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Growth behavior and magnetic properties of Si,Fe (n=2-14) clusters
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The growth behavior and magnetic properties of Si,Fe (n=2-14) clusters have been investigated using the
density functional theory (DFT) within the generalized gradient approximation (GGA). Extensive search of the
lowest-energy structures has been conducted by considering a number of structural isomers for each cluster
size. In the ground state structures of Si,Fe clusters, the equilibrium site of Fe atom gradually moves from
convex, to a surface, and to a concave site as the number of Si atoms increases from 2 to 14. Starting from
n=10, the Fe atom completely falls into the center of the Si outer frame, forming metal-encapsulated Si cages.
Maximum peaks were observed for Si,Fe clusters at n=5, 7, 10, 12 on the size-dependence of second-order
energy difference, implying that these clusters possess relatively higher stability. The electronic structures and
magnetic properties of Si,Fe clusters were discussed. We find that the magnetic moment of the Fe atom in
Si,Fe clusters is quenched around the size of n=9-10, due to strong hybridization between the 4s and 3d states

of Fe and the 3s and 3p states of Si.
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I. INTRODUCTION

Silicon is the most widely used material in the microelec-
tronic industry. The atomic structures of silicon clusters have
attracted extensive theoretical and experimental attention.'™*
Different from the carbon fullerene cages, hollow Si cage
structures are unstable due to the lack of sp? hybridization of
valence orbitals. To stabilize the silicon cages, some addi-
tional atoms stuffed inside the cage are needed to saturate the
dangling bonds on the silicon cage surface and to form sp?
hybridization. In the cases of pure Si clusters, it was found
that the number of stuffed Si atoms depends on the size of
the outer Si cage and the minimum cage for encapsulating Si
atoms is Siyg.*

In addition to Si atoms, guest atoms of other elements like
transition metals (TM) can be utilized to stabilize the hollow
Si cages. Using a laser vaporization supersonic expansion
technique, Beck® produced TM @ Si,, clusters and found that
the doped clusters were more stable towards photofragmen-
tation than the bare Si clusters of the same size. Hiura et al.®
reported the formation of a series of Si cage clusters with
endohedral transition-metal atoms, in the form of TM @ Sin+,
(TM=Hf, Ta, W, Re, Ir, etc.; n=9, 11, 12, 13, 14). Their
first-principles calculations further showed that WSi,, is very
stable due to the electronic and the geometrical shell
closures.® It was then proposed that the metal-encapsulated
Si clusters with cage configurations could act as a tunable
building block for cluster-assembled materials.® Using mass
spectrometry, a chemical-probe method and photoelectron
spectroscopy, Ohara et al.” studied geometric and electronic
structures of TM embedded Si clusters (TM=Ti, Hf, Mo, and
W). Recently, Koyasu and co-workers® studied the electronic
and geometrical structures of mixed-metal silicon TMSi;q
(TM=Sc, Ti, and V) clusters using mass spectrometry and
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anion photoelectron spectroscopy. They found that neutral
TiSi¢ cluster has closed-shell electron configuration with a
large gap between highest occupied molecular orbital
(HOMO) and lowest unoccupied molecule orbital (LUMO).

Motivated by these experimental progresses, there have
been a number of first-principles calculations of the TM-
encapsulated Si cage clusters.”?” Kumar and Kawazoe re-
ported computational results for metal encapsulated
Si-cage-clusters.’ They found that silicon forms fullerene-
like Si;oM (M=Hf, Zr) or cubic Si;,TM (TM=Fe, Ru, Os)
cage clusters, depending upon size of the metal atom. In their
successive works, they reported a series of TM-doped Si
clusters.!%!5 Khanna et al. investigated Cr'® and Fe!” encap-
sulating in silicon cages, and found that Si;,Cr and Si;jFe are
more stable than their neighbors. Both Si;,Cr and Si;oFe can
be explained by the 18-electron rule. Lu and Nagase'® com-
puted metal-doped silicon clusters TMSi, (TM=W, Zr, Os,
Pt, Co, etc.) and revealed that the formation of the endohe-
dral structure strongly depends on the size of the Si, cluster.
Based on the results from first-principles calculations,
Froudakis and co-workers interpreted the structure of metal
encapsulated Si cages in terms of symmetry and d-band
filling.'?> Miyazaki et al.”® showed that it is possible to
construct a fullerene-like Si cage by doping a TM atom in
the cage center. The cage is a simple 3-polytope which maxi-
mizes the number of its inner diagonals close to the metal
atom. Sen and Mitas®* reported encapsulating a TM atom in
a Sij, hexagonal prism cage. They found the cage configu-
ration is remarkably stable regardless of the type of doping
TM atom from 3d, 4d, and 5d series.

