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The behaviors of the bimetal MéMo doped cagelike silicon clusters M#i, at the size oh = 9—16 have
been investigated systematically with the density functional approach. The growth-pattern behaviors, relative

stabilities, and charge-transfer of these clusters are presented and discussed. The optimized geometries reveal

that the dominant growth patterns of the bimetal-Mé#o doped on opened cagelike silicon clustans<

9—13) are based on pentagon prism M@&nd hexagonal prism Mogiclusters, while the Mpencapsulated

Sin(n = 14-16) frames are dominant growth behaviors for the large-sized clusters. The dopelinhdo in

the Sj, frames is dissociated under the interactions of the Mual Sj frames which are examined in term of

the calculated Me-Mo distance. The calculated fragmentation energies manifest that the remarkable local
maximums of stable clusters are Mdoped Sj with n = 10 and 12; the obtained relative stabilities exhibit
that the Mge-doped Sj, cluster is the most stable species in all different sized clusters. Natural population
analysis shows that the charge-transfer phenomena appearing in tkaoped Sj clusters are analogous to

the single transition metal Re or W doped silicon clusters. In addition, the properties of frontier orbitals of
Mo,-doped Sj (n = 10 and 12) clusters show that the }#d, and MaSi;; isomers have enhanced chemical
stabilities because of their larger HOMQUMO gaps. Interestingly, the geometry of the most stable-Mo

Sig cluster has the framework which is analogous to that eGj cluster confirmed by recent experimental
observation (Goicoechea, J. M.; Sevov, SJCAm Chem. SoQ006 128 4155).

1. Introduction (TM=Cr, Mo, W, Hf, Ta, W, Re, Irn = 14, 13, 12, 11, 9y
- ) ] _and ThSi~ (6=n=<16)2were studied experimentally by aid of
Silicon and germanium clusters have been studied extensively, . ious technical methods. The photoelectron spectra of the
by both theoretical and experimental techniques because theychromium-doped silicon cluster anions, GrS{n = 8—12) 2
may be employed as the building blocks for developing new \yere measured. From the measurements of vertical detachment
silicon-based nanomaterials with tunable propertiés After energies, enhanced stability was found for the unit GrShe
the transition metal (TM) is doped into the silicon frame, the gyperimental results on vertical detachment energies indicate

TM doped silicon clusters exhibit a variety of geometrical ht the CrSj, unit has enhanced stability with chromium atom
arrangement and electronic properfies tend to form closed- being encapsulated inside the Stage?

shell electronic structures that show the extraordinary stabilities
comparing with the pure species, and contribute to generatingt

novel transition metal encapsulated clusters with novel proper- metal doped silicon cluste?3-35 Although the mixed CiSiy

ties. . . . . Ny clusters were detected by mass spectroscopy experimetitally,
In a pioneering series of experimental measurements,'Beck 1 our knowledge, no detailed theoretical investigations on the
generated mixed transition metal silicide clusters of composition \ixed transition metals TMn > 1) doped silicon clusters have
TM@ShHx (TM=Cu, Mo, W) by laser vaporization SUpersonic  heen performed until now. In order to reveal the unusual
expansion technique. These clugter units were fognd to be moreproperties of the bimetal Medoped silicon clusters, the main
stable toward photofragmentation than purg 8lusters of  hieciive of this research, therefore, is to provide a detailed
similar size. Scherer et & produced mixed transition metal i estigation of the equilibrium geometries, relative stabilities,
S|I|C|des_by tlme-of-ﬂlgh_t mass spectrospo_py and studied t_he fragmentation energiesD[n,n — 1)], the atomic averaged
eleptronlc states ofICuS|, AgSi, and Au@ dimers by.measunng binding energiesd,(n)], charge transfer of the M&is clusters,
their laser absorption spectra. In addition, the VSi and NbSi g g explore the growth-pattern mechanisms of the polymetal
dimers have been investigated by matrix-isolated ESP spec-ggpeq silicon clusters, which can provide significant help in
troscopy? Recently, the previous works on the stable TMSi  the quest for such kind of cluster assembled materials.

