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Abstract. Au%ar and Aupo pyramids, whose stability and inertness are comparable to carbon
fullerene C60, are considered as important landmarks in the long-history investigation of gold
nanoclusters. Numerous experimental and theoretical studies on doping Au%g and Auy with tran-
sition metal atoms have been carried out for specific properties that can be used as advanced
material in nanotechnology applications. In this work, we discussed the similarities and differ-
ences between the structural, stability, and electronic properties of AugM** and AuyoM (M =
Sc-Ni) clusters using density functional theory. It is found that except for the preferred dopant
site, the structural evolution of AugM?™ cluster resembles that of AuioM in general. Although the
V dopant seems to be the important ingredient for the structural transformation in both species,
it is remarkable that the transformation appears stronger in AuioV compared with AugV>*. The
calculated average binding energies are utilized to identify their relative stable patterns. Depend-
ing on the 3d transition metal atom dopant, the spin magnetic moments of AugM** and AuoM
clusters vary from 0 to 5 UB, reaching the highest value with the Cr doped species. We show that
both AugCr*™ and Au19Cr have similarities in the electronic structures and are potential magnetic
superatoms.
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1. Introduction

In the past decades, along with the rapid development of nanoscience and nanotechnology,
there has been a lot of research focusing on nanoclusters of gold atoms [1-4]. Due to the large frac-
tion of surface atoms and because of quantum size effects, the fascinating picture of gold clusters
can be changed suddenly by just adding or removing one atom. For example, small Aun clusters
up to n = 8-13 depending on charge states favor planar geometries [5—7] while larger species grow
up via hollow cage structures at n = 14 — 18 [8, 9], tube-like structure at n = 24 — 26 [10, 11],
fullerene type at n = 32 [12], and the most interesting tetrahedral Auyy - an outstanding land-
mark in cluster science [8]. Exceptionally enhanced stabilities have been observed for the gold
clusters whose number of atoms corresponds to the following “magic” values: 2, 8, 18, 20, 34,
58, and 92 owing to their closed electronic supershells [13]. While being inert as bulk material,
gold clusters Au, (n < 20) exhibit a remarkable odd-even staggering catalytic behavior with Au8
found to be the smallest catalytically active size [14, 15]. In addition, when these tiny clusters
are used in reality, it is expected that their unique properties are strongly interfered with appear-
ing additional complexities, for instance, the interactions of carrying substrates or surrounding
ambiences. Hence, understanding the geometric and electronic properties of isolated gold clus-
ters, in absence of substrate or ambient interactions, is also a crucial step towards their practical
applications. In this regard, the evolutionary laws of geometrical structure, electronic configura-
tion, and stability of gold clusters at different sizes and charge states have been intensively studied
through theoretical/computational and experimental methods. Previous search showed that the
structural transformation from 2D to 3D occurs at a size n = 8 for pure gold clusters in neutral
and cationic states [16]. In contrast, this process occurs at a larger size n = 12 in the case of
anionic species [17, 18]. The neutral gold cluster of 10 atoms is stable in the planar form while
the dicationic Au%ar is significantly stabilized in form of a tetrahedral structure [19,20]. Another
remarkably stable stoichiometry is Auyg that also prefers a perfect tetrahedral structure [21]. The
highest-occupied molecular orbital and the lowest unoccupied molecular orbital (HOMO-LUMO)
gap of Au%g and its sister Auyg are 3.88 and 1.77 eV, respectively, which surpass the value 1.65 eV
of the famous Cgq fullerene [22]. Exceptional stability reported for Au%ar and Aupg clusters can be
attributed to their magic numbers of 8 and 20 valence electrons, forming a fulfilled electronic shell
1S%1P® and 1S21P2S%1D'?, respectively. This coincidence of both high-symmetry tetrahedron
and closed electronic shell makes Auyg and Au%ar magically stable as inert gas atoms.

