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BinM,~ (M = Si, Ge, Sn) binary cluster anions are generated by using laser ablation on mixtures of Bi and

M (M = Si, Ge, Sn) samples and studied by reflectron time-of-flight mass spectrometer (RTOF-MS) in the
gas phase. Some magic number clusters are present in the mass spectra which indicate that they are in stable
structures. For small anionsn(+ n < 6), their structures are investigated with the DFT method and the
energetically lowest lying structures are obtained. For the binary anionic clusters with the same composition
containing Si, Ge, and Sn, they share similar geometric and electronic structure in the small size except that
BiSi;~, BiSis, Bi,Si,~, Bi,Si;~, and BiSn,~ are different for the lowest energetic structures, and the ground
states for all the anions are in their lowest spin states. The calculated VDE (vertical detachment energy) and
binding energy confirm the obviously magic number cluster of BiyM = Si, Ge, Sn), which agrees with

the experimental results.

1. Introduction particular with elements in group IV, a profound effect has been
shown on the transport properties of bismuth, and many studies

Structural and electronic property transitions of semiconductor . .
property bave been preformed on Si, Ge, Sn-doped?Bi> and Bi

clusters have been extensively studied in the past few decade . : 38530 ,
for both fundamental and technological interests. Properties adsorptlon on Si, Ge, Sn surfa > In the gas phase, Melqm
between semiconductor clusters and their bulk material are &t al. investigated the atomization energies and enthalpies of

greatly different, and properties of clusters show strong and formation of SnBi (n = 1-3) gaseous moIecn_JIes by Knu_dsen
nonmonotonic variations with the increasing of the size, which cell mass speptromet(‘Q.But there are few studies on the binary
provide potential for applications. As important semiconductor clusters Co,nS'Ste,d of Si, ?e' Sn with Bi. ]

materials, group IV elemental clusters have attracted enormous  Cluster is an intermediate phase between single atom and
experimental and theoretical studies. It has been shown that thePulk materials. A fundamental pursuit of cluster science is to
structures are similar for SiGe,, and Sp clusters fom < 717 understand how _the_ geometrlc_and_ elgctronlc_ structure_s of
while the medium-sized clusters follow the different growth Cclusters change with its aggregation size increasing from single
pattern and there are still present some controversial résifits. ~ atom to bulk materials. With the continuous trend of current
Many experimental data for the neutral semiconductor clusters d&y’s miniaturization, minimum electronic devices will soon
were obtained from experiments on the anionic clusters. Smalley@PProach the size of atomic clusters, and the stable clusters may
and co-workers performed photoelectron spectroscopy (pES)be used as the bu[ldlng blpcks for clustgr-gssembled rrjaterlals.
experiments on the $i, Ge,~ (3 < n < 12) 16 Neumark’s group Iq this work, a series of binary alloy anionic cI'ustersnslh*, .

has done photoelectron and zero electron kinetic energy BimGé, and Bi»Sm,~ produced by laser ablation are studied
spectroscopic (ZEKE) studies on Ge(n = 2—15)17 The both expe_nmentally with RTOF-MS and theoretically with the
photoelectron spectra observed for,Swere similar to those ~ results using DFT.

of Si,~, Ge,~.1819And Kaya et al. estimated the HOMO-LUMO

gap of Si, Ge&, Sm, clusters using PES of their halogen-doped 2. Experimental Method

anionic clusterd® Theoretical investigations on anions of these ) o
semiconductor clusters suggest that upon charging the neutral D€ apparatus consists of a Smalley-fjpaser vaporization

clusters negatively, the ground state structure may significantly SOUrce and a homemade high-resolution reflectron time-of-flight

change in comparison to the neutral cade mass spectrometer (similar to that of Mgmﬁ?)nA detailed
Bismuth, the heaviest group \V semimetal element, was amongdescription of the apparatus has been given elsevffiere.

