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Cagelike Si12 clusters with endohedral Cu, Mo, and W metal atom impurities
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In a recent series of mass-spectrometric ion trap measurements@H. Hiura et al., Phys. Rev. Lett.86, 1733
~2001!#, the formation of silicon clusters with endohedral transition-metal impurities was observed. Particular
stability was assigned to the experimentally detected species WSi12

1, which has been shown byab initio
geometry optimization to adopt the shape of a regular hexagonal Si12 prism with the W atom in the center. A
similar geometry—namely, a Si12 double-chair structure surrounding the metal atom impurity—has emerged
from our extensive investigations of silicon clusters in combination with a Cu atom (CuSiN) as the likely
ground-state structure of CuSi12. These results suggest the systematic importance of Si12 cages derived from
regular structures withD6h geometry for the architecture of silicon clusters containing metal atom impurities.
In the present comparative study, we discuss the salient features of endohedralMSi12 clusters withM5Cu,
Mo, W, as well as several cationic and anionic species of these systems, with regard to their geometric and
electronic structure. The interaction between the Si12 cage and the enclosed metal impurity is characterized as
strongly delocalized bonding forM5Mo, W, while Cu tends to form directed bonds with selected atoms of the
cage. Linear extension of theMSi12 (Me5Mo,W) cells along their principal axes leads to units of the form
M2Si18.

DOI: 10.1103/PhysRevB.67.035426 PACS number~s!: 61.46.1w, 31.15.Dv, 36.40.Cg, 73.22.2f
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I. INTRODUCTION

Numerous research efforts, both experimental and com
tational, have been devoted to the understanding of sili
clusters (SiN).1,2 The interest in these species is motivat
partly by the desire to gain fundamental insight into t
mechanisms that govern the evolution of Si systems from
molecular to the macroscopic scale. In addition, there is
prospect of technological innovation through the fabricat
of novel materials with SiN clusters as building blocks. In
both respects, the investigations of SiN have been guided by
dramatic developments in the field of carbon clustersN
during the last two decades. However, no fullerene like
chitectures have been identified noncontroversially forN
units to this date. This disparity between SiN and CN is at-
tributed to the finding that the bonding in fullerenes is ch
acterized bysp2 hybridization, which is more favorable fo
CN than for SiN units.3

However, from the extensive knowledge accumulated
a wide variety of metal-doped fullerene species, such
La@CN (N560,74,82),4 it has been suggested that impla
tation of a metal impurity into a SiN unit could lead to the
formation of a cagelike SiN structure of extraordinary
stability.5 This consideration provides strong motivation f
the study of mixed metal-Si clusters.

Several recent experimental projects have dealt with th
systems. In a pioneering mass spectrometric investigation
ing a laser vaporization technique,6 Beck demonstrated th
existence of small mixed transition-metal~TM!-Si clusters,
observing various species of the form TMSiN with TM
5Cr,Mo,W; N516,17,18. Additionally, he reported the ob
servation of CuSiN clusters with a pronounced abundan
maximum atN510. This latter study was complemente
0163-1829/2003/67~3!/035426~9!/$20.00 67 0354
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more recently by experiments of Schereret al.7 who identi-
fied several series of smaller CuMSiN clusters. Stimulated by
Beck’s experimental work, some computational investig
tions have been performed on selected TMSiN species with
N515,17, for which the systems were subject to hypoth
cal symmetry constraints.8 Moreover, a comprehensive stud
of the geometric and electronic features of CuSiN has been
carried out,9–12 and the systematics ofMSiN (M
5Cr,Mo,W;N,7) clusters13–15 has been explored.

A recent computational study16 identified numerous clus
ter species of the formM@SiN (M5Fe,Ru,Os;N514 and
M5Ti,Zr,Hf; N516). It was shown that some of these clu
ters display highest occupied molecular orbital and low
unoccupied molecular orbital~HOMO-LUMO! gaps whose
magnitudes are indicative of extraordinary stability.

The latest experimental achievement related to metal-N
clusters was reported by Hiuraet al.17 The authors used an
ion trap procedure to detect a cluster series of the fo
MSiN

1 (M5Hf,Ta,W,Re,Ir,...; N59,11,12,13,14). The
method makes possible the recording of time-resolved m
spectra and the observation of the growth of aMSiN

1 cluster
species in considerable detail. The products WSiNHx of the
reaction of W1 ions with SiH4 gas molecules were moni
tored in a temporal sequence of spectra. The growth pro
of the species slows down forN.8 and terminates atN
512. At this number of constituents, a saturation point a
pears to be reached; the capacity of the metal ion to b
additional Si atoms seems to be exhausted. This tendenc
conjunction with the observation that the resulting WSi12

