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Density functional calculations with simulated annealing have been performed for singly charged

mixed silicon-carbon cluster anions SinCm
2 and for neutral SinCm clusters with up to eight atoms.

The calculations predict the existence of a number of previously unknown isomers and identify two

classes of anion structure: carbon-rich ~chainlike! and silicon-rich ~three-dimensional!, with

pronounced differences in the vertical detachment energies ~VDE, transitions to states of the neutral

clusters!. The results provide insight into recent photoelectron detachment measurements on the

anions. © 1996 American Institute of Physics. @S0021-9606~96!02436-1#

I. INTRODUCTION

Elements belonging to the same group of the periodic

table have properties in common, and carbon and silicon

~group 14! are no exceptions. Nevertheless, their differences

are very pronounced. The immense variety of organic chem-

istry, reflecting the ability of carbon to form single, double,

and triple bonds, is not shared by silicon, which favors multi-

directional single bonds. It is perhaps not surprising that the

structures of the elemental clusters show striking differences.

For Cn clusters with n53210, ab initio calculations1

predict linear structures for odd n and cyclic structures for

even n , and there is experimental evidence for both linear

and ring geometries.2,3 Larger clusters form monocyclic or

bicyclic rings,4 and many with n*28 give rise to fullerene

structures.5 Important structural information on clusters has

been provided in recent years by photoelectron ~PE! spec-

troscopy. For Cn
2 anions,3,6 the spectra consist of sharp fea-

tures for n53-9 and of relatively broad features for n>10.

For n,10, the energy required to detach an electron from an

anion ~vertical detachment energy, VDE! is much lower for

n odd than for n even, and the pattern inverts for larger n .

Both observations are consistent with a transition from linear

to ring structures at n510.7

By contrast, Sin clusters are predicted to be cagelike for

5<n<11,8 and the peaks in the abundance spectra corre-

sponding to fullerene structures in Cn are absent in Sin ,9

although density functional ~DF! calculations with molecular

dynamics ~MD! predict that silicon clusters with n*25 have

a compact inner shell surrounded by a cagelike structure.10

The PE spectra of Sin
2 for n<12 ~Ref. 11! and Raman spec-

tra of Sin
2 for n54,6,7 ~Ref. 12! have been interpreted using

cagelike structures.13–15 Furthermore, these investigations

have shown that the geometries of Cn and Sin cluster anions

can differ substantially from those of their neutral counter-

parts.

While the combination of theoretical and experimental

studies has led to a rather detailed picture of the elemental

clusters, this is not so for mixed clusters SinCm . It is natural

to expect that such clusters exhibit structural features of Cn

and Sin , and this has been confirmed by a number of studies

in the past years. The experimental work includes absorption

spectra in matrices16,17 and in the gas phase,18,19 and the

recent PE studies20 of SinCm
2 anions. These data provide a

challenge to theoreticians, as does the large number of topo-

logically distinct isomers that can occur in mixed clusters.

While there have been numerous calculations on individual

clusters, the anionic structures, which are essential for inter-

preting PE data, have not yet been studied systematically.

This is one of our main aims. We note that the bulk phases of

SiC also have remarkable properties. There are more than

100 crystalline forms ~‘‘polytypes’’!,21 characterized by dif-

ferent stacking sequences of close-packed layers that can

have long periods. The amorphous phase (a2SiC! is a high-

temperature semiconductor whose structure has been the

subject of some debate. A recent study using a combination

of MD and DF calculations22 showed that the structure has

many ~40-45%! homonuclear bonds, with the C atoms tend-

ing to form chainlike structures.

We describe here the results of an extended series of DF

calculations on SinCm
2 anions (n1m<8) and their neutral

counterparts. The method has been applied previously to

analyze the PE spectra of Sn
2 and Pn

2 clusters,23,24 and we

focus here on the PE spectra of the mixed group 14

clusters.20 G. Ganteför and G. Schulze Icking-Konert of our

institute have provided preliminary PE data of higher

resolution25 that is generally consistent with our analysis.

The present calculations use the local spin density ~LSD!

approximation for the exchange-correlation energy. A study

of the effects of non-local ~gradient-corrected! modifications,

with particular emphasis on the elemental clusters Cn and

Sin , is in progress.

II. COMPUTATIONAL DETAILS

We have used a combination of DF calculations with

molecular dynamics ~MD! for all clusters. The use of MD is

advantageous, since there are numerous possible isomers and

the nature of the most stable is not generally known. Details

of the method are provided in previous applications.23,24 The

calculations adopt periodic boundary conditions ~PBC! with

a ~simple cubic! unit cell with lattice constant 20 a.u., a plane

wave basis set with a single point (k50) in the Brillouin

zone, and the LSD approximation to the exchange-

correlation energy. Energetically favorable regions of the en-

ergy surface were located using a plane wave expansion with

a cutoff energy of 7.5 a.u., and structure refinement was car-

ried out with a cutoff of 15 a.u. The electron-ion interaction

is described by the non-local pseudopotential of Troullier

and Martins,26 using the d2component of the potential as
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the reference local part ~‘‘sp2nonlocality’’!. The choice of

unit cell size was tested by calculating the three most stable

isomers of Si6C2 @see Sec. III.F.2.#. Using a cell with lattice

constant 30 a.u. and the same energy cutoff ~yielding

;37000 and ;230000 plane waves in the expansion of the

wave functions and the density, respectively!, the energy or-

dering and the relative stabilities of the isomers differed by

less than 0.03 eV, and the bond lengths and bond angles by

less than 2%. Additional tests are described in Sec. IV.

We focus on cluster geometries and the energy differ-

ences between states of the charged and neutral systems @ver-

tical detachment energies ~VDE! and relative energies of the

isomers of the neutral and charged clusters#. The methods

used to correct the calculation of the Coulomb energy in a

system with PBC, and for describing the multiplet structures

of the clusters, are described in Ref. 23. To check further the

approximations inherent in MD/DF calculations, particularly

the pseudopotential description of the electron-ion interac-

tion and the use of a supercell with PBC, we have performed

all-electron DF calculations for many of these clusters.27 The

agreement is generally good and will be discussed in specific

cases in Sec. IV. The vibration frequencies were determined

by all-electron calculations.

III. RESULTS OF CALCULATIONS, COMPARISON
WITH OTHER WORK

In this section we present our results for structures, vi-

bration frequencies, and vertical excitation energies ~Table

I!. In Tables II–V we include C-C bonds shorter than 3.82

a.u. and Si-Si bonds shorter than 5.3 a.u., corresponding to

the first minima of the pair correlation functions of liquid C

~Ref. 28! and Si ~Ref. 29!, respectively. The cutoff distance

for Si-C bonds is the mean value ~4.57 a.u.!. In Figs. 1–8,

‘‘bonds’’ are shown for internuclear separations less than 5.3

a.u., irrespective of atomic species, and light and dark

spheres denote Si and C atoms, respectively.

