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The geometric structures, stabilities, electronic and magnetic properties of silicon doped silver
clusters Ag,Si (n = 1-9) have been systematically investigated by using meta-generalized gradient
approximation (meta-GGA) exchange correlation Tao—Perdew—Staroverov—Scuseria (TPSS) func-
tional. Due to the sp> hybridization, the lowest energy structures of doped clusters favour the three-
dimensional structure. The silicon atom prefers to be located at the surface of the host silver clusters.
The isomers that correspond to high coordination numbers of the Si-Ag bonds are found to be more
stable. By analyzing the relative stabilities, the results show that the quadrangular bipyramid Ag4Si
structure is the most stable geometry for the Ag, Si clusters. Meanwhile, the fragmentation energies,
second-order difference of energies, difference of highest occupied and lowest unoccupied molecular
orbital (HOMO-LUMO gaps), and total magnetic moments exhibit pronounced even—odd alterna-
tions. The largest hardness difference (2.24 eV) exists between the clusters Ag4Si and Ags, which

illustrates that the corresponding Ag4Si cluster has dramatically enhanced chemical stability.

Key words: Ag-Si Cluster; Geometric Configuration; Density Functional Theory.

1. Introduction

Metallic clusters have been one of the most active
areas of material science research because that gives
us broadened views into the essence of atomic bond-
ing in solids while greatly challenging our instinctive
understanding [1, 2]. In particular, many chemists and
physicsts have worked with growing interest on silver
and doped silver clusters [3—7]. The major reason is
due to the fact that they exhibit unique size and shape
dependence and have promising applications in many
areas such as chemical sensing [8], catalysis [9, 10],
photochemical [11], absorbing organic materials, and
heliotechnics [12, 13], as well as nanofabrication [14].

Experimentally, the silver dimer was examined by
Beutel’s group with two laser spectroscopic methods
and they reported a bond length of 2.53 A [15]. Scherer
etal. observed the laser absorption spectra of the AgSi
dimer by time-of-flight mass spectroscopy and studied

the electronic states by theoretical calculation using the
second-order multiconfigurational perturbation theory
(CASPT2) [16]. Howard etal. [17] investigated the
Ags cluster and found that its single occupied molec-
ular orbital (SOMO) includes 5s, 4p, and 4d atomic
orbital contributions. Harb etal. [18] presented a joint
experimental and theoretical investigation for the ab-
sorption spectra of silver clusters Ag, (4 <n <22). Be-
sides, numerous theoretical studies were carried out on
various aspects of geometric, electronic, and thermo-
dynamic properties of pure and doped silver clusters.
Many basic properties such as ionization potential,
electron affinity, energy gap, and polarizability of sil-
ver clusters are determined by many groups [19 —26].
Hou etal. [27] studied the geometric and electronic
structure of neutral and anionic doped silver clusters,
AgsX%~ with X = Sc, Ti, V, Cr, Mn, Fe, Co, and Ni.
A density-functional theory (DFT) study of the struc-
ture and stability of coinage-metal aluminum com-
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pounds Ag,Al%=) (n = 1-7) were performed by Liu

and Jiang [28]. The results exhibit that the doping clus-
ters are more stable than the corresponding pure sil-
ver clusters. In light of the previous work [29], the
doped iron atom prefers to stay at the center of the
Ag,Fe (n < 15) clusters. Moreover, numerous theoret-
ical studies were carried out on various aspects of geo-
metrical, electronic, and magnetic properties of doped
silver clusters, such as Ag,Ni,,, Ag,Au,,, Ag,Pd,,, and
Ag,Y clusters [30-33].

However, to the best of our knowledge, no system-
atic studies on the structure and stability of Ag,Si
(n=1-9) clusters have been carried out so far. An im-
portant question arises: how do the structures and prop-
erties of pure silver clusters differ from their equivalent
doped silver clusters when a silicon atom is doped into
the silver clusters? Therefore, in the present work, we
set out to theoretically investigate a series of small size
Ag,Si clusters with n = 1 -9 in order to probe system-
atically the behaviour and the evolution of their geome-
tries, stability, electronic and magnetic properties.