1

cation is dehydrogenated suggests that a highly com
cluster is formed in which the W atom occupies an endo
dral site. This result can be counted as the first experime
evidence for the existence of a cagelike SiN frame encapsu-
©2003 The American Physical Society26-1
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lating a metal atom. From an extensive geometric sea
using a variety of quantum chemical procedures, a reg
hexagonal prism with a W atom at the center was identifi
as the lowest-energy structure for both WSiN and WSiN

1.17

In a recent computational effort that focused on clusters
the form CuSiN with N,13,12 the CuSi12 unit was character-
ized and shown to adopt a ground-state geometry clo
related to the one proposed for WSi12. More specifically, the
CuSi12 cluster has been demonstrated to form a cagelike
ometry with the Cu impurity enclosed by two deformed he
agonal Si6 rings. These hexagons bear strong similarity
the Si6 ‘‘chair geometry,’’ which is a structural element of th
sp3-bonded diamond network of solid Si. The WSi12 geom-
etry of symmetry groupD6h can therefore be interpreted as
regularization of theC2h structure found for CuSi12 . Note
that in our studies of CuSiN , the intuitive assumption o
endohedral impurity sites was subjected to critical exami
tion, leading to the conclusion that for Cu in combinati
with SiN , exohedral adsorption or substitutional sites a
more strongly favored as impurity locations than highly c
ordinated center sites, provided the number of Si cluster c
stituents is lower than a certain threshold value which w
found to beN512. This result gives additional emphasis
the ‘‘magic’’ number 12. It will be interesting to investigat
if this atom count remains the smallest number of Si c
stituents required to establish an endohedralMSiN unit.

The purpose of the present study is the exploration
salient features related to the geometric, electronic, and m
netic structure of Si12 clusters with endohedral metal impu
rities. We focus on the metal elements Cu, Mo, and W, wh
we have studied previously as atomic impurities in vario
SiN matrices,9–15 and investigate the interaction between t
metal core and the Si12 framework with the goal of charac
terizing the nature of the bonding between both compone
for each of the systems included.

We will further ask for a possible linear extension of t
regular MSi12 (M5Mo,W) species in the direction of th
principal axes of these units and propose a novel cluster
of the form M2Si18 (M5Mo,W), a three-layered double
hexagonal prism (Si6-M -Si6-M -Si6). This final segment of
our study is intended to stimulate research, both comp
tional and experimental, on one-dimensional metal-ato
filled Si nanowires, as the prototypeM2Si18 (M5Mo,W)
could possibly provide a basic cell for these linear structu
Obviously, this topic assumes major importance in the c
text of the recent discussion about Si nanotubes,18 since the
metal atom impurities may be found to have an equally s
bilizing effect on SiN tube structures as on closed-shell SN
cages.

II. METHOD

In this work, we perform density functional theory~DFT!
computations based on the hybrid UB3LYP functional wh
consists of a combination of Becke’s exchange functional
~Ref. 19! with the nonlocal functional of Lee, Young, an
Parr~LYP!.20Acknowledging the nonzero spin of most of th
species investigated, the spin-unrestricted formalism~U! has
been applied. Using this procedure, we carried out geom
03542
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optimizations for every species considered employing
programGAUSSIAN98.21 In each case, the stability of the re
sulting structure has been secured through vibrational an
sis. In the following section, we discuss the electronic str
ture of any one of the obtained equilibrium geometries
terms of the natural electron population.22 This choice is dic-
tated by numerous cases where Mulliken population anal
was found unreliable, leading, for instance, to a wrong s
for the effective charge of Cu in CuSiN .9

Since our investigation includes some negatively char
species—namely, the anion and dianion of Si12 as well as the
anion of WSi12—we mention that questions have been rais
concerning the capacity of DFT-based local approache
represent systems of net negative charge adequately.23 This
problem, however, which originates from the imperfect ca
cellation of the electron self-energy in local approximatio
to the energy functional, is less serious for the hybrid B3L
procedure. Further, small molecules are expected to be m
susceptible to this deficiency than the rather large units
cussed in the present context, since the electronic s
repulsion is reduced as the spatial extension of the cha
distribution increases. We also remark that no evaluation
electron affinities, for which the indicated shortcoming
local DFT-based procedures should be most pronounce
attempted in this contribution.