In cluster physics, one of the most fundamental problems
is to determine the ground-state geometry of a cluster. Al-
though there have been many studies on the metal-doped
silicon clusters in recent years,28 there are still unclear issues
in the structural and physical properties of these clusters. For
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example, the initial structures of the metal-doped Si clusters
were usually taken from those of the pure Si clusters and
only a limited amount of structural isomers was considered
for each size. Hence, some low-lying structural isomers and
even the ground-state structure might be missing. Moreover,
much less attention has been paid to the smaller TM-doped
Si clusters (e.g., n=<10). It would be interesting to elucidate
the growth behavior of the TM-doped Si clusters and the
size-dependent evolution of physical properties of the clus-
ters, especially the magnetic properties.

Using first-principles methods within the density func-
tional theory (DFT), in this paper we report an extensive
search for the lowest-energy configurations of FeSi, (n
=2-14) clusters by considering a considerable amount of
structural isomers. The size-dependent growth behavior and
magnetic properties of the FeSi, clusters were discussed. We
choose Fe atom as dopant to investigate the effect of Si cage
on the magnetic moment of the transition metal impurity
atom, which have significant implications in spintronic
applications.?” The rest of this paper is arranged in the fol-
lowing. Section II briefly describes the theoretical methods
used in this work. In Sec. III, we present the lowest-energy
structures and some metastable isomers of Si,Fe clusters and
discuss the growth behavior of Si,Fe clusters. The electronic
and magnetic properties of these clusters in ground-state
structures are discussed in Sec. IV. Finally, the conclusions
of this work are made in Sec. V.

II. THEORETICAL METHODS

To search the lowest-energy structures of the Si,Fe clus-
ters, we have considered a considerable amount of possible
structural isomers for each size. The number of structural
candidates depends on the size of cluster. For example, thir-
teen initial configurations were considered for SisFe, while
the number of structural isomers increases to twenty for
Sij,Fe. After the initial structural isomers were constructed,
full geometry optimizations were performed using the spin-
polarized density functional theory (DFT) implemented in a
DMOL package.*” In the electronic structure calculations, all
electron treatment and double numerical basis including
d-polarization function (DND)*® were chosen. The
exchange-correlation interaction was treated within the gen-
eralized gradient approximation (GGA) using PW9l
functional.’! Self-consistent field calculations were done
with a convergence criterion of 107® Hartree Hartree on the
total energy. The density mixing criterion for charge and spin
were 0.02 and 0.05, respectively. The Direct Inversion in an
Iterative Subspace (DIIS) approach was used to speed up
SCF convergence. A 0.002 Hartree of smearing was applied
to the orbital occupation. In the geometry optimization, the
converge thresholds were set to 0.002 Hartree/A for the
forces, 0.005 A for the displacement and 1073 Hartree for the
energy change. We started with a spin-singlet configuration
for the even-electron Si,Fe clusters, spin-unrestricted calcu-
lations were then performed for all allowable spin multiplici-
ties. The on-site charges and magnetic moment were evalu-
ated via Mulliken population analysis.
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III. STRUCTURES OF CLUSTERS

Using the computation scheme described in Sec. II, we
have explored a number of low-lying isomers and deter-
mined the lowest-energy structures for Si,Fe clusters up to
n=14. The obtained ground state structures and some low-
lying metastable isomers are shown in Fig. 1. The lowest-
energy structures for pure Si, clusters are also plotted in Fig.
1 for the purpose of comparison, which was reported in our
recent work.?” The geometries for pure silicon clusters agree
well with previously ab initio calculations results,>3-3¢ in par-
ticular, with the results from Car-Parrinello molecular dy-
namics simulated annealing.® The binding energies (E,),
vertical ionization potentials (VIP), and HOMO-LUMO gaps
for the lowest-energy structures of Si,Fe clusters are listed in
Table I.

