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Quantum effects on the structure of pure and binary metallic nanoclusters
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A family of high-symmetry bimetallic clusters—recently shown to give rise to “magic” structures in the case
of Ag-Cu and Ag-Ni nanoclusters—is investigated also in the case of Ag-Pd, Ag-Co, Au-Cu, Au-Ni, and
Au-Co. Cluster structures obtained by global optimization within a semiempirical potential model are then
reoptimized via density functional calculations. Sizes up to 45 atoms are considered. Ag-Cu, Ag-Ni, and Au-Ni
clusters have some common characteristics. They present polyicosahedral character and achieve maximum
stability at the Ag- and Au-rich compositions, when the structural arrangement is associated to a Ni(Cu)core-
Ag(Au)shell chemical ordering. This is due both to the huge size mismatch between the components and a
clear tendency of the larger atoms to segregate at the surface. In Au-Cu and Ag-Pd, clusters achieve their best
stability at intermediate compositions, in agreement with the tendency of these metals to mix in the bulk phase.
Finally, for Ag-Co and Au-Co, peculiar quantum effects favor intermediate compositions despite the fact that
these metal phases separate in the bulk. These results are rationalized in terms of the interplay between

electronic and volumetric effects on the structure of metallic nanoclusters.
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I. INTRODUCTION

Bimetallic nanoclusters have recently attracted increasing
interest for their peculiar catalytic, optical, magnetic, elec-
tric, and mechanical properties.’> Especially intriguing is the
possibility of finely tuning the properties of nanoclusters not
only by varying their size, but also their composition. Bime-
tallic catalysts are important in a number of practical pro-
cesses, including automobile exhaust conversion and petro-
leum naphtha reforming. One of the major problems which
arises in the study of these systems is their structural char-
acterization, a prerequisite for a deeper understanding and
modeling of their properties. In this respect, theoretical ap-
proaches can give a useful contribution by restricting the
search to few structural candidates. However, the determina-
tion of the most favorable structures of bimetallic clusters is
a formidable task, due to the huge amount of combinatorial
possibilities which exponentially complicates the theoretical
prediction.? Particular importance is then assumed by the
study of those structures which possess high energetic stabil-
ity, that might serve as building blocks for cluster-assembled
materials.

In a previous work,* a family of polyicosahedral struc-
tures has been described, and has been shown to give rise to
“magic” clusters (i.e., clusters of remarkable structural, elec-
tronic and thermodynamic stability) for Ag-Cu and Ag-Ni
bimetallic particles with a low fraction of Cu or Ni occupy-
ing the interior of a core-shell arrangement. The structural
stability of these core-shell clusters was rationalized in terms
of (a) reduction of internal and surface bond strain with re-
spect to pure clusters due to the size mismatch between the
larger Ag atom and the smaller Cu and Ni atoms, (b) smaller
Ag surface energy which favors segregation of the Ag atoms
at the surface. These factors cause the remarkable stability of
the (27,7) [and also (30,8) and (32,6)] “magic” polyicosahe-
dral clusters.

As the pairs gold/silver and cobalt/nickel have similar ra-
dii, it is worthwhile investigating whether these findings can
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be extended to the Ag-Co, Ag-Pd, Au-Cu, Au-Ni, and Au-Co
combinations. In the present paper density functional (DF)
calculations are employed to study these systems. Our results
confirm the strong tendency of small bimetallic clusters to
alloying.* For all systems considered here, even for those
that present a very strong tendency against mixing in the
bulk phase, mixed cluster are energetically more favorable
than pure ones.

In addition, we find that subtle quantum effects can modu-
late this propensity giving rise to interesting variations. The
behavior of Au-Ni is similar to the behavior of Ag-Cu and
Ag-Ni, namely with a tendency to favor core-shell polyicosa-
hedral structures, as indicated by both formation and excess
energies which have lower values for Au-rich compositions
(corresponding to the Ni-core—Au-shell arrangement). On the
other hand, Au-Cu clusters do not single out the core-shell
arrangement as being especially favorable, since formation
energies are almost constant for compositions extending
from the Au-rich to the Cu-rich side. This is consistent with
the tendency of Au-Cu to mix in the bulk phase, forming a
series of ordered alloys. Also for Ag-Pd both Ag-rich and
intermediate compositions present low excess energies, and a
clear tendency to form polyicosahedral structures. Finally,
for Ag-Co and Au-Co we show that magnetic effects desta-
bilize the core-shell arrangement. In this case, polyicosahe-
dral structures are again very stable, but peculiar quantum
effects bring the minimum in the formation energies from
Au- or Ag-rich to intermediate compositions, presenting a
much more thorough intermixing of the two atoms. This be-
havior is at variance with the tendency of Ag-Co and Au-Co
to separate in the bulk phase, and is peculiar of finite or
confined systems (see, for example, the observation of al-
loyed Ag-Co thin films on crystal surfaces®). Band structure
and shell-closure effects on the geometries of pure metallic
clusters are also found.

