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In a recent series of mass-spectrometric ion trap measurefiténttiura et al, Phys. Rev. Lett86, 1733
(2001)], the formation of silicon clusters with endohedral transition-metal impurities was observed. Particular
stability was assigned to the experimentally detected species,WSihich has been shown bgb initio
geometry optimization to adopt the shape of a regular hexagopap®m with the W atom in the center. A
similar geometry—namely, a Sidouble-chair structure surrounding the metal atom impurity—has emerged
from our extensive investigations of silicon clusters in combination with a Cu atom (LaSithe likely
ground-state structure of Cy$i These results suggest the systematic importance;9t&ges derived from
regular structures wit g, geometry for the architecture of silicon clusters containing metal atom impurities.
In the present comparative study, we discuss the salient features of endd¥i&iraktlusters withM =Cu,

Mo, W, as well as several cationic and anionic species of these systems, with regard to their geometric and
electronic structure. The interaction between thg &ge and the enclosed metal impurity is characterized as
strongly delocalized bonding favl = Mo, W, while Cu tends to form directed bonds with selected atoms of the
cage. Linear extension of thd Si;, (Me=Mo,W) cells along their principal axes leads to units of the form

M, Siyg.
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I. INTRODUCTION more recently by experiments of Schestral.” who identi-
fied several series of smaller 8iy clusters. Stimulated by
Numerous research efforts, both experimental and compuBeck’s experimental work, some computational investiga-
tational, have been devoted to the understanding of silicotions have been performed on selected T)MSpecies with
clusters (Si).>? The interest in these species is motivatedN= 15,17, for which the systems were subject to hypotheti-
partly by the desire to gain fundamental insight into thecal symmetry constrainfsMoreover, a comprehensive study
mechanisms that govern the evolution of Si systems from thef the geometric and electronic features of GuBas been
molecular to the macroscopic scale. In addition, there is thearried ouf™? and the systematics ofMSiy (M
prospect of technological innovation through the fabrication= Cr,Mo,W;N<7) cluster$*>~*®has been explored.
of novel materials with §j clusters as building blocks. In A recent computational studfidentified numerous clus-
both respects, the investigations of, iave been guided by ter species of the forrM @ Siy (M =Fe,Ru,0s;N=14 and
dramatic developments in the field of carbon clustegg C M =Ti,Zr,Hf; N=16). It was shown that some of these clus-
during the last two decades. However, no fullerene like arters display highest occupied molecular orbital and lowest
chitectures have been identified noncontroversially for Si unoccupied molecular orbitHOMO-LUMO) gaps whose
units to this date. This disparity betweery&ind G, is at-  magnitudes are indicative of extraordinary stability.
tributed to the finding that the bonding in fullerenes is char- The latest experimental achievement related to mefgal-Si
acterized bysp? hybridization, which is more favorable for clusters was reported by Hiuet all’ The authors used an
Cy than for Sj; units® ion trap procedure to detect a cluster series of the form
However, from the extensive knowledge accumulated oM Siy* (M =Hf,Ta,W,Re,lr...; N=9,11,12,13,14). The
a wide variety of metal-doped fullerene species, such amethod makes possible the recording of time-resolved mass
La@ G, (N=60,74,82)% it has been suggested that implan- spectra and the observation of the growth M 8iy* cluster
tation of a metal impurity into a iunit could lead to the species in considerable detail. The products \Wgiof the
formation of a cagelike {i structure of extraordinary reaction of W ions with SiH, gas molecules were moni-
stability® This consideration provides strong motivation for tored in a temporal sequence of spectra. The growth process
the study of mixed metal-Si clusters. of the species slows down fd¥>8 and terminates al
Several recent experimental projects have dealt with these 12. At this number of constituents, a saturation point ap-
systems. In a pioneering mass spectrometric investigation ugpears to be reached; the capacity of the metal ion to bind
ing a laser vaporization technigfeBeck demonstrated the additional Si atoms seems to be exhausted. This tendency in
existence of small mixed transition-metdM)-Si clusters, conjunction with the observation that the resulting \WSi
observing various species of the form TNSwith TM cation is dehydrogenated suggests that a highly compact
=Cr,Mo,W; N=16,17,18. Additionally, he reported the ob- cluster is formed in which the W atom occupies an endohe-
servation of CuSj clusters with a pronounced abundancedral site. This result can be counted as the first experimental
maximum atN=10. This latter study was complemented evidence for the existence of a cagelikg, 8ame encapsu-
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lating a metal atom. From an extensive geometric searchgptimizations for every species considered employing the
using a variety of quantum chemical procedures, a regulaprogramcaussiangg?! In each case, the stability of the re-
hexagonal prism with a W atom at the center was identifiedsulting structure has been secured through vibrational analy-
as the lowest-energy structure for both \W8ind WSj,".*"  sis. In the following section, we discuss the electronic struc-
In a recent computational effort that focused on clusters ofure of any one of the obtained equilibrium geometries in
the form CuSj, with N<13? the CusSj, unit was character- terms of the natural electron populatiiThis choice is dic-