For smallest clusters with n=<4, both pure Si, and Si,Fe
adopt planar structures as their lowest-energy geometries.
The ground-state structures of Si,Fe and SizFe can be ob-
tained by directly adding the Fe atom to the pure Si, clusters.
An isosceles triangle (C,,) was found as the ground-state
structure for Si,Fe [2(a) in Fig. 1], with two Fe-Si bonds of
2.171 A, and one Si-Si bond of 2.256 A, respectively. The
linear chain (C.,, or D.,;) isomers are substantially higher in
energy. The ground-state structure of SisFe [3(a) in Fig. 1] is
a Fe-centered rhombus (C,,), which is only lower than that
of the three-dimensional tetrahedron (Cs,) [3(b) in Fig. 1] by
0.052 eV. In the case of n=4, the pure Si, adopts a rhombus
with D,;, symmetry structure [4(a,) in Fig. 1]. The ground-
state structure of SiyFe is a Fe-centered trapezia (C,,) [4(a)
in Fig. 1]. A three-dimensional (3D) square pyramid (Cj,)
with Fe atom on the top [4(b) in Fig. 1] was found as a
metastable isomer, with only 0.035 eV higher than the
ground state. Other low-lying isomers, such as Fe-centered
rectangle and square, are substantially higher in energy.

As cluster size increases, 3D configurations prevail and
become the ground states for both Si,, and Si,Fe clusters with
n=15. The structure of pure Sis [5(ay) in Fig. 1] is a trigonal
bipyramid (Ds;,). A square bipyramid with Fe atom on the
vertex (Cy4,) was obtained as the lowest-energy structure for
SisFe [5(a) in Fig. 1]. All the other structural isomers studied
are energetically unfavorable, with more than 1.5 eV energy
difference from the ground state.

The lowest-energy structure obtained for Sig [6(a,) in Fig.
1] is a distorted edge-capped trigonal bipyramid (C,,). Two
low-lying structures that are very close in energy were found
for SigFe, one with Cs, symmetry [6(a) in Fig. 1], another
with C,, symmetry [6(b) in Fig. 1]. Both structures are pen-
tagonal bipyramid, while Fe atoms occupy different sites,
i.e., on the vertex (Cs,) or on the pentagonal ring (C,,). The
former one is lower in energy by only 0.035 eV. Other iso-
mers based on Fe-capped on octahedron [6(c) in Fig. 1] or
trigonal prism [6(d) in Fig. 1] were obtained. Planar Fe-
centered hexagon (Dg,) [6(e) in Fig. 1] was also found and
its energy is high by 0.98 eV.

For Si;, we obtained a pentagonal bipyramid with Dy,
symmetry [7(ay) in Fig. 1]. The ground-state structure ob-
tained for Si;Fe is a distorted cube with C,; symmetry [7(a) in
Fig. 1]. For all the structural isomers shown in Fig. 1, the Fe
atom locates at the vertex site.
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FIG. 1. The lowest-energy and low-lying structures of Si,Fe (n=2-14) clusters and ground-state structures of pure Si, (n=2-14)
clusters. Dark ball: Silicon atoms; light ball: Iron atoms. The differences of total binding energies of an isomer from the most favorable

isomer are given below the structure for each size.

The lowest-energy configuration of Sig can be obtained by 1]. But its energy is higher than the ground state by
capping one Si atom on the pentagonal bipyramid of Si; 1.782 eV. Several other isomers were considered and the Fe
[8(ay) in Fig. 1]. A cage-like structure with Fe atom on the atom usually locates in the interior of the structure. For ex-
surface site (C,,) was obtained as the ground-state structure ~ ample, a distorted cube with Fe atom near the center [8(b) in
for SigFe [8(a) in Fig. 1]. We also considered the isomer of Fig. 1] is a low-lying structure and is only 0.198 eV higher
Fe-centered cubic structure with O, symmetry [8(e) in Fig. in energy.
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TABLE I. Binding energy per atom (E}), vertical ionization potential (VIP), HOMO-LUMO gap of Si,Fe
clusters, atomic charges at the Fe atom, magnetic moment of the Fe atom, and total magnetic moment of

Si,Fe clusters for the lowest-energy structures.