2. Computational Details

The structure optimization, together with the fre-
quency analyses of the Ag,Si and Ag,+1 (n =1-9)
clusters, were performed by GAUSSIAN 03 program
package [34]. In our calculations, the Tao—Perdew—
Staroverov—Scuseria (TPSS) [35] meta-generalized
gradient approximation (meta-GGA) functional was
used instead of the traditional GGA functional. The
effects of the basis set on the cluster have also been
discussed by Maroulis and co-workers [36—38]. Tak-
ing time-consuming into account, the basis sets labeled
GENECP are the combinations of LANL2TZ (f) [39]
and 6 —311+G (d) [40] basis sets, which are employed

for the silver and silicon atoms, respectively. In order
to check the validity of the computational method, we
first carried out a comparison by employing different
density functionals for small clusters AgSi, Agy, and
Sip. The results are listed in Table 1. One can see
that the calculated results based on the TPSS func-
tional are in good agreement with the experiment val-
ues [15, 16, 41, 42]. Specially, the theoretical values
(1.94 eV, 1.74 eV, and 3.17 eV) of the dissociation en-
ergies are well closed to experimental results (1.88 eV,
1.66 €V, and 3.22 eV). The bond lengths by TPSS func-
tional for the AgSi and Si; clusters are underestimated
0.4% and 3.6%, respectively. In searching for the low-
est energy structures, lots of possible initial structures,
which include one-, two-, and three-dimensional con-
figurations, are considered, starting from the previ-
ous optimized Ag, and Ag,X geometries [5, 24 —33],
and all clusters are relaxed fully without any symme-
try constraints. Towards nuclear displacement, all the
structures have real vibrational frequencies and there-
fore correspond to the potential energy minima.

3. Results and Discussions
3.1. Bare Silver Clusters Ag, (n =2-10)

To investigate the effects of the silicon atom on sil-
ver clusters, we first perform some optimizations and
discussions on pure silver clusters Ag, (n =2-10) by
using the TPSS method and LANL2TZ (f) basis set.
In light of the previous works [5, 20, 21], one can find
that the ground state structures (shown in Figure 1)
for Ag, (n = 2-10) clusters are in good agreement
with the previous results except for Agg. For Agg clus-
ters, a more recent theoretical work [20] has shown
that a tri-capped rectangular bipyramid structure is the

Table 1. Calculated and experimental bond lengths r, dissociation energies D, and frequencies @, for the AgSi, Ag,, and Sip

clusters.
AgSi Ag2 Sip

Methods r D. We r De e r D e

[A] [eV] [em™'] [A] [eV] [em™'] [A] [eV] [em™']
B3LYP 2.42 1.72 276.0 2.74 1.54 176.0 2.28 3.06 485.5
B3PW91 2.41 1.71 284.4 2.59 1.48 182.9 2.27 3.13 497.1
PW91PW91 2.38 2.06 293.1 2.58 178 185.7 3.22 3.38 468.8
PBEPBE 2.39 2.04 292.5 2.58 1.77 183.2 2.30 3.37 468.8
BP86 2.38 2.05 292.4 2.58 1.74 186.2 2.30 3.37 465.6
TPSSTPSS 2.39 1.94 290.8 2.57 1.74 189.5 2.17 3.17 539.3
Experiment 2.40° 1.882 297.0 253" 1.66" 192.0° 2.25¢ 3.224 511.04

a[16], b [15], ¢ [41], 9 [42].
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most stable structure. However, Zhao etal. [43] and
Bonaci¢-Koutecky et al. [19] obtained a bi-capped pen-
tagonal bipyramid structure as their ground state. In
our calculations, the tri-capped bipyramid structure
is 0.07 eV higher in total energy than the bi-capped
pentagonal bipyramid structure. Moreover, the value
(5.31 eV) of vertical ionization potential for the latter is
much more close to experimental data (5.15eV) com-
parison with that (5.86 eV) for the former.