It is worth to mention that the study of potential superatoms is not limited to the monoatomic
species. A considerable amount of experimental and theoretical investigations has been carried out
on gold clusters doped with transition metal (M) atoms in order to obtain novel species with the
desired structural, magnetic, and chemical properties [23-26]. For instance, Li and coworkers
used the laser evaporation technique to produce M@ Aug clusters (M=Ti, V, Cr) in the gas phase
and measure their photoelectron spectra using the high-energy laser excimer [27]. The experi-
mental results combined with the density functional theory (DFT) calculations confirm that the
magnetic moment of the atomic cluster M@ Aug is tunable by properly selecting the 3d impurity
atom. Ehlert’s research group discovered that the doping site of the Fe impurity on the AujgFe and
AujgFe clusters strongly influence the electronic structure and the magnetic moment [28]. Later,
Du and coworkers studied the structural evolution of transition metal-doped gold atom cluster
M@Au;; (M = 3d-5d) by DFT method [29]. While the Mo/W @ Au;, clusters have icosahedral
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cage-like structures, the geometries of the V/Nb/Ta/Tc/Re@ Auj; clusters tend to form distorted
icosahedrons. This structural distortion is explained by the Jahn-Teller effect on the potential field
in which electrons move. Recently, the AujoM and AugM?* clusters (M=Sc-Ni) have been inves-
tigated by Tung and his co-workers [22, 30, 31]. The finding results indicate that the structural
growths and electronic properties of AujoM and AugM>* clusters are strongly dopant-dependent.
However, a general picture comparing the stability patterns and the evolution of structural and
electronic properties between AujoM and AugM?* clusters has not been done yet. In order to
bridge this gap, we present a comparative study on the geometrical, stability, and electronic prop-
erties of AujoM and AugM?* clusters. Understanding both their similarity and difference will be
critical in predicting and designing the superatoms with desirable uses before they are synthesized
and used in applications.

2. Computational method

The search for the global minimum geometrics and electronic structures of AugM?* and
AujgM (M = Sc, Ti, V, Cr, Mn, Fe, Co, and Ni) clusters has been independently re-produced using
the density functional theory (DFT) calculations implemented in the Gaussian 09 package [32,33].
For all calculations, predicting geometric structures was pre-optimized using the BP86 functional
in conjunction with cc-pVDZ-pp and cc-pVDZ for Au and M atoms, respectively. Details about
the calculation setup can be found in Refs. [30,31]. To ensure the robustness of our search method,
the isomers with relative energies of less than 2.0 eV (instead of 1.5 eV in previous studies) were
selected for accurate single point calculations energies at the same functionality, but combining
with a larger basis set, cc-pVTZ-pp for Au atoms and cc-pVTZ for M atoms. This value requires a
huge amount of calculations and much more time consuming. The optimization calculations were
followed by frequency calculations in order to find the cluster’s minimal structures. The electronic
configurations of ground-state clusters AupM>* and Au;gM were explored by using density of
state (DOS) and molecular orbitals (MOs). The total/local magnetic moments (TMMs/LMMs)
were defined as the difference between the numbers of spin-up and spin-down electrons occupying
the molecular/atomic orbitals of the cluster/atom.

3. Results and discussions

3.1. The growth of geometrical structures and spin multiplicities

To investigate the effect of 3d transition metal atoms dopant on pure gold metal clusters
Au%g and Aupg, we use an optimization process to determine the clusters’ lowest lying structure
and electronic configuration. Our first idea came from the pyramid structure of the Au%ar cluster,
which resembles that of Auyy [20,34]. The 3d transition metal atoms (M = Sc-Ni) have been
substituted by an Au atom in the tetrahedral structures of Au%r and Auyg clusters at different
possible positions as the input structures for optimization calculations. The structural evolution of
the ground-state AugM?* and Au;oM (M = Sc, Ti, V, Cr, Mn, Fe, Co, and Ni) clusters is illustrated
in Fig. 1. Since our calculations reproduced well the results reported elsewhere, other low-lying
isomers of AugM?" and Au;9M clusters and their relative energies can be found in Refs. [22,30].