In Sec. II we briefly sketch the computational method. In
Sec. III we describe polyicosahedral clusters and define the
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quantities which are used to characterize the energetic stabil-
ity of mixed clusters. Sections IV and V are devoted to the
results. Before dealing with mixed systems, in Sec. IV we
consider the pure clusters whose properties serve as a start-
ing point for studying mixed clusters. Section V reports the
results about mixed systems. Finally, Sec. VI contains the
discussion and conclusions.

II. COMPUTATIONAL METHOD

The density functional calculations are carried out with
the DF module of the NWChem package (release 4.5),” and
use the Becke functional® for exchange and the Perdew-
Wang functional® for correlation. (7s6p6d)/[5s3p2d]
Gaussian-type-orbital basis sets and effective core potentials
are used for all elements, derived from Refs. 10 and 11 for
Ag and Ref. 12 for Cu, Ni, and Co, and modified combining
the suggestions in ftp:/ftp.chemie.uni-karlsruhe.de/pub/
basen and  Ref. 13.  Charge  density fitting
(11s4p5d3f4g)/[11s4p4d3f2g] Gaussian-type-orbital basis
sets were used to compute the Coulomb potential.'* All the
calculations have been performed spin-unrestricted, and us-
ing a Gaussian-smearing technique'” for the fractional occu-
pation of the one-electron energy levels, which improved the
self-consistent convergence process, ensured that the final
spin state was a local minimum in the spin space, avoided
symmetry-breaking issues for Jahn-Teller systems, and did
not affect the value of the energy as in almost all cases the
one-electron energy gap was larger than the chosen smearing
parameter 0=0.02 eV. A numerical grid of 65 radial points
and 350 points for the angular part was used for evaluating
the exchange-correlation potential and energy. The geometry
optimization was stopped when the numerical force on atoms
was less than 4 X 10~ a.u. More details on the numerical
procedure can be found in Ref. 13.

The initial configurations for DFT relaxation are provided
by a genetic global-optimization procedure* unless otherwise
specified.

III. STRUCTURAL FAMILIES AND ENERGETIC
STABILITY INDEXES

The structures which are considered in the present work
are depicted in Figs. 1-3. In particular, we focus attention on
polyicosahedral (pIh) clusters, which are built by packing
elementary icosahedra (Th) of 13 atoms as described in Ref.
4. In the following, a plh of size N, made of N; Ag or Au
(large) atoms and N,=N-N, Cu, Ni, Pd or Co (small) atoms,
and comprising m interpenetrating Th;; will be referred to as
(N{,N,)pIh™. These structures are very compact and exhibit
a large number of bonds. However, inner atoms have nearest-
neighbor distances which are very compressed with respect
to the nearest-neighbor distance between surface atoms, so
that these configurations are not favored in pure clusters.
They become very competitive when their internal core is
substituted with metal atoms of a smaller size, due to the
combined effect of decrease in strain and the surface segre-
gation of the metal with lower surface energy. Interestingly,
the (27,7)pIh’ structure—which in Ref. 4 resulted to be the
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FIG. 1. (Color online) Schematic pictures of pure metallic clus-
ters considered in this work.

stablest in the plh family—has first been found as the lowest-
energy isomer of pure Aly,.% in this case the plh structure is
favored by the presence of a second minimum in the inter-
action potential at roughly the second-neighbor distance. As
we shall see in the following also high-stability cagelike
structures (which are found in gold clusters) are closely re-
lated to polyicosahedral structures.

Other structures of importance for clusters in this size
range are the following. First of all, the truncated octahedron
(TO) of 38 atoms (TOjg), which is simply a piece of fcc bulk
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(12,22)pIh”
Ee Be
X 5
(32,6)pIh® (30,8)plh®

(32,13)pIh!2

FIG. 2. (Color online) Schematic pictures of mixed bimetallic
clusters considered in this work. Light grey atoms are either Ag or
Au, whereas darker atoms are either Cu, Ni, Pd, or Co.
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(32,6) distorted

FIG. 3. (Color online) Schematic pictures of mixed bimetallic
clusters considered in this work. Here the distorted structures are
shown for the case Ag-Cu. Light grey atoms are either Ag, whereas
darker atoms are Cu.

lattice and is a putative global minumum for silver, copper,
and nickel clusters according to semiempirical potential
calculations.*!% Then, the low-symmetry cluster of size 38,
which is a putative global minimum for gold.'” Finally, an-
other cluster of size 38 which is obtained as a fragment of the
icosahedron of 55 atoms. This fragment has Cs, symmetry
group, and, according to semiempirical potential
calculations,'8 is the second isomer for both Ag and Cu, be-
ing however quite close in energy to the TOxg.