ized and shown to adopt a ground-state geometry closelyated by numerous cases where Mulliken population analysis
related to the one proposed for WsiMore specifically, the  was found unreliable, leading, for instance, to a wrong sign
CuSi, cluster has been demonstrated to form a cagelike gefor the effective charge of Cu in Cu&®
ometry with the Cu impurity enclosed by two deformed hex-  Since our investigation includes some negatively charged
agonal § rings. These hexagons bear strong similarity tospecies—namely, the anion and dianion gf, &5 well as the
the Sg “chair geometry,” which is a structural element of the anion of WSj,—we mention that questions have been raised
sp*-bonded diamond network of solid Si. The WSgeom-  concerning the capacity of DFT-based local approaches to
etry of symmetry groujDg, can therefore be interpreted as a represent systems of net negative charge adequfat€hyis
regularization of theC,;, structure found for Cugi. Note  problem, however, which originates from the imperfect can-
that in our studies of CuQi the intuitive assumption of cellation of the electron self-energy in local approximations
endohedral impurity sites was subjected to critical examinato the energy functional, is less serious for the hybrid B3LYP
tion, leading to the conclusion that for Cu in combination procedure. Further, small molecules are expected to be more
with Siy, exohedral adsorption or substitutional sites aresusceptible to this deficiency than the rather large units dis-
more strongly favored as impurity locations than highly co-cussed in the present context, since the electronic self-
ordinated center sites, provided the number of Si cluster correpulsion is reduced as the spatial extension of the charge
stituents is lower than a certain threshold value which wasglistribution increases. We also remark that no evaluation of
found to beN=12. This result gives additional emphasis to electron affinities, for which the indicated shortcoming of
the “magic” number 12. It will be interesting to investigate local DFT-based procedures should be most pronounced, is
if this atom count remains the smallest number of Si con-attempted in this contribution.
stituents required to establish an endohed&iy unit. A considerable reduction of the computational effort re-
The purpose of the present study is the exploration ofjuired for the description of cluster systems is achieved
salient features related to the geometric, electronic, and madhrough the application of the effective core potentCP
netic structure of Sj clusters with endohedral metal impu- method. The use of an appropriate all-electron basis set for
rities. We focus on the metal elements Cu, Mo, and W, whichiM =Mo,W would make the geometry optimization of the
we have studied previously as atomic impurities in variousM Siy (N=12,18) clusters considered here an extremely
Siy matrices’ *® and investigate the interaction between thetime-consuming effort, as the high atomic numbers of the
metal core and the Siframework with the goal of charac- metal atoms necessitate a relativistic treatment. On the other
terizing the nature of the bonding between both componentlsand, it has been shown that the double-zeta LanL2DZ ECP
for each of the systems included. basis set as described in Refs. 24 and 25, which includes
We will further ask for a possible linear extension of the scalar relativistic effects, has been shown to generate results
regular M Si;, (M =Mo,W) species in the direction of the of very satisfactory quality for a wide variety of metal-atom-
principal axes of these units and propose a novel cluster typeontaining systems. This method yields for the bond length
of the form M,Si;s (M=Mo,W), a three-layered double- of Cu, a value of 2.26 A, which deviates from the experi-
hexagonal prism ($iM-Sig-M-Sig). This final segment of mental finding,R(Cu-Cu)=2.22 A *° by less than 2%. For
our study is intended to stimulate research, both computa€r, a bond length of 1.61 ARef. 13 is found, which is well
tional and experimental, on one-dimensional metal-atomeompatible with the experimental result of 1.68(Ref. 26.
filled Si nanowires, as the prototypd,Si;g (M =Mo,W) Investigating some energy-related quantities on the basis
could possibly provide a basic cell for these linear structuresof the LanL2DZ ECP approach, we found a value of 7.82 eV
Obviously, this topic assumes major importance in the confor the ionization potential of Cu and 7.93 eV for that of
text of the recent discussion about Si nanotufesince the Cu,. This is to be compared with experimental resilisf
metal atom impurities may be found to have an equally sta7.72 and 7.90 eV, respectively. An all-electron
bilizing effect on Sj, tube structures as on closed-shel|| Si B3LYP/6-311+ G(d) calculation yields 8.04 and 8.00 eV, re-
cages. spectively, for these two quantities, diminishing the agree-
ment between measurement and computation, as obtained on
the LanL2DZ ECP level.
The ECP approach used in the present context subdivides
In this work, we perform density functional theof®FT)  the electronic system of the W atom into a core consisting of
computations based on the hybrid UB3LYP functional whichthe K, L, M, andN shells and a §5p®5d*6s? valence re-
consists of a combination of Becke’s exchange functional B3yion described by three basis functionsaharacter, threp
(Ref. 19 with the nonlocal functional of Lee, Young, and and two d basis functions. For Mo, the configuration
Parr(LYP).?° Acknowledging the nonzero spin of most of the 4s24p®4d°5s! forms the valence region. Likewise, the Si
species investigated, the spin-unrestricted formalisinhas  core comprises th& andL shells, and twe as well as two
been applied. Using this procedure, we carried out geometrg basis functions, corresponding to the?3p? system, de-