A. SiC2

Although C2 and Si2 are well-known,30 SiC was identi-

fied only eight years ago by Bernath et al.,31 who resolved

the 0-0 band of the d1S1-b1P transition in the vibration-

rotation spectrum and estimated the bond length re of the
3P @ . . . p3s1# ground state to be 3.24860.002 a.u. The

molecule has subsequently been detected at millimeter wave-

lengths in the envelope of a carbon star.32 Our calculations

also give a 3P ground state, and the bond length ~3.24 a.u.!

agrees well with the above value. The first excited state

(3S2, . . . p2s2) is 0.42 eV less stable, compared with a

configuration interaction ~CI! value of 0.44 eV.33 The lowest

singlet 1S2 state @ . . . p4# was found at 0.76 eV ~CI: 0.65

eV!.33

The addition of an electron to these SiC triplet states

yields a 2S1 ground state of SiC2 @ . . . p4s1#, with a 2P

state @ . . . p3s2# 0.47 eV higher. As observed previously in

Si2,34 the bond in the anion is shorter than in the neutral

cluster ~see Table II!, consistent with the higher occupancy

of the bonding p-orbitals. The vertical excitation energies

from the ground state of SiC2 to states of SiC are predicted

to be: 2.55 eV (3P , VDE!, 3.25 eV (3S2), 3.27 eV (1P),

and 3.30 eV (1S1). We know of no measured PE spectra for

this molecule.

B. Three-atom clusters

1. SiC2
2

The present calculations predict a C2v
(1A1) ground

state for SiC2 with aCSiC541°. A linear Si-C-C structure is

TABLE I. SinCm
2 clusters: Vertical detachment energies ~VDE, eV, with

uncertainties in brackets! derived from photoelectron spectra ~‘‘N,’’ Ref. 20!

and present calculations ~‘‘Calc.’’!. Values in square brackets belong to

isomers that are not the most stable.

Composition VDE

Total atoms n m Figure N Calc.

3 atoms 1 2 1~b! 1.54~0.06! 1.69

2 1 1~c! ••• 1.18

4 atoms 1 3 1~e! 2.76~0.04! 2.86

1 3 2~a! 1.93~0.10! 2.08

2 2 2~b! 1.93~0.08! 2.07

3 1 2~e! 1.54~0.08! 1.69

5 atoms 1 4 3~a! 2.34~0.04! 2.27

2 3 3~d! 1.71~0.10! 1.82

3 2 4~a! ••• 1.88

4 1 4~d! 3.12~0.10! 3.21

6 atoms 1 5 4~f! 3.14~0.03! 3.22

2 4 5~c! 2.49~0.08! 2.59

3 3 6~a! 2.16~0.08! 2.51

4 2 6~e! 2.10~0.08! 2.18

5 1 7~b! 1.74~0.08! 1.81

7 atoms 2 5 7~e! 2.16~0.06! 2.18

6 1 8~c! 1.74~0.08! @1.79#

8 atoms 7 1 8~e! 2.92~0.08! @3.32#

TABLE II. Structure parameters for isomers of SinCm
2, n1m52–4, with

energies DE relative to the ground state ~eV!. Bond lengths d i j in a.u. and

bond angles a i jk in degrees. Additional labels refer to the figures, where the

atom numberings are also defined.

Molecule Symmetry State DE

SiC2 C`v

2S1 0.00

d1253.17

SiC2
2 1~a! C2v

2B2 0.00

d1252.49; d13,2353.56; a123,213570°; a132541°

SiC2
2 1~b! C`v

2P 0.03

d1252.43; d2353.32

Si2C2 1~c! D`h
2Pg 0.00

d12,1353.25

SiC3
2 1~e! C`v

2P 0.00

d1252.45; d2352.52; d3453.22

SiC3
2 1~f! C2v

2A2 0.49

d12,2352.58; d14,3453.78; d2453.45; a1235152°; a214,234562°

SiC3
2 2~a! C2v

2B1 0.67

d12,2352.70; d1352.76; d14,3453.54; a123561°; a214,2345126°; a143546°

Si2C2
2 2~b! Cs

2A9 0.00

d1252.49; d1353.56; d1453.49; d2353.77; d3454.56; a123566°

a2145155°; a143550°; a234589°

Si2C2
2 2~c! D`h

2Pg 0.10

d1252.48; d14,2353.26

Si3C2 2~e! C2v

2A2 0.00

d12,1453.38; d1353.58; d23,2454.49; a2145161°; a234596°
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0.19 eV less stable, and triplet states lie 1.55 and 2.27 eV

higher. These results compare satisfactorily with the mea-

sured bond angle ~40–41°, Ref. 35! and calculated differ-

ences between the energies of these isomers, 0.22 eV ~Ref.

36! and 0.16 eV,37 respectively. Our calculated bond lengths

@rSiC53.48 a.u., rCC5 2.41 a.u.# compare well with mea-

sured values @3.42, 2.36#.38

The addition of an electron stabilizes the linear isomer

@2P , 1~b!# with respect to the C2v
form, which is now only

0.02 eV higher than a C2v
(2B2) isomer @1~a!#. A compari-

son of the C2v
isomers shows that the bonds in SiC2 are

longer than those in the anion by about 3%, while the bond

angles remain the same. The calculated values of the VDE

are 1.50 eV (C2v
) and 1.69 eV (C`v

), and vertical excita-

tions to the first excited states are 3.69 eV (C`v
, 3P) and

2.99 eV (C2v
, 3B2), respectively.

Available photoelectron spectra are consistent with the

above assignment. While the PE spectrum20 shows a rather

broad peak at 1.5460.06 eV that is consistent with either

structure, there is no sign of increased intensity near 3.0 eV

that should be observable if the C2v
structure were more

stable.

2. Si2C
2

The neutral Si2C dimer also has C2v
and D`h structures

with comparable energies, the 1A1 state of the C2v
isomer

being 0.11 eV more stable than the 1Sg
1 state of the linear

isomer. The energy difference is similar to previous calcula-

tions @0.08 eV ~Ref. 39!; 0.09 eV ~Ref. 40!#, as are the struc-

TABLE III. Calculated vibration frequencies ve ~cm21) of selected isomers of neutral clusters SinCm ,

n1m<5.

Molecule Symmetry Method Frequency ve

SiC3 C`v
(3S2) here 168 (p), 442 (p), 588 (s), 1283 (s), 1959 (s)

HFa 164 (p), 456 (p), 659 (s) 1275 (s), 2037 (s)

Si2C2 Cs(
1A8) here 172 (a9), 269 (a8), 424 (a8), 585 (a8), 673 (a8),

1530 (a8)

HFb 245 (a9), 306 (a8), 537 (a8) 668 (a8), 754 (a8),

1560 (a8)

Si2C2 D`h(3Sg
2) here 123 (pu), 425 (pg), 455 (sg), 863 (su), 1845 (sg)

HFb 117 (pu), 278 (pg), 493 (sg), 933 (su), 1801 (sg)

Si2C2 D2h(1Ag) here 152 (b3u), 288 (b2u), 440 (ag), 865 (b3g),

907 (b1u), 1011 (ag)

HFb 213 (b3u), 397 (b2u), 522 (ag), 978 (b3g),

1011 (b1u), 1067 (ag)

Si2C3 D`h(1Sg
1) here 97 (pu), 236 (pg), 450 (sg), 586 (pu), 875 (su),

1558 (sg), 2053 (su)

MBPT~2!c 85 (pu), 210 (pg), 442 (sg) 519 (pu), 869 (su),

1527 (sg), 2082 (su)

aRef. 44, TZ2P.
bRef. 49, TZ2P.
cRef. 53, DZP.

