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Abstract The total energies, growth patterns, equilibrium ge-
ometries, relative stabilities, hardnesses, intramolecular
charge transfer, and magnetic moments of HoSi,, (n = 12-20)
clusters have been reexamined theoretically using two differ-
ent density functional schemes in combination with relativistic
small-core Stuttgart effective core potentials (ECP28MWB)
for the Ho atoms. The results show that when n=12-15, the
most stable structures are predicted to be exohedral frame-
works with a quartet ground state, but when n =16-20, they
are predicted to be endohedral frameworks with a sextuplet
ground state. These trend in stability across the clusters
(gauged from their dissociation energies) was found to be
approximately the same regardless of the DFT scheme used
in the calculations, with HoSi,3, HoSi;¢, HoSi;g, and HoSi,,
calculated to be more stable than the other clusters. The results
obtained for cluster hardness indicated that doping the Ho
atom into Si;3 and Si;¢ leads to the most stable HoSi,, clusters,
while doping Ho into the other Si,, clusters increases the pho-
tochemical sensitivity of the cluster. Analyses of intracluster
charge transfer and magnetic moments revealed that charge
always shifts from the Ho atom to the Si, cluster during the
creation of exohedral HoSi,, (n = 12—-15) structures. However,
the direction of charge transfer is reversed during the creation
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of endohedral HoSi, (n=16-20) structures, which implies
that Ho acts as an electron acceptor when it is encapsulated
in the Si, cage. Furthermore, when the most stable exohedral
HoSi, (n=12-15) structures are generated, the 4fclectrons of
Ho are virtually unchanged and barely participate in
intracluster bonding. However, in the most stable endohedral
HoSi, (n=16-20) frameworks, a 4f electron does participate
in bonding. It does this by transferring to the 5d orbital, which
hybridizes with the 6s and 6p orbitals and then interacts with
Si valence sp orbitals. Meanwhile, the total magnetic moments
of'the HoSi,, (n = 16-20) clusters are considerably higher than
those of HoSi, (n=12-15). Interestingly, the endohedral
HoSi,¢ and HoSi, clusters can be viewed as the most suitable
building blocks for novel high-density magnetic storage
nanomaterials and for novel optical and optoelectronic photo-
sensitive nanomaterials, respectively.

Keywords HoSi, - Magnetic moment - Relative stability -
Hardness - Charge transfer

Introduction

In the past few years, extensive theoretical and experimental
research has been performed on silicon clusters due to their dis-
tinctive chemical structures and bonding, as well as their wide
range of applications in the microelectronics industry [1—14]. The
ground-state structures of small (Si,_5) clusters have been deter-
mined using theoretical [1-3] and experimental [10-14]
methods. Especially for large molecular clusters, it was found
that the ground-state geometry can depend upon the method
and basis set used to calculate it. Many calculations [4-8] have
indicated that the most stable structures for medium-sized silicon
clusters with less than 27 Si atoms can be categorized into two
types: one is TTP (a tricapped trigonal prism structure); the other
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is SS (a structure containing a sixfold-puckered hexagonal ring
and six-atom tetragonal bipyramid).

In recent years, rare earth metal (REM)-doped silicon clus-
ters have attracted increasing attention because they can be
used to miniaturize electronic equipment and they can be
employed as self-assembled materials with many unusual op-
tical, electronic, and magnetic properties [15-20]. In particu-
lar, doping lanthanide (Ln) atoms into a silicon cluster is
regarded as a promising way to modify the magnetic proper-
ties of silicon. Since the 4f electrons in some REMs such as
Sm and Eu barely participate in the bonding in their corre-
sponding REMSi,, clusters, these REM atoms can retain their
atomic magnetic moments when they are incorporated into
REMSi,, clusters. On the other hand, in other REM atoms such
as Pr, the 4f electrons do participate in the bonding in the
REMS;, cluster; here, a 4f electron is transferred to the 54
orbital and becomes involved in bonding. Nevertheless, the
total magnetic moment of the REM atom in REMSi,, differs
little from that of the isolated REM atom. However, when late-
REM atoms are included in silicon clusters, such as the
HoSiy4_59 clusters studied in this paper, the total magnetic
moment increases when a 4f electron is transferred to the 5d
orbital. REM atoms differ from transition metal (TM) atoms in
this regard; upon doping TM atoms into semiconductor clus-
ters such as Si, and Ge,, the magnetic moment can be
quenched [21, 22]. In addition to the magnetic moment, the
implantation of REM atoms into silicon clusters can result in
clusters with excellent optical properties; for example, doping
an erbium atom into a silicon microcrystal yields a silicon-
based optical source [23].