3.2. Silicon—Silver Clusters Ag,Si (n=1-9)

In Figure 1, we show the lowest energy isomers and
few low-lying structures of the Ag,Si (n = 1-9) clus-
ters for each size. Meanwhile, the symmetries, elec-
tronic states, and energy gaps for all isomers are listed
in Table 2. The triangular structure (2a) with Cy, sym-
metry is the ground state isomer, which has a 76.1°
angle, and two 2.40 A of Ag—Si bonds. For Ag3Si clus-
ters, a dibridged structure (3a) with C; symmetry is
found to be the most stable structure. When the sil-
ver atom is bi-capped to the 2a isomer, a stable isomer
(3c) is obtained. Although 3c has the highest gap of
0.91 eV, its total energy is higher than that of 3a by
1.011 eV. Our calculations reveal that the quadrangu-
lar structure (4a), with A, electronic state and identi-
cal 2.51 A bonds of Ag-Si, is the lowest energy isomer
of the Ag4Si clusters. After the silver atoms are capped
on the 3b isomer, two derived isomers (4b and 4c) are
generated. It is interesting that the Ag—Si bond length
elongates to 2.45 A in the 4b isomer, whereas it short-
ens to 2.38 A in 4c. The reason may be that the capped
silver atom in 4b pushes surrounding silver atoms but it
attracts them in the 4c isomer. As calculated previously
by Kiran et al. [44] and Cao et al. [45], the tetrahe-
dral isomer with 7; symmetry is the ground state struc-
ture for neutral AuySi clusters. However, this structure
(4c) for AgsSi clusters is less stable than the quad-
rangular pyramidal structure (4a). With regard to the
AgaSi clusters, three derived isomers (5a, Sc, and Se)
are obtained after one silver capping on different sites
of the quadrangular pyramid structure (4a). In them,
we find that the quadrangular bipyramid structure S5a
is more stable than 5c and 5e because 5a is 0.130 eV
and 0.316 eV in total energy lower than 5c and Se, re-
spectively. Amazedly, the same fact appeared for the
4b and 4c isomers occurs with the 5a and Se structures.
The bond length of Ag-Si elongates to 2.56 A from
2.51 A in the 5a isomer but shortens to 2.50 A in Se. As
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for AgeSi clusters, the most stable structure 6a can be
yielded by tri-capping the silver atom on the Sc isomer.
Among four derived structures of the 5a isomer, 6b is
generated when the sixth silver atom is bi-capped on
the side of the 5a isomer, and the 6¢ isomer is formed

Table 2. Relative energies AE, symmetries, electronic states,
and HOMO-LUMO gaps E; of the lowest energy and few
low-lying Ag,Si (n = 1-9) clusters.

