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The structure, electronic and magnetic properties of HoSi,, (n = 1 —12, 20) clusters have been widely

investigated by first-principles calculation method based on density functional theory (DFT). From

our calculation results, we find that for HoSi,, (n = 1 — 12) clusters except n = 7, 10, the most stable

structures are a replacement of Si atom in the corresponding pure Si, 41 clusters by Ho atom. The
doping of Ho atom makes the stability of Si clusters enhance remarkably, and HoSi, (n = 2,5,8,11)

clusters are more stable than their neighboring clusters. The magnetic moment of Ho atom in

HoSi,(n =1 —12,20) clusters mainly comes from 4f electron of Ho, and never quenches.
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PACS numbers 36.40.Cg, 36.40.Qv, 73.22.-f, 31.15.Ew

1 Introduction

During the last two decades, transition metal (TM)-
doped silicon clusters have aroused enormous interest,
which starts from their applications in the semiconduc-
tor industry. What’s more, the finding that the proper-
ties of silicon clusters can be greatly changed after the
addition of “impurity” atoms makes researchers inter-
ested. Because the TM atoms can saturate the dangling
bonds on the surface of Si clusters [1-4], which stabi-
lizes the Si cages. In experiment, Beck pioneered the
synthesis of TMSi,, (TM = Cr, Mo, and W) clusters |5,
6] by the laser vaporization supersonic expansion tech-
nique, and found that Si clusters doped with TM atoms
were more stable compared with pure Si clusters of the
same size. Afterwards, Si clusters encapsulated with TM
atoms were investigated extensively both in experiment
[7-9] and theory [10-17]. The results demonstrated that
TM atoms with unpaired d electron stabilize Si cages by
placing them inside TMSi,, clusters. Therefore, TMSi,,
clusters can play a role of building blocks for cluster-
assembled materials, and exhibit novel magnetic, elec-
tronic and optical properties etc. However, abundant ev-
idence shows that the d orbitals of the endohedral TM
atoms have strong interaction with the sp-orbitals of Si

atoms, which leads to the quenching of magnetic mo-
ments of TM atoms [18-22]. The introduction of endohe-
drally rare earth (RE) atoms into Si clusters rather than
TM atoms has been seen as a more advanced approach,
because the electron residing in the more localized f or-
bitals of RE atoms hardly participates in bonding. As a
result, magnetic moments of RESi,, clusters can often be
retained.

Presently, many efforts have been focused on the Si
clusters doped with RE atoms. In experiment, Ohara
et al. [23, 24] investigated the geometric and the elec-
tronic structures of ThSi, (6 < n < 16) clusters using
photoelectron spectroscopy and chemical-probe method.
They found that Tb atom is encapsulated inside the
Sip(n > 10) cage. Bowen et al. studied photoelectron
spectroscopic of EuSi;, (3 < n < 17) [25] and HoSi,, [26]
clusters. They speculated that EuSi, and HoSi, clus-
ters might keep a large portion of their magnetic mo-
ments, because Eu and Ho f electrons are involved lim-
itedly in bonding with their surroundings, such as a Si
cage. Nakajima and co-workers [27] investigated the ad-
sorption reactivity of anionic HoSi;; and the results sug-
gested that the encapsulation of Ho is still incomplete
when the size of the Si cage swells to 16 atoms. In the-
ory, the structure and the electronic properties of RESi,,
clusters were studied by DFT method [28, 29]. More-
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over, Kumar et al. [30] studied the RESi,)” (RE=La,
Ac, Sm, Gd, Tm, Ce, Pa, Pu, Th, Np, Pm) clusters,
which suggested that SmSisy, TmSisg, PaSisg, PuSigg,
and GdSi,, retain significant magnetic moments in the
ground states. Additionally, Liu et al. [31] investigated
EuSiyg fullerene and found that the Eu atom has a large
magnetic moment of nearly 7up. In this aspect, our
research group also carried out some calculations and
found that RESi,, (RE=Eu, Gd)clusters retain high mag-
netic moments [32, 33]. Hence, exploring these clusters,
building blocks of silicon-based and cluster-assembled
materials, which may show novel magnetic properties,
is interesting. Although some research has been done on
RESi,, clusters, there is no systematic and theoretical
investigation on HoSi,, so far. So it is very necessary to
analyze the physical properties of the Ho-doped Si clus-
ters, such as the growth behavior and the size-dependent
evolution.