E, V.LP Gap Charge Magnetic moment Total magnetic
Cluster (eV) (eV) (eV) (e) on Fe (ug) moment (ug)
Si Fe 2.733 7.317 0.444 —-0.034 2.438 2.052
SisFe 3.033 7.669 1.299 —-0.067 2.492 2.006
SiyFe 3.070 7.235 0.636 0.087 1.911 1.909
SisFe 3.465 7.871 1.468 0.048 2421 2.013
SigFe 3.433 7.593 0.712 0.129 2.093 1.797
Si;Fe 3.570 7.124 0.626 0.179 1.987 1.957
SigFe 3.597 7.402 1.211 0.206 2.140 1.990
SigFe 3.692 7.397 1.000 0.526 0 0
SijgFe 3.773 7.248 0.900 0.585 1.140 0.880
SijFe 3.769 7.161 1.208 0.632 0 0
SijFe 3.851 6.671 1.156 0.482 0 0
SijsFe 3.822 7.092 1.080 0.616 0 0
Si4Fe 3.866 7.095 1.481 0.612 0 0

A capped square prism is obtained for pure Sig [9(a) in
Fig. 1]. For SigFe cluster, all isomers have basket-like struc-
tures and Fe atom occupies the interior site. The lowest-
energy structure of SigFe [9(a) in Fig. 1] can be viewed as a
pentagonal bipyramid face-capped by three Si atoms (C,). A
pentagonal pyramid with four capped atoms (Cs,) was ob-
tained as metastable structure [9(b) in Fig. 1] and is only
0.1 eV higher in energy. Another low-lying isomer is a two-
layered basket by a pentagon and a trapezia encapsulated
with a Fe atom [9(c) in Fig. 1], with 0.19 eV higher in total
energy.

Starting from n=10, the Si,Fe clusters adopt cage-like
structures with Fe atom encapsulated in the interior site. For
SijoFe, the ground state is a Fe centered pentagonal prism
with Ds;, symmetry [10(a) in Fig. 1]. Similar to the lowest-
energy structure of SigFe, two low-lying isomers (C,, and
Cj,) [10(b) and 10(c) in Fig. 1] were found, both are based
on a two-layered Si cage with trapezia and pentagon on each
layer and one additional Si atom on the bottom. Lu'® and
Mpourmpakis®! also obtained pentagonal prism as the
ground-state structure for Si;gFe cluster using Becke three
parameter Lee—Yang—Parr (B3LYP) functional.

The lowest-energy structure of Si;;Fe [11(a) in Fig. 1] can
be obtained by capping one Si atom on the top of Fe-
centered pentagonal prism of SijgFe. Similarly, the meta-
stable isomers [11(b) and 11(c) in Fig. 1] can be obtained by
capping one Si atom on the face (C,,) or edge (C,) of the
pentagonal prism of Si;oFe, which are very close in energy to
the ground state by only 0.024 and 0.072 eV. Khanna et al.'”
calculated Fe encapsulated Si, clusters containing 9—11 Si
atoms using linear combination of atomic orbitals (LCAO)
molecular orbital theory with Gaussian and numerical basis
functions. The lowest-energy structures obtained from their
calculations are indeed low-lying isomers in our study, i.e.,
9(d) and 10(c) in Fig. 1, which are higher than the present
ground-state structures by 0.829 and 0.726 eV.

Similar to the pentagonal prism of SijjFe, Fe-centered
hexagonal prism was obtained for Sij,Fe as lowest-energy

structure. However, a distorted hexagonal prism (D5,) [12(a)
in Fig. 1] is slightly lower than the perfect hexagonal prism
(Dgp) [12(b) in Fig. 1] by 0.052 €V, in agreement with pre-
vious calculation by Sen and Mitas.?* A distorted pentagonal
prism with a Si dimer capped on the side (D,;) [12(c) in Fig.
1] was found as low-lying isomer with AE=0.143 eV, which
can be viewed as a continuation of the structural pattern of
the metastable structure 11(b) of Si;,Fe.