A considerable reduction of the computational effort r
quired for the description of cluster systems is achiev
through the application of the effective core potential~ECP!
method. The use of an appropriate all-electron basis se
M5Mo,W would make the geometry optimization of th
MSiN (N512,18) clusters considered here an extrem
time-consuming effort, as the high atomic numbers of
metal atoms necessitate a relativistic treatment. On the o
hand, it has been shown that the double-zeta LanL2DZ E
basis set as described in Refs. 24 and 25, which inclu
scalar relativistic effects, has been shown to generate re
of very satisfactory quality for a wide variety of metal-atom
containing systems. This method yields for the bond len
of Cu2 a value of 2.26 Å, which deviates from the expe
mental finding,R(Cu-Cu)52.22 Å,10 by less than 2%. For
Cr2 a bond length of 1.61 Å~Ref. 13! is found, which is well
compatible with the experimental result of 1.68 Å~Ref. 26!.

Investigating some energy-related quantities on the b
of the LanL2DZ ECP approach, we found a value of 7.82
for the ionization potential of Cu and 7.93 eV for that
Cu2 . This is to be compared with experimental results27 of
7.72 and 7.90 eV, respectively. An all-electro
B3LYP/6-3111G~d! calculation yields 8.04 and 8.00 eV, re
spectively, for these two quantities, diminishing the agr
ment between measurement and computation, as obtaine
the LanL2DZ ECP level.

The ECP approach used in the present context subdiv
the electronic system of the W atom into a core consisting
the K, L, M, andN shells and a 5s25p65d46s2 valence re-
gion described by three basis functions ofs character, threep
and two d basis functions. For Mo, the configuratio
4s24p64d55s1 forms the valence region. Likewise, the S
core comprises theK andL shells, and twos as well as two
p basis functions, corresponding to the 3s23p2 system, de-
6-2
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fine the valence region. The valence region of Cu is given
3s23p63d104s1, described by threes, three p, and two d
functions.

For further testing of our approach, we carried out seve
geometry optimizations on pure SiN clusters, comparing with
the intensely studied and well-confirmed ground-state st
tures of these units.28–30 This examination of equilibrium
bond lengths and angles leads to deviations of typically 1
4%. For some SiN units, we computed ionization potentia
using the B3LYP/LanL2DZ ECP approach and found it co
parable with our B3LYP/6-3111G~d! results. Thus we ar-
rived at values of 8.04 eV using the former and 7.88
using the latter method for the ionization potential of S4 .
Experimentally, it has been determined that the ionizat
potential of Si4 should fall into the range of 7.97–8.49 eV,31

which is well compatible with the ECP result.
In order to examine the compatibility of the prese

pseudopotential procedure with the all-electron treatm
previously applied, using a basis of the 6-3111G~d! type, in
the description of CuSiN (N54,6,8,10,12),9–12 we compared
the geometry optimization results obtained by the two me
ods for the ground-state structure of CuSi12. Both proce-
dures lead to the sameC2h geometry, with small deviations
not exceeding 2% in the Cu-Si and Si-Si bond lengths.

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

III. RESULTS AND DISCUSSION

In the following, we first discuss our findings for the pu
Si12 matrix in various charge states, then describe individ
MSi12 (M5Cu,Mo,W) clusters, and conclude with a cha
acterization of extendedM2Si12 systems.

A. Si12 cage structures

ImposingD6h symmetry on Si12, as shown in Fig. 1~a!,
subjecting this unit to a self-consistent field~SCF! treatment
and inspecting the succession of molecular orbitals, one fi
that the HOMO of Si12 (D6h) is a half-filled orbital ofE2g
symmetry. This result implies that Si12 (D6h) can be stable
only as an open-shell system; i.e., the two alternativeE2g
orbitals each have to be occupied by one electron. Follow
Hund’s rule, one expects both electrons to have equal
orientations, corresponding to a spin-triplet arrangem
However, optimization of Si12 with the D6h structure defin-
ing the initial geometry shows that this species will distort
adopt a characteristic ‘‘double-chair’’ arrangement ofC2h
symmetry displayed in Fig. 1~b!. We point out that this unit
represents a dimer consisting of two deformed hexagona6
rings, which may be interpreted as fragments of bulk silic
This ‘‘chair structure’’ has been identified as a stable isom
of Si6 ,28 being higher in energy than theC2v ground state of
Si6 by a difference ofE55.55 eV, as evaluated at th
MP2/6-31G* level. The relevance of the double-chair stru
ture realized for Si12 as a result of relaxation from the initia
D6h geometry is further emphasized by the observation
this structure top-capped by one additional Si atom defi
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an isomer of Si13 with C3v symmetry as obtained by
B3LYP/6-3111G~d! analysis.12

As is obvious from the character of the Si12 (D6h) HOMO
indicated above, this unit could alternatively be occupied
two electrons with opposite spin orientations. It should
emphasized that the resulting state is not a spin eigens
but a broken symmetry solution. As allowance is made
relaxation, Si12 (D6h) distorts from this initial state to adop
again a double-chair structure comparable to the equilibr
geometry of the Si12 spin triplet. From the atomization ene
gies listed in Table I, it is seen that the Si12 spin triplet has
slightly higher stability than the corresponding spin singl
their ground state energies differing by the small but noti
able amount of 0.24 eV. We note that the term ‘‘triplet’’
employed here for the sake of a distinction between the
alternative states investigated, but is not to be taken in
literal sense, as the spin-unrestricted formalism is used in