In this paper, we report HoSi,, clusters by considering
diverse isomers. The relative stabilities, the electronic
and the magnetic properties of HoSi,, clusters are calcu-
lated by using first-principles method based on DFT.

2 Computational details

Our calculations are on the basis of DFT, which is imple-
mented in the DMOL3 package [34, 35]. We use the gen-
eralized gradient approximation (GGA) with the PW91
function to deal with the exchange—correlation interac-
tion. The convergence criterion is 10~% Hartree on the
total energy. As for charge and spin, the density mix-
ing criteria are 0.2 and 0.5, respectively. In order to
speed up convergence, we use the Direct Inversion in
an Tterative Subspace (DIIS) approach. We also apply a
0.005 Hartree of smearing to the molecular orbital occu-
pation. During the geometry optimization, the conver-
gence thresholds of the forces, displacement and energy
change are 0.002 Hartree/A, 0.005 A and 10~5 Hartree,
respectively. We evaluate the on-site charges by Mulliken
population analysis. Relativistic effects are also in our
consideration. Spin-unrestricted calculations along with
the effective core potentials (ECPs) [36, 37], and a basis
set composed of double numerical basis (4f and 6s) with
polarized function (6p) are conducted.

We calculate harmonic vibrational frequencies for the
promising stationary points from a direct structure op-
timization. If an imaginary vibrational mode is found,
we can carry out a relaxation along coordinates of imag-
inary vibrational mode until the true local minimum is
achieved. Thus, the isomers of each cluster are certainly
the local minima. However, it is challengeable for us to

determine the global minimum structures with the in-
crease of cluster size. According to the available results
[38—41], we firstly optimize equilibrium geometries of
pure Si, (n = 2-13) clusters so as to find the most stable
geometries of HoSi,, clusters. Then, a Ho atom is placed
at various adsorption or substitutional positions: i.e.,
Ho-capped, Ho-substituted, Ho-concaved patterns along
with Si-capped pattern to find the low-lying isomers of
HoSi,,. Additionally, we optimize the structures of HoSi,
clusters with high symmetry and refer to the configura-
tions of LuSi,, [28], YbSi, [29], LaSi, [42], EuSiso [31],
RESi;(/)_ [30] clusters.

3 Results and discussion

3.1 Structures of HoSi,,

The obtained ground state and the low-lying structures
of HoSi, clusters are shown in Figs. 1-2. The ground
state structures of Si,, clusters are also plotted for com-
parison. Our calculation results are in perfect accordance
with the available results [38-41].

For the clusters with n < 3, HoSi, clusters adopt
planar structures as their ground state geometries. The
ground state structures of HoSi,, are created by directly
substituting the Ho atom for the Si atom in Si,4; clus-
ters. The binding energy per atom and bond length of
HoSi dimer are 1.86 eV and 2.843 A, respectively. The
bond lengths for the two Ho—Si bonds and the one Si—Si
bond for HoSip (Fig. 1, 2a) are 2.784 A and 2.186 A,
respectively. The linear chain 2b with Dy, is higher in
energy than 2a by 2.72 eV. For HoSi3, the lowest-energy
structure 3a is a planar thombus (Cay) and the energy of
the three-dimensional metastable structure 3b is higher
than 3a by 0.85 eV.

As the size of cluster increases, 3D configurations pre-
vail in the ground-state structures of HoSi,, clusters. Our
calculation results indicate that the most stable struc-
ture of HoSiy (Fig. 1, 4a) is a distorted pyramid with Ho
atom on the apex with Cg symmetry. This structure can
be seen as Ho atom substituting for a Si atom on the
top of bag and lower in energy than the other trigonal
bipyramid with Ho atom on the triangular base 4b by
0.38 eV. For HoSis, the most stable isomer 5a with Cg
symmetry (Fig. 1, 5a) is one in which a Ho atom gets
adsorbed on a bipyramid of Sis. The metasable isomer
5b with Cq symmetry (Fig. 1, 5b) can be created by sub-
stituting Ho atom for Si atom on the vertex of 6ag, which
is only higher in energy than 5a by 0.1 eV.