In general, the obtained most stable structures are identical with those reported in Refs. [30,
31]. It is found that the structural geometries and spin multiples of Auﬁ and Aujyg clusters change
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Fig. 1. Structural evolution of the ground-state AugM2+ and AujoM M = Sc, T1, V, Cr,
Mn, Fe, Co, and Ni) clusters.

significantly with a M being a first-row 3d transition metal atom. As shown in Fig. 1, the ground-
state growth mechanisms on the structures of both AugM?t and AujoM clusters are very similar.
Their growth mechanism can be separated into two main areas: i) for M = Sc and Ti, the lowest-
lying structures of AugSc?t/ AujoSc and AugTi?t/Au;oTi clusters consistently prefer a cage-like
structure with singlet and doublet spin states, respectively. The Sc/Ti dopant atoms occupied the
high-coordination position, maximizing the number of (higher in energy [31]) heterobonds with
gold atoms; and ii) for heavier dopant atoms (M = Cr-Ni), the ground state structures of AugM>*
and Auj9M clusters favor the slightly distorted tetrahedral of the Au%g and Auyg clusters. In
addition, there is a gradual decrease in spin multiplicities from a sextet to a doublet for both
species when the dopant atom changes from Cr to Ni. Nevertheless, while the M dopant atoms
in AugM?* clusters are located on the edge site of the pyramid structure, it is isomorphously
substituted for a gold atom at the surface center in the Au;oM clusters. This behavior can be
understood by the preference of having a maximum number of M-Au bonds for each cluster.
Substituting a V for an Au atom on the Au%ar /Auyg cluster’s tetrahedral structures can be assigned
as a transition point transformation from a cage-like structure to a pyramid structure. Although the
V dopant seems to be the important ingredient for the structural transformation in both species,
it is remarkable that the transformation appears stronger in AujoV compared with AugV>*+. In
particular, the ground-state of the AugV>* cluster obviously prefers the form of a pyramid, while
the lowest-lying structures of Auj9V are the competition between the cage-like structure and the
pyramid structure. It is reasonable because with a higher number of gold atoms, the cage-like
endohedral Au;9V will have more Au-V bonds compared with the highly-symmetric tetrahedral
one and consequently slightly more stable.

It is worth considering that, with heavily doped atoms (Cr-Ni), the Au;9M cluster can be
considered as a combination of its planar Au;¢ at the bottom and the tetrahedral sister AugM?2".
Note that a similar tendency has been observed for the structural evolution of the pyramidal Ausg
clusters [35]. The lowest-lying structure of Ausg is a combination of the well-known 3D pyramidal
Auy structure [21,34] and two 2D triangular Aul0 [36,37] fragments attached to the 3D pyramidal
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Fig. 2. The smallest pyramid AugM>* can be used to construct the larger pyramidal-like
gold species like AujgM (M = Cr, Mn, Fe, Co, and Ni) clusters.

Auyg. In other words, the Auyp pyramid is an important intermediary in the growth mechanism
of large-size Au clusters. Ren and his co-workers also illustrated that even bigger clusters could
be created by combining the golden Auzo clusters together [38]. With this image in mind, it is
suggested that the smallest pyramid of Au cluster and its doped species can be used to construct
the larger pyramidal-like gold clusters and thelr doped counterparts beyond Auyg and Ausg (Fig. 2).

3.2. Stabilities

In order to compare the thermodynamic stability of the AugM>* and AujoM clusters, their
average binding energies per atom (BE in eV) are re-calculated and compared with those reported
in Refs. [30,31]. The BE of a given cluster is a measure of its thermodynamic stability, which is
defined as the difference between the energy sum of all the free atoms constituting the cluster and
the total energy of the cluster using the following Equations 1 and 2:

Ep(Au, \M*") ==[(n—3)E(Au) 4+ 2E(Au™) + E(TM) — E(Au, 1 M*")] (1)