FIG. 1. ~a! Geometry of Si12 with imposedD6h symmetry. This
is the initial structure chosen for our geometry optimization of Si12.
~b! Optimized geometry of Si12, a ‘‘double-chair’’C2h structure.~c!
Optimized geometry of Si12

21, approachingD6h symmetry. In all
three cases, bond lengths are indicated in units of Å.
6-3
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computation of this solution. The spin contamination for t
Si12 state labeled triplet, however, is extremely sma
amounting to less than one per mille.

As a further possibility to prevent the described symme
reduction of the Si12 unit, we discuss the removal of th
ambiguity associated with the incompletely filledEg HOMO
of Si12 (D6h) through addition or subtraction of two elec
trons to or from this electronic level. Following this strateg
one will produce a dianion in the former case and a dicat
in the latter one. Commenting first on Si12

22, we detect
again a considerable degree of distortion in the equilibri
geometry which can still be understood as a double-c
structure. In contrast, Si12

21 stabilizes as a near-regular he
agonal prism@see Fig. 1~c!# and thus indeed approaches t
limit of D6h symmetry, thereby differing markedly from th
structural paradigm set by the shape of Si12. Further inspec-
tion of charged versions of Si12—namely, Si12

1 and Si12
2,

which both prefer a double-chair arrangement—leads to
conclusion that Si12

21 constitutes a structural exceptio
within this cluster group.

We point out that, as expected, the HOMO-LUMO ener
differences for Si12

21 and Si12
22 turn out to be markedly

higher than that found for Si12 ~see Table I!. This effect is
particularly pronounced in the case of Si12

22.

B. MSi12 „MÄCu,Mo,W…

The observations reported in the preceding paragra
hint at the role that charge transfer may play in defining
geometries ofM@Si12 clusters. More specifically, upon in
sertion of a metal atom into a Si12 (D6h) cage, electron trans
fer is expected to occur between the metal impurity and
Si12 frame. Our investigation of the Si12 units that arise from
the relaxation of an original structure constrained byD6h
symmetry makes possible a qualitative prediction of a co
lation between the final cage geometry and the charge s
of the enclosed metal impurity. For neutral, singly cation
or anionic as well as dicationic metal species, the Si12 cage
appears likely to stabilize as a double-chair structure.
however, the dianionic state of the metal impurity is realiz
small or zero relaxation from the initialD6h structure is
likely.

We tested this model by an exploration of twoMSi12
species—namely, CuSi12 and WSi12. Foregoing research ha

TABLE I. Electronic properties of neutral and charged Si12 cage
structures. All energies are given in eV.

Si12 system Spin DEb
a DEHL

b

Si12
21 0 1.17 1.42

Si12
1 1/2 2.79

Si12 0 2.67 1.11
Si12

2 1/2 3.01
Si12

22 0 3.06 2.82
Si12 1 2.69

aBinding energy per cluster constituent.
bHOMO-LUMO energy difference. This quantity is only indicate
for spin-singlet states.
03542
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established that Cu as impurity in SiN clusters tends to act a
an electron donor,9,10 while W behaves as an electron acce
tor in the ground states of all WSiN examined so far.15 For
both cases, we performed geometry optimizations, plac
initially the respective metal atom at the center site of a S12
(D6h) frame. We arrived at the structures displayed in Fi
2~a! and 2~b!. Whereas for CuSi12 the Si12 cage distorts into
a double-chair arrangement ofC2h symmetry, the initialD6h
symmetry is retained for WSi12. It is pointed out that the two
structures shown in Figs. 2~a! and 2~b! can be regarded a
realistic candidates for the ground-state geometry of the
spectiveMSi12 species. The proposed equilibrium structu
of CuSi12 has been determined to be lowest in energy am
numerous plausible geometries by an extensive search o
CuSi12 potential energy surface12 and particularly by a care
ful examination of units that can be generated by insertion
Cu into the Si12 (Cs) ground-state structure emerging fro
B3LYP/6-3111G~d! computation. Moreover, possible su
face positions of Cu, such as adsorption sites or subs
tional sites within the Si13 matrix, have been included in thi
comparison~see Sec. I!. Similarly, Hiura et al. have identi-
fied the WSi12 geometry shown in Fig. 2~b! as the most
stable among a large number of alternatives by various qu
tum chemical procedures.17