TABLE IV. Structure parameters for isomers of SinCm
2, n1m55, with

energies DE relative to the ground state ~eV!. Bond lengths d i j in a.u. and

bond angles a i jk in degrees. Additional labels refer to the figures, where the

atom labels are also defined.

Molecule Symmetry State DE

SiC4
2 3~b! C`v

2P 0.00

d1252.43; d2352.50; d3452.42; d4553.27

Si2C3
2 3~d! D`h

2Pu 0.00

d12,2352.46; d15,3453.22

Si3C2
2 4~a! C2v

2B1 0.00

d1252.51; d14,2453.82; d15,2353.33; d34,4554.56; a1235150°; a143584°;

a3455130°;

Si4C2 4~d! C2v

2A1 0.00

d12,1553.47; d13,1453.84; d23,24,35,4554.54; d3454.67; a2155146°;

a314575°

TABLE V. Structure parameters for isomers of SinCm
2, n1m56,7, with

energies DE relative to the ground state ~eV!. Bond lengths d i j are in a.u.,

bond angles a i jk in degrees. Additional labels refer to the figures, where also

the atom labels are defined.

Molecule Symmetry State DE

SiC5
2 4~f! C`v

2P 0.00

d1252.44; d2352.50; d3452.42; d4552.49; d5653.25

SiC5
2 5~a! C2v

2A1 0.81

d12,4552.56; d13,3553.55; d16,5653.42; d23,3452.55; a165568°; a123588°;

a2345157°; a2165159°

Si2C4
2 5~c! D`h

2Pu 0.00

d12,3452.47; d16,4553.19; d2352.43

Si3C3
2 6~a! C1

2A 0.00

d1252.45; d1653.24; d2352.49; d34,3553.55; d4554.24; a435573°

Si4C2
2 6~e! C1

2A 0.00

d1252.97; d14,2353.46; d1553.89; d1653.53; d2553.90; d2653.52;

d3454.69; d3554.62; d4554.63; d5654.64

Si5C2 7~b! Cs
2A8 0.00

d1253.42; d1353.83; d1453.59 d1553.83; d2354.78; d2554.79; d2654.65;

d34,4554.43; d3554.59; d3654.46; d5654.45

Si5C2 7~c! C2v

2B2 0.00

d12,13,14,1553.61; d1654.08; d23,4554.50; d25,3455.24; d26,36,46,5654.60

Si2C5
2 7~e! D`h

2Pg 0.00

d12,4552.45; d17,5653.22; d23,3452.43
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FIG. 1. Structures of ~a!,~b! SiC2
2 ~c!,~d! Si2C2 and ~e!,~f! SiC3

2. Light

spheres are Si atoms, dark spheres are C atoms.

FIG. 2. Structures of ~a! SiC3
2, ~b!–~d! Si2C2

2 and ~e!,~f! Si3C2.

FIG. 3. Structures of ~a! Si3C2, ~b!,~c! SiC4
2 and ~d!–~f! Si2C3

2.

FIG. 4. Structures of ~a!–~c! Si3C2
2, ~d!,~e! Si3C2, and ~f! SiC5

2.
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FIG. 5. Structures of ~a!,~b! SiC5
2 and ~c!–~f! Si2C4

2.

FIG. 6. Structures of ~a!–~d! Si3C3
2 and ~e!,~f! Si4C2

2.

FIG. 7. Structures of ~a! Si4C2
2, ~b!–~d! Si5C2, and ~e!–~f! Si2C5

2.

FIG. 8. Structures of ~a!–~c! Si6C2 and ~d!–~f! Si7C2.
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tures. The C2v
isomer has rSiC53.21 a.u., aSiCSi5116°, in

reasonable agreement with other calculations @~3.22, 119.5,

Ref. 39!; ~3.18, 117.6, Ref. 41!#. Two triplet states were

found ;2.5 eV above the C2v
ground state.

Addition of an electron to the C2v
isomer results in an

increase in aSiCSi , and one obtains the linear (2P) isomer of

the anion @1~c!# by starting from either neutral structure. A

local minimum with C2v
geometry @2A1, 1~d!# is only 0.01

eV less stable and arises from an equilateral starting struc-

ture. The marked differences between the calculated vertical

excitation energies for these two anion structures @1.18, 3.49,

3.94 eV for isomer 1~c!; 1.56, 2.90, 3.37 eV for 1~d!#, how-

ever, should enable them to be distinguished in PE measure-

ments. The initial data of Ganteför and Schulze

Icking-Konert25 are compatible only with the former.

C. Four-atom clusters

The above results for the neutral triatomic clusters show

the competition between cyclic and linear isomers, with

Si2C and SiC2 having weakly bent and cyclic C2v
structures,

respectively. Ring and open structures are also nearly degen-

erate in Si3,42 and C3 is linear both here and in HF-based

calculations.1 Although Si3
2 is cyclic,13 our calculations and

others indicate that the corresponding anions generally favor

linear geometries. Si2C2 and SiC2
2 are linear, and PE spectra

of C3
2 indicate a linear structure.6 Noting that Si4

2 and pos-

sibly C4 ~Ref. 43! are rhombic, we now examine the mixed

tetratomic clusters.

1. SiC3
2

Neutral SiC3 has a rhombic ground state (C2v
, 1A1)

with a transannular C-C bond with rCC52.72 a.u. ~2.78

a.u.!44. A second rhombus with a transannular Si-C bond

with rSiC53.58 a.u. ~3.55 a.u., Ref. 44! is only 0.08 eV ~0.19

eV, Ref. 44! higher. A linear isomer (3S2) lies just 0.01 eV

above the more stable rhombus ~0.18 eV, Ref. 44!. Other

structures and electronic states lie at least 0.75 eV above the

most stable.

This near degeneracy is lifted in the anion. The linear

isomer @1~e!# is now 0.49 eV more stable than 1~f!, with 2~a!

an additional 0.18 eV higher. Similar to the situation that we

found in the Sin
2 helical isomers,23 the added electron in the

linear isomer is localized on the terminal bonds, which are

;2% shorter than in the neutral species. The calculated ex-

citation energies of the linear isomer gives a VDE value of

2.86 eV and a first excited state (1S1) of 3.27 eV, the VDE

for 1~f! and 2~a! are 2.08 eV and 2.35 eV, respectively.