The lowest-energy structure of Si; is a pentago-
nal bipyramid with Dsp symmetry (Fig. 1, 7ag). The
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2a, (D) 1a(C,,) 3a, (Dyy,) 2a(C,,) 2b (D)
4a, (Dyy) 3a(C,,) 3b(Cyy) 3c(Cy)
‘$’ A '$ ¢
Sag (Dyy) 4a (Cs) 4b (CZV) 4c (C,) 4d (C,‘
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63y (C,,) 5a(Cy) 5b(Cy) 5¢(C))
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930 (Cg) 8a (CZ\')

8b (C))

8¢ (Cy) 8d(Cy)

Fig. 1 The lowest-energy and low-lying structures of HoSi, (n = 1-8) clusters and ground-state structures of Sin41
(n = 1-9) clusters. The Si atoms and Ho atoms are shown in gray ball and dark ball, respectively. The symmetries of HoSiy,

clusters are given in the bracket for each size.

ground-state structure of HoSig with Ca, symmetry (Fig.
1, 6a) can be generated by substituting the Si atom of the
ring of the ground state Siy isomer, which is well consis-
tent with Ref. [28]. Both of the Cs 6b and C; 6¢ isomers
can be viewed as capping one Si atom on the most stable
HoSi5 isomer at a suitable site, and are higher in energy
than 6a by 0.36 eV and 0.57 eV, respectively. Another
isomer 6d with Cg, symmetry can be regarded as a Ho
atom capped on the metastable structure of Sig.

The most stable structure of Sig (Fig. 1, 8ag) is a dis-

torted square prism with Cy symmetry. For HoSi7, the
isomers 7a and 7b can be generated by capping one Si
atom on the different faces of the most stable HoSig iso-
mer, with only 0.01 eV difference in energy. The isomer
7c is higher in energy than 7a by 0.03 eV. Another iso-
mer 7d is obviously created by capping a Ho atom on the
face of the ground state for Siy.

The lowest-energy structure of Sig (Fig. 1, 9ag) is a
distorted capped cube with Cs symmetry. For HoSig, the
ground-state configuration of HoSig (Fig. 1, 8a), a dis-
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torted cube with Ho atom on the top (Cay), is viewed as
a substitution of Ho atom for Si atom in Sig. The isomer
8b is also a type of substitution in Sig, and is higher in
energy than 8a by 0.61 eV. The isomer 8c is obtained
by adding one Si atom on the surface of HoSi; 7b clus-
ter. The C; 8d isomer is a substitution in the metastable
structure Sig.

The ground-state structure of Siyg (Fig. 2, 10ag) with
Csy symmetry is a tri-capped trigonal prism with one Si
atom capped on the top face of the prism. The lowest-
energy structure of HoSig (Fig. 2, 9a), a Si atom capped

20a (T,)

irregular square prism with a Ho atom on the vertex,
can be created by substituting Ho atom for Si atom on
the bottom ring of 10ag. The metastable structures 9b
and 9e can also be viewed as Ho atom substituting for
a Si atom on the different vertex of 10ag. The other two
isomers are generated by capping one Ho atom on the
different faces of 9aqg.

For HoSiyg, five low energy isomers are obtained as
shown in Fig. 2. The ground-state structure of HoSiig
(Fig. 2, 10a) with Cg symmetry can be viewed as one
Ho atom face-capping on the ground state of Sijo (Fig. 2,

12d (C)) 13¢ (C))

Fig. 2 The lowest-energy and low-lying structures of HoSi, (n = 9-12,20) clusters and ground-state structures of Sip1
(n = 10-13) clusters. The Si atoms and Ho atoms are shown in gray ball and dark ball, respectively. The symmetries of

HoSi,, clusters are given in the bracket for each size.
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10ag). Its energy is 0.085 eV lower than the metastable
structure 10b, whose symmetry is the same as 10a. The
isomer 10c with C3, symmetry is higher in energy than
10a by 0.18 eV, and it is created by face-capping one Ho
atom on the ground state of Sij;.

For HoSij1, the ground state structure (Fig. 2, 11a)
with C; symmetry is brought by taking the ground state
structure of Sijo (Fig. 2, 12a) and replacing the face
Si atom by a Ho atom. The metastable structure 10b is
also a type of substitution in Sij2, and is higher in en-
ergy than 11a by 0.31 eV. The isomer 1lc is obtained
by capping a Si atom on the face of 10b. The other two
isomers are created by capping one Ho atom on the face
of the metastable structure Siqi.