Il. METHOD
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fine the valence region. The valence region of Cu is given by
3s?3pf3di%s!, described by thres, threep, and twod
functions.

For further testing of our approach, we carried out several
geometry optimizations on pureStlusters, comparing with
the intensely studied and well-confirmed ground-state struc-
tures of these unit®—° This examination of equilibrium
bond lengths and angles leads to deviations of typically 1%—
4%. For some S units, we computed ionization potentials
using the B3LYP/LanL2DZ ECP approach and found it com-
parable with our B3LYP/6-31t G(d) results. Thus we ar-
rived at values of 8.04 eV using the former and 7.88 eV
using the latter method for the ionization potential of.Si
Experimentally, it has been determined that the ionization
potential of Sj should fall into the range of 7.97-8.49 &V,
which is well compatible with the ECP result.

In order to examine the compatibility of the present
pseudopotential procedure with the all-electron treatment
previously applied, using a basis of the 6-31G(d) type, in
the description of Cugi(N=4,6,8,10,12)°"*?we compared
the geometry optimization results obtained by the two meth-
ods for the ground-state structure of CySiBoth proce-
dures lead to the sant®,, geometry, with small deviations,
not exceeding 2% in the Cu-Si and Si-Si bond lengths.

We have secured the dynamic stability of all optimized
structures reported in Sec. Il by frequency analysis.

IIl. RESULTS AND DISCUSSION

In the following, we first discuss our findings for the pure
Si;» matrix in various charge states, then describe individual
M Si;, (M =Cu,Mo,W) clusters, and conclude with a char-
acterization of extendell,Si;, systems.

A. Siy, cage structures o .
FIG. 1. (8) Geometry of Sji, with imposedDg, symmetry. This

ImposingDg, symmetry on S, as shown in Fig. (&), is the initial structure chosen for our geometry optimization @f Si
subjecting this unit to a self-consistent figBCH treatment  (p) Optimized geometry of $j, a “double-chair”C,, structure(c)
and inspecting the succession of molecular orbitals, one findgptimized geometry of $f2*, approachingds, symmetry. In all
that the HOMO of Sj, (Dgy,) is a half-filled orbital ofE,;  three cases, bond lengths are indicated in units of A.
symmetry. This result implies that $i(Dg,) can be stable
only as an open-shell system; i.e., the two alternaiygg  an isomer of Sk with C3, symmetry as obtained by
orbitals each have to be occupied by one electron. Followin®3LYP/6-311+ G(d) analysis:?
Hund’s rule, one expects both electrons to have equal spin As is obvious from the character of the §{Dg,) HOMO
orientations, corresponding to a spin-triplet arrangementindicated above, this unit could alternatively be occupied by
However, optimization of $j with the Dy, structure defin-  two electrons with opposite spin orientations. It should be
ing the initial geometry shows that this species will distort toemphasized that the resulting state is not a spin eigenstate,
adopt a characteristic “double-chair” arrangement ©fj, but a broken symmetry solution. As allowance is made for
symmetry displayed in Fig.(b). We point out that this unit relaxation, Sj, (Dgp,) distorts from this initial state to adopt
represents a dimer consisting of two deformed hexagogal Siagain a double-chair structure comparable to the equilibrium
rings, which may be interpreted as fragments of bulk silicongeometry of the Si spin triplet. From the atomization ener-
This “chair structure” has been identified as a stable isomegies listed in Table |, it is seen that the, Sspin triplet has
of Sig,?® being higher in energy than ti®,, ground state of  slightly higher stability than the corresponding spin singlet,
Sig by a difference ofE=5.55eV, as evaluated at the their ground state energies differing by the small but notice-
MP2/6-31G level. The relevance of the double-chair struc-able amount of 0.24 eV. We note that the term “triplet” is
ture realized for Sj, as a result of relaxation from the initial employed here for the sake of a distinction between the two
D¢, geometry is further emphasized by the observation thaalternative states investigated, but is not to be taken in the
this structure top-capped by one additional Si atom definekteral sense, as the spin-unrestricted formalism is used in the
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TABLE I. Electronic properties of neutral and chargeg,$age
structures. All energies are given in eV.