In an attempt to relate the different Si12 cage geometries
of CuSi12 and WSi12 to the charge transfer characteristics
these units, we computed the natural charges of the m
atom impurities and found 0.48 for Cu and21.74 for W.
Although the values of the natural charge should be und

FIG. 2. ~a! Optimized geometry of CuSi12, a C2h structure.~b!
Optimized geometry of WSi12, a D6h structure.
6-4
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stood as indicative of a qualitative trend rather than as
merically reliable results, these findings clearly reflect
expected reversal of the direction of electron transfer fr
M5Cu to M5W. Considering these natural charges on
metal impurities in the light of our above remarks related
the structures of neutral or negatively charged Si12 cages, one
will expect the formation of a Si12 double-chair frame for the
CuSi12 species. The natural charge on W, in contrast, is co
patible with an effective dianion charge state of W, and th
the Si12 cage may be best described as Si12

21 for WSi12,
corresponding to a restoration ofD6h symmetry of Si12,
driven by electron transfer from the cage to the central
purity.

This hypothesis gains additional support from a compa
tive study of the HOMO’s of Si12

2 and CuSi12 as well as
Si12

21 and WSi12, as presented in Figs. 3~a!, 3~b! and 4~a!,
4~b!, respectively. Obviously, the HOMO’s for bothMSi12

clusters can be interpreted as those of the charged Si12 units,
i.e., Si12

2 and Si12
21, combined with an admixture due t

the metal core. This suggests that, to a certain approxima
the units CuSi12 and WSi12 may be understood as Cu1Si12

2

and W22Si12
21. We conclude that electron transfer contri

utes substantially to the stabilization of these species.
The HOMO of CuSi12 appears as a mere addition of th

of Si12
2 and a contribution stemming from a Cu1 core, rep-

resented by the clearly visible atomicd orbital shape at the
center of the distribution shown in Fig. 3~b!. No interaction
is found between the Si12 and Cu components of the HOMO
In contrast, the HOMO of WSi12 @Fig. 4~b!# is indicative of
covalent bonding between the metal impurity and the S12
cage atoms. A similar profile—namely, a strongly deloc
ized M-Si ligand interaction—is encountered in th
HOMO-1 of CuSi12.

The LUMO of WSi12 @see Fig. 4~c!# displays a construc
tion principle reminiscent of that of the CuSi12 HOMO. The
metal core of WSi12, consisting of a strongly pronounce
W(D0) orbital, is embedded into a regular electronic ca
structure of sixfold symmetry, and these two components
antibonding. The marked contrast between the two fron
orbitals of WSi12 corresponds to a high HOMO-LUMO en
ergy gap of 2.59 eV~see Table III, below!.

From our studies of the molecular orbital profiles
CuSi12 and WSi12 as well as the respective charge dens
distributions, we conclude that Cu~W! in Cu~W!Si12 is 6fold
~12fold! coordinated. This finding agrees with the geomet
data of MSi12 listed in Table II, where twoM-ligand dis-
tances are indicated forM5Cu, while only one distance
exists forM5W.

MoSi12 exhibits an architecture strictly analogous to th
of WSi12. This is not surprising since Mo and W belong
the same group of the periodic table. It is remarkable, ho
ever, that the distance parameters of the Si12 (D6h) cage only
undergo minimal alterations when W is replaced by Mo~see
Table II!. The vertical separation between the two Si6 hexa-
gons changes from 2.47 Å in WSi12 to 2.46 Å in MoSi12,
and the distance between adjacent Si atoms in either of
two Si6 rings changes from 2.405 to 2.407 Å. The natu
charge on the endohedral Mo impurity is determined to
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21.65e and thus deviates by 7% from the correspond
value for W in WSi12 ~see above!.

A more meaningful criterion of stability ofMSi12 (M
5Cu,Mo,W) systems than the binding energy is the emb
ding energyDEe . This quantity is defined as the energ
release upon implantation of the metal atom into the S12
cage and is given by

DEe5E~MSi12!2E~M !2E~Si12!,

where the energies of the species involved are evaluate
their equilibrium geometries. The results for∋Ee in Table III
establish a natural hierarchy among the clusters compa
The values range from 0.83 eV per Si cage atom forM
5W to 0.32 eV per Si cage atom forM5Cu. The marked

FIG. 3. ~a! Representation of the Si12
2 HOMO. ~b! Representa-

tion of the CuSi12 HOMO. In both cases, an isosurface parameter
magnitude 0.03 has been chosen. The dark zones correspo
positive, the bright zones to negative values of the respective or
function.
6-5
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FIG. 4. ~a! Representation of the Si12
21 HOMO. ~b!