The criterion that we use for comparing the relative sta-
bility of clusters with a different number of atoms is the
excess energy with respect to N bulk atoms, divided by N*/3,

N1,No coh coh
Epf?=Nigy —Ng;

A= N3

, (1)

where N, and £5°" are the number and the bulk cohesive
energy of one metallic species, whereas N,=N—-N; and sg"h
are the same quantities for the other metallic species, and
E%’{;’NZ is the DF binding energy for the given cluster, identi-
fied by its size and composition. Stable structures are identi-
fied by low A values. For the cohesive energies we take the
experimental values (in eV), &'=3.50,£5,=2.95,8%;
=3.82,85"=4.47, 80 =4.45 £5"=3.89. A is the excess en-
ergy divided by N*>. N?3 is roughly proportional to the num-
ber of surface atoms in the cluster.

However, A may be a biased quantity when comparing
clusters of the same size but different compositions. For ex-
ample, as we shall see in the following, pure gold clusters
present large A, whereas pure copper clusters have much
lower A. This means that when comparing Au-Cu clusters,
those with Au-rich compositions will present larger A. To
avoid this bias, we use also other energetic stability indexes,
Az, and Asg, defined in such a way that their value for pure
clusters is zero (or small anyway) for sizes 34 and 38, re-
spectively. Let us consider, for example, Asg. At this size, we
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consider pure TOsg clusters of the two species 1 and 2, and
calculate their binding energies per atom &;(TOsg) and
£,(TO3g). Then we define Asg as

Asg= ENEN2 — Nig(TOsq) — Ny (TOs3), (2)

As, is defined in the same way, but taking the energies per
atom of pure 34-atom pIh’ clusters. Clusters with negative
values of As, or Asg are energetically favored over the 34-
atom plh’ or the TO;5. The physical meaning of Ay, and Asg
is easy to understand, they represent the energy gain (or loss)
for a mixed cluster with respect to pure clusters of size 38 or
34. Therefore Az, and Asg are the equivalent, in the case of
nanoclusters, of the formation energy of bulk alloys.

IV. RESULTS FOR PURE CLUSTERS

Let us start by analyzing the DF results for pure clusters
in Table I, whose schematic pictures are shown in Fig.1. The
first noteworthy point is that the truncated octahedron con-
figuration is not the lowest-energy one for pure coinage-
metal Masg clusters. This is the first indication that quantum
(in this case, band structure) effects can be important for
medium-size clusters. The scheme of the one-electron energy
levels is in fact very similar for Cusg, Agsg, and Ausg, and is
such that they are not closed-shell systems, the majority-spin
HOMO is degenerate and partially filled (Jahn-Teller sys-
tems). This non-shell-closure effect destabilizes the TO con-
figuration, and because of that a lower energy is achieved
with lower-symmetry isomers. However, there is a difference
between Cu and Ag on the one hand and Au on the other
hand. In fact the TO Ausg cluster is predicted to be at a
higher energy with respect to a low-symmetry isomer (see
Fig. 1) also using atom-atom potentials,'®!7 an example of
amorphization of small clusters due to the increased “bond-
stickiness” of the gold atom with respect to Cu and Ag
atoms,'® whereas the TO Cusg and Agsg clusters are pre-
dicted to be the lowest energy configurations by atom-atom
potentials,'®!% so that their being at a higher energy (even
though by small amounts) with respect to a lower-symmetry
isomer (essentially, a fragment of the Thss of Cs, symmetry
group, which is also a capped decahedron with atomic is-
lands on anti-Mackay stacking,”’, see Fig. 1) is an unex-
pected result due to a purely electronic effect.

Electronic effects are important also at size 34. At this
size, the pure My, pIh’ configurations (see Fig. 1) have a
lower A with respect to the TOsg for Cu and Ag, but a higher
A for Au, due to the fact that pIh structures have very com-
pressed internal bonds, and are thus highly disfavored in the
case of “sticky” metals such as gold, which present in addi-
tion a very strong bond-order-bond-length correlation?!?* as
a further destabilizing factor for plh structures. This trend
about the energetic stability of M5, pIh’ structures in coinage
metals is thus in agreement with the predictions based on
semiempirical potential modeling.'®->

This analysis, based on the interplay between electronic
and ionic effects, can be further deepened by observing that
N=34 is a magic number for the spherical hard-wall jellium
electronic model.?? In fact, an analysis of the one-electron
spectrum of pure and mixed coinage metal N=34 clusters
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TABLE 1. DF calculations results for pure clusters. Values of spin (S), HOMO-LUMO energy difference (gap, in eV) for alpha/beta
electrons, and excess energy (A, in eV) with respect to N bulk atoms, see Eq. (1). The symbol “JT” after the gap value signals a Jahn-Teller
system, with a degenerate HOMO (symmetry breaking is not allowed during the DF relaxation in these cases).