Stimulated by these experiment observations, many compu-
ational investigations have been performed for one transition
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TABLE 1: The Calculated Bond Length Dissociation the calculated results also depend on the pseudopotentials, our
Energy, Frequency, and Electronic State for the Si Mo, study can be considered as preliminary and qualitative in nature.
and MoSi Clusters On the basis of the calculated results, it should be pointed out
bond  dissociation frequency electronic that the dissociation energy of the MoSi cluster is smaller than
clusters method length(A) energy(eV) (cm™) state that of the Si cluster, but bigger than that in the free Mo
Sk, B3LYP 2.35 2.62 445.7 3% molecule. This result reflects that in the bBi, clusters the
E\)SI; ggi ggg 451(%'(5) g:g Si—Si interaction is stronger than the M&i and Mo-Mo
Mo, BaLYP 198 175 620 12+2 g]ite(rjjcstlgrr\; and plays a dominant role in stabilizing the,Mo
LSDAc 1.95 2.17 520.0 I n '
EXPd 1.94 2.19 477.0 13ty
MoSi B3LYP 2.40 1.90 316.6 I 3. Results and Discussions
B3LYP® 2.36 2.08 51

3.1. Geometries and Stabilities. MgSis. Considering of all
the possible geometries, three stable isomers have been identified
on the Mo-Mo doped silicon clusters at the size range(® for the Ma:Sis cluster as shown in Figure 1. On the basis of
< 16). The equilibrium geometries and electronic properties of the calculated total energies, which are listed in Table 2, we
the Mo, doped silicon clusters are performed by DFT with the find that the 9a isomer is slightly higher in total energy than
unrestricted B3LYP exchange-correlation poteftizland an the 9b isomer does; therefore, the 9b isomer is more stable than
effective core potential LanL2DZ basis sets. The standard the 9a isomer. Interestingly, structure 9a and structure 9b have
LanL2DZ basis sef8 are employed to provide an effective way different equilibrium geometries and can be considered as the
to reduce difficulties in calculations of two-electron integrals degenerated isomers with different framework of silicon clusters
caused by heavy transition metal Mo atoms. All computational because the energetic difference between these two isomers is
works are carried out by Gaussian 03 pack#gehe polariza- very small. In addition, both 9a and 9b isomers can be described
tion basis sets are not considered in this work because ouras one Mo atom being surface capped on the Mx&me after
previous work2 showed that they are insignificant to our results. other Mo atom being encapsulated into thg Bame. With
Here is the more information about what structures should be respect to the 9c isomer, the optimized equilibrium geometry
considered for our clusters. It should be pointed out that a small has the frame which is analogous to the experimental structure
number of structures were tried for each size n, and that theseof the NiGe clustef® and can be described as one Mo being
structures were taken from prior studies of singly-TM doped surface capped on the antiprism Me$ame. However, the
Sin clusters®811.14.2532 For clusters containing £218 atoms, total energy of the 9c isomer is distinctly higher than that of
as considered here, there are a very large number of localthe 9a and 9b isomers, which indicates that the 9c isomer is
minima for each size, and it is in no way obvious that the small less stable than the 9a and 9b isomers. Consequently, the 9b
subset chosen contains the best structures. Therefore, in thidgsomer with the encapsulated Mo atom having tendency to
study we try to examine if the localization of Mo atoms upon/ terminate the dangling bonds of they; $iame and trying to
into silicon clusters changes the major rearrangement of theinteract with all silicon atoms directly with unequivalent bond
geometry framework of Siclusters (or cages) as well as to lengths is selected as the most stable isomer and the ground
reveal the striking change in properties due to the inserting of state for cluster MgSio. In addition, from our optimization the
the various metals. Fortunately, previous theoretical results onmost stable MgSis 9b geometry is different from the experi-
MSi, (M=W and Re) and MGe(M=W, Cu, and Ni) are ~ mental geometry of the Mg cluster3?
availablé 811142532 gnd can be considered into our structure ~ Mo,Sie. Four possible geometries of the Mo cluster
optimization. For each stationary point of a cluster, the stability (Figure 1), which are described as the pentagonal antiprism C
is reassured by the calculated harmonic vibrational frequencies.Mo2Si;o 10a, two pyramidal Qicapped rhombus M&8i, Cs 10b,
If the unstable geometry with one imaginary frequency is found, the Mo surface capped sandwich-like prismMbSi;o 10c, and
a relaxation along the coordinates of the imaginary vibrational the two separated Si atoms surface capped planaélyisomer
mode is rearranged until a true local minimum is finally reached. 10d, are optimized, together with the harmonic frequency
Therefore, geometries and total energies for each stable clusteanalysis. The pentagonal antiprism }a, 10a isomer can be
and its stable isomers actually correspond to the local minima. seen as the Moatoms being vertically doped in the pentagonal
As the number of isomers is increased quickly with the cluster antiprism Sjp frame. Interestingly, the two Moatoms in the
size, it is very difficult to obtain the global minimum simply ~ Mo,Siio are bonded together with bond distance of 2.322 A,
according to the calculated total energies of the isomers. which is longer than that (1.975 A) of the Mdimer; this result