The main peak in the PE spectrum ~VDE: 2.7660.4 eV,

Ref. 20! is consistent with the calculated value for the linear

isomer, but there is a weak signal at 1.9360.1 eV that may

be assigned to a second isomer 2~a!. The calculated VDE for

structure 1~f! @2.08 eV# agrees satisfactorily with this value,

and first results of Ganteför and Schulze Icking-Konert indi-

cate that additional features are consistent with the 1~f! struc-

ture. While the linear ground state of SiC3
2 dominates the

PE spectra, there are indications of the presence of the other

two isomers. The vibration frequencies are given in Table III

and compared with the results of Hartree-Fock

calculations.44

2. Si2C2
2

Rhombic and linear forms of Si2C2 have been studied by

Trucks and Bartlett,45 who calculated energies up to fourth

order in perturbation theory. Lammertsma and Güner46 pre-

dicted a low-lying isomer of Cs symmetry, and Sudharkar

et al.47 compared two rhombic D2h structures in terms of a

bond stretch isomerism. Finally, several isomers have been

discussed by Fitzgerald and Bartlett.48 We consider here both

singlet and triplet states of six isomers, the most stable being:

~a! the ground state, a D2h (1Ag) rhombus; ~b! a distorted

trapezoidal Cs structure (1A8 state! 0.18 eV higher, ~c! a

linear isomer (D`h , 3Sg
2) a further 0.18 eV higher in en-

ergy. This ordering was also found in Ref. 46, where the

corresponding energy differences were 0.36 eV and 0.13 eV.

As might be expected from the previous results, the lin-

ear isomer @2~c!# is stabilized in the anion, but is 0.1 eV less

stable than the distorted trapezoid @2~b!# (Cs , 2A9 state!. The

energy of the D2h rhombus @2~d!# in the anion is 0.25 eV

higher than in the Cs structure. Several isomers of the neutral

species – including a trapezoidal C2v
structure (3B1 state!

0.81 eV and a C2 isomer (1A1 state! 1.04 eV above the

rhombic isomer – transformed into the Cs isomer, indicating

that it has a large ‘‘catchment region.’’ The other structures

did not change significantly upon charging. The calculated

excitation spectrum for the Cs isomer gives a VDE of 2.07

eV and transition energies into the 3A9 and the 1A9 excited

states of the neutral species at 2.83 eV and 3.21 eV BE,

respectively. For the linear isomer we obtain excitation en-

ergies of 2.14 eV (3Sg
2 , VDE! and 2.49 eV (1Sg

1), and a

VDE of 1.56 eV for the rhombus.

The PE spectrum20 gives a VDE of 1.9360.08 eV, in

satisfactory agreement with the calculated value for the Cs

isomer. A linear isomer cannot be excluded, as the calculated

peak positions fall near peaks of the most stable isomer

and/or in regions of comparatively high intensity. However,

the rhombus is incompatible with the measured spectrum, as

its calculated VDE falls in an interval of very low intensity.

The availability of PE spectra of higher resolution would be

particularly valuable if vibrational fine structure could be

measured for comparison with the calculated vibration fre-

quencies ~Table III, we show also the HF values of Ref. 49!.

We note, in particular, the pronounced differences between

the highest frequencies calculated for the Cs , D`h , and

D2h isomers ~1530, 1845, 1011 cm21, respectively!.

3. Si3C
2

The neutral cluster and its fundamental vibrations have

been identified in the products of vaporization of C/Si mix-

tures trapped in Ar at 13 K.16 Rittby50 has investigated six

different isomeric structures of Si3C using Hartree-Fock

~HF! calculations, and we have calculated both the singlet

and triplet states of these structures. We concur that the most

stable isomer is a rhomboidal C2v
structure (1A1 state! with

two equivalent silicon atoms and a transannular Si-C bond.

Another C2v
structure (3B1), similar to the anionic structure
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2~f!, lies 1.44 eV higher in energy, and a rhomboidal C2v

structure with transannular Si-Si bond is an additional 0.40

eV less stable.

The energy ordering of the structures is preserved in the

anion, the isomer 2~e! now being only 0.80 eV more stable

than 2~f! and 1.20 eV below 3~a!. The calculated excitation

spectrum for 2~e! gives transitions at 1.69 eV ~VDE!, 3.16

eV, and 3.51 eV. A fourth at 3.88 eV is for a transition to a

state that is not the lowest of symmetry 3B1 and outside a

rigorous treatment by DF theory. The calculated VDE of

structures 2~f! and 3~a! are 2.06 eV and 2.47 eV, respec-

tively. As might be expected from the relative stability of

2~e!, the measured VDE agrees best with the calculated value

for this isomer.

D. Five-atom clusters

1. SiC4
2

Linear SiC4 has been studied by HF-based

calculations,51 and a fundamental vibration has been

measured.52 The linear structure is the most stable in our

calculations, with a C2v
ring (1A1) 0.62 eV higher, and there

are several others – planar and non-planar – at least 1.0 eV

above the energy of the chain.

As in SiC2
2 and SiC3

2, the relative stability of the chain

@3~b!# is greater ~1.08 eV! in the anion, and the other struc-

tures are even less stable. As in our earlier calculations for

sulfur cluster anions, we find significant differences in the

VDE for chain and ring isomers. The calculated VDE for the

former ~2.27 eV, the next transition is . 4 eV! agrees better

with the measured value ~2.34 eV, Ref. 20! than the VDE of

the latter @3~c!, 1.95 eV#. The presence of a single peak in the

measured spectrum provides further support for the chain

@3~b!#.

2. Si2C3
2

Si2C3 has been investigated in the vapor of Si/C mix-

tures. Two fundamental vibrations have been identified by

Fourier transform infrared spectroscopy,17 and one of these

was also observed using infrared laser spectroscopy.19 Cal-

culations on the singlet and triplet states of nine different

isomers of Si2C3 were performed by Rittby.53 The present

calculations also predict a linear (D`h , 1Sg
1) ground state,

and the energy ordering of the states is very similar to that in

Ref. 53. The next energy minimum is 0.68 eV higher and

corresponds to a structure that had not been found previ-

ously, a planar Cs ring with a C3 sub-molecule. However, it

transforms into the chain on annealing at temperatures up to

600 K. Nine other isomers lie at least 1 eV above the chain,

including a C1 structure similar to the anion structure 3~e!

@1.38 eV# and a distorted C2v
bipyramid @3~f! is the corre-

sponding anion# 1.55 eV above the minimum.

Adding an electron increases slightly the relative stabil-

ity of the linear chain @3~d!#, but the C1 isomer @3~e!# 1.45

eV higher becomes more stable than a C2v
structure contain-

ing a triangular C3 sub-molecule in a more equilateral form.

The bipyramid @3~f!# distorts to Cs symmetry and has an

energy 1.46 eV above the most stable isomer. The vertical

excitation energies of the chain @1.82 eV (3Su , VDE!, 3.66

eV# are consistent with the measured VDE ~1.7160.1 eV!.20

The vibration frequencies are given in Table III, together

with the HF values of Ref. 53.

3. Si3C2
2

Five different isomers of neutral Si3C2 were investigated

recently by Froudakis et al.54 We have considered these and

other structures and concur that the most stable structure is a

planar C2v
pentagon with a C2 submolecule. The energy is

0.52 eV below the most stable three-dimensional structure, a

distorted D3h bipyramid. Other structures ~three-

dimensional, planar and linear! with higher energies include

an Si3 unit bridged by a C dimer (C1) lying 0.76 eV above

the planar pentagon.