Although studies on REM-doped silicon clusters are still rel-
atively rare, interest in their potential applications has stimulated
a fair amount of research interest in these clusters over the past
few years. Nakajima and co-workers [15, 24] were the first to
investigate TbSi,, , HoSi,, , and LuSi, (6 < n<20) clusters ex-
perimentally using PES (photoelectron spectra) and a chemical
probe. Their results suggested that when a Ho atom is encapsu-
lated in a Si cage, the cage is incomplete when the number of Si
atoms is less than 16. Bowen and co-workers [16] then explored
the properties of HoSi, , PrSi, , GdSi, , SmSi, , EuSi, , and
YbSi, (3< n<13)using PES. These REM-doped silicon clus-
ters were categorized into two or three groups based on their
appearance. In light of our experience [25-27], we believe that
dividing the clusters into two groups is more reasonable than
dividing them into three groups. Group A contains EuSi, ,
YbSi, , and SmSi,, , in which the 4f electrons of the REM atom
barely participate in bonding. Group B contains HoSi,, , GdSi,, ,
and PrSi,, , in which the 4f electrons of the REM atom do par-
ticipate in bonding. Spurred on by these experimental results,
some theoretical studies have been carried out on REM-doped
Si,, species [28-37].

Recently, Zhao et al. [38] investigated the geometries and
properties of HoSi,, (n=10-20) clusters theoretically using
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X3LYP functionals in combination with large-core potentials
(ECP56MHF) for Ho atoms and 6-31G basis sets for Si atoms.
The use of large-core (4f-in-core) basis sets for Ho atoms is
unreasonable because the main difference between the Ln
elements is that they all contain different numbers of electrons
in their 4f'shells. At the same time, the 4/ electrons are valence
electrons that can participate in bonding. Thus, 4f~in-core ba-
sis sets cannot accurately reflect the interaction between the
Ln atom and the surrounding atoms, especially in a system
with strongly interactions. Even if the 4f electrons are not
involved in bonding, the electron configuration and the shapes
of the 4f orbitals will be affected, so the electronic state will
also be influenced. However, the ground-state structure is ul-
timately determined by the electronic state, and sometimes the
energy differences between various electronic states are sig-
nificant, so it is necessary to use small-core (4f-in-valence)
basis sets to calculate structures and properties. We therefore
reexamined the total energies, structures, and electron proper-
ties such as the growth pattern, structure, hardness, population
analysis, and magnetic moment of each HoSi, (n=12-20)
cluster using two carefully selected density functionals in
combination with relativistic small-core potential (ECP) basis
sets for the Ho atom and cc-pVDZ for the Si atom in order to
probe their unusual size-dependent electronic properties as
well as the critical size of a silicon cluster encapsulating a
Ho atom. This information should help to guide the develop-
ment of new cluster-assembled materials. Two different func-
tionals were utilized in this work to check whether the results of
the theoretical determination of the most stable structures were
dependent on the functional used in the calculations, as this
phenomenon has been shown to occur for Si,, species [7, §].

Computational details

The calculations were performed using the Gaussian 09 soft-
ware at the DFT level with the PBEO [39] and B3LYP [40, 41]
functionals in combination with the cc-pVDZ basis set [42]
for Si atoms and relativistic small-core potentials
(ECP28MWB) [43] (named SEG/ECP) for Ho atoms [44].
All stationary-point isomers of the HoSi,, (n = 12-20) clusters
were identified by calculating their vibrational frequencies
with the two schemes. The optimized structures were obtained
as local minima and ZPVE (zero-point vibrational energy)
corrections were performed.

To search for the ground-state structures, a large number of
isomers were studied in order to ensure that we did not over-
look the lowest-energy isomers. At small cluster sizes, this
approach is feasible. However, as the cluster size increases it
becomes more difficult. There are two main reasons for this:
one is the increase in the number of low-lying isomers as
cluster size increases; the other is that large clusters cannot
be efficiently and accurately optimized. In spite of this, the
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rules derived from calculations of smaller REM-doped Si,
clusters can be applied to calculate medium and large
REMS;,, clusters. Cao et al. [33] performed a global search
using a genetic algorithm (GA) to study LuSi, (n=1-12)
clusters, and concluded that the most stable structures were
those obtained by replacing a Si atom in the lowest-energy
structure of the pure Si,.; cluster with a Lu atom (a
“substitutional structure”). Wang et al. [29] studied LaSig,
CeSig, YbSig, and LuSis with the Saunders “Kick” global
stochastic method and found that the most stable structures
were the substitutional structures. We reported that the most
stable structures of EuSi,,, SmSi,,, and YbSi, (n<11) are also
substitutional structures [25-27]. Liu et al. [37] noted that the
ground-state structures of HoSi, (n=1-12, except for n=7
and 10) were substitutional structures. In fact, the isomer re-
ported by Liu et al. [37] (7A in Fig. 1) is less stable than the
substitutional structure (7B in Fig. 1) by 0.15 and 0.17 eV
when calculated at the B3LYP and PBEO levels, respectively.
For HoSi; o, when the isomer presented by Liu et al. [37] as the
initial geometry (10A in Fig. 1) is optimized at the B3LYP
level of theory, structure 10B (shown in Fig. 1) is ultimately
obtained. At the PBEO level, structure 10B in the 4A" state is
more stable than 10A by 0.26 eV. Structure 10B, similar to the
most stable structure of EuSi; [25], can be viewed as that
obtained by replacing a Si atom in the ground-state structure
of Siy; [5] with a Ho atom. All of these results show that the
most stable exohedral structures of neutral RESi,, clusters can
be viewed as the ground-state structure of Si,,; with a Si atom
swapped for an REM atom. Accordingly, only two families of
initial geometries were taken into account in the optimization
process in the work reported in the present paper: exohedral
isomers (i.e., prolate structures that can be constructed by
substituting a Si atom in the ground-state structure of Si,.
with a Ho atom); and near-spherical geometries (obtained by a
constrained search for structures similar to a fullerene cage).
In order to find the most stable structures of HoSi,, clusters as
accurately as we could, previously reported ground-state
structures of pure Si, clusters [4, 6-9], especially those of
TTP and SS type, were considered when constructing prolate
HoSi, (n = 12-20) structures. Furthermore, the spin multiplic-
ities of the quartet and sextuplet states were considered, noting