In order to obtain the most possible stable glig (n = 9—16) indicates that the MeMo bond is elongated after it is inserted
clusters, some previous available theoretical or experimentalinto the Sip frame due to the interactions among the Mo atoms
results are considered first, then the equilibrium geometry is and Si frame resulting from the charge-transfer which will be
determined by varying the geometry starting from high- discussed below. ThesQ0b isomer is described as the Mo
symmetry structure to low-symmetry structure. This leads to a being parallel doped the two pyramidal, $iames. The Me-
limited number of possible stable structures for each size of Mo bond length in the 10b isomer is longer than that in the 10a
cluster. isomer, and the £10b isomer is more stable thag Wa isomer

To test the reliability of our calculations, the,SMo,, and because the total energy of 10b isomer is lower by 1.026 eV
MoSi molecules are carried out, and the calculated bond lengths,than that of 10a isomer. As for as the @Oc isomer is
vibrational frequencies, and dissociation energies are illustratedconcerned, it is depicted as one Mo being surface capped on
in Table 1. From Table 1, one can find that the calculated resultsthe bipentagonal prism Mogiframe; however, the MeMo
of the Sp, Mo,, and MoSi clusters are in good agreement with bond length in the 10c isomer is longer than that in the 10a and
the reported theoretical and experimental results that are10b isomers, and the total energy of the 10c isomer is lower
available?440-44 This examination of equilibrium bond lengths  than those of the 10a and 10b isomers by 1.851 and 0.825 eV,
and angles leads to deviations typically withirr@%. Since respectively. From our calculated total energies shown in Table

2 Ref 40." Ref 29.¢ Ref 44.9 Ref 45.¢ Ref 24.
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13b 13a* 13c 13d

14a 14b 14¢
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16a* 16b I6c l6d l6e

Figure 1. Equilibrium geometries of the M&i, (n = 9—16) clusters, where the top (or left) Mo atom represents as Mo(1) and the bottom (or
right) Mo atom represents Mo(2). Stars indicate the lowest-energy structures of all calculated minima.
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TABLE 2: The Calculated Mo—Mo Bond Lengths (Mo—Mo), HOMO, LUMO, HOMO —-LUMO Gaps, Total Energies, and
Electronic States of the Stable MgSi, (n = 9—16) Clusters

HOMO LUMO HOMO-LU MO Er
isomer symmetry Me-Mo (A) (hartree) (hartree) (eV) (hartree) state
9a G 2.444 —0.2197 —0.1447 2.063 —169.8874176 A
9b Cs 2.454 —0.2101 —0.1531 1.566 —169.8876134 2.y
9c Cs 2.954 —0.2175 —0.1322 2.345 —169.8712357 A
10a G 2.322 —0.2170 —0.1507 1.826 —173.7254604 N
10b G 2.369 —0.2194 —0.1321 2.403 —173.7631692 A
10c (@] 2.457 —0.2172 —0.1455 1.972 —173.7934736 A
1od G 3.179 —0.2154 —0.1491 1.825 —173.7149782 A
1la G 2.511 —0.2165 —0.1542 1.715 —177.6754277 1A
11b G 2.403 —0.2104 —0.1505 1.648 —177.6752242 A
1lc G 2.847 —0.2200 —0.1569 1.737 —177.6138151 A
12a G 2,514 —0.2151 —0.1522 1.728 —181.513768 A
12b G 2.493 —0.2264 —0.1575 1.897 —181.527616 A
12c G 2.355 —0.2046 —0.1301 2.050 —181.5801618 A
12d G 2.644 —0.2196 —0.1581 1.694 —181.5042981 A
12e G 3.124 —0.2114 —0.1591 1.439 —181.4718664 1A
13a G 2.386 —0.2065 —0.1456 1.675 —185.4697197 A
13b G 2.576 —0.2212 —0.1607 1.665 —185.3869664 A
13c G 2.673 —0.2169 —0.1648 1.434 —185.4162866 A
l4a G 2.328 —0.1997 —0.1519 1.315 —189.2710007 A
14b G 2.591 —0.2155 —0.1731 1.165 —189.2686962 A
l4c G 2.656 —0.2206 —0.1606 1.649 —189.2884823 A
14d C 2.559 —0.2228 —0.1620 1.672 —189.3170213 A
15a G 2.481 —0.2173 —0.1658 1.413 —193.2052867 A
15b C 2.525 —0.2102 —0.1558 1.494 —193.2089852 A
15c G 2.604 —0.2196 —0.1669 1.450 —193.1906239 A
15d G 2.352 —0.2084 —0.1518 1.558 —193.1573637 A
16a G 2.484 —0.2212 —0.1647 1.556 —197.1065879 A
16b Gy 2.267 —0.2164 —0.1563 1.649 —197.0936387 A,
16¢ G 2.204 —0.2214 —0.1250 2.651 —196.9985326 A
16d G 2.599 —0.2245 —0.1661 1.608 —197.0594728 A
16e G 3.019 —0.2159 —0.1568 1.625 —197.0315536 A