The additional electron has little effect on the relative

stability of the isomers 4~a,b!, which are also the most stable

in the anion. Several isomers that were stable in the neutral

cluster transform readily into the pentagon after charging and

annealing at 300 – 600 K. The third most stable neutral

isomer had not been considered previously, and transforms

on charging from a planar pentagonal ring ~Cs) with transan-

nular C-C bond into structure 4~c!. The latter is nearly de-

generate with the bipyramid ~0.04 eV less stable!.

Our calculations predict the following transition energies

into the three lowest excited states of the neutral species for

the most stable anion: 1.88 eV (1A1 state, VDE!, 2.59 eV

(3B2 state! and 2.94 eV (1B2 state!. The VDE for the iso-

mers 4~b! and ~c! are 2.32 eV (1A1 state! and 2.73 eV

(1A1 state!, respectively. No photoelectron measurements

have yet been performed for this cluster, but the pronounced

differences between the VDE should facilitate the analysis of

future data.

The recent work of Presilla-Márquez et al.55 was

brought to our attention after the present work was submit-

ted. These authors have provided the first observation of

Si3C2, using Fourier transform infrared measurements of

Si/C vapor trapped in argon, and have performed density

functional and HF-based calculations on several isomers.

These authors also find the C2v
isomer to be the most stable,

and assign the measured 956.7 cm21 absorption to a b2 vi-

bration of this isomer. The new structure @1~B! in Ref. 55#,

which is related to the C1 structure described above, lies 0.80

eV above the most stable isomer in these DF calculations.

4. Si4C
2

Calculations on the Si4 cluster20 indicate that the most

stable isomer is a distorted trigonal (C3v
) bipyramid with the

C atom at the apex. The present calculations lead to the same

conclusion, but a distorted pentagonal ring (C2v
) lies only

0.1 eV higher. Another distorted trigonal pyramid (C2v
) @an-

ionic structure 4~d!# is an additional 0.19 eV less stable.

The energy ordering differs significantly in the anion. As

in the previous calculations,20 the trigonal (C2v
) bipyramid

@4~d!# is now the most stable, with the planar structure 4~e!
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0.38 eV higher in energy ~VDE 2.01 eV!. All other anionic

structures transformed on annealing into 4~d!, with VDE

3.21 eV.

The PE spectrum shows a single peak at 3.1260.10 eV,

in good agreement with the calculated value for the most

stable form of the anion. The VDE is the highest of the

five-membered clusters considered here and is even higher

than the experimental value for C5
2 ~2.27 eV!. This is con-

sistent with the creation of an additional bond between atoms

3 and 4 in 4~d! on adding an electron. The substitution of Si

for C causes strain in the underlying D3h trigonal bipyramid

of Si5, and the bond between atoms ~3,4! in neutral Si4C

increases to 5.55 a.u. Furthermore, electrons are attracted to

the more compact C atom from Si sites in the cluster, and the

extra electron in the anion is repelled by this charge into the

Si4 substructure. The corresponding orbital has a large am-

plitude between the Si atoms ~3,4! and contributes to the

formation of a bond ~equilibrium distance 4.67 a.u.!. The

situation is different in Si5
2 , which also has an exceptionally

high VDE.11,13 Raghavachari and Rohlfing13 found that the

additional electron of Si5
2 occupies an orbital that is anti-

bonding between the two apex atoms. They argue that the

strain introduced in the Si5 structure is compensated by a

contraction of the equatorial Si3 substructure, resulting in a

stronger bond.

E. Six-atom clusters

1. SiC5
2

Earlier calculations of structures of neutral and anionic

SiC5 were extended to calculations of the adiabatic electron

affinities ~EA! at the PMP4~SDTQ! level.20 We have inves-

tigated several neutral isomers, including a linear chain

(C`v
), a planar pentagonal ring (C2v

), and a planar (C2v
)

structure of rhombic SiC31C2 @5~b! is the corresponding an-

ion#. The last of these is very flexible: the transannular C2

fragment in the ringlike SiC3 submolecule undergoes hin-

dered internal rotation with a very shallow minimum at

C2v
symmetry. The chain is the most stable form, the other

two isomers lying 0.24 eV and 0.39 eV higher, respectively.

We considered several other isomers with even higher ener-

gies.

The energy ordering is unchanged in the anion, and iso-

mers 5~a! and 5~b! are 0.81 eV and 1.18 eV, respectively,

above the linear chain @4~f!#. The excitation energies for the

chain @3.22 eV ~VDE! and 3.51 eV, corresponding to a tran-

sition to the 1S1 state of SiC5# are in reasonable agreement

with the experimental VDE @3.1460.03 eV#.20 The next

peak predicted is outside the range of the measurements.

The PE spectrum20 shows a feature of low intensity near

1.7 eV, which was interpreted as evidence for the planar

structure @5~b!#. Starting with this structure, we found a VDE

~3.14 eV! that is much higher than the measured value ~1.65

60.1 eV!. On the other hand, the structure 5~b! is less stable

than the linear chain ~by 1.19 eV! and also less stable ~by

0.38 eV! than structure 5~a!, even in the neutral cluster.

However, the VDE of this isomer is also large ~2.86 eV!, so

that the origin of the feature near 1.7 eV remains unclear.

The comparatively high VDE of the linear isomer is consis-

tent with the even-odd alternation of VDE in linear and ring-

like Cn clusters, since VDE should be lower in even-

membered rings than in odd-membered chains.

2. Si2C4
2

Five different structures of Si2C4 were investigated re-

cently by Froudakis et al.56 We have investigated these and

others, and support their prediction that the linear structure

(D`h , 3Su
2) with terminal Si atoms is the most stable. This

is followed by a hexagonal Cs ring @related to the anion 5~d!#

0.79 eV higher in energy and a distortion of this ring to

planar C2h symmetry @similar to the anion 5~e!#. The latter is

new and lies only 0.08 eV above the Cs ring. An additional

0.64 eV higher in energy is a planar C2v
structure with two

Si atoms attached to the same end of a C4 chain sub-

molecule @anionic structure 5~f!#. Other structures considered

previously56 were found to be 1.08, 2.69 and 1.93 eV above

the linear isomer ~using the ordering of Ref. 56!.

The chain @5~c!# is again stabilized in the anion, lying

0.48 eV below 5~d!, 0.62 eV below the ring 5~e!, and 0.71

eV below 5~f!. Other isomers are even higher in energy. The

measured VDE ~2.4960.08 eV, Ref. 20! agrees well with the

value for the linear chain ~2.59 eV!. The assignment of struc-

ture at higher energies is not definite, but it is consistent with

the calculated excitation energy to the 1Su
1 state, 2.85 eV.