System Size Structure S Gap A Asg Asy
Cu 34 pIh’ 0 0.88 4.20 0.51 0.00
38 TO 1 0.61/0.56 JT 4.30 0.00 -0.12
38 Cs, 0 0.34 4.29 -0.09 -0.21
Ag 34 pIh’ 0 0.91 3.99 3.8 0.00
38 TO 1 0.39/035JT 4.06 0.00 -3.63
38 Cs, 0 0.43 4.03 -0.28 -3.91
Au 18 C,(cage) 0 1.38 5.02 2.18 -0.02
20 Td 0 2.10 5.02 0.97 -1.47
32 Th(cage) 0 1.78 5.55 -1.69 -5.60
34 plh’ 0 0.79 6.22 4.05 0.00
38 TO 1 0.12/0.08 JT 6.05 0.00 —-4.66
38 “amorphous” 0 0.19 5.97 -0.92 -5.58
Ni 34 pIh’ 13.2 0.10/0.04 JT 5.09 2.29 0.00
38 TO 16 0.21/0.03JT 5.08 0.00 -2.59
Co 34 pIh’ 31 0.12/0.08 JT 5.39 2.56 0.00
38 TO 32 0.43/0.08 JT 5.34 0.00 -3.28
Pd 38 TO 4 0.17/0.10 4.07 0.00

shows that the s component can be described as a
Islpld2slf jellium sequence. The shell-closure effects ac-
count for the large HOMO-LUMO gaps for all those clusters
for size 34. Also the peculiar stability of the 34-atom mixed
clusters, and especially of the (27,7)pIh’ arrangement in the
case of Ag-Cu, Ag-Ni, and Au-Ni (see the next section and
Ref. 4) is partly attributable to this effect. Because of the
electronic shell closure, Cus, and Ags, have a relatively low
A, despite the fact that internal bonds are very compressed in
plh arrangements of pure clusters. In the case of Aus,, atom-
atom interactions are more sticky, and the bond-order—bond-
length correlation is stronger than in Ag and Cu. Therefore,
the internal strain in Ausy is too high, and the cluster has a
large excess energy.

Internal strain in pure Au polyicosahedra is so high that
cagelike structures can become competitive, and as an ex-
ample in Table I we report an Aus, cluster. This cluster is an
Th cage (see Fig. 1), corresponding to the external skeleton of
the (32,13)pIh'? bimetallic anti-Mackay icosahedron (Fig. 2,
see Ref. 4 and the following section) which has recently been
shown?* to possess remarkable stability. An analysis of the
one-electron spectrum of Th Aus, reveals that its s compo-
nent can be well described as a 1s1pldlf jellium sequence
(one s shell of the spherical layered hard-wall jellium model
is destabilized by the inner void). The analogous Th Ags,
cagelike cluster is not favored because the larger spatial ex-
tent of the 5s orbital produces a destructive interference.

In this connection, one can predict for gold a very stable
shell closing at N=18, corresponding to the 1s1pld jellium
sequence. In fact we were able to find a C,, cagelike struc-
ture at N=18 (see Fig. 1) with a very low excess energy

(especially considering that A usually increases with decreas-
ing the size of the cluster), see Table 1. This 18-atom cage
has been found by genetic optimization of a cluster of size
20, made of 18 gold atoms and two copper atoms within a
semiempirical potential modeling. This optimization has pro-
duced a core-shell structure with the two copper atoms in-
side, and a gold shell outside. After removing the copper
atoms, the resulting gold shell has been relaxed by DF cal-
culations.

Finally, it can be noted that the stability of the tetrahedral
Au,, cluster?® (which is reported for comparison in Table I
and Fig. 1) can be explained by a shell closing effect within
a tight-binding analysis framework.?¢

V. RESULTS FOR BINARY CLUSTERS
A. Ag-X clusters

The DF results for Ag-containing clusters are given in
Table II. Here we consider four systems, Ag-Cu, Ag-Ni, Ag-
Pd, and Ag-Co. First, we discuss Ag-Cu and Ag-Ni (in com-
parison with Ag-Pd), and then we focus on Ag-Co that pre-
sents a peculiar behavior.

1. Ag-Cu, Ag-Ni, and Ag-Pd

For Ag-Cu and Ag-Ni clusters of size 34, the excess en-
ergy as a function of the first-row transition metal composi-
tion has a minimum for the (27,7)pIh’ structure (called five-
fold pancake in the following), a minimum which is
appreciably lower than the excess energy of the pure
species.* In the Ag-Cu case, we have also locally optimized
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TABLE II. DF calculations results for Ag-containing clusters. Values of spin (S), HOMO-LUMO energy difference (gap, in eV) for
alpha/beta electrons, and excess energy (A, in eV) with respect to N bulk atoms, see Eq. (1). The symbol “JT” after the gap value signals a
Jahn-Teller system, with a degenerate HOMO (symmetry breaking is not allowed during the DF relaxation in these cases).