2, it is confirmed that the 10d isomer, which is seen as two Si the distorted tetragonal prisfD4, Sii>. However, from the
atoms being capped on the planar J8ig frame, is weaker in calculated total energies shown in Table 2, the 12b isomer is
stability as compared to other stable isomers. Consequently, themore stable than the 12a isomer does. The stable 12c isomer
10c isomer is selected as the most stable isomer and the ground¢an be seen as one Mo atom being surface capped on the
state for cluster MgBij,. On the basis of the optimized hexagonal prism Mo%i clusterd Furthermore, the 12c isomer
geometries for the MBin (n = 9 and 10) clusters (Figure 1), s relatively more stable than the 12b isomer because the total
one can find that the diatomic Meertically doped Si(n =9 energy of 12c isomer is lower by 1.43 eV than that of 12b isomer
and 10) frame are the dominant growth patterns. does (see Table 2). The 12d isomer is seen as an irregular
Mo,Sh1. Four possible MgSii; isomers considering various  structure and the 12e geometry is obtained with one Si atom
spin configurations are optimized and shown in Figure 1. The being surface-capped on the 11c structure. According to the
11a and 11b structures, which are generated after one Si atontalculated total energies tabulated in Table 2, it is noticed that
is surface capped on the 10c isomer, are optimized to be thethe 12e isomer has higher total energy and is less stable than
stable isomers. From the calculated total energies of the 11aother isomers; consequently, the 12c isomer is the lowest-energy
and 11b isomers shown in Table 2, the 11a isomer is slightly isomer and the ground state for M8, cluster. This finding
more stable than the 11b isomer because the total energy of thendicates that the Modoped Si, isomer has the framework
11a isomer is a little bit lower than the total energy of the 11b that is analogous to the single W atom dopeg 8ame2°
isomer by 0.006 eV. In other words, the 11a and 11b geometries Mo,Shs. A variety of possible initial geometries are optimized
can be seen as the isoenergetic isomers with different geo-for the M@,Sii3 cluster and shown in Figure 1. It should be
metrical forms. The stable saddle-like 11c isomer is obtained pointed out that the hexagonal prism 13a isomer with one Si
from the 10d geometry, which has a higher total energy atom being parallel surface-capped on the prism3ile 12c
comparing with the 11a and 11b isomers. These results reflectframe is turned out to be the most stable structure (Table 2).
that the M@ doped silicon clusters prefer the cagelike structures. The 13b isomer, which can be described as the distorted prism
Therefore, the opened cagelike geometries are the dominantD4, symmetry, is born after one Si atom is surface capped on
geometries of the MgBi;1 isomers. the 12b isomer and essentially maintains the analogous frame-
Mo,Sho. Guided by the previous theoretical results on the work of the 12b cluster upon adding one silicon atom. The 13c
ground state k) WSi»?° and MaSi, (n = 10 and 11) clusters isomer, which is obtained after three Si atoms are surface capped
described as above, three pi, isomers, emerging from one  on appropriate sites of the 10c isomer, is optimized to be a stable
Si atom being surface-capped on the small-sized9¥dn = isomer. However, it is noticed that the 13c and 13b isomers are
10, 11) clusters, are obtained and shown in Figure 1. From the 1.454 and 2.252 eV higher in total energies than the 13a isomer
findings related to the geometries of the examined systems, thehas, which indicates that the Mencapsulated &j frame is
12a isomer is generated with the serious distortion of the Mo not the dominant geometry of the I¥&i; 3 clusters. Furthermore,
dimer inserted into the irregular hexagonal prism,$iame the growth pattern of the small-sized Mdoped Sj (n < 13)
with Mo—Mo bond length of 2.514 A. As for the 12b isomer, clusters is similar to that of the Mo doped, $iames, and the
it can be described as the Mdimer being encapsulated into  opened cagelike geometries are the dominant structures.
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Mo,Si4. Starting from various initial structures, the bR 4 geometries interact with more silicon atoms simultaneously with
cluster is calculated by considering with different spin configu- unequivalent Me-Si bond lengths and try to terminate the
rations. Four isomers are identified for the pba4 cluster, dangling bonds of the silicon atoms with delocalized covalent

which are the distorted heptagonal prism 14a isomer with Mo bonds. Inspection of the calculated total energies of the-Mo
dimer acting as the symmetrical axis, the heptagonal prism 14bSj,5 isomers from Table 2, we can find that the 15b isomer is

isomer with Mo dimer vertically to the prism symmetrical axis,  the lowest-energy structure, and corresponds to the ground state
the seriously distorted heptagonal prism 14c isomer, and theof this size i = 15) cluster.