There are few signs of other electronic excitations in the

remainder of the spectrum, in accordance with the gap to the

next calculated transition ~4.91 eV, 3Pu state! for this iso-

mer, and no other isomer matches the pattern of the peak

positions. Our calculated values are 2.75 and 3.50 eV for

5~d!, 2.61, 3.68, and 3.86 eV for 5~e!, and 3.15, 3.38, and

3.39 eV for 5~f!. The VDE of 5~f! ~3.15 eV! is higher than

the value for 5~c! because the added electron tends to be

localized at the ends of the chain. This is energetically more

favorable if the terminal atoms are carbon ~see Sec. IV!.

3. Si3C3
2

Mühlhäuser and co-workers57,58 investigated up to 17

different isomers of this cluster by reoptimizing the most

stable HF geometries at the MP2~TZP! and MP2~TZ2P! lev-

els. We have studied eight of their most stable structures as

well as other geometries, and also find a distorted Cs pen-

tagonal pyramid with a C3 submolecule with apical angle

44° to be the most stable. The energy ordering, however,

differed somewhat. We found several low-energy isomers

not considered previously, including a distorted Cs hexago-

nal ring with a weakly ~135°) bent C3 submolecule ~not

included in the figures! 0.51 eV above the minimum struc-

ture, and a planar C2v
isomer with a linear C3 submolecule

@anion structure 6~a!# 0.85 eV above the minimum.

Charging appears to favor structures containing an al-

most linear C3 submolecule. Examples are the planar C2v

isomer @6~a!#, which is the most stable in the anion, and the

Cs structure 6~b! only 0.31 eV higher ~the latter form is 1.43

eV above the minimum in Si3C3). Strongly bent C3 submol-
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ecules are not favored in the anion, and the Cs ground state

of Si3C3 distorts to C1 symmetry on charging. The final

structure @6~c!# is 0.08 eV higher in energy, with a distorted

Cs prism 6~d! an additional 0.33 eV less stable. The last

structure was derived from the fourth most stable in the neu-

tral cluster ~0.71 eV above the minimum!, and several other

isomers were even higher in energy.

The experimental VDE for this molecule is 2.1660.08

eV,20 with additional structure between 2.3–2.4 eV and near

2.8 eV. Our value for the most stable isomer is 2.51 eV, and

the higher excitation energies are 2.93 eV (3A1), 3.07

(1A1) and 3.73 (3A1), although the last two values belong to

states that are not the most stable of a given symmetry. The

remaining isomers are less compatible with the features in

the spectrum.

4. Si4C2
2

Of the four different structures of Si4C2 investigated by

Froudakis et al.,56 only one — a C2v
isomer similar to the

anion structure 6~f! — has been found to be a stable mini-

mum. An octahedron @7~a! for the corresponding anion# is a

stationary point only 0.06 eV higher in energy. There were

several less stable structures, including a C1 form @anion

structure 6~e!# 0.6 eV above the minimum.

The energy ordering of the anions again differs from that

of the neutral species. The most stable @6~e!# is 0.20 eV

lower than 6~f! and 0.46 eV more stable than 7~a!. The VDE

determined from the PE spectrum @2.10060.08 eV, Ref. 20#

agrees well with our result for 6~e! @2.18 eV#. The second

peak measured at >3.30 eV is consistent with the first exci-

tation energy @3.48 eV (3A state!# calculated for this isomer.

We shall now show that the significantly lower VDE found

in the other low-energy isomers @6~f!, 7~a!# can be related to

structural differences.

The C atoms of 6~e! are ‘‘embedded’’ into the Si sub-

structure, and the high coordination inhibits the formation of

double bonds. The bond is strained considerably in the neu-

tral cluster, resulting in an interatomic distance of 3.12 a.u.

Isomer 6~f! of the anion resembles a planar Si4 cluster

loosely bound to a C2 dimer with a double bond of length

2.49 a.u. This short bond lowers the potential between the

atoms and the charge on the C atoms is larger than in 6~e!.

An attached electron will be repelled into the Si substructure,

resulting in a higher amplitude of the excess electron in re-

gions of high potential energy ~i.e., beyond atoms 4 and 6!

than in 6~e!. In 6~e! however, the charge localized at the C

atoms is weaker than in 6~f!, so that an attached electron can

move to the region between them. The stronger C-C bond

that results has a typical single bond distance of 2.97 a.u.,

and the VDE is increased. The neutral D2h octahedron un-

derlying the anion structure 7~a! has maximum coordination

and no strained bonds. An attached electron occupies anti-

bonding orbitals near the Si atoms, and the bonds between

atoms ~3,4! and ~5,6! open in the anion ~to ;4.95 a.u.!.

5. Si5C
2

Nakajima et al.20 measured the PE spectrum of Si5C2

~VDE: 1.7460.08 eV! and also predicted that the most stable

isomer is a C2v
structure (2A1) similar to 7~d!. However, we

found two isomers with energies ;0.28 eV lower — a dis-

torted octahedron @7~c!# and a slightly more stable

(DE50.01 eV! Cs variant @7~b!#. Isomer 7~b! can be viewed

as a SiC molecule @atoms 1 and 2 in 7~b!# attached to a Si4
cluster. The bond lengths in the latter ~4.43–4.45 a.u.! indi-

cate a bond order of between one and two and are consistent

with this view. Isomer 7~d! is less tightly bound, with double

bonds only between atoms ~3,4! and ~4,5!.

The calculated VDE of these isomers are 1.81 eV, 1.54

eV, 2.07 eV, and only the first @7~b!# fits the experimental

value. The increase in the measured intensity at higher ener-

gies indicates the possible presence of a second peak around

>3.4 eV, consistent with the first excitation energy of our

minimum structure @3.38 eV, (3A8) state#. The PE spectrum

shows no evidence for the presence of the remaining iso-

mers, although our calculations indicate that the two most

stable isomers are almost degenerate. The experimental reso-

lution does not allow the detection of smaller peaks at the

corresponding energies ~according to our calculations, iso-

mer 7~c! should lead to peaks around 1.54, 3.39 and 3.61

eV!.

The higher VDE for 7~d! is a consequence of the differ-

ent bond strengths of the clusters. The Cs structure has two

additional single bonds between atoms ~2,6! and ~3,5! and

twice as many double bonds as the C2v
isomer. The stabili-

zation of the structure means that an additional electron

moves to the Si substructure, where it has fewer unoccupied

bonding orbitals at its disposal.

F. Seven-atom clusters

1. Si2C5
2

The PE spectrum20 shows a single peak, with VDE 2.16

60.06 eV. Our calculations indicate the existence of two

low-energy isomers of the anion, a D`h chain @7~e!# and a

Cs pentagonal ring @7~f!# that is 0.72 eV less stable. Similar

energy differences and ordering were found for the neutral

species. Only the most stable isomer can account for the

spectral features, with VDE at 2.18 eV and an excitation

energy of 3.73 eV for a transition into the 3Su state of the

neutral chain. The excitation energies in the ring are well

above 3.0 eV, and the high VDE of this isomer is consistent

with the observed even-odd alternation of VDE in linear and

ringlike Cn clusters.