TA

Fig. 1 Geometries of HoSi; and HoSi;¢. Isomers 7A and 10A are taken
from [37]. 7B can be regarded as being derived from the ground-state
structure of Sig [3] but with a Si atom replaced with a Ho atom.10B can be

that the electronic state is a quartet state if the 4f electrons of
the Ho atom barely participate in bonding, while the electronic
state is a sextuplet state if a 4f electron does participate in
bonding. Although a large number of isomers were obtained,
only a few selected isomers are presented in this paper.

Results and discussion
Lowest-energy structures and isomers

The isomers of the HoSi,, (n = 12-20) clusters that were opti-
mized with the PBEO and B3LYP methods are shown in
Fig. 2. The total and relative energies of the low-lying isomers
are listed in Table 1.

There are three competing isomers for the ground-state
structure of Sij;. At the CCSD(T)/6-31G(d)//MP2/6-31G(d)
level, it is predicted to be a distorted TTP with an additional
rhombus capping the edge of the prism [6]. At the quantum
Monte Carlo level, it is predicted to be a C5,-symmetry capped
trigonal antiprism [4], and at the MP2/aug-cc-pVTZ//B3LYP/
6-31+G(d) level, it is predicted to have C,, symmetry [9]. The
most stable structure, 12A, of HoSi;» can be viewed as a
capped Si trigonal antiprism [4] with one of the Si atoms
replaced with a Ho atom. Liu et al. [37] reported that the
quartet-state isomer 12B was the lowest-energy structure.
Zhao et al. [38] noted that the semiclosed quartet-state isomer
12C was the most stable structure. Energetically, the isomers
12B (with quartet and sextuplet states) and 12C (with a sex-
tuplet state) are less stable than the quartet-state isomer 12A.

For the isomer 12C (quartet state), our result shows that spin
contamination occurs due to the expectation value (4.75) of the
total spin (S%). This may be expanded in terms of pure states with
higher multiplicities. On the other hand, the valence configura-
tion (6s”**47954>%6p°"8, as obtained at the B3LYP level) of
the quartet state has five orbitals occupied by a single electron
because of the transfer of one 4felectron. Energetically, both the
quartet and sextuplet states are nearly identical, as can be seen
from Table 1. These results indicate that the isomer 12C is es-
sentially in the sextuplet state. That is, the result of performing 47
in-valence calculations is different from that produced by 4f<in-

10A 10B

viewed as being derived from the ground-state structure of Sij; [S] but
with a Si atom replaced with a Ho atom
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18A 18B 19A

19B

Fig. 2 The stable geometries of the isomers of the HoSi,, (n=12-20) clusters, as obtained at the B3LYP level of theory. The optimized geometries

obtained at the PBEO level of theory are similar to those yielded by B3LYP

core calculations. A similar situation is observed for the quartet-
state isomers 13B, 13C, 14C, 15D, 16A, 17A, 18A, 19A, and
20A; we do not delve any more deeply into this observation here.

The ground-state structure of Si4 is a face-capped distorted
TTP with an additional rhombus capping an edge of the prism
[6]. For HoSi,3, isomers 13A and 13B are constructed by
replacing a Si in the ground-state Sij4 [6] with a Ho atom.
13A (quartet) is the global minimum. 13B is the most stable
when there is a sextuplet electronic state. Zhao et al. [38]
reported that isomer 13C was the most stable structure, but it
is much higher in energy than the quartet-state 13A.

The most stable structure of Si;5 is a TTP with a tricapped
trigonal antiprism [6]. Isomers 14A and 14B of HoSi;4 are
constructed by replacing a Si in the most stable structure of
Siys [6] with a Ho atom. 14A (quartet) was found to be the
global minimum, and 14B to be the most stable when there is a
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sextuplet electronic state. Isomer 14C is taken from [38].
Isomer 14C is considered to be higher in energy than the
quartet-state isomer 14A.