Si;, system Spin AER AE,°
Si 2" 0 1.17 1.42
Si," 1/2 2.79
Sij, 0 2.67 1.11
Si,~ 1/2 3.01
Siy,?~ 0 3.06 2.82
Sir, 1 2.69

@inding energy per cluster constituent.
PHOMO-LUMO energy difference. This quantity is only indicated
for spin-singlet states.

computation of this solution. The spin contamination for the
Si;, state labeled triplet, however, is extremely small,
amounting to less than one per mille.

As a further possibility to prevent the described symmetry
reduction of the Si unit, we discuss the removal of the
ambiguity associated with the incompletely filleg HOMO
of Si;» (Dgy) through addition or subtraction of two elec-
trons to or from this electronic level. Following this strategy,
one will produce a dianion in the former case and a dication
in the latter one. Commenting first on;$i, we detect
again a considerable degree of distortion in the equilibrium b)
geometry which can still be understood as a double-chair
structure. In contrast, S stabilizes as a near-regular hex-  FIG. 2. (a) Optimized geometry of Cu$i, a C,y, structure.(b)
agonal prismsee Fig. 1c)] and thus indeed approaches the Optimized geometry of W$j, a D, structure.

limit of Dg,, symmetry, thereby differing markedly from the i ) o
structural paradigm set by the shape of,SFurther inspec- established that Cu as impurity iny\Stlusters tends to act as
tion of charged versions of S—namely. Sj," and Si, an electron donot°while W behaves as an electron accep-

which both prefer a double-chair arrangement—leads to th{r in the ground states of all Wigiexamined so.faF’ For
conclusion that Si?* constitutes a structural exception POth cases, we performed geometry optimizations, placing
within this cluster group. initially the respective metal atom at the center site of @ Si

We point out that, as expected, the HOMO-LUMO energy(DGh) frame. We arrived at the_structl_Jres displ_ayed ir_1 Figs.
differences for Si?* and Si,2~ turn out to be markedly 2(a) and 2Zb). Whereas for Cu$j the Si, cage distorts into

higher than that found for Si (see Table)l This effect is & double-chair arrangement 65, symmetry, the initiaDg,

particularly pronounced in the case of,3i . symmetry is retained for Wgi. It is pointed out that the two
structures shown in Figs.(@ and Zb) can be regarded as

realistic candidates for the ground-state geometry of the re-
spectiveM Si;, species. The proposed equilibrium structure
The observations reported in the preceding paragraphsf CuSi, has been determined to be lowest in energy among
hint at the role that charge transfer may play in defining thenumerous plausible geometries by an extensive search of the
geometries oM @ Sk, clusters. More specifically, upon in- CuSi, potential energy surfateand particularly by a care-
sertion of a metal atom into a$i(Dgp) cage, electron trans- ful examination of units that can be generated by insertion of
fer is expected to occur between the metal impurity and theCu into the Sj, (C,) ground-state structure emerging from
Siy, frame. Our investigation of the Siunits that arise from B3LYP/6-311+ G(d) computation. Moreover, possible sur-
the relaxation of an original structure constrained Dy,  face positions of Cu, such as adsorption sites or substitu-
symmetry makes possible a qualitative prediction of a corretional sites within the Si matrix, have been included in this
lation between the final cage geometry and the charge statomparison(see Sec.)l Similarly, Hiuraet al. have identi-
of the enclosed metal impurity. For neutral, singly cationic,fied the WSj, geometry shown in Fig. (B) as the most
or anionic as well as dicationic metal species, thg 8age stable among a large number of alternatives by various quan-
appears likely to stabilize as a double-chair structure. Iftum chemical procedurés.
however, the dianionic state of the metal impurity is realized, In an attempt to relate the different;Scage geometries
small or zero relaxation from the initidDg, structure is  of CuSi, and WSi, to the charge transfer characteristics of
likely. these units, we computed the natural charges of the metal
We tested this model by an exploration of twSi;,  atom impurities and found 0.48 for Cu andl.74 for W.
species—namely, Cugiand WSj,. Foregoing research has Although the values of the natural charge should be under-