2. Si6C
2

The PE spectrum20 shows a distinct peak with VDE 1.74

60.08 eV, and a broader feature with unresolved vibrational

fine structure has a maximum around 2.7–3.1 eV. We found

a C2v
structure @8~a!# to be the most stable both for the anion

and the neutral cluster. It can be derived from the minimum

structure of Si5C2 @7~b!# either by capping the face between

atoms ~3,5,6! with an additional Si atom, or by replacing by

a C atom a Si atom of the optimal structure of Si7 ~a pen-
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tagonal D5h bipyramid!.8 The distance between the Si atoms

~2,7! and ~4,6! @5.11 a.u.# is much larger than in Sin clusters

~4.3-4.8 eV!,59 and our simulations at T5300 K lead to low-

energy bending vibrations. A Cs structure @8~b!# lies 0.30 eV

higher in energy, followed at 0.36 eV by another Cs isomer

@8~c!# that can also be derived from the optimal structure of

Si5C2 by capping a face containing a C atom.

Other structures were higher in energy and/or not stable

minima on the energy surface, and only the Cs isomer @8~b!#

is compatible with the spectral features. The calculated VDE

is 1.79 eV, and there are other excitations at 3.17 eV (3A9)

and 3.36 eV (1A9). This assignment is not definite, since the

energy separation from the most stable isomer and the broad

vibrational progression observed around the second feature

indicate significantly different geometries in anion and the

neutral cluster. This has not yet been observed for this iso-

mer.

Motivated by the similarity between this spectrum and

the photoelectron spectrum of pure Si7,20 we replaced Si at-

oms with C atoms in the lowest-energy isomers of Si7. The

structure obtained by replacing an axial atom in the D5h

pentagonal bipyramid ground state of Si7 has an energy only

0.07 eV above that of 8~a!, but it is unstable during MD runs

at ;300 K. Replacing Si atoms in several positions in the

second most stable Si7 structure ~a C3v
tricapped tetrahedron

0.79 eV above the D5h ground state!8 leads upon annealing

to less stable local minimum geometries or to known struc-

tures. Present indications are that structure 8~a! is the most

stable isomer, but this assignment must be viewed with cau-

tion.

One uncertainty in the present analysis is that the mass

of Si6C2 cannot be distinguished from that of Si3C8
2. The

clusters are generated by laser vaporization of a SiC rod,20

and the Si:C ratio in the vapor cannot be controlled. Produc-

tion of Si3C8
2 in significant amounts would lead to a super-

position of the corresponding spectra. The observation of a

broad vibrational progression with large vibrational quanta is

indeed more consistent with a C8 submolecule with strong

C-C bonds than with a structure containing relatively weak

Si-Si or Si-C bonds. However, the same argument also ap-

plies to other SinCm
2 pairs in clusters discussed above:

Si4C2 and SiC8
2, Si4C2

2 and SiC9
2, Si5C2 and Si2C8

2,

and Si7C2 has the same mass as both Si4C8
2 and SiC15

2. A

possible explanation of the apparent absence of other iso-

mers in the PE spectra of Si4C2, Si4C2
2 and Si5C2 is that

intensities of the clusters in the beam generally decrease with

increasing number of atoms. Furthermore, the carbon-rich

SiC8
2, SiC9

2 and Si2C8
2 should have properties more simi-

lar to those of pure carbon clusters. We note that the

experimental6 VDE of C8
2 and C9

2 ~4.42 and 3.70 eV, respec-

tively! are beyond the range of the measurement.

The marked difference between the VDE of isomers 8~a!

and 8~c! stems from the fact that the extra electron in 8~a!

strengthens the bond between atoms ~6,7!. If cluster 8~a! is

derived from the underlying pentagonal bipyramid of Si7 by

replacing a Si atom by C, considerable strain is introduced

into the Si substructure opposite to the C site, causing the

bond between atoms ~6,7! to open ~the bond length in the

neutral isomer is 4.71 a.u.!. An attached electron will move

away from the negative charge around the C site, resulting in

a double bond between atoms ~6,7! in the anion ~bond length

4.44 a.u.! and stabilization of the state occupied by the ex-

cess electron. On the other hand, the replacement of a Si

atom by C in the Si7 cluster @yielding 8~c!# introduces strain

near the C atom. An attached electron cannot bind strongly

to this site, since it will be repelled by the charge on the C

site towards the other end of the Si substructure. In this case,

the atoms in the Si7 cluster are highly coordinated, and the

excess charge is in regions of high potential energy.

G. Si7C
2

The PE spectra of Si7C2 and Si8
2 are very similar,20

suggesting that the structures may be related by the simple

replacement of one Si atom by C. Two low-energy structures

for Si8 have been reported,8 and we find a bicapped C2h

octahedron to be 0.41 eV more stable than a tetracapped

C2v
tetrahedron. The stability of six different anionic struc-

tures by replacing a Si atom by C have been studied by

simulated annealing. Five structures unrelated to those of

Si8 were also studied. The most stable isomer @8~d!, Cs# can

be derived from the most stable structure of Si8 or by cap-

ping either of the low-energy isomers 8~b! and 8~c! of

Si6C2. The Cs isomer is only 0.10 eV more stable than a

C3v
structure 8~e! and 0.44 eV more stable than the Cs iso-

mer 8~f!.

The first and the last structure cannot account for the

features contained in the spectrum, since their VDE ~2.05 eV

and 2.45 eV, respectively! are much lower than the experi-

mental value 2.9260.08 eV.20 This favors the C3v
isomer,

whose VDE is 3.32 eV. The lowest excitation energies of

this structure ~at 3.47 and 3.55 eV, although the latter corre-

sponds to a 1A1 state that is not the lowest! are beyond the

range of the measurement. We note that the spectrum might

be affected by the presence of isomers of Si4C8
2 and

SiC15
2, whose masses are the same as that of Si7C2.

FIG. 9. VDE of linear SinCm
2-clusters, d: n50 ~Ref. 6! , s: n51, d:

n52.
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IV. TRENDS AND DISCUSSION

The large number of possible structures in mixed

SinCm
2clusters makes a discussion of the VDE even more

complicated than in the homonuclear Sn
2~Ref. 23! and Pn

2

clusters.24 Nevertheless, it is possible to discern several

trends. In highly symmetric clusters (C`v
, D`h , . . . ) such

as linear Cn chains, where the even-numbered chains – apart

from C2 – have 3Sg
2 ground states with two unpaired p

electrons, it is not possible to occupy all bonding orbitals. An

electron attached to an even-numbered chain will therefore

enter a HOMO and be more strongly bound ~and have a

higher VDE! than in odd-numbered chains, where it enters

the LUMO. In Fig. 9 we show the experimental VDE of

Cn
2 clusters ~uppermost curve!6 and the VDE of linear chain

isomers of SinCn
2 with one and two C atoms replaced by Si

atoms. The even-odd alternation prevails even in the pres-

ence of Si, although weaker in amplitude. Since the partially

empty p levels are bonding, electron attachment to even-

numbered chains generally shortens and strengthens the

bonds.