the first materials that seemed to be interesting for thermoelectric  The binary samples were prepared with Bi (purit99.9%)

application and its properties have been investigated in detailand M (M = Si, Ge, Sn; Si purity>99%; Ge, Sn purity

in the 60’25 Nowadays bismuth nanoparticles have also been >99.9%) powders, mixed well in atomic ratios (1:1), and

attracting extensive studies as an interesting material for pressed into sample disks. Then the sample targets were ablated

electronics because of their highly anisotropic electronic by the focused second harmonic output of a Nd:YAG laser (10

behavior, low conduction band, high electron mobility, and mJ/pulse, 10 Hz, 1 mm in diameter beam spot) and the targets

potential for inducting a semiconductor transition with decreas- were rotated in the experiment process. The sample particles

ing crystallite size8-31 When doped with other substances, in Were vaporized into the tube reactors (3 10 mn¥) and
entrained with the carrier gas argon with the backing pressure

* Address correspondence to this author. E-mail: zctang@iccas.ac.cn.of about 4 atm, then the beam underwent a supersonic
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expansion. After passing a skimmer, the beam entered the a

accelerator region in the RTOF-MS. The products were then £ - a f ((1]1 n) EI'HS' .
extracted perpendicularly by the pulsed electric field and 3 = R Ez» 2; Bllzshll
accelerated to about 1.2 keV. They experienced two sets of-z ' (3’ ) BisSin'
deflectors and einzel electrostatic lenses and then were reflectecs & ¥ i
by a reflector. Finally the ions reached the space focus, where 2 = g-:’ o § (4, 1) BiSin
a dual microchannel plate (MCP) was installed. The output % o =

signal was amplified and recorded by a 100 MHz transient &~

recorder (USTC, China), then was stored by a PC computer.

The timing of the valve opening, laser vaporization, pulse _
acceleration, and recording was optimized in a digital delay g

pulse generator (Stanford Research DG535). Typically the final 3

digitized mass spectra were averaged 300 laser pulses and th 515 -4l =

mass resolution of the mass spectromet@&in) is over 1000 °§§.§ ' m 0

under the present conditions. W ,l :

The source chamber, the flight tube, and the reflectron region T T d T : T
were all differentially pumped with turbomolecular pumps and R00 S0 900 e el 00 1\:““ '”‘]‘3” 'IL?“
mechanical pumps. The corresponding operating pressures weri (a) ass number (m/2)
104, 1075, and 107 Torr, respectively.

3. Theoretical Method |' 0 2% )

In this work, geometric and electronic structure calculations .o (0.m)Gen 3 [hub I_!.ﬂll*’-M'w._l_... _\;,f.«M‘x.',_wl
on these binary clusters have been performed by using B3LYPZ| ® (1,n) BiGen & 215 sfo 325 =350 315 4o a5 450
and B3PW91 functionals, which are two widely used hybrid £| & (2 1) Bi2Gen ||,J| X
DFT-HF methods. g YO mBUGe || A ik o

Two types of basis sets were used in both geometry and fre- » 40 200 (320 T30 500, 390 (o0, 620, fo0. 800
quency calculations. In the first type of basis set, the relativistic = -"II . x2
effective core potentials (RECPs) given by Hay/\W4dhd the & ;é L W ™ o

corresponding LANL2DZ basis sets were used for all the

elements, and the LANL2DZ basis sets were extended by an
additional set of diffuse and polarization functiéhappropriate

for studying anions in this study. RECPs are common and
efficient ways to reduce the complex calculations for molecules
containing heavy atoms such as Sn and Bi, which replace the
chemically inert core electrons with potentials and incorporate
relativistic effects in the potentials.
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For the elements Si and Ge, we used the all-electron basis (b)
set 6-311#-g(3df) in the second type of basis sets to compare
the results. Whereas there are no standard 6-8{3df) for _ s )
elements Sn and Bi, the above RECPs basis sets were still usecZ m - © (0,n) Sna
For the sake of brevity, the first type of basis sets is referred to & " (1,n) B@Snn )
as LANL2DZdp and the second is labeled as 6-8¢(3df) in = A (2,n) Bi2Snn
the present paper. The theoretical method and basis sets hav= = v (3,n) B{-‘S““_
been successfully applied to systems containing Sn ad8®b, 2 _ i 0 (4, n) Bi4Snn
so should be adequate for studying on Bi-containing clusters. = g;’ ql g