B. M SilZ (M =CU,MO,W)
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stood as indicative of a qualitative trend rather than as nu-
merically reliable results, these findings clearly reflect the
expected reversal of the direction of electron transfer from
M=Cu toM=W. Considering these natural charges on the
metal impurities in the light of our above remarks related to
the structures of neutral or negatively chargeg &ges, one
will expect the formation of a $j double-chair frame for the
CuSi;, species. The natural charge on W, in contrast, is com-
patible with an effective dianion charge state of W, and thus
the Si, cage may be best described as,Si for WSi5,
corresponding to a restoration @fg, symmetry of Sj,,
driven by electron transfer from the cage to the central im-
purity.
This hypothesis gains additional support from a compara-
tive study of the HOMO's of S~ and CusSj, as well as
Si;,>" and WSi,, as presented in Figs(8, 3(b) and 4a),
4(b), respectively. Obviously, the HOMQ's for botH Si;,
clusters can be interpreted as those of the charggdifits, (@)
i.e., Sk, and Sj,**, combined with an admixture due to
the metal core. This suggests that, to a certain approximation,
the units CuSj, and WSj, may be understood as C8i,,"
and W/~ Si;,2*. We conclude that electron transfer contrib-
utes substantially to the stabilization of these species.
The HOMO of CusSj, appears as a mere addition of that
of Si;,~ and a contribution stemming from a Cwcore, rep-
resented by the clearly visible atontcorbital shape at the
center of the distribution shown in Fig(l8. No interaction
is found between the giand Cu components of the HOMO.
In contrast, the HOMO of W$} [Fig. 4(b)] is indicative of
covalent bonding between the metal impurity and thg Si
cage atoms. A similar profile—namely, a strongly delocal-
ized M-Si ligand interaction—is encountered in the
HOMO-1 of CuSj,.
The LUMO of WSi;, [see Fig. 4c)] displays a construc-
tion principle reminiscent of that of the CysHOMO. The
metal core of WSk, consisting of a strongly pronounced
W(D,) orbital, is embedded into a regular electronic cage (b)
structure of sixfold symmetry, and these two components are . .
antibonding. The mz)i/rked cgntrast between the tr\)/vo frontier, 'C: 3 (&) Representation of the i HOMO. (b) Representa-

. . X ) _ tion of the CuSj, HOMO. In both cases, an isosurface parameter of
orbitals of WS, corresponds to a high HOMO-LUMO en magnitude 0.03 has been chosen. The dark zones correspond to
ergy gap of 2.59 e\(see Table IlIl, below

: . . ositive, the bright zones to negative values of the respective orbital
From our studies of the molecular orbital profiles ofp g g P

CusSi;, and WSj, as well as the respective charge densityfuncuon'
distributions, we conclude that Q&) in Cu(W)Siy, is 6fold
(12fold) coordinated. This finding agrees with the geometric
data of MSiy, listed in Table Il, where twaVi-ligand dis-
tances are indicated favl =Cu, while only one distance
exists forM =W.

—1.6% and thus deviates by 7% from the corresponding
value for W in WSj, (see abovge

A more meaningful criterion of stability oM Si;, (M
= Cu,Mo,W) systems than the binding energy is the embed-

) L . . ding energyAE.. This quantity is defined as the energy
MoSi;, exhibits an architecture strictly analogous to that,,aose upon implantation of the metal atom into the, Si
of WSi;,. This is not surprising since Mo and W belong to cage and is given by

the same group of the periodic table. It is remarkable, how-

ever, that the_ distance parameters of t.hg @) cage only AE.=E(MSiy,) —E(M)—E(Siy),

undergo minimal alterations when W is replaced by {dee

Table 1. The vertical separation between the twg Béxa-  where the energies of the species involved are evaluated at
gons changes from 2.47 A in WSito 2.46 A in MoSi,, their equilibrium geometries. The results fG&, in Table Il

and the distance between adjacent Si atoms in either of thestablish a natural hierarchy among the clusters compared.
two Si; rings changes from 2.405 to 2.407 A. The naturalThe values range from 0.83 eV per Si cage atom Nobr
charge on the endohedral Mo impurity is determined to be=W to 0.32 eV per Si cage atom fdl =Cu. The marked
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(@ ©

FIG. 4. (a) Representation of the $f* HOMO. (b)
Representation of the WSiHOMO. (c) Representation of
the WSi, LUMO. In all three cases, an isosurface param-
eter of magnitude 0.03 has been chosen. The dark zones
correspond to positive, the bright zones to negative values
of the respective orbital function.