Representation of the WSi12 HOMO. ~c! Representation of
the WSi12 LUMO. In all three cases, an isosurface para
eter of magnitude 0.03 has been chosen. The dark zo
correspond to positive, the bright zones to negative val
of the respective orbital function.
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drop of ∋Ee from WSi12 to CuSi12 is ascribed to the finding
that the coordination of Cu as an impurity in Si12 is only half
as large as the coordination of W in the system, imply
markedly smaller cage stabilization by Cu than by W. Al
note that the WSi12 embedding energy is comparable to t
largest values of this quantity identified in Ref. 16 for sy
tems of the formMSi14 andMSi16. TheDEe results reported
there range from 0.70 to 1.00 eV. The WSi12 system, how-
ever, represents a conjunction of a sizable embedding en
and an extraordinarily high HOMO-LUMO gap. These face
combined account, in our view, for the experimentally
firmed exceptional stability of this cluster species.

From geometry optimizations for the singly positive sp
cies MoSi12

1 and WSi12
1, we evaluated the adiabatic ion

ization potentials~AIP’s! for both cluster types. The resultin
MSi12

1 (M5Mo,W) systems haveD6h symmetry and the
bonding characteristics of the respective neutral clusters
can be seen from Table III, only a small difference~DAIP! of
0.13 eV is found, which is in the 2% range. This value
substantially smaller than the experimental result for the
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ference of the atomic AIP’s of W and Mo—namely, 0.59 e
~Ref. 32!—which makes it appear unlikely that the AIP’s o
the MSi12 clusters should be predominantly determined
the metal atom species. Instead, the surprising constanc
the Si12 framework inMSi12 (M5Mo,W) as well as the nea
identity of the bonding patterns in both cases seems to be
main cause of the observed similarity of the AIP’s in bo
units.

Our geometry optimization of the WSi12
2 anion leads to

anotherD6h structure. The natural charges on the consti
ents of WSi12 amount to Q(W)522.18e and Q(Si)5
10.10e and thus suggest that the charges are distributed
the Si12 frame and the metal impurity according to the qua
tative scheme W22Si12

1.
In view of the high spin multiplicity of the W atom which

adopts a5D3 ground state, the most stable WSi12 isomer
may exhibit nonzero spin. Following this consideration, w
investigated the triplet (S51) state of WSi12, which, as
MSi12 (M5Mo,W) in the singlet (S50) state, stabilizes in
D6h symmetry. While we found nearly vanishing differenc
6-6



p
ca
s-

e
o

le

e
of
-

the
m
o-

a
each

d
um
the

m

y

s

es

d

l-

e Si

Si

CAGELIKE Si12 CLUSTER WITH ENDOHEDRAL Cu, . . . PHYSICAL REVIEW B 67, 035426 ~2003!
between the distance parameters for the two examined s
singlet units, deviations of about 1% between the verti
separations of the two Si6 planes and the next-neighbor di
tances within a Si6 ring are noticed comparing WSi12 (S
51) with WSi12 (S50), as is documented in Table II. Th
total energy of the triplet is found to be higher than that
the singlet by the substantial amount ofDE51.25 eV ~see
Table III!, which makes it appear likely that the most stab
isomer of WSi12 has spin-singlet character.

C. M 2Si18 „MÄMo,W…

Extending WSi12 in the direction of the sixfold axis by
another WSi6 element yields the stable unit W2Si18 shown in
Fig. 5. This species consists of a conjunction of two Si12 cage
structures, each sharing one Si6 hexagon and containing on
W impurity. This combination, however, is not a fusion
two identical WSi12 cells. As a result of the interaction be

TABLE II. Geometric properties ofMSi12 (M5Cu,Mo,W) in-
cluding the chargedMSi12 species discussed in Sec. III. All value
are given in Å.

MSi12 Spin Symmetry
group

D(M -Si)a D(Si6-Si6)b D(Si-Si)c

CuSi12 1/2 C2h 2.49, 2.50
MoSi12 0 D6h 2.70 2.46 2.407
MoSi12

1 1/2 D6h 2.72 2.43 2.429
WSi12 0 D6h 2.70 2.47 2.405
WSi12

1 1/2 D6h 2.71 2.435 2.426
WSi12

2 1/2 D6h 2.71 2.48 2.407
WSi12 1 D6h 2.71 2.44 2.423

aDistanceM -Si. In the case of CuSi12, four different bond lengths
exist; the shortest are indicated.

bVertical distance between the two regular Si6 hexagons in theD6h

structures.
cDistance between adjacent Si atoms in each of the two Si6 hexa-
gons.

TABLE III. Energetic properties ofMSi12 (M5Cu,Mo,W) in-
cluding the chargedMSi12 species discussed in Sec. III. All energi
are given in eV.