There are three competing isomers for the ground-state
structure of Sijs; these contain a TTP motif, an SS motif,
and two fused pentagonal prisms, respectively [7]. For
HoSi,s, isomers 15A, 15B, and 15C are constructed by
substituting a Si in the most stable Si;¢ structure with a Ho
atom. The structure of 15D, with an incompletely encapsulat-
ed He atom, is taken from [39]. The sextuplet state of this
isomer is less stable than the most stable (quartet-state) struc-
ture, 15A, by about 0.83 and 1.03 eV when calculated at the
B3LYP and PBEO levels, respectively.

For HoSi,4, two isomers are reported. The prolate 16B is
constructed by substituting a Si in the ground-state structure of
Siy; containing an SS motif [7] with a Ho atom. The
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Table 1 Point group (PG), spin

(), § operator, total energy (¢V), Isomer PG S B3LYP PBEO
and relative energy (AE, eV) of N 3
each isomer of each HoSi, S Total energy AE S Total energy AE
(n=12-20) cluster, as calculated
atthe B3LYP and the PBEO levels ~ 12A e 30 3.76 ~120343.03 0.00 3.76 ~120297.90 0.00
of theory o 502 8.77 ~120342.38 0.65 8.78 ~120297.50 039
12B C 32 3.78 —120342.54 0.50 3.78 —120297.38 0.52
Cy 52 8.77 —120342.40 0.64 8.78 —120297.65 0.25
12C C; 32 4.75 —120341.69 1.34 4.78 —120296.40 1.50
C; 52 8.77 —120341.67 1.36 8.78 —120296.25 1.65
13A C; 32 3.76 —128220.97 0.00 3.76 —128172.86 0.00
C; 512 8.77 —128220.07 0.90 8.77 —128172.25 0.61
13B C 3/2 4.72 —128220.48 0.49 4.76 —128172.39 0.47
C 512 8.77 —128220.50 0.47 8.78 —128172.43 0.44
13C C 3/2 4.79 —128219.91 1.06 4.81 —128171.37 1.50
C 52 8.79 —128220.16 0.81 8.82 —128171.60 1.27
14A C 32 3.76 —136098.53 0.00 3.76 —136047.12 0.00
Cy 52 8.77 —136097.86 0.67 8.77 —136046.62 0.50
14B C; 32 3.76 —136098.24 0.29 3.76 —136046.56 0.56
C; 52 8.77 —136098.31 0.22 8.78 —136047.01 0.12
14C C 32 4.80 —136097.67 0.86 4.85 —136045.41 1.71
Cy 52 8.81 —136097.67 0.86 8.80 —136045.91 1.21
15A C; 32 3.77 —143976.87 0.00 3.76 —143921.52 0.00
C; 52 8.77 —143976.79 0.08 8.77 —143921.36 0.16
15B C 32 3.76 —143976.37 0.50 3.76 —143921.47 0.05
Cy 52 8.77 —143975.64 1.23 8.78 —143921.09 0.43
15C C 32 3.76 —143976.35 0.52 3.76 —143920.91 0.61
C 512 8.78 —143975.77 1.10 8.80 —143920.51 1.01
15D C 3/2 4.78 —143976.03 0.84 4.79 —143920.56 0.96
C 52 8.79 —143976.04 0.83 8.80 —143920.49 1.03
16A C; 3/2 4.78 —151854.92 0.05 4.78 —151796.34 0.16
C; 52 8.79 —151854.97 0.00 8.80 —151796.50 0.00
16B Cy 32 3.76 —151854.95 0.02 3.77 —151796.18 0.32
Cy 52 8.78 —151854.65 0.32 8.79 —151796.20 0.30
17A C 32 4.78 —159732.77 0.12 4.79 —159670.88 0.01
Cy 52 8.79 —159732.88 0.00 8.80 —159670.90 0.00
17B C 32 3.76 —159732.67 0.21 3.77 —159670.83 0.07
Cy 52 8.78 —159732.65 0.24 8.78 —159671.13 -0.23
17C C 32 3.76 —159732.79 0.09 3.76 —159670.77 0.13
C 52 8.77 —159732.14 0.75 8.77 —159670.44 0.46
18A C 32 4.78 -167611.76 —-0.01 4.80 —167546.42 —-0.02
Cy 52 8.78 —167611.75 0.00 8.79 —167546.40 0.00
18B Cy 32 3.76 -167611.31 0.43 3.76 —167545.84 0.56
C 512 8.77 —167610.60 1.14 8.77 —167545.44 0.96
19A C 3/2 4.78 —175489.71 —0.02 4.80 —175420.84 —0.02
Cy 52 8.78 —175489.69 0.00 8.79 —175420.82 0.00
19B C; 32 3.76 —175489.00 0.69 3.76 —175420.20 0.62
C; 52 8.77 —175488.46 1.23 8.78 —175419.82 0.99
20A C; 32 4.78 —183368.78 —-0.02 4.80 —183296.37 —-0.03
C; 52 8.78 —183368.76 0.00 8.79 —183296.34 0.00
20B C 32 3.76 —183367.80 0.96 3.76 —183295.24 1.10
C 52 8.77 —183367.28 1.48 8.77 —183295.03 1.31

endohedral isomer 16A is taken from [39]. Its sextuplet state is
more stable in energy than the quartet and sextuplet states of
16B by 0.02 ¢V (B3LYP) or 0.32 ¢V (PBEO) and by 0.32 ¢V
(B3LYP) or 0.30 eV (PBEO), respectively.