Isomers AE symmetry  state Eq
la 0 Do — 0.78
2a 0 Coy A 0.90
2b 2311 Doy, 5%, 1.18
2¢ 2394  C., 5y 1.51
3a 0 Cs 2A! 0.83
3b 0447  Cs, N, 0.19
3c 1.011 G N 0.91
4a 0 Cyy A 2.54
4b 0232 Cs, A 2.31
4c 0.980 Cj, TA, 1.83
4d 1431 () 3A 0.66
4e 1.625 G, 3B, 1.24
5a 0 Cyy 2A 0.65
5b 0.087 G 2A! 0.42
5¢ 0.130 G, 2A! 0.49
5d 0278 G, ZA 0.47
5e 0316  Cyy 2A, 0.37
5f 1442 G 2A! 0.44
6a 0 Cs N 1.75
6b 0.139 G '\ 1.12
6¢c 0.168 G, '\ 0.87
6d 0259  Cy A 1.51
6e 0.295 G A 1.53
6f 0.299  Cy A 1.51
6g 0496 G, YAy 0.54
7a 0 Cs 2A! 0.43
7b 0.003 C ZA 0.42
7c 0.003 C ZA 0.42
7d 0.047 Gy 2B, 0.42
Te 0.100 G, NG 0.40
7f 0.198 G N 0.41
Tg 0256 C ZA 0.35
8a 0 Cs '\ 1.02
8b 0.076 G, 1A/ 1.07
8¢ 0.147 G, A/ 0.94
8d 0.153 G N 0.87
8e 0.180 G, LA 1.00
8f 0210 ¢ A 0.83
8g 0228 G YA, 0.48
8h 0401 G TA/ 1.00
9a 0 Cs ZA" 0.37
9b 0.054 G, ZA! 0.30
9c 0.162 ZA 0.31
9d 0247 Gy 2B, 0.36
9 0289 G ZA! 0.31
of 0376 Gy 2A! 0.35
9g 0.582 Gy 2A; 0.37
%h 0.604 G, ZA! 0.42
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Fig. 1 (colour online). Lowest energy structures of pure silver clusters for each size; the lowest energy and few low-lying
structures of Ag,Si (n = 1-9) clusters. The argent and grey balls represent silver and silicon atoms, respectively.
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after it is edge-capped on 5a; high symmetry isomers
6d and 6f are yielded when the silver atoms are top-
capped and bottom-capped on the Sa structure, respec-
tively. When the silver atoms are capped on the 6¢ iso-
mer, the most stable structure 7a and three low-lying
isomers 7b, 7c, and 7f evolve. From Table 2, one can
see that 7a is a little more stable than the 7b and 7c
isomers; the energy differences are 0.003 eV. Taking
the energy gaps into account, 7a can be viewed as the
most stable structure of Ag7Si clusters. In the case of
ground states, isomer 8a can be described as one silver
atom being right-capped on the 7b structure and also
viewed as one silver atom being left-capped on the 7c
cluster. In optimized structures, isomers 8b and 8c can
be viewed as two substituted structures of the most sta-
ble Agg clusters reported by Fournier [22] and Huda
and Ray [20]. On the basis of the 8a clusters, two iso-
mers (9b and 9e) can be optimized. Furthermore, we
have obtained the substituted structure (9d) of ground
state Agjo clusters. However, the total energies reveal
that all of them are less stable than the new structure
(9a), and the relative energies for them compared with
9a are 0.054 eV, 0.289 eV, and 0.247 eV, respectively.
It is concluded that the lowest energy structures of
Ag,Si clusters for n > 2 favour the three-dimensional
structure due to the sp® hybridization of the silicon
atom. From n > 2, the lowest energy structures of
Ag,Si clusters are not similar structures to those of the
pure silver clusters. It indicates that the doped silicon
atom dramatically affects the geometries of the ground
state of Ag, clusters. The isomers that correspond to
high coordination numbers of Si—-Ag bonds are found
to be more stable. The doped silicon atom prefers to oc-
cupy the surface site of the Ag,Si clusters, which is dif-
ferent from the fact of iron doped silver clusters [29].

3.3. Relative Stabilities

To predict the stability and size-dependent physical
properties of clusters, the averaged atomic binding en-
ergies Ey(n), fragmentation energies AE(n), and the
second-order difference of energies AyE(n) are cal-
culated. For the Ag,Si clusters, Ey(n), AE(n), and
AyE (n) are defined as

Ep(n) = [nE(Ag) +E(Si) — E(Ag,Si)]/(n+1), (1)

AE(”) = E(Agn—ISi) +E<Ag) _E(AgnSi) ) )
MoE () = E(Ag, 1S1) + E(Ag, 1) o

where E(Ag,—151), E(Ag), E(Si), E(Ag,Si), and
E(Ag,+1Si) denote the total energy of the Ag,_;Si,
Ag, Si, Ag,Si, and Ag,Si clusters, respectively.

For Ag, clusters, Ey,(n), AE(n), and A E(n) are de-
fined by the following formula:

Ep(n) = [nE(Ag) —E(Ag,)] /n, 4)
AE(n) = E(Ag, 1) +E(Ag)—E(Ag,), )
AZE(”) = E(Agnfl) +E(Agn+l) —2E (Agn) ) (6)

where E(Ag,—1), E(Ag), E(Ag,), and E(Ag,+1) de-
note the total energy of the Ag,_1, Ag, Ag,, and Ag, ;|
clusters, respectively.