For n=13, the lowest-energy structure of Si;;Fe [13(a) in
Fig. 1] is a distorted hexagonal prism with one Si atom on
the top (C,). The metastable structure (Cy,) [13(b) in Fig. 1]
is also a continuation of the structural pattern of n=11(b)
and n=12(c), with three Si atoms capped on the side of the
distorted pentagonal prism (0.014 eV higher in energy). An-
other low-lying structure [13(c) in Fig. 1] is a continuation of
the structural pattern of n=12(c) with a Si atom capped on
the opposite site of Si dimer, with 0.35 eV higher in energy.

The lowest-energy structure for Si;4Fe [14(a) in Fig. 1] is
a cubic cage with Fe atom in the center (O,). This is the
same as previous result from DFT plane-wave pseudopoten-
tial calculation.® As shown in Fig. 1, all the structural iso-
mers for Sij4Fe have the cage configurations with Fe atom
encapsulated in the center.

Comparing to those of pure Si, clusters, there is substan-
tial structural reconstruction after encapsulating Fe atom.
Generally speaking, we found that the Fe atom in the lowest-
energy configuration gradually moves from convex, to sur-
face, and to the interior site as the number of Si atom varying
from 2 to 14. Starting from n=10, the Fe atom in Si;jFe
cluster completely falls into the center of the Si frame and
form a cage. Similar behavior was observed in the TaSi,
(n=1-13) clusters,” while the cage-like structure formed at
n=12. Kawamura et al.'"* investigated growth behavior of
metal-doped silicon clusters TMSi, (TM=Ti,Zr,Hf; n
=8-16). They found for n=8—12, basketlike open structures
are most favorable, while for n=13-16, the metal atom is
completely surrounded by silicon atoms. Such difference in
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FIG. 2. Size dependence of the binding energy per atom E}, for
the lowest-energy structures of Si,Fe and Si, clusters.

the critical sizes for the formation of Si cage in various
TMSi, clusters can be understood by the radius of the metal
atom. Since Ta, Ti, Zr, and Hf atoms are bigger than the Fe
atom, more Si atoms are needed to encapsulate the
transition-metal atom completely. These findings further con-
firm that the metal-doped silicon clusters are favorable of
forming endohedral cage-like structures and the lowest-
energy configurations depend on the size of metal atom and
the number of Si atoms.

IV. ELECTRONIC AND MAGNETIC PROPERTIES

We now discuss size-dependent physical properties of
these clusters. The binding energies (E;), the second-order
energy differences, and the HOMO-LUMO gaps for the
lowest-energy structures of Si,Fe clusters are plotted in Figs.
2—-4, respectively. From Fig. 2, it can be seen that the binding
energy generally increases with cluster size. Thus, the clus-
ters can continue to gain energy during the growth process.
Local peaks are found at n=5,10,12, implying that these
clusters are more stable than their neighboring clusters. The
binding energies for pure Si, clusters?’ are also plotted in
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FIG. 3. The second differences of Si,Fe cluster energies for the
lowest-energy structures A,E(n) as a function of the cluster size n.
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FIG. 4. Size dependence of HOMO-LUMO gaps of Si,Fe and
Si,, clusters for the lowest-energy structures.

Fig. 2 for comparison. The binding energies of Si,Fe clusters
are larger than those of pure Si,. In other words, the doping
of Fe atom improves the stability of silicon clusters.

In cluster physics, the second-order difference of cluster
energies, AE(n)=E(n+1)+E(n—1)-2E(n), is a sensitive
quantity that reflect the relative stability of clusters.’” Figure
3 shows the second-order difference of cluster total energies,
A,E(n), as a function of the cluster size. Maxima are found
atn=5,7,10,12, indicating these clusters possess higher sta-
bility, which is consistent with the trend of binding energies
shown in Fig. 2. A distinct structure for the stability of the
clusters can also be observed in Fig. 3. For small clusters
(n<8), odd n gives high stability while even n gives low
stability. Around n=9, this behavior is inverted. From n
=10, even n gives more stable clusters than odd n. This
indicates that n=9 should be the turning point for the stabil-
ity of clusters.

