mutual repulsion of the two apex atoms in
the vertical direction, while the planar atoms contract inward.
This is in line with that fact because the LUMO in the neutral
case has antibonding character that is centered on the apex
atoms.

The mixing energies of binary clusters are negative, which
suggests that the mixed clusters are more stable than pure Si
and Ge clusters (except for the triplet SiGe, which has small
value positive mixing energy). It has been confirmed that the
mixing free energy of bulk SiGe alloy is positive at 0 K, so it
will be very interesting to find out at what size the transition of
mixing energy from negative to positive will occur.

Our calculation also suggests that among the small-sized
clusters, SiGe2, Si2Ge2, Si2Ge3, Si2Ge4, and Si2Ge5 with large
HOMO-LUMO gaps and most negative mixing energies should
be prominent in growth experiments because of strong chemical
stabilities. It would be very interesting to compare our predic-
tions with the actual formation of clusters in a CVD growth
environment for bulk Si-Ge solids or films. Results obtained
in this work present a foundation for future theoretical and
experimental study of group IV binary clusters.
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