cagelike G 14d isomer, respectively, shown in Figure 1. Mo,Sii. As for as the MeSiyg 16a isomer is concerned, the

. Two remarkable Mg encapsulated sandwicklike silicon geometry can be described as theMimer being encapsulated
isomers, namely, 14a and 14b, are formed. The 14a geometryintg the slight distorted cagelike®Siis frame. Furthermore,
with Mo-encapsulated sandwich-like heptagonal pri3mSiis the doped Me-Mo bond length in the 16a cluster is 2.484 A,
frame is considered; however, the final optimized geometry yhich is longer than the free quintet diatomic bond length of
reveals that the Moatoms in the MgSi4 isomer move from 5 441 A with electronic state ofzy. Because the attractive
the center sites of the iframe to the each center site of the ;.2 tions between Mand Sis frame are stronger than that
_pIa_narS{r unit and the M&Mo_bond Igngth of the Mpdim_er between Mo and Mo atoms, and the Mdimer is finally

is finally elonggted.under t.he interaction between twouits dissociated under the attractive interactions of,Moner and
because the SiMo interactions are stronger than the Miglo Sire frame, the formed 16a isomer is composed of the two

interaction as mentioned above. However, there is a stable S oo
) sandwich-like MoSj units. From the calculated total energy for
structure where the Moatoms can be vertically encapsulated Mo,Siis isomers in Table 2, obviously, the 16a geometry is the
into the sandwich-like or boat-like M8iy4 14b geometry with 2216 ) : AT . .
MGl 9 y lowest-energy isomer. ThexcMo0,Si;s16b isomer is obtained

Mo, dimer vertically to the symmetrical axis of two-Sinits. . o . .
In addition, the 14c isomer is the derivative of the 14b isomer after the Me dimer is inserted to the Si surface-capped distorted

and is more stable than the 14b isomer with the difference of 1@ frame. However, the 16a isomer is more stable than the
the total energies being 0.538 eV. As observed from the 16P isomer because as shown in Table 2 the total energy of
optimized geometries and energies in Table 2, it can be seenlP isomer s higher that that of 16a isomer by 0.352 eV. Guided
that the lowest-energy isomer is a compressed quadrangulai®y @bove investigations on the 14a and 14b isomers, the striking
prism Mo;Si4 14d structure, which is described as thedsimer 16¢ and 16d isomers are also considered. TheaC isomer is
being surface capped on the top of the slight distorted 12b depicted as the Moisomer being parallel inserted into the
geometry. Furthermore, the dominant geometries of the-Mo octagonal prism % frame, in turn, the final obtained 16c
Sii4isomers are the Moencapsulated §jstructures which are ~ geometry is composed of the two planarlike Me8iits with
different from the Mg doped cagelike opened Sin < 13) electronic state ofA; and the Me-Mo bond length being 2.204
isomers while the sandwich-like 14a and 14b geometries are A which is slightly longer than the free Mdond length. From

not the dominant geometries. Our results show that theSijo ~ Table 2 it can be seen that the 16¢ isomer is higher in total
(n < 13) geometries are the cagelike opened isomers while theenergy than the 16a and 16b isomers by 2.940 and 2.588 eV
Mo.Si, (n = 14) geometries are the cagelike closed isomers, respectively. As a consequence, the layered 16c structure is not
and consequently, the structure transition occuns &t 14. the most stable building block for the formation of new

Mo,Siis. The optimized geometries indicate that the possible materials. The 16d isomer is depicted as the;Momer being
Mo,Siis isomers with high symmetries are not the stable Vertically inserted the sandwich-like octagonal prismlike;Mo
structures. However, after undergoing the slight distortion of Siie Structure. Interestingly, this structure is less stable than the
the Mo,Si;s geometry to the low symmetry, the stable Ba 16a isomer and is not selected as the ground state and building
isomer is finally obtained (Figure 1). The cagelike pentagonal block of new material with novel properties. Therefore, the
prism 15a isomer is described as the Mimer being parallel sandwich-like 16c and 16d isomers are not the dominant
inserted to the pentagonalSframe with Mo—Mo bond length geometries after examined by the calculated total energies. In
of 2.481 A, which indicate that the MBiis geometry is addition, the irregular 16e isomer is also considered and
composed of the two sandwich-like Mag&units and the Me- optimized as the stable geometry, but its total energy is
Mo bond length in this isomer is longer than that in the free obviously higher than that of the encapsulated 16a structure has.