System Size Structure S Gap A Asg Azy
Ag-Cu 34 (27,7)pIh’ 0 0.82 3.68 -2.88 -5.55
34 (27,7)distorted 0 0.24 3.77 -1.97 —4.47
34 (17,17)pIn’ 0 0.94 3.80 -2.39 -4.00
34 (12,22)pIh’ 0 0.88 3.90 -1.70 -2.84
38 (32,6)pIh® 0 0.34 3.90 -2.21 -5.26
38 (32,6)distorted 0 0.18 3.87 -2.59 -5.64
38 (30,8)pIh® 0 0.26 3.80 -3.50 -6.35
45 (32,13)pIh!? 2.5 0.49/1.00 3.98 -8.95 -13.03
Ag-Ni 34 (27,7)pIh’ 3.5 0.81/0.46 3.74 -3.93 -4.36
34 (17,17)pIn’ 6.5 0.19/0.07 422 -1.99 -3.11
34 (12,22)pIh’ 7 0.26/0.07 JT 4.49 —-0.60 -2.07
38 (32,6)pIh® 0 0.09 4.00 -2.47 -5.76
38 (30,8)pIh® 0 0.05 3.92 -3.99 -7.18
45 (32,13)pIh!? 4 0.59/0.06 JT 3.96 -8.23 -11.89
Ag-Co 34 (27,7)pIh’ 0 0.22 4.10 -0.64 -3.63
34 (17,17)pIn’ 17 0.95/0.13 JT 438 -1.57 —4.53
38 (32,6)pIh® 6 0.36/0.22 4.10 -1.76 -5.09
45 (32,13)pIh!? 10.5 0.80/0.31 4.12 -7.11 -11.03
Ag-Pd 38 (32,6)pIh® 0 0.14 3.80 -2.97
38 (26,12)pIh® 0 0.14 3.76 -3.45

the energy of a (27,7) low-symmetry isomer, taking as start-
ing structure the one predicted as the second isomer by a
semiempirical atom-atom potential (for technical details, see
Ref. 4), the corresponding result is reported as a 34-atom
distorted cluster in Table II and depicted in Fig. 3. This low-
symmetry isomer lies at 0.8 eV above the plh structure, thus
confirming the remarkable (magic) stability of this arrange-
ment. The additional stability of the N=34 configuration due
to the previously discussed jellium shell-closure effect also
plays a role in favoring polyicosahedral structures. In the
case of Ag-Cu, 34-atom polyicosahedra present large
HOMO-LUMO gaps for all compositions. Shell-closure ef-
fects producing pronounced stability have been previously
described in small bimetallic clusters, see, for example, Refs.
29-31. In the case of Ag-Pd, size mismatch is not large
enough to stabilize the fivefold pancake according to the
atom-atom potential, and therefore we have not considered
this cluster.

Let us now consider size 38. Composition (32,6) is inter-
esting for the competition of different possible structures.
The global optimization by atom-atom potential* for this
composition gives the (32,6)pIh® structure (called in the fol-
lowing sixfold pancake) as the global minimum for Ag-Cu,
Ag-Ni, Ag-Pd and also in Au-Cu.?”?® For Ag-Pd the same
structure is found also for a wide range of compositions,
extending to (20,18). Comparing fivefold and sixfold pan-
cake structures, it can be noted that the sixfold pancake
maximizes the number of mixed bonds, while the fivefold

pancake has a compact nucleus of small atoms. Moreover,
the fivefold pancake prefers a huge size mismatch, while the
sixfold pancake prefers a somewhat smaller size mismatch.
As a result, in systems such as Ag-Cu and Ag-Ni, which
present huge size mismatch and no preferential tendency for
making mixed bonds, there is a whole family of structures of
size 38 which have close resemblance with the fivefold pan-
cake, and that are in competition with the sixfold pancake
already at the atom-atom potential level. After DF relaxation,
one of these structures (the distorted cluster of size 38, see
Fig. 3) becomes lower in energy than the sixfold pancake in
Ag-Cu. In Ag-Pd, such distorted structure is completely un-
favorable because the size mismatch is too small, and the
two metals have a better tendency to form mixed bonds.
Finally, in Au-Cu, there is both a strong tendency to form
mixed bonds and a large size mismatch. These two features
act in opposite direction on the stability of the sixfold pan-
cake, so that it is not easy to understand whether this struc-
ture can retain the global minimum also at the DF level. This
point is currently under investigation.

However, in agreement with the atom-atom calculations,
for Ag-Cu and Ag-Ni at size 38, the structure with the most
favorable energetic stability indexes is not found at compo-
sition (32,6) but at composition (30,8). Here we find the
(30,8)pIh®, which is the perfect core-shell polyicosahedron
with the largest Ni or Cu core. For Ag-Pd, the energetic
stability indexes are favorable for a series of sixfold pan-
cakes of different compositions. In agreement with the atom-

4
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atom potential calculations, and with the tendency of Ag and
Pd to mix, the (26,12)pIh® (which is not a core-shell struc-
ture, but presents an intermediate Pd layer) is more favorable
than the core-shell (32,6)pIh®.