As shown in Table I, SisFe has the largest vertical ioniza-
tion potential, corresponding to its higher stability. Khanna et
al. found Si oFe is more stable than its neighbors,!” although
their geometries are different from ours. They explained the
higher stability of SijoFe using the 18-electron rule. How-
ever, it should be pointed out that the 18-electron rule has its
certain limitation. Sen et al.>* found that filling of electron
shell according to 18-electron rule is not the only factor in
determining the cluster stability. The stability depends on
other factors such as geometry structure, the size of metal
atom, etc. For example, closed-cage configuration like the
pentagonal or hexagonal prism of Si;, and Si;, might con-
tribute the higher stability of the Fe-doped clusters.

As shown in Fig. 4, the HOMO-LUMO gaps of Si,Fe
clusters are usually smaller than those of Si, clusters except
that the gaps are close to each other at n=3,8,11,13, (Fig.
4).2027 To further understand this effect, we have performed
detailed analysis of the molecular orbitals by examining the
partial density of states from the contribution of different
orbital components (s,p,d) and the electron density of the
HOMO and LUMO states. Figure 5 gives the partial density
of states (PDOS) of some Si,Fe clusters (SisFe, SisFe,
Sij,Fe, Si 4Fe) as representative. It can be clearly seen that
the electronic states at the vicinity of Fermi level are mainly
come from p and d states and the contribution from s state is
very little. Similar behavior was observed for all the other
sized clusters. The distribution of electron density of HOMO
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FIG. 5. (Color online) The partial density of states (PDOS) of s,
p, and d orbitals for (a) SizFe, (b) SisFe, (c) Si;,Fe, and (d) Si;4Fe.
The vertical line indicates the Fermi level.

and LUMO states of these representative clusters (Si;Fe,
SiyFe, Sij,Fe, Sij4Fe) are plotted in Fig. 6. One can see that
both the HOMO and LUMO states are mainly localized
around Fe atom, while there is also some distribution around
Si atoms. The Figs. 5 and 6 together, indicate that the
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®
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@
Yy W
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@

FIG. 6. (Color online) The HOMO and LUMO orbitals of (a)
SisFe, (b) SisFe, (c) Sij,Fe, and (d) Si 4Fe. The iso-value=0.05. In
(b), the HOMO does not reflect the symmetry of the cluster. This
may indicate that the HOMO is actually degenerate.
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FIG. 7. Size dependence of (a) magnetic moment and (b) atomic
charges of Fe atom of Si,Fe clusters for the lowest-energy
structures.

HOMO and LUMO are composed of Fe d-states mixed with
Si p-states. Thus, pd-hybridization should be responsible for
the reduction of HOMO-LUMO gap with addition of Fe.
This effect may provide a valuable pathway of controlling
the HOMO-LUMO gap by appropriately choosing a transi-
tion metal atom and doping it inside the silicon clusters.!”

We performed Mulliken population analysis for the
lowest-energy structures and the atomic charges of Fe atom
of the clusters FeSi,, are listed in Table I and plotted in Fig. 7.
For the smallest clusters with n=2 and 3, there is weak
charge transfer from Fe atom to Si atoms. Starting from n
=4, the direction of charge transfer reverses and the amount
of charges transfer from Si atoms to Fe atoms increase with
increasing cluster size. There is an abrupt increase of charge
transfer from FeSig to FeSig, and the size-dependence of
charge transfer exhibits two-steps behavior at FeSi, to FeSig
and FeSiy to FeSi,.

Based on the optimized geometries, the magnetic proper-
ties of FeSi, clusters were computed and the results are pre-
sented in Table I and Fig. 7. For smaller FeSi, clusters with
n=2-8, the total magnetic moment of cluster is about
2.0to 2.5 up and is mainly located on the Fe site. Small
amount of spin (about 0.02—0.2 ug) was found on the Si
sites, while most of the local moments on Si atoms were
found to align antiferromagnetically with respect to that on
Fe atom. However, the magnetic moment of Fe atom in Si,Fe
clusters is quenched around n=9 to 10. Larger Si,Fe clusters
with n=9, 11-14 are completely nonmagnetic, whereas
SijoFe has a magnetic moment of 1.140 ug. Sen et al.?* stud-
ied the TM atom encapsulated in a Si;, hexagonal prism cage
and found that SigFe and Si,Fe adopt singlet as ground
states. Lu et al.'® also found that Si,yFe is magnetic while
their computed moment is 2 ug for FeSi,,.