(b)

drop of CE, from WSk, to CuSi, is ascribed to the finding ference of the atomic AIP’s of W and Mo—namely, 0.59 eV
that the coordination of Cu as an impurity in,Sis only half ~ (Ref. 32—which makes it appear unlikely that the AIP's of
as large as the coordination of W in the system, implyingthe MSi;, clusters should be predominantly determined by
markedly smaller cage stabilization by Cu than by W. Alsothe metal atom species. Instead, the surprising constancy of
note that the WSj embedding energy is comparable to thethe Si, framework inM Siy; (M =Mo,W) as well as the near
largest values of this quantity identified in Ref. 16 for sys-identity of the bonding patterns in both cases seems to be the
tems of the formM Si;, andM Si;s. The AE, results reported main cause of the observed similarity of the AIP’s in both
there range from 0.70 to 1.00 eV. The WsSsystem, how-  units.
ever, represents a conjunction of a sizable embedding energy Our geometry optimization of the Wi~ anion leads to
and an extraordinarily high HOMO-LUMO gap. These facetsanotherDg, structure. The natural charges on the constitu-
combined account, in our view, for the experimentally af-ents of WSj, amount to Q(W)=—2.18 and Q(Si)=
firmed exceptional stability of this cluster species. +0.1C and thus suggest that the charges are distributed over
From geometry optimizations for the singly positive spe-the Si, frame and the metal impurity according to the quali-
cies MoSi," and WS{,", we evaluated the adiabatic ion- tative scheme W Siy,".
ization potential§AIP’s) for both cluster types. The resulting  In view of the high spin multiplicity of the W atom which
MSi;," (M=Mo,W) systems hav®g, symmetry and the adopts a®D; ground state, the most stable WsSisomer
bonding characteristics of the respective neutral clusters. Agay exhibit nonzero spin. Following this consideration, we
can be seen from Table IIl, only a small differer(dedIP) of  investigated the triplet §=1) state of WSj,, which, as
0.13 eV is found, which is in the 2% range. This value isM Si;; (M =Mo,W) in the singlet §=0) state, stabilizes in
substantially smaller than the experimental result for the dif-Dg, Symmetry. While we found nearly vanishing differences
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TABLE Il. Geometric properties oM Si;, (M =Cu,Mo,W) in-
cluding the charged Si;, species discussed in Sec. Ill. All values
are given in A.

MSi;,  Spin Symmetry D(M-Si)® D(Sig-Sig)® D(Si-Si)°
group

CuSi, 12  C,,  2.49, 2.50

MoSi, O Den 2.70 2.46 2.407
MoSi," 1/2  Dgp 2.72 2.43 2.429
WSi;, 0 Den 2.70 2.47 2.405
WSi," 12 Dg, 2.71 2.435 2.426
WSi,~ 12 Dg, 2.71 2.48 2.407
WSi;, 1 Den 2.71 2.44 2.423

@DistanceM-Si. In the case of Cugj, four different bond lengths
exist; the shortest are indicated.

bvVertical distance between the two regulag Bexagons in th®g,
structures.

‘Distance between adjacent Si atoms in each of the twdh&ia-
gons.

PHYSICAL REVIEW B 67, 035426 (2003

FIG. 5. Optimized geometry of Yig, a D3, structure. Bond
lengths are indicated in units of A.

between the distance parameters for the two examined spin-
singlet units, deviations of about 1% between the verticatween the two W atoms, each is somewhat shifted from the

separations of the two Splanes and the next-neighbor dis-
tances within a SQiring are noticed comparing Wi (S
=1) with WSi;, (S=0), as is documented in Table II. The

center position of its $ cage towards the top and bottom
Sig rings, respectively. This displacement of the impurity lo-
cation impacts the bonding both between thg18yers and

total energy of the triplet is found to be higher than that ofwithin each of the Silayers. More specifically, we observe a

the singlet by the substantial amount SE=1.25 eV (see

periodic distance change between adjacent Si atoms in each

Table Ill), which makes it appear likely that the most stableof the three S rings (see Table IV. A slight contraction of

isomer of WSj, has spin-singlet character.