MSi12 Spin Symmetry
group

DEb
a DEe

b DEHL
c AIPd

CuSi12 1/2 C2h 2.77 0.32 6.59
MoSi12 0 D6h 3.07 0.65 2.19 7.66
MoSi12

1 1/2 D6h 3.13
WSi12 0 D6h 3.24 0.83 2.59 7.79
WSi12

1 1/2 D6h 3.29
WSi12

2 1/2 D6h 3.40
WSi12 1 D6h 3.14 0.65 6.53

aBinding energy per cluster constituent.
bEmbedding energy per cage atom.
cHOMO-LUMO energy difference. This quantity is only indicate
for spin-singlet states.

dAdiabatic ionization potential.
03542
in-
l
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tween the two W atoms, each is somewhat shifted from
center position of its Si12 cage towards the top and botto
Si6 rings, respectively. This displacement of the impurity l
cation impacts the bonding both between the Si6 layers and
within each of the Si6 layers. More specifically, we observe
periodic distance change between adjacent Si atoms in
of the three Si6 rings ~see Table IV!. A slight contraction of
the equilibrium bond length~52.41 Å! between neighboring
Si atoms in the WSi12 unit alternates with a more pronounce
expansion of this length. This variation reaches a maxim
in the intermediate layer which defines a mirror plane for
structure as a whole. TheD6h symmetry of the WSi12 matrix
therefore is reduced toD3h in the derived W2Si18 unit.

According to the values listed in Table IV, the equilibriu
geometry of W2Si18

1 differs only slightly from that of the
neutral species; also, the cation keeps theD3h symmetry of
W2Si18. We point out that W2Si18

1 has been detected b
mass spectrometry.17

The construction principle of the HOMO of W2Si18 is
related to that of the HOMO of WSi12 @Fig. 4~b!#. As seen

FIG. 5. Optimized geometry of W2Si18, a D3h structure. Bond
lengths are indicated in units of Å.

TABLE IV. Geometric properties ofM2Si18 (M5Mo,W) in-
cluding the chargedM2Si18

1 species discussed in Sec. III. All va
ues are given in Å.

M2Si18 D(M -M )a D(Si6-Si6)b D(Si-Si)long
c D(Si-Si)short

c

Mo2Si18 2.43 2.41 3.00 2.31
Mo2Si18

1 2.40 2.38 3.12 2.31
W2Si18 2.47 2.42 3.00 2.31
W2Si18

1 2.47 2.39 3.09 2.30

aDistance between the two metal atoms.
bVertical distance between the two adjacent Si6 hexagons.
cShorter distance between adjacent Si atoms in the intermediat6

layer ~see Sec. III!.
dLonger distance between adjacent Si atoms in the intermediate6

layer ~see Sec. III!.
6-7
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there, hybridization of atomic W(pz) and Si(px ,py) orbitals
gives rise to the formation of umbrella structures at the
and bottom of the unit. Likewise, uniform interaction with a
constituents of the upper and lower Si6 hexagons is encoun
tered, as may be inferred from inspection of the electro
charge density distribution. From this analysis, we also fi
that W2 is not bonded to any element of the intermediate6
ring, which is segmented into three clearly separated Si2 sub-
units.

The two W atoms are connected by a strongly stretc
covalent bond with bond length of 2.47 Å. This value is to
compared with the equilibrium bond length of the free W2
molecule of 2.19 Å at the UB3LYP/LanD2Z computation
level used in this work. This sizable bond elongation appe
plausible in view of the finding that each of the W atom
interacts with the top or bottom Si6 layer, but no bond is
established between any W atom and the intermediate6
layer. Instead, a W-W bond is formed which is substantia
strained as a consequence of the attraction of each W a
by the terminating Si6 layer to which it attaches itself.

As in the case ofMSi12 (M5Mo,W), the structural fea-
tures of W2Si18 and Mo2Si12 are strictly analogous. Again
the geometries of the two complexes exhibit striking qua
tative similarities, as the deviation between equivalent S
bond lengths in W2Si18 and Mo2Si18 are found to be less tha
1%. Although the ionization potentials listed in Table V f
both these units differ more from each other than the co
parable values determined forMSi12 (M5Mo,W), this dif-
ference is still so small that the metal impurity cannot
their primary origin.

In the context of our discussion ofM2Si12 (M5W,Mo)
units, we point out that a recent publication33 deals with the
interaction between two WSi12 clusters, using the B3LYP
LANL2DZ formalism employed in this work. The author
conclude that stacking two WSi12 clusters along the sixfold
axis does not result in a stable (WSi12)2 geometry. However,
linking both WSi12 units by a W spacer atom leads to a
equilibrium structure of the form W3Si24. A cluster of this
composition may be generated from the W2Si18 unit dis-
cussed here by the addition of another WSi6 segment. The
authors argue that the species thus attained is metast
making it appear unlikely that W-metal-filled silicon nan
wires could be constructed by mere stacking of WSi12 units
linked together by W atoms.

