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ABSTRACT

The geometric structure, stability, dissociation channel and magnetism of AgnCo clusters (n =
1-12) have been studied using density functional theory. The results show that the Co atom tends
to choose the highest coordination position. The ground state of AgnCo clusters prefers the
planar motif at small sizes (n less than 4) but favors 3D structures at larger sizes (n = 5-12). The
stability of clusters is not only governed by the symmetric geometry but also strongly depends on
the electronic structure and the filling rule of the electron shells. The AgeCo cluster with 18
valence electrons fully filled the electronic shell (1S%1P®3dc,'®), which is considered as a
potential superatom. The total magnetic moment of Ag,Co clusters is governed by the electron
localization on the Co atom. The relative stability of the clusters is determined by the average
binding energy, the second-order difference energies, and the dissociation energies.
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1. INTRODUCTION

Recently, clusters of noble metal atoms doped with transition metal atoms have been considered
as one of the hot topics in the field of materials science due to their huge potential in tailoring the
chemical and physical properties of novel building blocks for advanced nanomaterials [1-6].
Among them, silver-based clusters have received a considerable attention with numerous studies
by density functional theory (DFT) [7-10] and various experimental techniques thanks to their
precious optical and catalytic properties [11-14]. Doping transition metal atoms in silver clusters
have resulted in the desired properties for potential applications in optics, sensing, biochemistry,
medicine, and nanotechnology [15-19]. For example, the widening and quenching of the peaks in
the visible UV absorption spectrum of silver clusters have been observed in the Ag, clusters doped
with Si atom [15]. The optical properties of the AgnAum cluster can be changed by the ratio of the
number of silver atoms to that of gold atoms, showing AusAgs as a promising molecule for
photovoltaic devices [16]. Ag-Cu alloy is considered as a potential candidate to replace the noble
Pt-based catalyst in alkaline fuel cells [19]. The valence electrons in the outermost shell of the
Ag12Cu cluster are found more active than those of the Agas cluster [20]. While Aga, is estimated to
be less stable, the stability of the Agi. cluster is enhanced when doped with a 3d transition metal
atom [21]. Recently, silver clusters doped with vanadium have been investigated thanks to their
unique physical and chemical properties [22-25]. Zhang et al. illustrated that the relative binding
energy of neutral Ag:i,V cluster is larger than that of the tetrahedron Agis [22]. The stability of
transition metal doped silver clusters (Ag-TM* with TM = Sc, Ti, V, Cr, Mn, Fe, Co, Ni) has been
found to depend on the composition and size of the silver clusters.

To our best knowledge, the geometric structure and magnetic properties of AgnCo clusters
have been investigated at small sizes (n = 1-9) [26]. Unfortunately, the stability, dissociation
energy, and electronic structure of these clusters have not been systematically reported yet. In
this regard, we systematically study on cobalt-doped silver clusters Ag.Co (n = 1-12) using DFT
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calculations. The stability, dissociation energy, molecular energy level diagram, and the
local/total magnetic moment will be calculated in detail in the next section.

2. COMPUTATIONAL METHOD

In this work, the structures and properties of Ag.Co clusters were studied using density
functional theory (DFT). All calculations were computed using the Gaussian software version 09
[27, 28] and the supported software, Gaussview 16. We use the BP86 functional in conjunction
with cc-pVTZ-pp basis set for the Ag atom and cc-pVTZ basis set for the Co atom. Our results
summarized in table 1 are in a good agreement with experimental values. The ground state
structures of AgnCo clusters are determined as follows: Firstly, all the possible geometries of Agn
clusters were built by Gaussview software. These structures are used as input data for the
geometry optimization, which is combined with non-negative frequency vibration calculations. A
Co atom was then substituted for an Ag atom in all possible positions in the most stable
structures of Agn clusters to form the input geometrical structures of the AgnCo clusters. The
search for energy minima structure followed by frequency was conducted using this approach.
The total magnetic moments and the local magnetic moments were defined as the difference
between the numbers of spin-up and spin-down electrons occupying the molecular/atomic
orbitals of the clusters/atoms.