2. Ag-Co

The results for the Ag-Co system present some peculiar-
ity. Here we have not performed atom-atom global optimiza-
tion, but simply taken the same structures of Ag-Cu and
Ag-Ni and performed DF relaxation, in order to compare the
same structures for different systems. From Tables I and II,
we can see that A at size 34 is increasing from pure silver
(A=3.99) to pure cobalt (A=5.39), without giving a prefer-
ence for the clusters of intermediate composition. However,
since A values for pure Ag and Co clusters differ signifi-
cantly, it is better to consider the unbiased indicators A3, and
Asg. Both Aj, and Asg are negative for mixed Ag-Co clusters,
confirming the general trend of nanoalloy clusters to a nega-
tive formation energy, even in systems where the bulk for-
mation energy is positive. However, at variance with Ag-Cu
and Ag-Ni, which present the most negative Az, and Asq in
correspondence with perfect core-shell clusters (that is for
silver-rich compositions), Ag-Co clusters present values of
As, and Asg which are smaller in absolute value and more-
over reach their minimum for intermediate compositions.
This indicates a somewhat reduced chemical interaction and
a more pronounced tendency towards intermixing of Ag-Co
with respect to Ag-Ni and Ag-Cu (see also the behavior of
Au-Cu and Au-Co in the next section for comparison). Be-
fore discussing the origin of this behavior, we note that we
even found severe convergence problems in the self-
consistent process for the (30, 8)pIh® and (12,22)pIh’ clus-
ters, so that the corresponding results are not reported in
Table II.

What is the origin of the different behavior of Ag-Co
compared to Ag-Ni and Ag-Cu?

Ni and Co have very similar atomic radii, and the Ag-Co
bulk phase diagram is similar to the Ag-Ni (and also Ag-Cu)
phase diagram.’?> All these binary systems present a very
limited miscibility in the bulk phase. However, magnetic ef-
fects are appreciably more important in Co than in Ni. It can
be reminded, for example, that bulk Co has an hcp
structure—at variance with the other metals considered in
this work, which present an fcc structure in the bulk.

In this connection, it is instructive to analyze the DF-
optimized geometries of pure M3z TO structures, reported in
Table III. From this analysis, it can be seen that pure Cusg
and Agsg TO clusters essentially correspond to a section of
the fcc crystal, apart from a slight outward protrusion of the
atoms on the (111) faces.?* This protrusion is essentially due
to the bond-order—bond-length correlation in metallic
systems,”?2 and quantitatively predicted by atom-atom
potentials.>* This outward protrusion is very pronounced in
the Ausg TO, which is a sign of strong bond-directionality
effects in gold clusters,® similar to those found for platinum
clusters in Refs. 13 and 36. A completely analogous behavior
to Cusg and Agsg is present in the Nisyg TO cluster, except that
now the whole structure is “shrunk” by a larger factor with
respect to the crystal. For the Cosg TO cluster, instead, the
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TABLE III. Values of geometrical parameters for Msg truncated
octahedral (TO) clusters from DF calculations. In a TO cluster, one
has an inner shell atom (I) surrounded by an outer shell composed
of vertex (ITv) and (111) face (IIf) atoms. The values refer to rep-
resentative atoms in the upper half of the cluster as ratios of Carte-
sian coordinates over the absolute value of the y coordinate of the
Ilv atoms (the D, axis of the cluster coincides with the z axis). The
ratio of yyy, with its “ideal” crystal value is also given. For a cluster
which is a section of an “ideal” fcc lattice, these values should read
1.0, 2.0, 1.0, 1.0.

System 2/ ymy v/ Yy zn/ Yy YTlrvy saly Y
Cosg 1.05 1.99 1.00 0.975
Nisg 1.01 2.01 1.03 0.976
Cusg 1.01 1.99 1.03 0.992
Agsg 1.00 2.00 1.03 0.998
Ausg 0.99 1.99 1.08 0.996
Ptsg 0.99 1.99 1.09 0.987

(111) faces become completely “flat,” whereas the internal
octahedral atoms expand by =4%, thus hinting at being in a
“coordinatively unsaturated” situation. This thus suggests
that the buried Co atoms in the core-shell plh structures are
less stable than the corresponding Ni or Cu atoms because of
unfavorable magnetic interactions. This interpretation is sup-
ported by analysis of the DF-optimized (27,7)pIh’ Ag,;Co,
structure, which shows a large structural relaxation of the
internal Co atoms. In fact, a comparison between the
pIh’ Ag,,Co; and Ag,,Ni; structures shows that the Ag ex-
ternal cage is practically unaltered in the two clusters (with
differences in the interatomic distances of the order of 0.3%),
whereas the Co atoms at the apexes of the fivefold bipyramid
shrink their distance by =5.5%. In parallel, the electron spin
is quenched to §=0, and the gap in the one-electron energy
spectrum drops from 0.81/0.46 eV to 0.22 eV.