Isomers containing SS and TTP motifs compete to be the
most stable structure of Sijg [7]. Isomers 17B and 17C of
HoSi,; are constructed by replacing an Si atom in the most
stable Sig structure with a Ho atom. The endohedral 17A is
almost the most stable of the structures, as reported previously
[38]. Its sextuplet state is the ground-state structure at the

B3LYP level, while it is less stable at the PBEOQ level than
the sextuplet-state isomer 17C by 0.23 eV.

For HoSi;g, two isomers are identified. One is the prolate
18B, which is constructed by replacing a Si in the most stable
structure of Sijy (containing an SS motif) [7] with a Ho atom.
Another is the endohedral 18A, which is analogous to the most
stable structure reported previously [38]. Its sextuplet state is
predicted to be the ground state.

For HoSijo, there are two isomers. The prolate 19B is obtain-
ed by replacing a Si in the ground-state structure of Siyg

@ Springer
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(containing an SS motif) [7] with a Ho atom. The cakelike 19A is
taken from [39]. Energetically speaking, its sextuplet state was
calculated to be the most stable structure.

Two isomers are also reported for HoSiyg. The prolate 20B
is generated by replacing a Si in the most stable structure of
Si,; (containing an SS motif) [8] with a Ho atom. The quartet
and sextuplet states of isomer 20B are much higher in energy
than the sextuplet-state isomer 20A with an encapsulated Ho
when calculated at the B3LYP and PBEO levels.

From the discussion above, we can conclude that, starting
from n= 16, the sextuplet-state Si, clusters with an encapsu-
lated Ho atom are predicted to be the most stable structures
(aside from when the isomers of HoSi;; are calculated using
the PBEO method, when the most stable structure is found to
be an exohedron in the sextuplet state). This small-core results
obviously differ from the predictions obtained when using
large-core basis sets for Ho atoms [38]. Although the geome-
tries obtained are similar, their electronic states are different.
The large-core results suggest that, when n <16, exohedral
quartet-state clusters are the ground states for HoSi,. The
quartet state for an endohedral and semiclosed geometry gen-
erally presents spin contamination. It is therefore crucial to
inspect the spin contamination for clusters that include REM
(and TM) atoms more closely.

Relative stabilities

To examine the relative stabilities of the most stable isomers of
the HoSi,, (n=12-20) clusters, the binding energy per atom
(BEPA) (HoSi,, — Ho + nSi), where BEPA(HoSi,,) = [nE(Si) +
E(Ho) — E(HoSi,)]/(n+ 1), was calculated at the B3LYP and
the PBEO levels for each isomer. A plot of BEPA against
cluster size (Fig. 3) reveals that, when calculations are per-
formed at the PBEO level, the most stable isomers of HoSi,3,

370
3.65
3.60
355
350
3.45
3.40
335
330
325
320
315
3.10
3.05

—a— PBE(
—e— B3LYP|

BEPA /(eV/atom)

e .
- o o

12 13 14 15 16 17 18 19 20

Number of Silicon Atom (n)

Fig. 3 Binding energy per atom (BEPA) for the most stable isomer of
each HoSi, (n=12-20) cluster, as calculated using the PBEO and the
B3LYP methods
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HoSi;6, HoSi;g, and HoSi, are slightly more stable than sug-
gested by the smoothly increasing trend. In addition, the most
stable isomer of HoSi; 5 is also more stable when calculations
are performed at the B3LYP level.

Apart from the BEPA, the dissociation energies (DEs) of
the structures also illustrate their relative stabilities. DE1 [de-
fined as the energy required for the disproportionation reac-
tion 2HoSi,, — HoSi,,+; + HoSi,—;, DE1(HoSi,) = E(HoSi,+
1)+ E(HoSi,—) — 2E(HoSi,)] as a function of cluster size is
shown in Fig. 4. From Fig. 4, we can see that HoSi, 5, HoSi, -,
and HoSi g are less stable than the other clusters because they
are local minima at the PBEO level, while HoSi,4, HoSi,-, and
HoSi,4 are less stable than the other clusters when calculated
at the B3LYP level.