Table 1. The bond lengths (R in A) and dissociation energies (De in eV)
of the ground state Ag.and Cr. dimers.

. . _ R (A) De (eV)
Dimers | Functional/Basis set
Calc. | Expt. | Calc. | Expt.

BP86/cc-pvTZ-pp 2.56 1.62

Agz BP86/LanL2DZ 2.48 | 2531 | 160 | 1.63+0.031
B3LYP/LanL2DZ 2.45 1.58
BP86/cc-pvTZ 2.29 1.69

Coy BP86/LanL.2DZ 2.23 | 23189 | 156 | 1.73+0.26 %
B3LYP/LanL2DZ 2.18 1.61
P TIR00 2| |

AgCo  "Bpgs/LanL2DZ 244 | 24381 M1 gg| 1861
B3LYP/LanL2DZ 2.49 1.62

3. RESULTS AND DISCUSSION

3.1. Optimized structures

According to the aforementioned computational procedure, a large number of possible
structures and spin configurations have been considered to determine the global minima of each
AgnCo clusters. The most stable structural optimizations and spin configurations of the Ag.Co
clusters with n = 1-12 are illustrated in figure 1, Agn-+1 clusters are included for comparison.

It can be seen that the ground-state AgnCo clusters prefers planar structures at small sizes (n <
4). In these species, the substitution of an Ag by a Co atom tends to resemble the lowest-lying
structure of Agn+1. There was a structural transition from 2D to 3D occurring at n = 5. At larger
sizes, the most stable structure of Agn.Co clusters shows that the Co atoms favor occupying the
highest coordination positions, maximizing the number of Ag-Co bonds. It is worth mentioning
that the lowest-lying AgnCo clusters have a clear evolutionary rule. While the most stable structure
of the AgnCo clusters favors the trapezoid shape for n = 1-4, the endohedral shapes are preferred at
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n = 5-12. Remarkably, the ground state structure of AgeCo has the form of a distorted square prism
Cav, Which is bounded by an Ag atom on top and the Co atom surrounded by Ag atoms.
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Figure 1. The ground-state structures of pure Agn+1 and doped AgnCo (n = 1-12) clusters. The
spin multiplicity and energy difference compared to each ground-state structure are given.

3.2. Relative stability

In order to investigate the influence of substituting an Ag atom by a Co atom on the cluster
stability, we calculated their average binding energy (Ev in eV), the second-order difference
energies (AzE in eV). The Ep and the A2E of a given cluster are a measure of its energy stability.
The average binding energy of Agn+1 clusters, AgnCo clusters, and the second-order difference
energies of AgnCo clusters are calculated by using the following formulas:

[(n+ DEsy — Eng,,.|
Ep(Agn+1) = E %j’r T Eg L 1)
n + -
E,(Ag,Co) = —22 Tl(il(j - 29n0 )
AZE(COAgn) = E(C0A9n+1) + E(COAgn—l) - ZE(COAgn) (3)

where Eco, Eag, Eag, cor Eag,,, are the total electron energies of Co, Ag, AgnCo, and Agn:1,
respectively.

The calculated Ey for the ground state structures of Agn+1 and AgnCo clusters are illustrated in
figure 2(a). The E; values of the AgnCo for all sizes are generally larger than those of pure Agn+1
clusters (except for n = 2). The striking stability enhancement of Co doped species can be
attributed to the difference binding energies between Ag-Co and Ag-Ag. As shown in figure 2(a),
the Ag-Co average binding energy (Eb» = 0.89 eV) is evidently stronger than that of Ag-Ag (E» =
0.81 eV). Thereby, substituting one Ag atom by one Co atom causes a significant change in the
distribution of bonding energy and consequently a structural change of Ag, clusters, especially at
large sizes (n = 5-12). The structural motif with the Co-doped atom in the central position was
determined to be the most stable for the Ag.Co clusters since it can maximize the number of
stronger AgCo bonds and enhance the cluster stability. Remarkably, with the high average
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binding energy of 1.73 eV, the AgeCo cluster is considered to be the stable cluster. In order to
confirm the stability of the doped clusters, we calculated the second-order difference energies as
shown in Fig. 2(b). Compare to the other neighboring sizes, the second-order difference energies
of the AgsCo is the largest at 1.34 eV. This result is completely consistent with the stability of the