To confirm the stability of the doped clusters, we
also calculated the energy differences Egis(n) of Si,
Ag,, and Ag,Si, clusters, defined as

Egs(n) = E(Si) + E(Ag,) — E(Ag,Si).  (7)

With the use of above formulas, the calculated Ey(n),
AE(n), AyE(n), and Egis(n) values of the lowest en-
ergy Ag,Si and Ag,y; (n = 1-9) clusters are plot-
ted in Figures 2a, b, ¢, and d. Firstly, the averaged
atomic binding energies of the Ag,Si clusters rises dis-
tinctly at n = 1 -4, and show slight odd—even oscil-
lations with increasing cluster size from n > 4. One
visible peak occurs at n = 4, indicating that the Ag4Si
isomer is relatively more stable. Secondly, Figure 2a
illustrates that the Ey,(n) values of Ag,Si clusters are
higher than those of Ag,; clusters, which hints that
the impurity silicon atoms can enhance the stability
of the pure silver clusters. Thirdly, the fragmenta-
tion energies and the second-order difference of en-
ergies of Ag,Si clusters exhibit obvious odd—even al-
ternations, which means that Ag,Si clusters contain-
ing even-number silver atoms have higher relative sta-
bility than their neighbours. Furthermore, the calcu-
lated fragmentation energies and second-order differ-
ence energies for pure and doped clusters show an
opposite trend. The reason may be that Ag,Si clus-
ters containing even-number silver atoms have paired s
valence electrons while corresponding Ag,,+ clusters
have unpaired ones. Lastly, it is found in Figures 2b
and c that the AgySi isomer corresponds to the local
maxima of AE(n) and AyE(n) for doped silver clus-
ters, which are 2.69 €V and 1.40 eV, respectively. It re-
veals that the AgsSi isomer possesses more stability.
Furthermore, from Figure 2d, one can find a pyramid-
like tendency in the region of n = 1 -8 for Ag,Si clus-
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Fig. 2 (colour online). Size dependence of (a) the atomic average binding energies, (b) the fragmentation energies, (c) the
second-order difference of energies for the lowest energy structures of Ag,Si and Ag, | (n = 1-9) clusters, and (d) the

energy differences of the lowest energy structures of Ag,Si clusters.

ters, meanwhile, the conspicuous maximum appears at
n=4.

3.4. HOMO-LUMO Gaps and Charge Transfer

The highest occupied — lowest unoccupied molecu-
lar orbital (HOMO-LUMO) energy gap can provide an
important criterion to reflect the chemical stability of
clusters. For the lowest energy of the Ag,Si (n=1-9)
clusters, the HOMO-LUMO gaps for the most stable
Ag,Si and Ag,+ clusters against the cluster size are
plotted in Figure 3. The trend of the Ag,Si and Ag,
clusters show a contrary odd—even oscillation similar

to AE(n) and AoE(n), which implies that Ag) 4¢3Si
and Ag3 579 clusters have an enhanced stability com-
pared with their neighbour clusters. Interestingly, the
significant peak is also localized at n = 4 and the Ag4Si
isomer has the largest HOMO-LUMO gap of 2.54 V.
That means that the Ag4Si cluster possesses a dramat-
ically enhanced chemical stability. The reason may be
that eight valence electrons of the Ag4Si isomer form
four identical Ag-Si covalent bonds. In addition, the
HOMO and LUMO molecular orbitals of the AgsSi
isomer include a sp® hybridization between the sil-
ver and silicon atoms. The natural population analysis
(NPA) on the Ag,Si (n = 1-9) clusters can provide re-
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Fig. 3 (colour online). Size dependence of the HOMO-
LUMO gaps for the lowest energy structure of Ag,Si and
Ag, 1 (n=1-9) clusters.

liable charge-transfer (CT) information. Therefore, the
results are summarized in Table 3. The silicon atoms
possess negative charges from —0.128 to —0.817e
for n =2-9, suggesting that the charges in the corre-
sponding clusters transfer from the Ag, frames to the
silicon atom owing to a larger electron-negativity of
the silicon than silver atom. However, the charges of
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the silicon atoms for AgSi isomers have 0.003 elec-
trons, which means that the silicon atoms act as elec-
tron donor in the AgSi dimer. In addition, aiming at
probing into the internal charge transfer in details, the
natural electron configurations of impurity atoms and
Ag, frames are taken into account and these are tabu-
lated in Table 4. For silicon atoms, it is shown that the
3s states lose 0.36—0.06 electrons, while the 3p states
get 0.05-1.11 electrons. The contribution of 4p and
5p states is nearly zero. For silver atoms, the 5s or-
bitals lose 1.50-0.92 electrons, while the 5p states get
0.04-0.88 e charges. The values of 9.88—-9.94 elec-
trons occupying the 4d subshell of the atoms reveal
that the d obitals are dominant core obitals of silver
atoms in Ag,Si clusters.