B. Au-X clusters

The DF results for Au-containing clusters are given in
Table IV. For Au-X clusters, we have preferred to relax (by
DF calculations) the same structures that we found in Ag-Cu
and Ag-Ni, instead of performing an indipendent global op-
timization by means of an atom-atom potential. However we
remark that the core-shell polyicosahedra considered for Au-
rich composition are indeed the global minima of the atom-
atom potential in Au-Cu.?’

Since pure gold clusters present a much larger excess en-
ergy than pure clusters of the other metals considered here,?’
it is better to consider Az, and Asg to discuss the energetic
trends at fixed size and varying composition. In passing, we
note that we found convergence problems in the self-
consistent process for the (30,8)plh8 Au-Ni and Au-Co clus-
ters, so that the corresponding results are not reported in
Table 1V.

The main outcome of these calculations is that (a) for Au-
X clusters Az, and Asg show negative formation energies for
any composition considered here, as found for Ag-X, but
larger in absolute values. (b) The lowest value A, and Asg is
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TABLE IV. DF calculations results for Au-containing clusters. Values of spin (S), HOMO-LUMO energy difference (gap, in eV) for
alpha/beta electrons, and excess energy (A, in eV) with respect to N bulk atoms, see Eq. (1). The symbol “JT” after the gap value signals a
Jahn-Teller system, with a degenerate HOMO (symmetry breaking is not allowed during the DF relaxation in these cases).

System Size Structure S Gap A Asg Azy
Au-Cu 34 (27,7)pIh’ 0 0.97 4.85 —6.65 -9.86
34 (17,17)pIh’ 0 0.75 431 -7.13 -9.20
34 (12,22)pIh’ 0 1.06 4.12 ~6.58 ~8.04
38 (32,6)pIh® 0 0.30 5.18 -6.78 -10.90
38 (30,8)pIh® 0 0.37 5.03 -7.39 —-11.05
45 (32,13)pIh!? 2.5 0.40/0.63 5.16 -8.95 -13.03
Au-Ni 34 (27,7)pIn’ 3.5 0.98/0.24 4.90 -7.04 -10.79
34 (17,17)pIh’ 6.5 0.63/0.16 4.73 -6.71 -9.92
34 (12,22)pIh’ 0.30/0.08 JT 4.79 —4.56 -7.51
38 (32,6)pIh® 3 0.28/0.05 JT 5.33 —6.43 -10.70
45 (32,13)pIh!? 1 0.48/0.17 JT 5.19 -11.64 -16.37
Au-Co 34 (27,7)pIn’ 4 0.32/0.37 5.20 =5.11 -8.97
34 (17,17)pIh’ 17 0.66/0.13 JT 4.30 -7.24 -10.93
34 (12,22)pIh’ 22 0.95/0.17 4.81 -6.01 -9.32
38 (32,6)pIh® 6 0.29/0.29 5.38 —6.43 -10.70
45 (32,13)pIh!? 10.5 0.45/0.33 5.26 -11.73 -16.69

obtained for gold-rich compositions in the case of Au-Ni
clusters (see the results at size 34), so that the core-shell
polyicosahedral structure is singled out as being of special
stability, in analogy with Ag-Cu and Ag-Ni. However, in
Ag-Ni, the tendency to favor core-shell polyicosahedra is
stronger than in Au-Ni. (¢) For Au-Cu, one finds that the
three mixed compositions considered here give clusters of
substantially comparable stability—with the preferred com-
position depending on the choice of the stability index
(A, Asy, or Asg). (d) For Au-Co, the results are analogous to
Ag-Co, with a preference for the intermediate composition,
which is remarkable due to the tendency of Au and Co to
phase separation in the bulk. However, formation energies
are much more negative in Au-Co than in Ag-Co.

The following facts can help rationalize these findings.

As a general remark, chemical bonding effects play a
more important role for Au than for Ag,* due to the more
substantial contribution of the d orbitals to bonding (direc-
tionality effects®®) and the smaller spatial extent of the s
orbitals, which stengthens the Au chemical interaction with
first-row transition metals such as Cu, Ni, and Co. This ex-
plains the larger absolute values of Asy and Asg for Au-X
clusters with respect to Ag-X clusters.

Moreover, the Au-Cu bulk phase diagram is different
from those of the Au-Ni, Au-Co, and Ag-X systems.>> While
the latter in fact show a very limited miscibility of the two
components, the Au-Cu phase diagram presents three stable
ordered alloys at compositions AuzCu, AuCu, and AuCus,
with a larger melting temperature for the two phases with
larger Cu concentration. This helps explaining point (c), i.e.,
the fact that in the Au-Cu case the cluster stability is substan-
tially flat as a function of Au concentration. Also the some-
what larger surface energy of Au with respect to Cu (Refs. 39

and 40) contributes to disfavoring the segregation of a com-
plete layer of Au to the surface.