Other measures of the cluster stability include
DE2(HoSi,)=E(Si,)+E(Ho) — E(HoSi,),
DE3(HoSi,)= E(HoSi,_;) + E(Si) — E(HoSi,), and
DEA4(Si,,) = E(Si,—) + E(Si) — E(Si,). The values of these pa-
rameters calculated at the B3LYP and the PBEO levels of
theory for the clusters of interest are sketched in Figs. 5 and
6, respectively. Analyses of the DE2 curve in Fig. 5 show that,
at the B3LYP level, HoSi;3, HoSi;4, HoSi;g, and HoSi, are
more stable than the clusters because their DE2 values are
local maxima. HoSi, is the most stable of these clusters be-
cause it has the largest DE2 value. On the other hand, analyses
of the DE3 and DE4 curves reveal that HoSi;3, HoSiys,
HoSi;¢, HoSi;g, and HoSi,, are more stable than the other
clusters because their DE3 values are larger than their DE4
values. In other words, it is more energetically favorable to
connect a Si atom to HoSi,,—; to form HoSi,, rather than to add
it to Si,,_; to form Si,. At the PBEO level, the results of the
analyses of DE2 are the same as those of the analyses of DE3
and DE4, and HoSi,3, HoSi;s, HoSi,5, and HoSi,, are more
stable than the other clusters.

1.2+
1.0 H

—=— DE1-PBE(

0.8 —e— DEI-B3LYP
0.6

0.4
0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Dissociation energies (eV)

13 14 15 16 17 18 19
Number of Silicon Atoms (n)

Fig. 4 DEI (eV) of HoSi, (n=13-19) versus the number of atoms n
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4.6
4.4 —=— DE2 (HoSi,)
4.2 —e— DE3 (HoSi,)

40 —a— DE4 (Si
3.8 (Si,)

3.6
3.4
3.2
3.0
2.8
2.6
247
2.2
2.0
1.8
1.6

Dissociation Energies (eV)

12 13 14 15 16 17 18 19 20
Number of Silicon Atoms (n)

Fig.5 DE2, DE3, and DE4 (eV) of the HoSi,, (n = 12-20) clusters versus
the number of Si atoms 7, as calculated at the B3LYP level

From the discussion above, we can see that the relative
stabilities of the clusters showed the same general trend re-
gardless of the particular dissociation energy parameter used
to judge the stability and the particular functional used to
calculate the dissociation energy. HoSi;3, HoSi;s, HoSi;g,
and HoSi,( were found to be more stable than the other clus-
ters. It should be noted that HoSi,4, HoSi, g, and HoSi,, could
be used as building blocks for nanomaterials because of their
cage-like structures—especially HoSiy, which is not only the
most stable of these clusters but also features a Ho atom that is
fully encapsulated in a Siy fullerene-like framework.

Hardness

The hardness reflects the ability of a species to participate in a
chemical reaction. The hardness—defined as the difference

5.0 -
4.8 —a&— DE2 (HoSi )
46 —e—DE3 (HoSi )
44+ —A— DE4(Si)
427
4.0
3.8
3.6
3.4
3.2
3.0
2.8
2.6
2.4
2.2
2.0 T+ T+ T ‘* T ' T "+ T * T T T ' 1
2 13 14 15 16 17 18 19 20

Dissociation Energies (eV)

Number of Silicon Atoms (n)

Fig. 6 DE2, DE3, and DE4 (eV) of the HoSi,, (n = 12-20) clusters versus
the number of Si atoms 7, as calculated at the PBEO level

between the HOMO and the LUMO energies—of the most
stable structure of each HoSi,, (n = 12-20) cluster was evalu-
ated at the PBEO and the B3LYP levels, and the hardness
values for all of the clusters of interest are sketched in
Fig. 7. To facilitate comparison, the hardnesses of Si,, clusters
are also shown in Fig. 7. From Fig. 7, we can see that the
hardness curves obtained at the two levels of theory are very
similar. Also, the hardness of each HoSi,, (n =12-20) cluster
is smaller than that of its corresponding Si,, species except for
HoSi,5 and HoSi¢; in other words, doping Ho into Si;; and
Sije results in clusters with good chemical stability.
Accordingly, due to its particularly high chemical stability
and relative stability, HoSi;¢ may be viewed as a cluster that
is especially appropriate for use as a building block for high-
density magnetic storage nanomaterials (its magnetic moment
is 5 up; see the “Charge transfer and magnetic moment” sec-
tion). Doping a Ho atom into Si, (n = 12-20), with the excep-
tion of the n =13 and 16 clusters, increases the photochemical
sensitivity of the cluster. Therefore, given its high relative
stability and photochemical sensitivity, the cluster HoSi,q, in
which Ho is completely encapsulated by Si atoms, can be
viewed as a particularly suitable building block for novel op-
tical and optoelectronic photosensitive nanomaterials.

Note that, when using small-core basis sets, HoSi 4 does
not have the largest predicted HOMO-LUMO gap among all
of the clusters, in contrast to the result obtained when using
large-core basis sets for the Ho atom [38].