The lowest energy structure of Siys (Fig. 2, 13ag) is a
distorted tri-capped pentagonal prism with Co, symme-
try. For HoSij2, the lowest energy structure is obtained
by substituting Ho atom for Si atom on the top of Sij3
and it is not cage structure. Moreover, four lower energy
isomers of HoSijo are created, and they are not cage
structures, which is in line with the previous experimen-
tal result [27]. In addition, we have optimized a lot of
initial geometries of HoSijg clusters and the results show
that the fullerene like structure with Ho atom in the cen-
ter of the silicon cage is not the lowest energy structure.
Up to n = 20, a stable structure, a fullerene cage with
Ho atom in the center, is a ground state structure with
Ty symmetry, which is in good agreement with the ex-
perimental result in Ref. [26].

According to the results of the optimized lowest-energy
structures of HoSi,, clusters, we find that the Ho atom
in the lowest energy configuration gradually moves from
convex to the surface with n increasing from 1 to 12. An-
other obvious character is that the ground-state struc-
tures of HoSi,(n = 1 — 12) clusters are a replacement
of Si atom in the most stable structures of pure Sij, 41
clusters by Ho atom except n =7, 10.

3.2 Relative stability of clusters

In order to study the relative stabilities of the most stable
HoSi,, clusters, it is significant to calculate the binding
energy per atom (E,(n)), the second difference in energy
(A2F) and the dissociation energy (D(n)). The binding
energy per atom, the second difference in energy (A2 E)
and the dissociation energy (D(n)) of HoSi, clusters can
be defined as the following formulas:

Ey(n) = [E(Ho) + nE(Si) — B(HoSi)|/m+1 (1)
AzE(HOSln) = E(HOSin+1) + E(HOSin_l)
2B (HoSi) 2)

D(n,n—1) = E(HoSi,_1) + E(Si) — E(HoSi,) (3)

where F(Ho) and E(Si) are the single atom energies of
Ho and Si, E(HoSi,), E(HoSi,+1) and E(HoSi,_1) de-
note the total energies of the most stable HoSi,,, HoSi,, 41
and HoSi,,_1 clusters, respectively. Our calculation re-
sults are given in Figs. 3—-5, respectively.

As shown in Fig. 3, the binding energy per atom of
HoSi,, and Si,, clusters generally increases as their sizes
increase, which shows that these clusters can continue to
getting energy during the growth process. Moreover, the
average binding energy of HoSi,, clusters is higher than
that of pure Si, clusters, implying that the doping of Ho
atom can improve Si,, clusters’ stability. We can also find
that the average binding energy of HoSi,, cluster have a
large increase when the cluster size gets up ton = 5 and
8, which implies that HoSi5 and HoSig clusters are more
stable than their neighbors.

= Sip,
4.0 —e- HoSi,

3.54

3.0

2.5

Binding energy /(eV/atom)

2.0

1.5 T T T T T T
2 4 6 8 10 12
Cluster size n

Fig. 3 The binding energies per atom of HoSi,, and Si,, clusters.

As we know, the second-order difference in energy is a
sensitive quantity which reflects the relative stability of
clusters. From Fig. 4, we can see that the second-order
difference in energy (AqoFE) is a function of the cluster
size. The maxima are found at n = 2,5, 8,11, indicating
that these clusters own higher stability. However, the dis-
sociation energy (D(n)) is also an accurate quantity to
justify the stable magic number of HoSi,, clusters.

Based on the calculated dissociation energies of HoSi,,
clusters shown in Fig. 5, four peaks on the dissociation
energy curve are found at n = 2,5,8 and 11, reflecting
that the calculated dissociation energies for n = 2, 5, 8
and 11 are larger than those of their neighbors. So we
can conclude that n = 2,5,8 and 11 are the magic num-
bers of HoSi,, clusters. And they have large abundances
in mass spectroscopy relative to their neighbors, which
is consistent with the conclusion of the second-order dif-
ference in energy that is shown in Fig. 4.

214 Tai-Gang Liu, Wen-Qing Zhang, and Yan-Li Li, Front. Phys., 2014, 9(2)



RESEARCH ARTICLE

1.5

10 \ n

AE eV
|

|
g
o

2 4 6 8 0 12
Cluster size n

Fig. 4 The second difference in binding energy of HoSi,, clusters.
5.54
| |
5.0

45 '\
40- ; \ b

3.5

D /eV

-

0 2 4 6 8 10 12
Cluster size n

3.0

Fig. 5 The dissociation energy of HoSi, clusters.