In our study, detailed analysis of the on-site atomic
charges and local magnetic moment was performed. The
charge and spin of 3d and 4s states for Fe atom in Si,Fe
clusters are summarized in Table II. It clearly shows that the
magnetic moment of the Fe atom is mainly due to 3d state of
Fe. For free Fe atom, the configuration of valence electrons
is 3d%4s2. In the cases of Si,Fe clusters, the 3d state gain
extra electrons, meanwhile the 4s state loses some amount of
electrons (Table II). Namely, there is internal electron trans-
fer from 4s state to 3d state in Fe atom. On the whole, the 3d
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TABLE II. The charge and magnetic moment of 3d and 4s states for Fe atom in Si,Fe clusters.

3d 4s

Magnetic Magnetic
n Charge moment Charge moment
2 6.928 2.231 0.808 0.174
3 6.923 2.355 0.667 0.118
4 6.988 1.717 0.625 0.098
5 6.906 2.278 0.736 0.111
6 6.975 1.927 0.713 0.157
7 7.006 1.799 0.672 0.148
8 6.974 2.007 0.660 0.095
9 7.129 0.000 0.681 0.000
10 7.097 1.101 0.685 0.004
11 7.213 0.000 0.682 0.000
12 7.121 0.000 0.681 0.000
13 7.197 0.000 0.710 0.000
14 7.156 0.000 0.749 0.000

state gains more electrons for the spin-quenched sizes than
the size with unquenched spin. As mentioned above (Table I
and Fig. 7), for the smallest clusters with n=2 and 3, there is
weak charge transfer from Fe atom to Si atoms. Starting
from n=4, the direction of charge transfer reverses and the
amount of charges transfer from Si atoms to Fe atoms in-
crease with increasing cluster size. This indicates that be-
sides the internal electron transfer in Fe atom, there is also
the charge transfer between Fe and Si atoms. For the Si,Fe
clusters, the charge transfer mainly happens between Fe 4s,
3d and Si 3s, 3p states. Figure 7 plotted the magnetic mo-
ment of Fe atom, along with the on-site charge on Fe atom. It
can be clearly seen that there is a correspondence between
the abrupt increase of charge transfer and the quenching of
magnetic moment at n=9. This result implies that the charge
transfer and the strong hybridization between Fe 4s, 3d and
Si 3s, 3p states might be one major reason for quenching the
magnetic moment of Fe atom. Similar phenomenon was ob-
served in Cr atom encapsulated in Si cages.'® On the other
hand, the transition size for the formation of Si cage is
around n=9 to 10. Thus, there might be some correlation
between the geometry structure of Si framework and the
magnetic moment of the encapsulated Fe atom.

V. CONCLUSION

A systematic theoretical study on the growth behavior and
magnetic properties of Si,Fe (n=2-14) clusters has been

performed using DFT-GGA calculations. For each cluster
size, an extensive search of the lowest-energy structures has
been conducted by considering a number of structural iso-
mers. In the ground-state structures of Si,Fe clusters, the
equilibrium site of Fe atom gradually moves from convex,
surface, to interior sites as the number of Si atom varying
from 2 to 14. Starting from n=10, Fe atom completely falls
into the center of the Si outer frame, forming metal-
encapsulated Si cages. From the analysis of second-order
energy difference, Si,Fe clusters at n=5,7,10,12, possess
relatively higher stability. The electronic structures and mag-
netic properties of these Si,Fe clusters in their ground-state
structures were discussed. We find that the magnetic moment
of Fe atom in Si,Fe clusters is quenched around n=9 to 10,
due to the charge transfer and strong hybridization between
4s and 3d states of Fe and 3s and 3p states of Si.
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