TABLE V. Electronic properties ofM2Si18 (M5Mo,W) includ-
ing the chargedM2Si18

1 species discussed in Sec. III. All value
are given in eV.

M2Si18 DEb
a DEHL

b AIPc

Mo2Si18 3.16 1.81 6.79
Mo2Si18

1 3.24
W2Si18 3.37 1.92 6.94
W2Si18

1 3.44

aBinding energy per cluster constituent.
bHOMO-LUMO energy difference. This quantity is indicated on
for spin-singlet states.

cAdiabatic ionization potential.
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In summary, a comparative study of the geometric, el
tronic, and magnetic properties of the systemsMSi12 (M
5Cu,Mo,W) and related species has been performed.
investigated systematically the architecture ofMSi12 (M
5Cu,Mo,W), acknowledging that WSi12 stabilizes inD6h
symmetry. Thus, as the first step of our research, we analy
the pure Si12 (D6h) cage, which turned out to be an ope
shell system that distorts into aC2h structure. This system
can be characterized as the combination of two Si6 units with
chair geometry. Implanting a W impurity into the Si12 (D6h)
cage, we observed a shell-closing effect related to substa
electron transfer from the cage to the endohedral impur
resulting in a stableD6h structure. A strictly analogous be
havior is recorded forM5Mo. However, if Cu is chosen a
impurity species, theC2h double-chair structure emerges
equilibrium geometry. This contrasting behavior of the sy
tems compared is ascribed to the finding that the elec
transfer between the metal atom and the Si12 frame not only
reverses its direction, but also weakens substantially as
goes fromM5Mo,W to M5Cu. In the latter case, she
closing is not achieved any more under theD6h constraint,
and the system distorts.

The electron transfer model between the Si12 cage and the
metal atom core is substantiated through natural cha
analysis as well as a comparison between the HOMO’s
MSi12 and Si12 in various charge states. The latter examin
tion yields the near identity of the HOMO of Si12

21 and the
contribution of Si12 to the HOMO of WSi12. Analogous re-
sults are found for Si12

2 and CuSi12.
Exploring the electron charge density distribution

MSi12 (M5Cu,W), we observed that W tends to form
highly delocalized bond with the Si12 cage, interacting uni-
formly with all Si atoms. In contrast, Cu forms directed a
selective bonds, which accounts for the detected symm
reduction of the cage in CuSi12. The pronounced stability o
the WSi12 unit is documented by the finding that both i
embedding energyDEe and its HOMO-LUMO gap turn out
to be largest in theMSi12 (M5Cu,Mo,W) series.

The prototypical W(Mo)Si12 structure can be linearly
continued along the sixfold axis of the cluster, which leads
W(Mo)2Si18. The originalD6h symmetry is reduced toD3h
in this extended unit. The two W atoms interact with the t
or bottom Si6 layer, respectively, and form a considerab
lengthened covalent bond between each other.

IV. CONCLUSION

Based on the findings described in Sec. III, it should
interesting to investigate further metal impurities at cen
sites of small SiN clusters and to address the question s
gested by our computational work on CuSiN ~Ref. 12! as well
as the experimental data reported by Hiuraet al.17 Namely, is
MSi12 a member of a ‘‘magic’’ series of endohedralM MSiN
clusters with extraordinary stability? And if so, what is th
growth pattern of this series? A recent computatio
investigation34 on the system IrSi9

1, which belongs to the
detected cluster sequence, demonstrated that an endoh
D3h structure exceeds the stability of exohedral alternati
by a substantial amount. Currently, we continue the sea
6-8
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for regular endohedralMSiN units, corresponding to the te
minal units identified by mass spectrometry.17

A different class of questions is raised by the observati
associated withM2Si18 (M5Mo,W). Although the existence
of silicon counterparts of metal-loaded carbon nanotu
built from MSi12 as cellular element appears questionable
view of the differences between carbon and silicon chemi
and the observed metastability of a stacked WSi12-W-WSi12
compound,33 our work demonstrates that a limited linear e
tension of MSi12 is possible, giving rise to units of pro
nounced stability. In parallel to our research onMSiN , we
are currently exploring the conditions for encapsulation
various metal dimers by stacked silicon cages. Further,
.

iu,

.

e

ol

J
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the basis of the results described here, it seems worthwhi
examine the interaction of twoM2Si18 (M5Mo,W) clusters,
attempting to address the critical question for a poten
transition from the finite to the periodic one-dimension
case from a different perspective than has been done so
Such research is being initiated in our laboratories.
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