AgsCo cluster according to the average binding energy value (figure 2(a)).
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Figure 2. (a) Average binding energies (Es in eV) of Agn+1 and AgnCo and (b) second-order
differential energies (A, E in eV) of AgnCo.
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Figure 3. Dissociation energies of Ag,Co to evaporate one Ag or Co atom.

In order to evaluate the thermodynamic stability of the clusters, we conducted a calculation of
the dissociation energies (DEs) of AgnCo clusters in two possible channels: evaporating either a
Co or an Ag atom. The dissociation energies are determined by using the following formulas:

DE (Co) = E(Agn) + E(Co) — E(AgnCo) 4)
DE (Ag) = E(Agn1Co) + E(Ag) — E(AgnCo) (5)
where E represents the energy of the corresponding clusters or atoms. The dissociation energies
are defined as the difference between the total electronic energies of the species formed in each
dissociation channel and the electronic energies of the parent clusters. The results are shown in
figure 3. Our calculations indicated that the evaporation of an Ag atom is an easier channel than
that of a Co atom. It requires only 1.26 eV to evaporate one Ag atom from Ag:0Co to form
AgsCo cluster, suggesting that the Agi0Co cluster is the most fragile and confirm the tendency to
form the stable AgeCo. Interestingly, the DE value of the AgsCo cluster is significantly high for
both dissociation channels. The minimum energy to fragment AgeCo into an Ag atom and AgsCo
cluster is 2.59 eV. This result is in an excellent agreement with the average binding energy and
quadratic energy values which are discussed in the previous section.

3.3. Magnetic properties
Theoretical studies have shown that the magnetism of a cluster is governed by the structure,
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size, and composition of the clusters. The total and local magnetic moments of ground-state Agn+1
and AgnCo (n = 1-12) clusters are calculated and shown in table 2. The magnetic behavior of pure
silver clusters are known with odd-even staggering feature. Compared to the pure silver Agn+1
clusters, the magnetism of the dopant clusters AgnCo alters significantly. The total magnetic
moment of the clusters with odd n is 2 pg except for the AgeCo, whose magnetic moment is
completely quenched. For the ground-state AgnCo clusters with even n, the total magnetic
moments are 3 g for n = 2, 4, 8 and 10 while it is 1 pg for n = 6 and 12. It should be noted that
the magnetic moment of doped cluster is primarily derived from the localized electrons on the 3d
orbital of the Co atom. The partially filled 3d orbitals plays an important role in forming the
magnetism of the Co atom. The 4s and 4p orbitals of the Co atom contribute a small amount to the
magnetic moment of the AgnCo clusters, depending on the atomic cluster size.

Table 2. Total magnetic moment, local magnetic moment on Ag atoms, Co atom
and AO-3d, AO-4s, AO-4p of Co atom in clusters AgsCo (n = 1-12).

0 Total magnetic | Local magnetic Local magnetic Local magnetic moment

moment moment Ag atom | moment Co atom Co-3d Co-4s | Co-4p
1 2 -0.10 2.10 2.01 0.09 0.00
2 3 0.53 2.47 2.29 0.11 0.06
3 2 -0.21 2.21 2.10 0.12 -0.02
4 3 0.57 2.43 2.14 0.18 0.11
5 2 0.04 1.96 1.89 0.04 0.04
6 1 -0.58 1.58 1.52 0.04 0.00
7 2 0.14 1.86 1.74 0.06 0.06
8 3 1.08 1.92 1.82 0.06 0.04
9 0 0.00 0.00 0.00 0.00 0.00
10 3 1.46 1.54 1.54 0.00 -0.02
11 2 1.06 0.94 0.95 0.00 -0.03
12 1 0.09 0.91 0.91 0.00 -0.01

Energy, eV
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Figure 4. Molecular orbital diagrams (MO) (right) and total/partial density
of states (DOS) (left) of AgeCo clusters.