C.M Zsilg (M = MO,W)

Extending WSj, in the direction of the sixfold axis by
another WSj element yields the stable unit8i;g shown in
Fig. 5. This species consists of a conjunction of twg 8age
structures, each sharing ong 8exagon and containing one
W impurity. This combination, however, is not a fusion of
two identical WSj, cells. As a result of the interaction be-

TABLE Ill. Energetic properties oM Siy, (M =Cu,Mo,W) in-
cluding the charget Si;, species discussed in Sec. lll. All energies
are given in eV.

M Si;, Spin  Symmetry AE,2 AE. AE,° AIPY
group

CuSh, 1/2 Con 277 032 6.59
MoSi;, 0 Den 307 065 219 7.66
MoSi,"  1/2 Den 3.13

WSi;, 0 Den 324 083 259 7.79
WSi;," 1/2 Den 3.29

WSi;,~ 1/2 Den 3.40

WSi;, 1 Den 3.14 0.65 6.53

@inding energy per cluster constituent.

PEmbedding energy per cage atom.

‘HOMO-LUMO energy difference. This quantity is only indicated
for spin-singlet states.

dadiabatic ionization potential.

the equilibrium bond length=2.41 A) between neighboring
Si atoms in the WS}, unit alternates with a more pronounced
expansion of this length. This variation reaches a maximum
in the intermediate layer which defines a mirror plane for the
structure as a whole. THag,, symmetry of the WSh matrix
therefore is reduced tD 5, in the derived WSi;g unit.

According to the values listed in Table 1V, the equilibrium
geometry of WSi,g" differs only slightly from that of the
neutral species; also, the cation keepshg symmetry of
W,Si;g. We point out that WSi;s" has been detected by
mass spectrometfy.

The construction principle of the HOMO of Mg is
related to that of the HOMO of Wi [Fig. 4(b)]. As seen

TABLE IV. Geometric properties oM ,Si;g (M =Mo,W) in-
cluding the charget,Si;s" species discussed in Sec. IlI. All val-
ues are given in A.

M,Siig  D(M-M)® D(Sig-Sig)® D(Si-Si)ons D(Si-Si)short
Mo,Sig 2.43 2.41 3.00 2.31
Mo,Sig"  2.40 2.38 3.12 2.31
W,Sig 2.47 2.42 3.00 2.31
W,Siys" 2.47 2.39 3.09 2.30

aDistance between the two metal atoms.

Bvertical distance between the two adjaceng Iséxagons.

‘Shorter distance between adjacent Si atoms in the intermedjate Si
layer (see Sec. I

dLonger distance between adjacent Si atoms in the intermediate Si
layer (see Sec. Il
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TABLE V. Electronic properties oM ,Si;g (M =Mo,W) includ- In summary, a comparative study of the geometric, elec-
ing the chargedV,Si;g" species discussed in Sec. Ill. All values tronic, and magnetic properties of the systeM$i;, (M
are given in eV. =Cu,Mo,W) and related species has been performed. We
- a 5 . investigated systematically the architecture MfSi;, (M
M3Sig AE, AEw AP =Cu,Mo,W), acknowledging that WS$i stabilizes inDygj,
M0, Siyg 316 1.81 6.79 symmetry. Thus, as the first ;tep of our research, we analyzed
M0,Siys" 3.24 the pure Sj, (Dgp) cage, vyhlch turned out to bg an open-
W,,Siys 3.37 1.92 6.94 shell system thaF distorts into G2h. str'ucture. Th|§ sy;tem
W, Siys" 3.44 can.be characterized as the com.bmatllon.of twousits with
chair geometry. Implanting a W impurity into the;S{Dgp,)
#Binding energy per cluster constituent. cage, we observed a shell-closing effect related to substantial
PHOMO-LUMO energy difference. This quantity is indicated only €lectron transfer from the cage to the endohedral impurity,
for spin-singlet states. resulting in a stabl®yg, structure. A strictly analogous be-
Adiabatic ionization potential. havior is recorded foM =Mo. However, if Cu is chosen as

impurity species, th&,,, double-chair structure emerges as
there, hybridization of atomic WY,) and Sifp,,p,) orbitals  equilibrium geometry. This contrasting behavior of the sys-
gives rise to the formation of umbrella structures at the togems compared is ascribed to the finding that the electron
and bottom of the unit. Likewise, uniform interaction with all transfer between the metal atom and thg 8ame not only
constituents of the upper and loweg $iexagons is encoun- reverses its direction, but also weakens substantially as one
tered, as may be inferred from inspection of the electronigjoes fromM=Mo,W to M=Cu. In the latter case, shell
charge density distribution. From this analysis, we also finctlosing is not achieved any more under g, constraint,
that W, is not bonded to any element of the intermediate Si and the system distorts.
ring, which is segmented into three clearly separatgc - The electron transfer model between the, 8age and the
units. metal atom core is substantiated through natural charge