To search for the global minima of @,~ (M = Si, Ge, e . A

Sn), we have first performed first-principles DFT calculations _
on a wide variety of singlet and triplet structures (or doublet )
and quadruplet) for these species at the level of B3LYP/ 4
LANL2DZdp and B3PW91/LANL2DZdp. To characterize the
nature of the stationary points, harmonic vibrational frequencies
were calculated. The calculated results agree well with those
of these two methods. We found that the most stable structures
for all these anionic species are present as their lowest spin
(singlet or doublet) electronic state. Then we further examined
the geometries and calculated the frequencies at B3LYP/ (c)
6-311+9(3df) and B3PW91/6-31ig(3df) levels. The optimized  Figure 1. TOF mass spectra of binary cluster anions produced by laser
geometries, vibrational frequencies, and relative energies areablation on mixed samples of (a) Bi/Si (atomic ratio 1:1), (b) Bi/Ge
consistent with the results by LANL2DZdp basis sets. All the (atomic ratio 1:1), and (c) Bi/Sn (atomic ratio 1:1).
calculations were carried out with the Gaussian 98 program
package'® from laser ablation on the samples Bi/Si, Bi/Ge, and Bi/Sn,
respectively. The high resolution of our RTOF-MS allows the
exact identification of the isotopic distribution in the mass region
4.1. Product Analysis with the Mass Spectrometerigure of these spectra. In these experiments, cluster-sized “magic
la—c shows the mass spectra of the cluster anions resultingnumbers” are observed.
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4, Results and Discussion
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From Figure 1a, we can see five different series of products
for BimSin—. In the BiSj~ series (i is assigned clearly from e A} O0—0 A e O0—e
0 to 14), the BiSj is the magic number species due to its o o
larger intensity than the others, which suggests that it is a BIM ~ BiM;-I BiM, -2 BiM-1 g‘zl‘@r‘lz
very stable structure. And the increasing signal of BiShints (Cor, Z)  (Co A (Cors'X) (Con’Az)  (Dan, Ty
that it is in a relatively stable structure compared with its

neighboring clusters in the same series. The series in the lower ;SE <i>o A)

mass region are the homoatomig Stlusters that we will not

discuss here. In the case of the$h~ (n = 0—12) series, the BiMy-1 BiM,-2 BiMy-l  BiMy-2 BisM"
Bi,Siz~ cluster shows much more intense peaks than the other (Cs,"AY (Coa'A) (G A)  (C27A) (G, 'AY)
ones close to it, and Bbis~ seems unstable compared with

Bi,Si;~. When the number of Si atom increases from 0 to 3,

the intensity of BiSiy~ clusters also increases in succession,

but the relative intensity of BSis~ drops suddenly leading to .&o

a very weak peak, then increases gradually from 5 up ton

= 7 and decreases again fram= 8 to n = 9. So the magic BiM,-1 BiMy-2  BipM;-1 BizIVzl;\';Z 1(33'\12)1

number clusters in this series are;8~ and BiSi;~. The €A (G A) (CuB) (GTAD

signals for BjSi,~ are small, and BBi,™ is the largest one in q
Q

this series.
For the mass spectra of Bba,™ binary clusters, because the &:.
isotopic distributions for some products partly overlap each other

due to the close mass numbers, we identify the peaks carefully Bi;M,-2 BigM® BiM;™-1 BiM;s-2 Bi,My

by the isotope distributions and the relative intensities. The pure ~ (C2'A)  (C°A)  (Cav Ay (C'A) (C2."B))
negative charged clusters £eto Ge~ can be seen in the
spectra. The peak for BiGeis strong before the mass of the @ el @
Gey~ cluster. The intensities of BiGe and BiGg™ are smaller % 22;3 X
than that of BiGe and they occur just before the mass otGe M N