Mo, dimer. In this isomer the attractive interactions between According to the above discussions, one can concluded that
gach Sho K/?'t anéj |\'\/f0 atom a:e_strongﬁr than_the mtehractlrc])n the stable layered sandwich-like structures are not the most
etween Mo an 0 atoms. It s worth to point out that the ' g,116 sryctures and cannot be seen as the building block for

iSa and $5b CfT_n t?le Zetin ngfthe dege??r?t?d |somersb|nt\znerq}/u|k material and nanotube. As for the most stable bimetal Mo
ecause from Taole € difierence of folal energies be eenencapsulated silicon clusters, it shows that the opened cagelike

them is very small. As for as the deformed cagelike 15b and Mo0,Sin (n < 13) clusters, which are based upon the MesSi

15c isomers are concerned, the two isomers are described as . . . )
: . . . . . . and MoSi, clusters, are the dominant geometries for the middle-
the diatomic Me dimer being encapsulated into thesSrame;

furthermore, the 15b cage is more sable than the 15¢ CageS|zed clusters while the Maencapsulated silicon clusters are

because as shown in Table 2 the total energy of isomer 15b "€ dominant geometries for the large-sized clusters.

lower than that of isomer 15¢ by 0.50 eV. In addition, the 15d ~ 3.2. The Relative Stabilities.In order to investigate the
isomer is considered, which is generated when one Si atom isrelative stabilities of the most stable Mg, (n = 9—16) clusters,
surfaced-capped on the heptagonal prism 14a isomer, to formit is significant to calculate the averaged atomic binding energies
sandwich-like structure. But the sandwich-like 15d isomer is for the Ma;Si, clusters Ex(n)) and the fragmentation energies
higher in total energy than the 15b and 15c isomers by respective(D(n,n — 1)) with respect to removal of one Si atom from the
1.505 and 0.905 eV. Therefore, the stability of Mdoped most stable MgSi, clusters. The averaged atomic binding
prismlike Sis geometry is weaker than the Mencapsulated  energies and fragmentation energies of the®4p(n = 9—16)
caged Sis geometry in which the Mpatoms in the cagelike  clusters are defined as
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D(n,n — 1) = E(M0,Si,_,) + E{(Si) — E(M0,Si,)
E,(n) = [2E;(M0) + nE{(Si) — E(M0,Si)]/(n + 2)

3.10 4

where Er(M03Sin-1), Ex(Si), Er(Mo), and Er(Mo,Si,) denote

the total energies of the respective }8¢-1, Si, Mo, and Me-

Sip clusters. The calculatdg,(n) andD(n,n — 1) values of the

most stable Mg5i, (n = 9—16) isomers are plotted as the curves 3.001 /

of E, andD(n,n — 1) against the corresponding number of the ] A

Si atoms in Figure 2 and Figure 3 and also summarized in Table™

3. It should be mentioned that the features of the size-evolution.§ %%°7

are intuitively viewed and the peaks of the curves correspond E

to those clusters have enhanced local stabilities. A 200
The averaged atomic binding energies of the;$loclusters )

are calculated, which are listed in Table 3 and shown in Figure —T T T T T T T T

3.054

nergy (eV/atom)

2. The curve in Figure 2 shows the similar tendency to the 8 o oo R
calculated fragmentation energies (Figure 3) exceptferl3, The number of Si atoms n
indicating that the predicted relative stabilities of the J8ip Figure 2. Size dependence of the averaged atomic binding energies
vary synchronously with the cluster size. of the most stable MiSin clusters.