Charge transfer and magnetic moment
Natural population analyses (NPA) of the ground-state struc-

tures were conducted using the PBEO and B3LYP methods to
further understand the interaction between the Ho atom and

3.8 —=— HoSi -PBE0
364 —e— HoSi -B3LYP|
3.4 —4— Si -PBEO
3.2 —v—Si -B3LYP
3.0
2.8
26
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0 T 1 T T T T 1T T T T " 1
12 13 14 15 16 17 18 19 20

HOMO-LUMO gaps (eV)

Number of Silicon Atoms (n)

Fig. 7 The HOMO-LUMO gaps of the most stable structures of the
clusters HoSi,, and Si,, (n = 12-20), as calculated with the PBEO and the
B3LYP methods
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Table2 Natural population analysis (NPA), valence configuration, and
charge on the Ho atom (in a.u.) as calculated at the B3LYP and the PBEO
levels for the lowest-energy isomer of each HoSi,, (n = 12-20) cluster

Isomer Method Electron configuration Charge (a.u.)
12A B3LYP  [core]6s™13471097540806p0 2364701 (.81
PBEO  [core]6s™ 447197540 876p% 25641 0.79
13A B3LYP  [core]6s™27471 9754 6p" 76d™!  0.91
PBEO  [core]6s™3471%9754°726p" B6d"1  0.92
14A B3LYP  [core]6s™'4/1%97540036p% 1264%"  1.10
PBEO  [core]6s™34/10985,0646p0 1360701 113
154 B3LYP  [core]os”*47' %5 6p™6d™*"  0.99
PBE0  [core]6s” 47" "sd**6p™ %6d™*"  1.02
16A  B3LYP  [core]os™ ¥4/ %sd" ep! T6d™  —3.87
PBE0  [core]6s” 47 5d" P 6p! T6d™*®  —4.23
174 B3LYP  [core]6s” 47" ®5a* 6p' “6d™”"  —3.83
PBEO  [core]6s™*%4f 5> P6p' %6d™"  —4.20
18A B3LYP  [core]6s”%47 0 544 B6p!-B6d> % —322
PBE0  [core]6s”3%47 054 6p! %642 -3 68
19A B3LYP  [core]6s™33471000544 76p! 4864706 —3 03
PBEO  [core]6s™3047100054448¢p! 5864000 —3 48
20A B3LYP  [core]6s™7471 00583 956p! 416d™ 05 —2.68
PBEO  [core]6s™324/1000544246p! 5264705 —3.14

the Si,, cluster. The charge on and the NPA valence configu-
ration of the Ho atom in each cluster are listed in Table 2.

These data indicate that the charge on and NPA valence
configuration of Ho calculated using the B3LYP method are
usually the same as those obtained with the PBEO method.
The valence configurations of 65017 0-46410-96-10.985 ;047
08760127025 for the most stable exohedral structures of the
clusters HoSi,, (n = 12-15) reveal that the 4f electrons are al-
most unchanged upon the creation of the HoSi,, cluster and
barely participate in bonding. However, for the most stable
endohedral structures of the clusters HoSi, (n=16-20), the
valence configurations of 6s%2770-42447-99-10.015;3.95~
3036p! 417174 show that the 4f shell loses an electron during
the creation of the HoSi,, cluster; this electron is transferred to
the 5d orbital and participates in bonding. In addition to the
charge transfer from the 4f'to the 5d orbital, charge transfer
occurs from the 6s to the 54 and the 6p orbitals, leading to spd
hybridization.

Table 2 also shows that charge is always transferred from
the Ho atom to the Si,, cluster for exohedral HoSi,, (n = 12—15)
clusters, but the charge is transferred in the opposite direction
for endohedral HoSi,, (n=16-20) clusters, which reveals that
Ho acts as an electron acceptor in Si,, clusters in which Ho is
fully encapsulated. In fact, the charge on the REM (or TM)
atom in REMSI,, clusters in which the REM atom is at the
center of the Si, cage is negative, and the smallest number of
silicon atoms for REMSi,, clusters with a negative charge on
the REM atom is seen as the threshold value of # for the REM

@ Springer

atom to be inserted into the silicon cage. The change trans-
ferred (2.68-4.23¢) during the generation of the endohedral
HoSi, (n=16-20) clusters reveals that the bonding between
the Ho and the Si, cage is ionic, because the charge is trans-
ferred from the valence sp orbitals on silicon to the spd hy-
bridized orbitals on Ho. Again, it should be noted that the
small-core results for charge transfer are different from those
predicted using large-core basis sets for the Ho atom: that the
charge is always transferred from the Si atoms to the Ho atom
in HoSi,, (n=12-20).

As far as species containing REM atoms are concerned,
magnetism is one of their most interesting properties. The
magnetic moments of the 6s, 4f, 5d, and 6p states for Ho,
the total magnetic moment of Ho, and the total magnetic mo-
ment of the most stable structure of each HoSi,, (n=12-20)
cluster are listed in Table 3. From the data shown, we can
conclude that, for all of the clusters, the magnetic moments
calculated using the B3LYP method are almost identical to
those yielded by the PBEO method. For each of the exohedral
HoSi, (n = 12—-15) clusters, the total magnetic moment is 3 g,
which comes from the 4f'state (3.01-3.02 ug) of the Ho atom.
For each of the endohedral HoSi, (n=16-20) clusters, the
magnetic moment is 5 pg, which derives mainly from the 4f
state (3.98-3.99 up) of Ho, followed by the 5d state (0.02—
0.37 ug) and the 3s and 3p states (0.62-0.99 ) of the Si
atoms. There is no contribution from the 6s and 6p states of the
Ho atom. In other words, for the endohedral structures of the
HoS;i,, (n=16-20) clusters, there is electron transfer from 4fto
5d. As a result, not only do the 4f electrons participate in
bonding, but the total magnetic moment of each HoSi,
(n=16-20) cluster also increases.