S|~

Eb(A”n—lM) = [(l’l— l)E(A”)+E(TM) _E(A”n—lM)] ()
where E(Au), E(Au™), E(TM), E (Au,_1M?>"), E(Au,), and E(Au,_;M) are the total energies of
the most stable atoms and clusters, respectively. The calculated BE for AugM2t, AuoM clusters
and AuM dimer are normalized with Au%r , Aupg, and Auy, respectively, as displayed in Fig. 3.
The BE values of the AugM>*/Au oM clusters are generally higher than those of pure Au%ar /Auyg
clusters, especially in the cases of Sc and Ti doped species, suggesting higher relative stabilities
of doped clusters. A similar pattern was seen in Ge ;M cluster (M = Sc-Ni), where the computed
atomic average binding energy of the most stable of Ge|gM is typically higher than that of the
Ge 17 cluster [39]. The striking stability enhancement of Sc and Ti doped species can be attributed
to the difference in binding energies between Au-M and Au; dimers. As shown in Fig. 3, the
BEs of Au-Sc and Au-Ti are noticeably stronger than that of Au-Au, while this difference with
heavier dopants is less significant. This picture is consistent with the results for AusM (M = Sc
— Ni) clusters [40], in which the BEs of AusSc and AusTi are also significantly higher than those
of Aug. Our calculation results prove that doping of the first-row transition metal M in general
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Fig. 3. Binding energy per atom (BE in eV) of AugM>*, Au;oM, and AuM dimers nor-
malized with those of Au%o+ , Aupg, and Auy, respectively.

stabilizes the cluster in terms of binding energies compared to their pure counterparts Auﬁ and
AUQo.

It should be noted that the evolution of normalized BE values are quite similar in both
AugM?t and AujgM as M goes from Sc to Ni with a transition at M = V. However, the normalized
BE values of AugM?* are higher than those of Auj9—M, especially for M = Sc and Ti. This can be
qualitatively explained by the ratio between the number of Au-M bonds and that of Au-Au bonds
in each cluster. Since the number of gold atoms in Auj9M is much more than in AugM?2t, the
ratio between Au-M bonds and Au-Au bonds in AujoM clusters is smaller than that in AugM?*.
That gives a reason why the BE values of Auj9M are lower than those of AugM2*. And since
the BEs of cage-like Auj9Sc/Au9Ti is not much different from those of tetrahedral Au;oM (M
= Cr-Ni), it makes the competition between the cage-like structure and the tetrahedral structure
more energetically competitive than AugM?>* species. This result supports the geometric features
discussed in the previous section.

Inheriting from the BE of Au-M dimers, the BE evolution of AugM?2t and AuoM clusters
is also divided into two different regimes: i) For the lighter dopants like Sc, Ti, and V, the BEs of
AugM?* and AujgM are obviously higher, while those with Cr — Ni dopants are lower. The BE
values of AugM>* and Au;oM (M = Cr-Ni) clusters are similar to those of the pure counterparts. It
makes Sc/Ti/V impurity favorable in highly-coordinated positions and thus enhances the stability
of the doped AuoM and AugM?t clusters. ii) At the same time, as shown in Fig. 3, AuM dimers
with M = Cr, Mn, Fe, Co, and Ni show an opposite trend, in which their bond strength is somewhat
equal to that of an Au, dimer. This is why the ground state structures of AugM?* and Au;oM (M
= Cr-Ni) tend to copy those of Au%ar and Auyo.
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3.3. Electronic properties

In the previous independent work, the spin states of AugM?2t and AujoM (M = Sc, Ti, Vi,
Cr, Mn, Fe, Co, and Ni) clusters have been well explained by the phenomenological shell [22, 30,
31] in which the partial/total outermost valence electrons of M atoms and 6s' valence electrons of
Au atoms are assumed to freely delocalize and jointly form a molecular shell of the cluster. The
localized electrons remaining on the dopant respond to the cluster magnetic moment [41]. The
localized 3d electrons and spin configurations (2S+1) of AugM>* and Au9M clusters are shown
in Fig. 4. The obtained results are in a good agreement with previous ones [30,31]. The evolution
of spin magnetic moments of AugM?* and Au;gM (M = Sc-Ni) clusters are identical, varying
systematically between O uB and 5 uB and depending on the localization of unpaired 3d valence
electrons. The largest spin magnetic moment 5 uB is found for Cr doped species AugCr?>* and
AujoCr. In the previous reports, AugCr®* and AujoCr have been considered as two stable magnetic
superatoms [22,30,31]. Therefore, the aim of this section is to discuss the underlying physics and
to compare the magnetic behavior of AugCr’>* and Au;oCr systems, and possibly generalize a
mechanism to predict the magnetic behavior in similar quantum systems.