— i o i - H - i o 41Vl - -
Ge;~, respectively. The mass peaks fopB€™ and BiGg™ are 1(3(1:31\/]12 —')1 1(3631\/{2 ? (Cov.?As) (C..2A")

a little overlapped, and BiGe overlaps with Gg partly too,
which can be seen clearly from the enlarged spectrum. As anFigure 2. Optimized lowest energy structures for,Bl,~ (M = Si,
example, we list the respective isotopic distributions of@i- Ge, Sn;m+ n 5'6). Open circles represent M atoms and the solid
and BiGe~ to elucidate these peaks more directly: @ ones stand for Bi atoms.

(isotope mass, relative abundance: 487.9, 0.56; 489.9, 0.75; 4.2. Structure by the DFT Calculation. We have optimized

490.9,0.21; 491.9, 1.00; 493.9, 0.21) and BjGgsotope mass, a number of various initial structures with the different spin
relative abundance: 488.7,0.01; 490.7, 0.06; 491.7, 0.02; 492'7’states and the normal vibrational frequencies at the o timri)zed
0.20; 493.7, 0.07; 494.7, 0.46; 495.7, 0.18; 496.7, 0.78; 497.7, ' q P

0.31+ 498.7 1.00: 499.7. 0.38 500.7. 0.99: 501.7. 0.33 502.7 geometries are also checked for imaginary frequencies at the

0.73: 503.7, 0.20: 504.7. 0.40: 505.7. 0.07: 506.7, 0.15: 507_7,same theoretical level. The optimized lowest lying energy

! . . structures for these species are depicted in Figure 2. For all
0.01; 508.7, 0.03; 5(.)9'7’. 0.001; 510.7, 0.'004)'. Thereforq "€ these anions, the lowest spin state is lower in energy than the
can make out that BiGe is the strongest intensity cluster in

the BiGe- (n = 1-6) series, just like the BiST series, while higher spin state in their regpectlvely optimized structure. As
. . S i the cluster size increases, it becomes much more difficult to
the intensities for BiGe™ and Ge~ are much weaker than that find the | in th ical dies b
of BiGes. Likewise, the mass peaks for the following pairs ind the lowest energy structure in theoretical studies because
Bi,Ger énd BiG@,i' Bi,Ger and BiGe: Bi:Ge  and the number of possible geometries increases exponentially.
2 s 2 s 3 ; =
Bi,Ger: BisGe,~ and BhGes : and BiGes~ and ByGes~ are Moreover, because the larger size8g,~ clusters are not

it | d tivelv. but their relative intensii obtained in this experiment, we have just calculated the
a litte overlapped, respectively, but their r? ative INtensilies are o\ tures for the anionic clusters in the sizemf n < 6.
not hard to compare. In the series 0,8&,~ mass peaks, the

. . P . ' 4.2.1. Linear BiM (M = Sj, Ge, Sn). All BiM ~ binary anions
intensity for BpGey~ is presented largest in the spectra@i, BiSi—. BiGe~. and Bi(Srr have singlr()et ground state@ri, 154)
(n = 1-3) is a weak series in the mass spectra. . X o