The AgeCo cluster with the Co atom encapsulated by nine Ag atoms is an interesting case,
where the total magnetic moment is completely quenched. Unlike the Ag:2Cr and Cui,Cr [32]
with 18 electron that correspond to the full electronic shell of 1S21P%1D, the AgeCo has an
closed-electronic shell of 1S?1P®3d'® as shown in Fig. 4. This electronic configuration
corresponds to a filled molecular shell (1S1P®) of 8 valence electrons and a filled atomic shell
(3d*°) of 10 localized electrons. At this size, the valence electrons in the outermost shell (3d74s?)
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of the Co atom seem to be strongly localized on its 3d orbitals and do not participate in the
molecular shell. There is even one electron transferred from Ag atoms to 3d states of Co atom to
achieve the 3d¥ configuration. The shell closure of AgeCo with a saturated configuration of
3dco? creates a stable electronic structure and enhance the cluster stability. As shown in figure 5,
the MO and DOS diagram show the partial hybridization between 3d-Co and 5s-Ag electrons in
AgoCo cluster. The MO diagram also confirm the formation of the filled atomic shells of 3d-Co
electrons and that of the filled molecular shell, creating a stable electronic structure with a unique
18 electron configuration 1S21P%3dc,1°.

4. CONCLUSIONS

The geometries, electronic structures, dissociation behavior, and magnetic properties of
AgnCo (n = 1-12) clusters were investigated using DFT calculations. The lowest energy isomers
for AgnCo (n < 4) clusters favor planar structures, whereas larger ones prefer three-dimensional
motif. The calculations show that the total magnetic moment of AgnCo clusters is mainly
localized on the Co atom. Analysis of the stability of Ag.Co clusters shows that AgeCo is a
cluster with highest stability compared to other sizes. The molecular orbital analysis in
combination with the density of states and the shell model shows that of AgsCo has shell-closure
configuration of 1S21P%3dc,*° and be potential as a superatom.
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TOM TAT

Céu triic, d on dinh va qua trinh phan ly cisa cum nguyén tir Ag.Co (n=1-12):
Mot nghién ciru ly thuyét

Cdu triic hinh hoc, dé on dinh, ning lwong phan ly va tir tinh cua cdac cum nguyén tir
AgnCo (n = 1-12) dé dwoc nghién ciru bang cdch sir dung ly thuyet ham mat d¢. Két qua
cho thay nguyén tir Co c6 xu huwéng lya chon vi tri c6 sé phoi tri cao nhit. Cac cum
nguyén tir AgnCo cé dang hinh hoc phang ¢ kich thuéc nhé (n = 4) va tao thanh cau triic
3D o kich thudc lon hon (n = 5— 12) Tinh bén viing cia cac cum nguyén tir khong chi bi
chi phéi boi cdu triic hinh hoc ma con phy thugc manh vao cdu tric dién tir. Pdc biét, cum
AQoCo vdi 18 dién tir héa tri lap ddy Iop vo dién tir (18%1P®3dco™), duoc tién doan la mot
siéu nguyén tir tiem ndng. Diéu thi vi la tong mémen tir ciia cac cum AgnCo phu thude vao
cdc dién tir dinh xir trén nguyén tir Co. Tinh bén viing twong doi ciia cdc cum dwoc xdc
dinh boi nang lwong lién két trung binh, sy chénh léch nang luwong lién két béc hai va
nang luwong phan ly.

Tir khéa: Phiém ham mét d6; Cum nguyén tir bac; Cum nguyén tir cobalt; Qua trinh phan ly.
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