3.3 Electronic and magnetic properties of clusters

The energy gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) reflects the electronic property of clus-
ters. Figure 6 shows the energy gaps of the lowest energy
structures of HoSi,, clusters, together with the gaps of
Si,, clusters to compare. As shown in Fig. 6, the energy
gaps of the corresponding Si,, clusters are usually larger
than those of the HoSi,, clusters, but the gaps are close
to each other at n = 2,3 and 12. This indicates that
the chemical activity of the clusters will be raised by
the doping Ho atom in Si clusters. Moreover, the HoSi,
clusters are in part metallic. In addition, two peaks with
the size of n = 5 and 10 are shown in the curve, re-
flecting that the HoSis and HoSijg clusters have larger
HOMO-LUMO gaps and weaker chemical activities than
their neighbors. Furthermore, the HoSis cluster has the
biggest Egap, value, indicating that the HoSis cluster has
the strongest chemical stability and HoSis is a stable unit
in chemical reaction.

The charge transfer and magnetic properties of HoSi,,
clusters are also calculated and the results are shown in

- Si,
—— HoSi,

2.0

1.6+

1.24

0.8+

HOMO-LUMO gap /eV

0 2 4 6 8 10 12
Cluster size n

The HOMO-LUMO gaps of HoSi, and Si, clusters.

0.4
Fig. 6

Fig. 7 and Fig. 8. Mulliken population analysis makes
it clear that charges of HoSi,(n = 1-12) clusters of-
ten transfer from Ho atom to Si atom, indicating that
Ho atom acts as electron donor. Moreover, the size-
dependence of charge transfer exhibits three-step behav-
ior, which can be clearly seen in Fig. 7. From HoSi to
HoSig, the charge transfer of clusters begins to rise at
a steady rate. Then from HoSi; to HoSig, it is like a
parabola. Finally, charge transfer from HoSijg to HoSij»

0.50
0.45-
0.40-

0.35- \

0.304
0.254 /

0.20

Charge of Ho (e)

0 2 4 6 8 10 12
Cluster size n

Fig. 7 Atomic charges of Ho atom of HoSi,, clusters.

—mHo
5.0 T
a
2 451
5
£
g 4.0
2
2
e 3.5+
=
3.0 1

0 2 4 6 8 10 12
Cluster size n

Fig. 8 Total magnetic moments (T) and magnetic moments (Ho)
on Ho atom of HoSi, clusters.
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decreases continuously. The alteration of charge trans-
fer of HoSi,, clusters is in accordance with the previous
study on the LaSi,, clusters [42].

The magnetic moment is another interesting property.
In cluster size, there are even more properties distinct
from those of molecular or bulk materials. On the basis
of the optimized geometries, the magnetic properties of
HoSi,, clusters are acquired and the results are demon-
strated in Fig. 8. The total magnetic moments of the
HoSi,, clusters almost keep a fixed value (3.08up) ex-
cept when n =1 and they largely lie on the Ho site. We
can find little spin (about 0.06up—0.1up) on the Si sites.
Whereas, most of the local moments on Si atoms are dis-
covered to arrange antiferromagnetically as opposed to
the local moments of the Ho atom. Most importantly,
the magnetic moment of Ho atom in HoSi,, clusters is
not quenched up to HoSij». It is distinct from FeSi,,, and
CrSi,, clusters. Their magnetic moments totally quench
at n=10, 12, respectively [19, 43]. However, this is consis-
tent with Bowen’s speculation [26]. Namely, the magnetic
moment of Ho atom in HoSi,, clusters is not quenched.
Furthermore, for larger HoSigy cluster (Fig. 2, 20a), a
stable fullerene cage with complete encapsulation of the
Ho atom into the center of the Si framework, the mag-
netic moment of Ho atom in HoSisy cluster is 3.26up,
indicating that the magnetic moment of Ho atom does
not quench as well, which is similar with the results in
Ref. [31] and Ref. [42].