with the LANL2DZdp basis set or the 6-3%+15(3df) basis set
The mass spectra for Bn,~ clusters are shown in Figure  from B3LYP and B3PW91 methods. The two hybrid DFT
1c. We can figure out the mass and intensity for each speciesfnctionals yield similar geometries and B3LYP with a tendency
cIearIy becausq the mass of thgse clusters is separated frqm eagpy slightly longer bonds than B3PW91. In the following, unless
other in an obvious manner. Bign(n = 0—10) are presentin  indicated otherwise, the geometries discussed refer to the B3LYP
the first series, BiSnand BiSn™ are the magic number species, ca|culations only. The shortest distances between two atoms in
just like BiGe,; they are the sharp turning point in the spectra. the crystals of Si, Ge, Sn, and Bi are about 2.35, 2.45, 3.02,
The intensity of BiSng™ is the largest one among the mass peaks and 3.11 A from the XRD (X-ray diffraction) experiment. For
of Bi2Sm,™ (n = 0-7), and the peak of BBy~ is larger than  the bond lengths of binary anions BiSind BiGe', we obtained
that of BpSns™, the same as the BBi,~ clusters. As to the series 2 391, 2.479 A with the 6-31G(3df) basis set, respectively.
of BisSn,™ (n = 0-7), the turning point occurs at the mass  And the calculated bond distance of the anionic Bi&n2.650
positions of BiSn™ and BgSns ™. BisSmy™ (n=1—6) showweak  and 2.642 A at B3LYP/LANL2DZdp and B3PW91/LANL2DZdp
mass peakS In our SpeCtra. |eV€|S, respective|y_
From the above analysis, we can see that in the mass range 4.2.2. Triangular BiM~ and BpM~ (M = Si, Ge, Sn). In the
of this work, there exit large similarities for the cluster anions case of clusters composed of three elements, the ground states
resulting from the Bi/Si, Bi/Ge, and Bi/Sn samples. for all BiM,~ and BpM ™ arelA; and?A,, respectively, both in
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Cy, triangular structures. For Bigi and BiGe™, the excited
stateC,, (3=7) linear structures lie only 0.76, 0.83 eV higher
in energy than their ground states, and the bond between
Si—Si appears to be a double bond (2.193 A). The optimizations
of BiSrn,~ and BpSni at the B3LYP/LANL2DZdp level reveal
that their ground states are al&A; and 2A, C,, triangular
structures, with the excited-stafs,, (3<7) linear structure as a
low-lying state for BiSa~. The other two linear Bwp, Co,)
isomeric structures with singlet states, which are not shown in
Figure 2, are calculated to compare with the triangular structure.
The energies for BiSi, BiGe,™, Bi,Si-, and BpGe™ in the
Cw, isomers at the B3LYP/6-3H1G(3df) level are 1.36, 1.42,
1.44, and 1.40 eV higher than those of g structure, and
the isomers in thiD., symmetry of BiSi~, BiGe,~, Bi,Si™,
and BpGe™ are 2.28, 2.00, 0.46, and 0.63 eV higher than those
of the ground state.

4.2.3. BiM~, Bi;M2—, and BgM~ (M = Si, Ge Sn). BiSiz~
has a!A; ground state of plana€,, symmetry, with a low-
lying, nearly degenerate!A’ state of C; symmetry with a
butterfly structure, which is located 0.02 eV above fiAg
ground state, while in the case of Bigeand BiSn™, the !A’
state ofCs symmetry is predicted to be the ground state, more
stable by about 0.28, 0.45 eV than their respectively pl@aar
structures. As for the BM,~ anionic clusters, théA; (Cy,)
state with butterfly structures is the ground state foiG&b~
and BpSrp~, but the?A (C,) state is the ground state forBi, ™,
appearing to be more stable by 0.11 eV than@hesymmetry
isomer. Frequency analysis indicates that another isomer with
the D2, planar rhombus structure is a first-order stationary point
for Bi,Si,™, Bi,Ge,~, and BpSn,~. As to the BgM ™~ clusters,
the calculation results indicate that they all take the singlet state
(*A,) of Cg, trigonal pyramid structure as the ground state, with
bond lengths of 2.756, 2.818, 3.100 A for the-i, Bi—Ge,
and Bi—Sn bonds, and the bond length for-i is similar.
The energies of the other isomefS; butterfly or planarC,,

structures, are much higher than those of their ground states.