In order to explain the somewhat weaker tendency of
Au-Ni in favor of core-shell polyicosahedra with respect to
Ag-Ni, it can be observed that—despite the fact that Au and
Ag have very similar atomic radii—gold is a “stickier” metal
than silver, and one in which directionality (chemical bond-
ing) effects play a very important role.’ These factors are
against core-shell polyicosahedral structures (as seen already
for pure Au clusters), and in principle could destabilize them.
However, the driving forces towards core-shell polyicosahe-
dra are so strong that these destabilizing factors eventually
have a rather weak effect, which has some quantitative rel-
evance but does not induce qualitative changes.

Au-Co clusters favor intermediate compositions as in Ag-
Co. However, in the case of the (27,7) Au-Co clusters, the
peculiar internal relaxation of the internal Co atoms is not
taking place as in Ag-Co, and the spin is not quenched to
zero. This explains why the values of Az, and Asg are much
more negative than in Ag-Co.

Finally we remark that also 34-atom polyicosahedral
Au-Cu clusters present large HOMO-LUMO gaps, due to the
electronic shell-closing effect predicted by the hard-wall jel-
lium model.

VI. CONCLUSIONS

A family of polyicosahedral bimetallic core-shell nano-
clusters, recently shown to possess peculiar structural, ther-
modynamic, and electronic (“magic”) stability in the case of
the Ag-Cu and Ag-Ni nanoalloys,* has been investigated in
the case of Ag-Pd, Ag-Co, Au-Cu, Au-Ni, and Au-Co via
first-principles (DF) calculations.
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The tendency of these structures to being “magic” has
been rationalized in terms of general arguments considering
the interplay of surface energy, size mismatch and bond-
order—bond-length correlation.

On the basis of these general arguments, one would make
the following predictions. The polyicosahedral core-shell ar-
rangement should be especially favorable in those systems
presenting size mismatch and tendency to phase separation
in the bulk phase, with the large atoms segregating at the
surface. These features are found in Ag-Co, Au-Ni, and Au-
Co, besides the already studied* Ag-Cu and Ag-Ni. By con-
trast, Ag-Pd and Au-Cu tend to mix in bulk phases, so that
intermixed clusters (obtained at intermediate compositions)
as well as core-shell clusters (obtained at silver-rich compo-
sition for Ag-Pd and gold-rich compositions for Au-Cu)
could be favored.

The DF results confirm the validity of the general argu-
ments for Ag-Cu, Ag-Ni, Ag-Pd, Au-Ni, and Au-Cu, while in
clusters containing cobalt, peculiar quantum effects cause a
qualitatively different behavior.

In the case of Ag-Co, the interaction among the magnetic
moments of the buried Co atoms oppose the gain in energy
associated with the shrinking of the cluster size and the re-
duced strain. In the case of Au-Co, the latter effect is less
evident, but chemical bonding effects (connected with the
strong directionality of the Au-Au bonding®) combined with
the “sticky” character of the Au-Au interaction'® moves the
maximum in the stability of the bimetallic clusters as a func-
tion of concentration from structures with a perfect core-shell
arrangement to configurations with a substantial intermixing
of the two atoms. Unfavorable magnetic interactions also
contribute to destabilize Nis, and Cos, clusters.

Apart from magnetic and chemical bonding effects, inter-
esting electronic effects are also found for pure clusters.

In particular, band structure effects are found to disfavor
“crystalline” (TO) arrangements in pure Cusg and Agsg clus-
ters, nonsymmetrical structures (actually, defected decahe-
dral M55 configurations) which appear as closely competing
low-lying isomers from atom-atom calculations are predicted
to be at lower energy from first-principles calculations, es-
sentially because the TO clusters are found to be Jahn-Teller
systems and, as such, not particularly favored.
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This non-shell-closure effect can be contrasted with the
additional stability imparted to N=34 pure and bimetallic
clusters by shell closing within the spherical hard-wall jel-
lium model, to Au;g or Aus, clusters within the spherical
layered hard-wall jellium model, and to Au,, within a tight-
binding approach. In general, a large value of the HOMO-
LUMO gap is a signature of a shell-closure effect, which—in
the case of gold—is amplified by the smaller extent and
stronger interaction of the electronic wave function with re-
spect to the Ag case.

We conclude by remarking that our results confirm the
strong tendency of small bimetallic clusters to mixing,* for
all systems considered here, even for those that present a
very strong tendency against mixing in the bulk phase (such
as Ag-Cu, Ag-Ni, Ag-Co, or Au-Co), mixed cluster are char-
acterized by large negative values of formation energy (Asy
and A;g in Tables II and IV). This can be understood in terms
of the greater structural freedom which reduced symmetry
systems (such as clusters and surfaces) possess with respect
to the constraints due to translational invariance of pre-
defined lattices in bulk systems. For example, this structural
freedom helps nanoclusters in accommodating strain in size-
mismatched systems.

Quantum effects are found to often reinforce the tendency
to mixing. They are particularly important for nanoclusters
(in general, confined systems) with respect to bulk systems
due to the neater separation between electronic shells, and
the reduction in interatomic distances due to bond-order—
bond-length correlation, which strengthens chemical bond-

ing.
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