A detailed analysis of the one-site atomic charges and
local magnetic moments is conducted for a better under-
standing of the charge transfer and the magnetic proper-
ties of HoSi,, clusters. Table 1 summarizes the charge and
spin of 4f, 5d, 6s and 6p states of Ho atom in HoSi,, clus-
ters. The fact that the valence electron configuration of
a free Ho atom is 4 11652 is widely known. Nevertheless,

Table 1 shows that the magnetic moment of the Ho atom
is largely from 4 f state and then the 5d state, while the
6s and 6p states contribute little to the magnetic moment
of Ho atom. Bowen et al. [26] believe that even when Ho
atom is enclosed by a Si cage, it can keep numerous por-
tions of its magnetic moment due to the finite involve-
ment of 4f electrons in bonding with its surroundings.
Liu and co-workers [31] have studied magnetic fullerenes
of silicon by RE metal encapsulation using DFT. The
results show that the spin magnetic moment for EuSigg
cluster is nearly 7up, which mainly comes from the Eu
4f electrons. In the previous theoretical study [32], we
have concluded that most of the 4 f electrons of Eu atom
in the EuSi;o cluster have no interaction with the Si cage,
and the 4f electrons of the Eu atom make contributions
to the total magnetic moments’ overwhelming majority.
These findings demonstrate that the RE’s f electrons
in RESi,, clusters have little interaction with their sur-
roundings. So we reach the final conclusion that to a
great degree the silicon cage has no interaction with the
4f electrons of Ho atom in the HoSi,, clusters and they
contribute largely to the total magnetic moments.

As for HoSiyg, a certain amount of electrons are lost
by the 6s state of Ho atom and extra electrons are gained
by 5d, 6p states, which shows the existence of internal
electron transfer among 6s, 5d and 6p states in Ho atom.
That is to say, a spd hybridization exists in Ho atom. In
other words, Si cage seldom influences 4 f electrons of Ho
atom in fullerene cage HoSisg and the latter can probably
retain large portions of their magnetic moments. Besides,
the non-quench of magnetic moments might stem from
sp hybridization in Si atom along with hybridization be-
tween Ho and Si atoms. Briefly, as for HoSi,,, 4 f electrons
are inactive with the silicon cluster which results in the
non-quench of magnetic moments.

Table 1 The charge and magnetic moment of 4f, 5d, 6p and 6s states for Ho atom in HoSi,, clusters.

4f 5d 6p 6s
n Charge  Magnetic moment  Charge  Magnetic moment  Charge  Magnetic moment  Charge  Magnetic moment
1 10.956 3.036 0.385 0.309 0.151 0.059 1.276 0.263
2 10.933 3.051 0.680 0.064 0.180 0.009 0.931 0.049
3 10.951 3.036 0.578 0.043 0.179 0.013 0.896 0.060
4 10.937 3.048 0.771 0.065 0.229 0.016 0.626 0.053
5 10.950 3.033 0.677 0.050 0.193 0.013 0.705 0.041
6 10.933 3.045 0.792 0.059 0.238 0.018 0.548 0.038
7 10.903 3.076 0.744 0.061 0.269 0.019 0.681 0.038
8 10.928 3.049 0.854 0.062 0.253 0.020 0.496 0.030
9 10.893 3.088 0.931 0.063 0.301 0.020 0.460 0.024
10 10.944 3.033 0.710 0.049 0.245 0.016 0.617 0.027
11 10.914 3.063 0.732 0.048 0.305 0.020 0.642 0.024
12 10.880 3.099 0.736 0.049 0.326 0.023 0.702 0.027
20 10.737 3.180 2.399 0.049 0.488 0.043 0.712 0.003
216 Tai-Gang Liu, Wen-Qing Zhang, and Yan-Li Li, Front. Phys., 2014, 9(2)
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4 Conclusions

In summary, we carry out a detailed investigation on
the growth behavior, stabilities, electronic and magnetic
properties of HoSi,, clusters using DFT with GGA calcu-
lations. We find that for the lowest energy structures of
HoSi,, clusters, Ho atom always prefers locating on the
surface site of the clusters, and they can be viewed as
a replacement of Si atom in the most stable structures
of pure Si,41 clusters by Ho atom except n = 7,10.
According to the binding energy per atom (Ejp(n)), the
second difference in energy (Ao F) and D(n), we conclude
that the Ho atom doping enhances the stabilities of sil-
icon clusters and n = 2,5,8,11 are the magic numbers
of HoSi,, clusters. In addition, the Mulliken population
analysis shows that the atomic charges of Ho atom of
HoSi,, clusters transfers from Ho atom to Si atoms up to
n = 12. The total magnetic moments and the magnetic
moments on Ho in the HoSi,(n = 1-12,20) clusters do
not quench because Ho 4f electrons to a large extent do
not interact with the silicon cage.
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