4.2.4. BiMy~, Bi;M3~, BisM,~, and BiM~ (M = Sij, Gg, Sn).

For BinM,,~ with m+ n = 5, the clusters have several possible
isomers with little difference in structures and energies. We
present here the energetically lowest lying structures, which are
the most likely candidates for the ground states of the corre-
sponding anionic clusters. For B, the singlet state'f\;) of

the C,, distorted trigonal bipyramidal isomer is the most stable
structure. Another trigonal bipyramidalC4,) structure for
BiSis~, BiGey~, and BiSn~ is 0.34, 0.19, and 0.13 eV above
their ground states, respectively. As tog~, the energy of
the Cs (A") structure is very close to that of they, (?By)
structure. TheC,, distorted trigonal bipyramidal structure is
found to be 0.09 eV higher in energy than @estructure for
Bi,Si;~, whereas the energy is 0.03 and 0.14 eV lower for
Bi,Ge;~ and BpSns~, respectively. BiSi,~, BisGe~, and
BisSnp~ prefer aCs (*A') symmetry structure, more stable than
anotherCs,, (*A1) low-lying energetic structure by 0.13, 0.13,
and 0.09 eV respectively. For Bil—, the ground states are all

a G symmetry structure with A’ electronic state.

4.2.5. BiIMy~, Bio-M4~, BisM3~, and ByM,~ (M = Si, Gg Sn).
BiGes~ and BiSg™ have the higlC,, symmetry of the tetragonal
bipyramidal structure'f\;) as their ground states, with a low-
lying bicapped tetrahedron structure @f symmetry 0.16 and
0.34 eV higher in energy, respectively, whereas the case is
reverse for BiSj~, with the Cs symmetry tA’) 0.07 eV more
stable than th&,, structure. For BM,~, the ground states are
all the doublet states’B;) with a C,, bicapped tetrahedron
structure in which Bi atoms are the two capped atomsSigi

J. Phys. Chem. A, Vol. 110, No. 15, 2008007
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Figure 3. Vertical detachment energies of B1,~ (M = Si, Ge, Sn;
m-+ n < 6) (@) BiSih~, (b) BinGe,~, and (c) BiSn,™ by the B3LYP
method. The superscript “a” indicates the nearly degenerate isomer.

and BgGe~ have aCs (*fA’) ground state of a bicapped
tetrahedron structure, and another low-lyif@y symmetry
bicapped tetrahedron structure lying 0.35 and 0.13 eV above in
energy at the B3LYP/6-31G(3df) level, respectively. For
BisSns~, these two structures are lowest in energy, nearly
degenerate, and both are likely candidates for the ground state
at the B3LYP/LANL2DZdp level. Likewise, BBi,~ and
Bi,Ge,~ have aCs (°A") ground-state structure, as well as a
low-lying energetic structure df,, symmetry that is 0.66 and
0.21 eV higher in energy. While the reverse is the case for
BisSny, it presents theCz, (°Az) structure as the lowest
energetic isomer, which is 0.16 eV more stable thanGhe
symmetry isomer.

4.3. Vertical Detachment Energy.The VDE corresponds
to transitions from the ground electronic states of the anion to
the ground electronic state of the neutral molecule with identical
anionic geometry. We have calculated VDE with B3LYP and
B3PW91 methods corresponding to their respective optimized
structures, and the results are in good agreement. The VDE
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TABLE 1: Binding Energies (BE, in eV/atom), Energy Gain (A, in eV), and the Second-Order Energy Difference AE", in eV)
of BinM,~ (M = Si, Ge, Sn;m + n < 6) Clusters by the B3LYP Method

BiSi~ BiSi>™ BiSi;™ BiSis~ BiSis~ Bi,Si™ Bi,Si>~ Bi,Siz~ Bi,Sis~ BisSi™ BisSi>~ BisSiz™ BisSi™ BisSi>™