According to the calculated fragmentation energies shown
in Figure 3 and Table 3, two remarkable peaks at 10 and 407
12 for the M@Si, (n = 9—16) clusters are found, showing that as] A
the corresponding clusters have slightly stronger relative stabili- & 1
ties and have large abundances in mass spectroscopy a® *°] A/
compared to the corresponding neighbors. From Figures 2 and§ 3.4 -

Figure 3, the particularly most stabile geometry can be assigned 22 52 ]

to the cluster of MgSiio, which is slightly higher in fragmenta- :&é ]
tion energy than the M&ii,. Interestingly, these findings of g 3.04
the bimetal M@ doped silicon clusters are slightly different from ug 28]
those of the single TM doped silicon clustétsThis finding, £ o
underlining once more the prominent role of theyBnatrix, is £ 264
relevant for the architecture of metadilicon clusters. It is é’) 24

indicated that the MgSiyo cluster is treated more thoroughly in
the context of the previous literature on clusters of the form 221
TMGey8 since the MgSiyo cluster addresses the case of o 1 12 13 14 45 18
multiple metal impurities. Furthermore, the calculated fragmen-
tation energies in term of the 10c isomer show that it has the
strongest stability of all MgBiip isomers, reflecting that the
prismlike structures are the preferred geometries. According to
the calculated total energies of the p@ s isomers, it is noticed TABLE 3: The Calculated Fragmentation Energies

that the 15a isomer can act as the building block for the novel (D(n.n — 1)) and the Averaged Atomic Binding Energies )
material because it is the most stable isomer which is composed?f the Most Stable Mo,Si, (n = 9-16) Clusters (Unit: eV)

of two MoSiyo 10c units. The calculated ionization potentials  size ) 9 10 11 12 13 14 15 16
(IPs) for the MeSi, (n = 12, 13, and 14) clusters are 6.43, p(nn- 1) 3.874 3.224 3.844 3.431 2.281 3.496 3.650
6.72, and 7.13 eV, respectively. The obtained results reflect thatEg, 2.899 2981 2.999 3.060 3.084 3.034 3.061 3.094
the MoSii4 cluster has the strongest chemical stability.

3.3. Population Analysis The net Mulliken populations (MP) Xﬁ)%‘ILSEO?:thI\éIul\l/lllgsetnsezgglé\lﬁ/ltgsaiL I?r?p:ulgt_lol%s) g‘;ts'ggm'\g?

and Natural populations (NP) of the Mo atoms in the most stable \yhere the Mo(1) and Mo(2) Correspond to the Top (or
MozSi, isomers are $ted in Table 4, the Mo(1) and Mo(2) are  Left) Mo and Bottom (or Right) Mo Atoms in Figure 1
defined as in Figure 1, both the MP and NP for the most stable

The number of Si atoms n

Figure 3. Size dependence of the fragmentation energies of the most
stable M@Si, clusters.

L . . Mo(1) Mo(2)

MozSi, isomers draw the consistent conclusion. The net MP

and NP values for the Mo atoms in the M, (n = 9—16) ISomer MP NP MP NP

clusters are negative except the MP of the Mo(1) in the 10c  9a —0.869 —0.344 —2.112 —1.437

isomer (Table 4), showing that the charges in the corresponding ~ 10¢ 0.1099  —0.4058 —1.1944 —1.5400

clusters transfer from the Mo atoms to thg Bames. And the ﬁa :1'4350 :0‘5663 :2'2982 :1'6636
. . c 0.9287 0.2165 2.4364 1.5178

unsaturated d orbitals of Mo atoms obtain the electrons from 135 —0.0720  —073455 —1.0097 —1.4585

the Si atoms and S orbitals of Mo atoms, which is also clearly 14d —1.7822 —1.2927 —2.0947 —1.6547

shown in Table 5. These results are coincidence with previous 15a —2.4850 —1.7451 —2.3260 —1.6905

findings on ReSiand WSis.2730As the general trend, the MP 16a —2.2132  —1.4206  -2.3890  —1.7138

as well as 4d orbital populations of Mo(1) and Mo(2) are first

increased to some certain values then decreased. However, thee pointed out that the encapsulated Mo atoms in the most stable
NP and 4d orbital populations of Mo(2) atom are gradually Mo,Si, (h = 9—16) clusters obtain more charges from their
increased as the number of Si atoms increasing. Interestingly,surroundings than the surface-capped Mo atoms do, and that
the 5s orbital populations of the Mo atoms are independent of the encapsulated Mo atom has a tendency to interact with more
the size of the clusters because they vary very small. It shouldsilicon atoms with unequivalent bond lengths and try to
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TABLE 5: The Natural Electronic Configurations of the Mo
Atoms in the Most Stable MaSi, (n = 9—16) Systems

Mo(1) Mo(2)
isomer 5s 4d 5s 4d
9b 0.30 6.01 0.39 6.89
10c 0.27 6.08 0.40 6.99
11a 0.31 6.18 0.39 7.12
12¢ 0.19 5.98 0.34 6.97
13a 0.29 5.98 0.33 6.94
14d 0.35 6.82 0.34 7.17
15a 0.35 7.26 0.36 7.19
16a 0.34 6.96 0.32 7.22 10c 12¢ (top)

terminate the dangling bonds of silicon atoms. Therefore, the
doped Mo atoms play very important roles in the stabilities of
the MoSiy (n = 9—16) clusters.