The absence of p2electrons in the core of C means that

the s2 and p2valence orbitals are compact and of the com-

parable extent. It follows60 that the C-C bond is stronger than

other bonds between group 14 atoms and shows a greater

ease of s2p transfer. In the absence of spin, the occupation

of p2orbitals is favored in C-C bonds, while

s2occupancy is favored in bonds between Si atoms.58 The

replacement of C by Si in a cluster gives rise to both consid-

erable strain and polar C-Si bonds. Our calculations show

that the electrons bind more strongly to C sites, and that the

resulting negative charge ~as measured, for example, by the

Mulliken charges! tends to repel added electrons into silicon

subunits. If all bonds in the latter are saturated, the excess

electron becomes localized in regions of high potential en-

ergy, favoring a low VDE. On the other hand, it may stabi-

lize Si-Si bonds that had been strained by the presence of C

atoms, increasing the VDE. The interplay of these two ef-

fects can account for the irregular behavior of VDE of Si-

rich clusters, including the unusually high VDE of Si4C2

~Fig. 10! and the tendency of the experimental VDE ~Ref.

20! of Sin
2 clusters to be larger than those of the SinC2

clusters with the same number of atoms ~see Fig. 10!. If we

identify the VDE with the binding energies of the attached

electrons, we see that the binding is strongest in Cn chains,

and becomes progressively weaker as C atoms are replaced

by Si.

The plot of calculated and measured VDE6,20 for some

of the most stable isomers with n1m53,4,5,6 ~Fig. 10! pro-

vides further information. The isomers in the first three col-

umns are mostly linear, and the even-odd alternation ac-

counts for the shift in the onset of n1m55 curve to smaller

values than in the n1m54 curve. Apart from such shell-

closure effects, which are most important in the carbon-rich

linear chains and monocyclic rings, the results confirm the

expectation from simple electrostatics that the VDE in-

creases with increasing cluster size.

We conclude this section with comparisons of the

MD/DF results with those of all-electron calculations27 on

these clusters, all with the LSD approximation for the

exchange-correlation energy. There are three main aspects:

First, the structures of the most stable isomers obtained from

minimization of the total energy by either method are in very

good agreement, the differences being of the same order of

magnitude as found in extending the basis set ~see Sec. II!.

Second, less strongly bound states are often characterized by

shallow minima in relatively flat energy surfaces, and the

optimized structures are more sensitive to the method used.

Furthermore, the all-electron calculations usually determine

the closest stationary point in the energy surface, as well as

imaginary frequencies if they exist. The ability of MD to

overcome small energy barriers and lead to large geometry

changes has been observed in several cases. Finally, we dis-

cuss the relative energies of the isomers and the VDE, using

the six-atom clusters Si2C4, Si3C3, Si4C2 as representative

examples.

In Si4C2
2 , the energies of 6~f! and 7~a! relative to the

most stable isomer 6~e! are 0.15 eV and 0.63 eV, respec-

tively, compared with MD/DF values of 0.20 eV and 0.46

eV. The all-electron values of the VDE for 6~e! and 6~f!

~2.39 eV, 1.24 eV, respectively! are a little higher than the

MD/DF values ~2.18 eV, 1.02 eV!. The VDE reflects a tran-

sition from a local minimum in the energy surface of the

anion to a part of the energy surface of the neutral cluster

that may be varying rapidly. It is particularly sensitive to

differences in the calculations, and we view this agreement

as satisfactory. While the structures of the most stable iso-

mers of Si3C3
2and Si2C4

2using the two methods are in very

good agreement, the structures and relative energies of the

other isomers show differences. The higher-lying isomers in

Si3C3
2 are more than 1 eV less stable than the ground state in

the all-electron calculations, while the MD/DF energy differ-

ences are ;0.520.7 eV. However, the VDE of the most

stable isomer ~all-electron: 2.54 eV, MD/DF 2.51 eV! agree

well, as do the corresponding values in Si2C4
2~2.63 eV, 2.59

eV!. In the latter, however, structure 5~e! is not a stationary

point in the energy surface in the all-electron calculations,

FIG. 10. VDE of SinCm
2-clusters, n1m5 6 ~full line!, 5 ~dashed!, 4 ~dash-

dotted!, 3 ~dotted!. Experimental values (d) from Refs 6 ~Cn
2) and 20

~Sin
2).
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and the relative energy of 5~d! is higher than in the MD/DF

calculations.

In order to study this discrepancy further, we have per-

formed additional MD/DF calculations for Si2C4
2using a

larger unit cell ~lattice constant 30 a.u.! and a larger plane

wave basis expansion ~cutoff energy 20 a.u.!. These im-

provements in the calculation brought only modest changes

in the structures and energy differences: The three higher-

lying states now lie 0.7–0.9 eV above isomer 6~e!, instead of

0.5–0.7 eV. Changes of this order reflect our experience with

other cluster systems.

V. CONCLUDING REMARKS

We have described an extensive series of density func-

tional calculations ~using a LSD approximation for the

exchange-correlation energy! on mixed clusters of C and Si

with up to eight atoms. We have considered neutral clusters

and, in order to analyze photoelectron spectra of anion

beams, their singly charged anions. Agreement with previous

work is generally very good. The number of topologically

distinct isomers is very large in these systems, however, and

the use of molecular dynamics has enabled us to identify

previously unknown structures. ‘‘All-electron’’ DF calcula-

tions lead to a consistent picture for the structures and verti-

cal detachment energies for the most stable isomers, al-

though the structures and relative energies of some higher-

lying isomers show differences from the MD/DF results.

The results have enabled us to identify two types of

SinCm
2 clusters with distinct trends in the vertical detachment

energies:

~a! Carbon-rich clusters with linear or near-linear Cn sub-

molecules. The VDE show an even-odd alternation due

to shell-closure effects. Since there are few Si atoms in

the cluster, the effective charges at the C sites are small

and insignificant for the VDE.

~b! Silicon-rich clusters, where the behavior of the VDE is

dominated by the charge localized around the C atoms

in the neutral clusters. The added electron in the anion

is repelled to the Si sites, where it is comparatively

weakly bound unless it can stabilize the Sin substruc-

ture.

A reliable description of the geometry, the electron den-

sity and spin densities of the anion clusters is crucial for a

qualitative understanding and a quantitative description of

PE spectra. DF theory satisfies these requirements, and a

comparison of theory and experiment has allowed us to iden-

tify anionic geometries and assign excited states. Essential to

this assignment is the observation that structures with similar

energies can have very different VDE, those with similar

VDE quite different energies. The spectra can be ascribed

unambiguously to isomers that are the most stable within the

LSD approximation, with the exceptions of Si6C2 and

Si7C2, where the measured VDE agree better with the values

calculated for isomers that are less than ;0.4 eV higher in

energy. Recent studies of the effects of gradient corrections

to the exchange-correlation potential report large changes in

the energy ordering of Cn isomers.61,62 We are studying these

effects in selected Cn , Sin , and SinCm clusters.
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54 G. Froudakis, M. Mühlhäuser, and A. Zdetsis, Chem. Phys. Lett. 233, 619

~1995!.
55 J.D. Presilla-Márquez, C.M.L. Rittby, and W.R.M. Graham, J. Chem.

Phys. 104, 2818 ~1996!.
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