The two W atoms are connected by a strongly stretchednalysis as well as a comparison between the HOMO’s of
covalent bond with bond length of 2.47 A. This value is to beM Si;, and Si, in various charge states. The latter examina-
compared with the equilibrium bond length of the freg¢ W tion yields the near identity of the HOMO of $t* and the
molecule of 2.19 A at the UB3LYP/LanD2Z computational contribution of Sj, to the HOMO of WSj,. Analogous re-
level used in this work. This sizable bond elongation appearsults are found for $5~ and CuSj,.
plausible in view of the finding that each of the W atoms  Exploring the electron charge density distribution of
interacts with the top or bottom iayer, but no bond is MSi;, (M=Cu,W), we observed that W tends to form a
established between any W atom and the intermediate Shighly delocalized bond with the Sicage, interacting uni-
layer. Instead, a W-W bond is formed which is substantiallyformly with all Si atoms. In contrast, Cu forms directed and
strained as a consequence of the attraction of each W atogelective bonds, which accounts for the detected symmetry
by the terminating Qilayer to which it attaches itself. reduction of the cage in CuSi The pronounced stability of

As in the case oM Si;, (M=Mo,W), the structural fea- the WSj, unit is documented by the finding that both its
tures of WSiyg and MqSiy, are strictly analogous. Again, embedding energhE, and its HOMO-LUMO gap turn out
the geometries of the two complexes exhibit striking quantito be largest in thév Si;, (M =Cu,Mo,W) series.
tative similarities, as the deviation between equivalent Si-Si The prototypical W(Mo)Si, structure can be linearly
bond lengths in WSi;g and Mg,Siyg are found to be less than continued along the sixfold axis of the cluster, which leads to
1%. Although the ionization potentials listed in Table V for W(Mo0),Si;g. The originalDg, symmetry is reduced tB g,
both these units differ more from each other than the comin this extended unit. The two W atoms interact with the top
parable values determined fof Siy, (M =Mo,W), this dif-  or bottom Sj layer, respectively, and form a considerably
ference is still so small that the metal impurity cannot belengthened covalent bond between each other.
their primary origin.

In the context of our discussion ol ,Si;, (M =W,Mo)
units, we point out that a recent publicatfouleals with the
interaction between two WS clusters, using the B3LYP/ Based on the findings described in Sec. lll, it should be
LANL2DZ formalism employed in this work. The authors interesting to investigate further metal impurities at center
conclude that stacking two Wgsiclusters along the sixfold sites of small §j clusters and to address the question sug-
axis does not result in a stable (Ws, geometry. However, gested by our computational work on Cy$Ref. 129 as well
linking both WSi, units by a W spacer atom leads to an as the experimental data reported by Hiatal!’ Namely, is
equilibrium structure of the form ¥8i,,. A cluster of this  MSi;, a member of a “magic” series of endoheddly, Siy
composition may be generated from the,$|g unit dis-  clusters with extraordinary stability? And if so, what is the
cussed here by the addition of another WSegment. The growth pattern of this series? A recent computational
authors argue that the species thus attained is metastablsyestigatiori* on the system Irgi", which belongs to the
making it appear unlikely that W-metal-filled silicon nano- detected cluster sequence, demonstrated that an endohedral
wires could be constructed by mere stacking of W8hits D3y, structure exceeds the stability of exohedral alternatives
linked together by W atoms. by a substantial amount. Currently, we continue the search

IV. CONCLUSION
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for regular endohedra¥l Siy units, corresponding to the ter- the basis of the results described here, it seems worthwhile to
minal units identified by mass spectrometfy. examine the interaction of twil ,Si;g (M =Mo,W) clusters,

A different class of questions is raised by the observationsittempting to address the critical question for a potential
associated witth,Si;g (M =Mo,W). Although the existence transition from the finite to the periodic one-dimensional
of silicon counterparts of metal-loaded carbon nanotubesase from a different perspective than has been done so far.
built from M Siy, as cellular element appears questionable inSuch research is being initiated in our laboratories.
view of the differences between carbon and silicon chemistry

and the observed metastability of a stacked W8V-WSi,,
compound® our work demonstrates that a limited linear ex-
tension of MSiy, is possible, giving rise to units of pro-
nounced stability. In parallel to our research EISiy, we
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