3.4. HOMO and LUMO Properties. The HOMO and
LUMO energies as well as the corresponding HOMQMO
gaps of the MgSiy, clusters are tabulated in Table 1. Based on
our calculated results, it can be seen that for the most stable
Mo,Sin (n =9, 11, 13-16) clusters the HOMOGLUMO gaps
are about 1.6 eV while the M8i;» cluster has the biggest gap,
which is reflected in Figure 4. In other words, the chemical
stability of the MaSi;» clusters is stronger as compared with
its neighbors, and the M8iy, cluster has enhanced chemical 12c (side) 16a
stability. Therefore, Having strong relative stability and chemical Figyre 5. The contour maps of the HOMO for the most stable 10c,
stability, the M@Sii» cluster can be seen as the most stable 12¢, and 16a isomers.
building block and can be selected as candidate of novel
nanomaterials. As for as the M®iig cluster is concerned, it is As far as the property of the HOMO of the MBij, cluster
worth to point out that the HOMGLUMO gap of the MaSiio (Figure 5) is concerned, the-ype bonds are formed among
being 1.972 eV is slightly smaller than that (2.05 eV) of the the Sj, atoms, which are distributed beside Matoms, and
Mo,Siy, cluster and therefore the M8iy, cluster is slightly correspond to the delocalizedtype bonds. Furthermore, the
stronger in chemical stability than the Mo cluster does.  encapsulated Mo atom obtains more charges from its bonded
Furthermore, we can predict that the HOMOUMO gaps for silicon atoms and interacts with silicon atoms by relatively
the Ma,Siio and MaSiz; clusters can be detachable experimen- weaker d-so-type bond$ However, the surface-capped Mo
tally. Consequently, the M&iio and MaSii2 clusters are stable  atom have more unfilled d orbitals and try to form the stronger
in ionization and dissociation process and contribute to forming o-type bonds with its neighbor silicon atoms as compared to
the most stable Medoped silicon nanoclusters, and make them the encapsulated Mo atom. From the contour map of the HOMO
more attractive for the cluster-assembled nanomaterial. for the MaSisg cluster shown in Figure 5, it can be obviously

The contour map of the HOMO for the most stable JHigo seen that each encapsulated Mo atom is surrounded by eight
isomer is displayed in Figure 5. It can be seen from the Figure silicon atoms simultaneously, and that the Meoms and silicon
5 that somer-type ando-type bonds are formed among thg Si atoms form the delocalized-type bonds. Only a few SiSi
atoms. The encapsulated Mo atom in the;Blig, interacts with bonding contributes to the-type bonds because thetype
10 silicon atoms simultaneously and terminates the dangling bonds are the dominant -S8i bonding type. It should be
bonds of silicon atoms while the surface capped Mo atom tries mentioned that our results show that the-Si bonds of the
to interact with its neighbor silicon atoms witiitype bonds. most stable MgSii cluster is not regular comparing with those
Si—Si bonds in the MgSiy» cluster.
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20 4. Conclusions

The systematic investigations on the geometrical and elec-
1.9 tronic properties as well as the growth patterns of the$ip
; (n = 9-16) clusters have been performed theoretically at the
1.8 (U)B3LYP/LanL2DZ level. All calculated results can be sum-
; marized as follows: (1) The most stable p&q, clusters in term
1.7 4 of the optimized geometries show that the cagelikes®4p(n
] = 9-16) clusters are the dominant structures, and within them
1.6 the Mo atoms prefer to interacting with more silicon atoms.
/ The Mo—Mo distance in these clusters are elongated as compare
\ to the Mo—Mo distance in the free Madimer because the Mo
Si interactions are stronger than the Mdo interaction. In the
i i . , . , . i , Mo,Sin clusters the SiSi and Mo-Si interactions play more
8 9 10 1 2 13 14 15 16 17 important roles as compared to the Mo interaction. In other
The number of Si atoms n words, the S+Si and Mo-Si interactions take the dominant
Figure 4. Size dependence of HOMELUMO gap of the most stable effects to the stabilities of the clusters. (2) According to the
Mo,Siy clusters. optimized geometries, the lowest-energy structures feature one

HOMO-LUMO gap (V)
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