BE 2.56 2.82 3.00 3.30 3.22 241 267 2.85 2.92 252 260 2.67 2.30 2.45
A 3.33 3.55 4.49 2.85 3.47 3.57 3.27 2.92 3.02 3.22
AE" —0.218 —-0.941 1.643 —0.112 0.310 —0.112

BiGe~ BiGe;” BiGes™ BiGe,~ BiGes Bi,Ge BiGe~ Bi,Ge™ BiGe~ BiGe BiGe~ BisGe™ BisGe BiGe~

BE 249 267 2.82 3.05 2.99 2.36 2.57 2.70 2.76 249 254 2.58 2.27 2.35
A 3.04 3.25 3.97 2.67 3.22 3.22 3.05 2.76 2.78 2.75
AE" —0.218 —0.713 1.292 0.003 0.163 —0.005

BiSn~ BiSn,~ BiSng~ BiSny~ BiSns~  Bi,Sm BiSnp~ BiSny™  BioSnym BizSnm BisSn BisSngm  BisSnm BisSnp

BE 2.18 232 2.42 2.59 2.56 2.18 2.35 2.42 2.44 2.36 2.37 2.37 2.18 2.21
A 2.60 2.72 3.29 2.38 2.86 2.68 2.54 2.40 2.37 2.38
AE" —0.117 —-0.571 0.912 0.182 0.136 0.014

values for the lowest energy anion structures calculated by TI\’;I“B:LESiZ:G';OS'\f&L:U“{'94)68&2{”'23”;:3%%%?\?? Er']dzM”

B3LYP functional are present versus cluster sizeH n <6) B3PW91, Respectively
in Figure 3a-c. Up to now, there has been no available
experimental value of VDE for these clusters to assist in the

HOMO-LUMO gap (eV)

assignment for their structures. The calculated VDEs in the pointgroup  state B3LYP B3PW91
present size range exhibit an obvious turning point and maxima Bi,Si Co 1A, 2.41 2.43
around BiMy~ in agreement with the magic number clusters ~ BizSk G 1A 2.55 2.56
BiM,~ (M = Si, Ge, Sn) observed in the time-of-flight mass E:g:z%a gz lﬁ,l 2:3421 g:ig
spectra. Bi,Si, Ca A, 1.68 1.72

4.4. Binding Energy.Table 1 shows the binding energy per  Bi.Ge Co A, 2.50 2.54
atom for the lowest energy structure for.®1,~ (M = Si, Ge, Bi:Ge Ca Ay 2.89 2.90
Sn;m+ n < 6) in each size. The binding energy (BE) is defined ~ Bi2G& Ca A 3.30 3.36
as follows: BE= —[E(BimMn") — MEBI) — nEM)]. It is et Dan A 2.91 2.91

L n - . 2Gey-2 Ca, A 1.56 1.61

found that the BE/atom (binding energies divided by the total pj,sn Coy A 230 232
number of atoms in the cluster) is the largest for BiMn all Bi-Sn Co A 2.60 2.61
these clusters. And for BiM clusters, the energy gair = Bi>Sns Ca iAl 2.89 2.92
~[E(BixMn) — E(BinMn_17) — E(M)], is also higher than that g!zgm'%a gAh lﬁlg igg f%
of the other clusters. Moreover, the second-order difference in =~ 2> 2 ! : )
energy is also calculatedE" = E(BinMn+17) + E(BimMn-17) a2 The energetically low-lying neutral structures in similar symmetry

— 2E(BimMy"), and the value is also the largest one for Bim with their corresponding anionic species. See Figure 2S.
Therefore, the BIM~ (M = Si, Ge, Sn) anions are indeed the . ] o )
magic number clusters in the Bil,~ species. The relative high ~ quantities of the neutral species, VDE, and binding energies of

intensity for BiSis~ can also be explained by the calculated the anions. . .
BE and energy gainX). 4.6. Large Clusters.As to the larger clusters obtained in