3.5. Vertical Ionization Potential, Vertical Electron
Affinity, and Chemical Hardness

The electronic properties of clusters can be reflected
by the vertical ionization potential (VIP), the vertical
electron affinity (VEA), and the chemical hardness.
All of them are the most important characteristics, re-
flecting the size-dependent relationships of the elec-
tronic structure in cluster physics. Among them, VIP
and VEA can be defined as

Table 3. Natural charges populations of the silicon and silver atoms for the lowest energy Ag,Si (n = 1-9) clusters.

Clusters Si Ag(l) Ag(2) Ag(3) Ag(4) Ag(5) Ag(6) Ag(7) Ag(8) Ag(9)
AgSi 0.0026  —0.0026

AgySi —0.1276 0.0638 0.0638

Ag3Si —0.5494 0.2372 0.2372 0.0749

AgySi —0.7431 0.1858 0.1858 0.1858 0.1858

AgsSi —0.5726 0.1501 0.1506 0.1506 0.1501  —0.0287

AgeSi —0.8173 0.0727 0.1975 0.2503 0.1975 0.0727 0.0265

Ag7Si —0.6484 0.0978 0.1067 0.0478 0.0478 0.1067  —0.0432 0.2849

AggSi —0.5366 0.1920 0.2817  —0.0394 0.1920 0.2817 0.0216  —0.3535 0.2849

AgoSi —0.4683 02405 —0.1826 —0.3178  —0.1826 0.3029  —0.1810 0.2405  —0.3535 0.2504

Table 4. Natural electron configurations (NEC) of silicon and silver atoms for the lowest energy Ag,Si (n = 1-9) clusters.

Clusters NEC (Si) NEC (Ag)

AgSi [core]3s! 430534001 [core]5s!0844°885,004

AgySi [core]3s!873 p2- 2434001 [core]5s"-2644°-895 0.8

Ag3Si [core]3s"803p2'733d0‘014 0.01 [Core]S‘Yo‘7670'824d9'915[)0'0970‘20

Ag4Sl [Core]3sl.753p2.963d0,01SSO,OISPO,OI [Core]sxo,734d9,925p016

Ag5Si [Core]3sl'7l3[)2'834S0'013d0‘014p0‘01 [Core]SSO'6770‘934d9'9279‘945[)0‘1770‘27

Ag(,Si [Core]3sl'673p3'll3d0'014p0'01530'015[70'01 [core]5s°'65*1‘024(19'91*9‘945 0.02—0.37

Ag7Si [core]3sl'643p2'98450'01 3d0'014p0'01 [core]SSO.SO—OBl4d9.90—9,9351)0,07—0.456[70—0.01
AggSi [core]3sl'673p2'853d0'01Spo'm [Core]SSO.So—OB}4d9.90—9,935p0,04—0.886p0—0.01

AggSl [Core]3sl.663p2.783d0.014p0.01

[Core]SSO.58—0.764d9.89—9.945170.07—0.746170—0.01
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VIP = Ecation at optimized neutral geometry (8)

- Eoptimized neutral »

VEA = Eoptimized neutral 9)

- Eanion at optimized neutral geometry -

In Table 5, we have calculated VIP and VEA of the
Ag,Si and Ag, | clusters. From the table, one can see
that the values of VIP and VEA for Ag,.; clusters
show an obvious contrary oscillating behaviour. It is
noted that our calculated values of VIP agree well with
experimental date as expected [46, 47]. When silicon
atoms are doped into silver clusters, the strict odd—
even oscillation behaviour of VIP for doped clusters
is not found. In other words, primary electronic prop-
erties of silver clusters are destroyed duo to the ef-
fect of dopants. Especially, the Ag4Si isomer shows the
largest VIP of 7.30eV.

In density functional theory, the chemical hardness
1 is expressed as

n = VIP — VEA. (10)

Here, the hardness for Ag,Si and Ag,+; (n =1-9)
clusters have also been listed in Table 5, and the re-

Table 5. Vertical ionization potential, vertical electron affin-
ity, and chemical hardness of the lowest energy Ag,Si and
Ag, 1 (n=1-9) clusters.