61 Augm?* I 5
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Fig. 4. The localized 3d electrons and spin multiplicity of AugM>* and AujoM (M = Sc,
Ti, V, Cr, Mn, Fe and Ni), respectively.

Doping a Cr atom into Au%ar and Auyg clusters results in the formation of an electronic shell
structure of delocalized electrons and a magnetic shell of localized/unpaired ones. The shapes
of the relevant molecular orbitals (MOs) and their energy levels for AugCr*t and Au;oCr, as
illustrated in Fig. 5, reveal the great similarity between their densities of states (DOS) and hence
demonstrate the similarity in their electronic structures as well as their thermochemical stability. It
can be seen from Fig. 5, the MOs of AuygCr?t and Au;oCr clusters obviously separate into intense
bands. The energy bands of AugCr?t lie at-19 eV (1S), between -18 eV and -15 eV (1P), at 14 eV
(2S), and between -13 eV and -12 eV (HOMO). Those of Au;oCr are correspondingly at -12 eV
(1S), between -11 eV and -10 eV (1P), at -9 eV (2S), between -8 ¢V and -6 eV (1D), and at -5.5eV
(HOMO). In the lower band, while the MOs of AugCr?* have four filled orbitals (one 18, first two
1P and one 2S orbitals), Au;9M contains ten filled orbitals (one 1S, three 1P, one 2S, and five 1D
orbitals). For both clusters, the lowest-lying MOs include 1S subshell, which is mainly composed
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of s-AO of Au. The second-lying MOs of AugCr?>* and Au;oCr clusters correspond to two and
three p-type orbitals of the 1P subshells, respectively. Unlike the electronic structure of Au9Cr,
the electron configuration of tetrahedral AugCr** undergo an 1P splitting. The phenomenon can
be plausibly explained by the fact that the oblate distortion may excite a compression along the
z axis, leading to an upward shift of the 1Pz orbitals relative to the 2S one. That is considered
the main cause of the formation of the 8-electron shell closure 1S21P*2S? for AugCr?* cluster.
The MOs of 28 subshell of AugCr?* are located at an energy level of -14 eV, whereas the one of
AuyoCr lie at about -7 eV. The highest bands of both AugCr>* and Au;oCr consist of five half-
filled localized Cr-dopant d orbitals, which is the origin of the doped cluster’s magnetic moment. It
turns out that the electronic configuration of the AugCr>* and Au;oCr cluster basically satisfies the
electronic shell model of 1S21P*2523d% and 1S?1P%2S21D!%3d% with a corresponding magnetic

moment of 5 uB, respectively.
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Fig. 5. Total (DOS) and partial (pDOS) density of state of the most stable AugCr>* and
AuoCr2T clusters.

4. Conclusion

The golden pyramid Au%ar and Auyg clusters doped with 3d transition metal atoms (Sc-
Ni) were examined by using density functional theory. The similarities and differences between
their structural, stability, and electronic properties were discussed and compared. It is found that
the structural evolution and stable patterns of AugM?>* cluster resemble that of Au;oM in general.
From Sc to Ni, the V dopant is the transition point for the structural transformation in both species.
The transformation appears stronger in Au;oV compared with AugV>*. Substituting an Au atom
by a transition metal atom (M = Sc-Ni) in general can enhance the stability of clusters. Both
AugCr?* and Au;oCr have similarities in the electronic structures and are potential magnetic su-
peratoms. Au;9M (M = Cr- Ni) cluster can be considered as a combination of a triangular Aujt
and its smallest copy AugM>*. We believe that our findings can serve as a premise to understand
and predict the formation of larger pyramidal-like gold species and their stable superatoms in the

future.
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