4.5. HOMO-LUMO Gap of Bi ;M. (M = Si, Ge, Sn).In experiment without calculation results here, we compare them
the .m.ass spectra, besides B'rl\/lthze r;]1ass signélls f(;r Bii:e,‘ with the metal-doping semiconductor clusters. There is a lot of

Bi.Ges~, and BpSrs™ are somewhat stronger than those of other e_meirr;entéf;?’g and tthleorleti;:al investiggti”éhwﬁ_zrourgi:MSth
clusters in their same series. Therefore, we calculated the( = transition metal) clusters, especially on ue to

HOMO-LUMO energy gap for the closed-shell neutrabi, its high stability. Most of the TMSp clusters are found to be
(M = Si, Ge, Snn = 1—4) species using B3LYP and B3PW91 hexagonal prisms with TM in the center. From the mass spectra,
methods at their respectively optimized lowest energy neutral .B'S'12 ISa S,[ta;blfe structL\J/re, Egthuﬂhke the tra?sglgn rgit?l, Bi
structures (Figure 2S, Supporting Information). The calculated IS a semimetal of group V, WhiCh has no émply >d orbitals, o

gaps for BjM, are somewhat larger than those of the pure Its b_ondmg with S:‘2. %n.d the geometry of B'.&_ ha§ to b_e
semiconductor clusters, but similar to those of the DFT studied further. BiSi; is also in relatively higher intensity

i . compared with neighbors of the same series in our spectra, and
gﬂglrj;atgsstzzgﬂsv:ﬂ\gg t%i?sthgergdi/laé-iirlr\]/llcoogdaupcstogf its stability needs further calculation to be illuminatecs$&~

BioM3in Table 2 are considerably larger than their neighboring IS avery stab_le species from our mass spectra, and its stability
. can be explained by the shell closing of the valence electrons

clusters. Much work has shown that clusters with large HOMO- 0) with th herical cl del. which b

LUMO gaps tend to be highly stab¥ 54 So we suggest that (40) with the spherical cluster model, which maybe suggests

) ) . . " ) the transition from the semiconductor to the metallic nature of

Bi>M3 are in relatively high stability and abundance among the the Bi,Sn, cluster

neutral products. Furthermore, the structures for the anionic and '

neutral BpM3 are similar. Therefore, the high-intensity mass

peaks of BiSis~ and BpSns~ in the anion mass spectra are not

difficult to understand, the abundance of neutralMBj gives Bi/M (M = Si, Ge, Sn) binary cluster anions are produced

them more opportunities thus allowing them to form anions more and analyzed in the gas phase, and the most possible structures

easily by combining an electron in the plasma. And the relative are obtained by DFT calculations. Full structural optimization

intensities for the anionic B3~ and BpMy4~ clusters are and frequency analysis reveal thatBi,~ (M = Si, Ge, Sn)

affected by the combined results of the following factors: the follow similar structural patterns in the size rangenoft- n <

5. Conclusions
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6, and the ground states of these anionic clusters are all low
spin electronic states, which are consistent with the pure anioni

J. Phys. Chem. A, Vol. 110, No. 15, 2008009

(25) Gallo, C. F.; Chandrasekhar, B. S.; Sutter, P.JHAppl. Phys.

1963 34, 144.

(26) Vossloh, C.; Holdenried, M.; Micklitz, H?hys. Re. B 1998 58,

semiconductor clusters. The calculated VDE and binding energy 12427

confirm the obviously magic number cluster of BiMin these

(27) Haro-Poniatowski, E.; Serna, R.; Suarez-Garcia, A.; Afonso, C. N.;

anion species, which agrees well with the experimental results. Jouanne, M.; Morhange, J. Rppl. Phys. A2004 79, 1299.

And the theoretically large HOMO-LUMO gaps of the closed-
shell neutral BiM3 clusters suggest their stabilities in the neutral

products. The larger magic number clusters without calculation

results need further theoretical confirmation.
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