Conclusions

The total energies, equilibrium geometries, relative stabilities,
hardnesses, intramolecular charge transfer, and magnetic mo-
ments of the clusters HoSi,, (n = 12-20) have been reexamined
theoretically using the B3LYP and PBEO functionals in com-
bination with the cc-pVDZ basis set for the Si atoms and
relativistic small-core Stuttgart effective core potentials
(ECP28MWB) for the Ho atom. The results were obtained:

—  When n=12-15, the most stable structures of the HoSi,
clusters are predicted to have exohedral geometries and a
quartet ground state, and can be constructed by replacing
a Si atom in the ground-state structure of Si,,,; with a Ho
atom. However, the most stable structures were found to
be endohedral frameworks with a sextuplet ground state
when n = 16-20.

— Relative cluster stabilities were evaluated based on differ-
ent dissociation energy parameters, which were calculat-
ed with the B3LYP and PBEO functionals. Regardless of
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Table 3 Magnetic moments (in

ug) of the 6s, 4f; 5d, and 6p states Isomer Method Magnetic moments of states of the Ho atom Total magnetic
of the Ho atom, the total magnetic moment of
moment (in pg) of the Ho atom, 6s 4f 5d 6p Total molecule
and the total magnetic moment of
the ground-state structure of each 12A B3LYP 0.00 3.01 0.02 -0.04 2.99 3
HoSi, (n=12-20) cluster, as PBEO 0.00 3.01 0.02 0.01 3.04 3
calewlated with the BILYPand— 134 B3LYP 001 301 0.02 001 3.05 3
PBEO 0.01 3.01 0.02 0.00 3.04 3
14A B3LYP 0.01 3.01 0.02 0.00 3.04 3
PBEO 0.00 3.01 0.02 0.00 3.03 3
15A B3LYP 0.00 3.02 0.01 0.00 3.03 3
PBEO 0.01 3.01 0.02 0.00 3.04 3
16A B3LYP 0.00 3.99 0.36 0.01 436 5
PBEO 0.00 3.99 0.37 0.02 438 5
17A B3LYP 0.00 3.98 0.12 0.00 4.10 5
PBEO 0.00 3.99 0.11 0.01 4.11 5
18A B3LYP 0.00 3.99 0.10 0.01 4.10 5
PBEO 0.00 3.99 0.09 0.00 4.08 5
19A B3LYP 0.00 3.99 0.09 0.00 4.08 5
PBEO 0.00 3.99 0.08 0.00 4.07 5
20A B3LYP 0.00 3.99 0.05 0.00 4.04 5
PBEO 0.00 3.99 0.02 0.00 4.01 5

the particular dissociation parameter considered, and the
functional used to calculate it, the trend in relative stabil-
ity across the clusters was the same. HoSi;3, HoSiyg,
HoSi;g, and HoSi,, were calculated to be more stable
than the other clusters.

— Inlight of the results for cluster hardness, the most stable
HoSi, clusters are achieved when a Ho atom is doped into
Sij; and Si4 clusters. Doping Ho into the other Si, clus-
ters increases their photochemical sensitivity.

— Analyses of the intracluster charge transfer revealed that
there is charge transfer from the Ho atom to the Si,, cluster
when HoSi,, (n=12-15) clusters with exohedral struc-
tures are created. However, charge transfer occurs in the
opposite direction when HoSi,, (n=16-20) clusters with
endohedral structures are created. This shows that Ho acts
as an electron acceptor when the Ho atom is encapsulated
in the Si, cage.

—  Magnetic moment analysis of the clusters showed that the
4felectrons remain almost unchanged during the creation
of the most stable exohedral structures of the HoSi,
(n=12-15) clusters, barely participating in the
intracluster bonding. However, a 4f electron does partic-
ipate in the bonding within the most stable endohedral
frameworks of the HoSi,, (n=16-20) clusters; in these
structures, a 4f electron is transferred to the 54 orbital,
which hybridizes with the 6s and 6p orbitals and then
interacts with the Si valence sp orbitals. Also, the total

magnetic moments of the HoSi,, (n = 16-20) clusters are
considerably higher than those of the HoSi,, (n=12-15)
clusters.

The results imply that, due to its especially high chemical
stability and relative stability, the endohedral HoSi,¢ cluster is
particularly well suited for use as a building block in novel
high-density magnetic storage nanomaterials. On the other
hand, due to its prominent relative stability and photochemical
sensitivity, the HoSiy cluster (in which Ho is completely en-
capsulated) appears to be a highly suitable building block for
novel optical and optoelectronic photosensitive nanomaterials.
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