Cluster Ag,Si Ag,i1
size n  VEA VIP n  VEA VIP VIP4#7

n=1 666 062 728 692 081 773 7.60
n=2 548 162 720 559 017 576 566
n=3 510 154 664 500 143 643 6.65
n=4 649 081 730 425 184 609 635
n=5 558 107 665 608 116 724 715
n=6 523 108 631 413 173 58 569
n=7 385 154 549 533 130 6.63 710
n=8 452 164 616 367 164 531 515
n=9 378 188 566 439 140 579 625
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Fig. 4 (colour online). Size dependence of the chemical hard-

ness for the lowest energy structures Ag,Si and Ag, | (n =
1-9) clusters calculated.

lationships of 1 vs. n are plotted in Figure 4. From
n = 3, one can find that the hardness for Ag, | clus-
ters still show odd—even oscillations. However, similar
oscillatory tendency in the variation is not found for
doped clusters. For the doped isomers, the values of 1
for Ag,Si, AgeSi, and AggSi clusters are higher than
those of Ags, Ag7, and Agg clusters. The results indi-
cate that the silicon atoms can enhance the chemical
stability of the corresponding silver clusters. In par-
ticular, the largest hardness difference (2.24 eV) exists
between the clusters Ag4Si and Ags, which illustrates
that the corresponding AgsSi cluster has dramatically
enhanced chemical stability.

3.6. Magnetic Moments

Based on the lowest energy structure, we further
study the size evolution of the magnetic moment of

Table 6. Local magnetic moment of 3s, 3p, and 4s spin states of the silicon atom, 5s, 4d, and 5p spin states of the silver atoms
in the lowest energy Ag,, Si (n = 1-9) clusters, and the total magnetic moment of the lowest energy Ag, Si (n = 1-9) clusters.

Isomers AgSi AgSi AgsSi Ag4Si AgsSi AgeSi Ag7Si AgsSi AgoSi

3s 0.01 0 0.02 0.01 0 0.03 0 0

Si 3p 0.99 0 0.75 0.44 0 0.24 0 0.34
4s 0 0 0 0 0 0 0 0

Sum 1.00 0.00 0.77 0.00 0.45 0.00 0.27 0.00 0.34

Ss —0.04 0 0.12 0.40 0 0.47 0 0.36

Ag, 4d 0.02 0 0.04 0.04 0 0.06 0 0.03

Sp 0.02 0 0.04 0.09 0 0.24 0 0.23

Sum 0.00 0.00 0.20 0.00 0.53 0.00 0.77 0.00 0.72

Ag,Si 1.00 0.00 0.97 0.00 0.98 0.00 1.04 0.00 1.06
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the Ag,Si clusters. The total magnetic moments as
well as the local magnetic moments from the silicon
atom and the Ag, frames in Ag,Si clusters are listed
in Table 6. From the table, the primary features are
concluded. Firstly, for the total magnetic moments of
the Ag,Si (n =1-9) clusters exist distinctly odd—even
alternation behaviours. For Agj3570Si clusters, the
total magnetic moment is close to 1up whereas for
Ags 4.68Si clusters, the values are zero. Secondly, the
local magnetic moments from the silicon atoms and the
Ag, frames in corresponding Ag,Si clusters shown the
same odd—even behaviour. In Agj 463Si clusters, for
the contribution of the local magnetic moments from
the silicon atoms exists a decreasing tendency, contrar-
ily, that from Ag, frames increases. Thirdly, the local
magnetic moment comes mainly from the contribution
of the 3 p state for the silicon atoms and 5s and 5p states
for silver atoms.

4. Conclusions

The results are summarized as follows:

(i) Due to the sp> hybridization of silicon atoms, the
lowest energy structures of doped clusters favour
the three-dimensional structure. The optimized
geometries sh ow that the silicon atom prefers to
occupy the surface site of the Ag,Si clusters.

(i) By analyzing the relative stabilities of the Ag,Si
(n = 1-9) clusters, we found that the Ag4Si iso-
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