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etal clusters containing from

two to several hundred atoms

have size-dependent properties
analogous to those of atomic nuclei, such as
shell structure and “magic humbers”.!
These clusters are interesting examples of
the size evolution from atomic to metallic
behavior between atomic and solid-state
physics. Global optimization? of metal clus-
ters can give insight into how different
properties evolve with size, since it can pre-
dict the ground-state geometry for a given
composition in cases where no direct ex-
periment is possible. Much recent interest
in finding the global minima of cluster
structures is focused on bimetallic clusters
or “nanoalloys”.? Nanoalloys offer the op-
portunity to tailor the structures and prop-
erties of clusters through the choice of atom
type and composition in addition to size.
For example, the surface plasmon reso-
nance (SPR) energy of Ag—Au nanoalloys
can be tuned by varying size and composi-
tion independently.* Mixed Ag—Au nanoal-
loys exhibit dipole SPR modes,> and core-
shell segregated nanoalloys exhibit
quadrupole SPR modes.®

Nanoalloys also offer considerable addi-

tional challenges for global optimization
compared to pure metal clusters. There are
many more minima on the potential energy
surface due to the presence of inequiva-
lent permutational isomers (“homotops”),”
and the composition provides an additional
variable that adds to the complexity of the
structural behavior. In addition, there may
be disordered clusters.® To overcome such
difficulties, methods such as genetic algo-
rithms (GA)*'° and basin-hopping
algorithms'"'? have been used for the glo-
bal optimization of cluster geometries, such
as Lennard-Jones,'®~'® metal,””~3° molecu-
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ABSTRACT Using a genetic algorithm global optimization approach combined with density functional theory
calculations, a search has been made for the lowest energies of (AgAu),,, nanoalloys with 20— 150 atoms
(diameters of 1.0-2.0 nm). A total of 31 decahedra, 35 icosahedra, and 2 close-packed motifs are identified in
two icosahedral windows and one Marks-decahedral window. These structural motifs have twinned, capped,
defective, and distorted atomic packing compared to classical clusters, such as the icosahedron. The magic
numbers, atomic ordering, electronic structure, and melting behavior are further studied, and a new poly-
nanocrystalline decahedral motif, Ag,,Au,,, is found to have high structural, electronic, and thermal stability.
Our results show that alloying can lead to a remarkable stabilization of local order and provide a comprehensive
model for the structures and properties of Ag—Au nanoalloys.

KEYWORDS: global optimization - nanoalloy - size - structure - electronic and
thermal stability

32,33 34-37

lar,®' semiconductor, and
compound®®~" clusters.

Lennard-Jones clusters with n = 20—
150 have been intensively studied using
GA'°73% and basin-hopping
techniques.’'*'° The dominant structural
motifs are icosahedral clusters for n < 150,
and there are only eight non-icosahedral
global minima. There are two face-centered
cubic (fcc)-based motifs at n = 38 (trun-
cated octahedron) and 98 (Leary tetrahe-
dron'®) and six decahedral clusters at n =
75-77 and 102-104.

Gold clusters are probably the most
widely investigated noble metal clusters.
Most of the lowest-energy structures of Au,,
clusters obtained from GA
optimizations'”~'° using the Gupta poten-
tial (see Table 1) are disordered or low-
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symmetry structures,even for magic sizes. *Address correspondence to
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structures, which have been further con- Received for review September 11,
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relaxations.'”'® However, the stable struc- . .
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TABLE 1. Gupta Potential Parameters

parameters
AleV ry/A gleV p q
Au—Au 0.2096 2.8850 1.8153 10.139 4.033
Ag—Au 0.1488 2.8885 1.4874 10.494 3.607
Ag—Ag 0.1031 2.8921 1.1895 10.850 3.180

truncated octahedron and Marks decahedron. Typi-
cally, the Au,5*"?? and Au,,,>"?* clusters are magic
icosahedra. Auss and Au, are disordered structures,®
and Ausg,?? Au,,,”%?® and Au, >3 clusters are (trun-
cated) octahedra. Au,4;,2% Au, ;62> and Au, 2% are
Marks decahedra. In addition to these theoretical inves-
tigations, a Marks decahedral motif has recently been
confirmed by X-ray powder diffraction analysis to form
the core of a passivated Au,,,*? nanocluster.

For silver clusters in the range from Ag,; to Aggo,>>
as predicted from Sutton—Chen potentials, there are 30
icosahedral global minima, with Ag,; and Ags; icosahe-
dra as the most stable structures. There are 29 decahe-
dral global minima, while the others present close-
packed morphologies including hexagonal close
packing, face-centered cubic, and a mixture of stack-
ing sequences. For silver clusters in the range from Agg;,
to Ag,,0.~" as predicted from the Gupta potential, most
clusters have decahedral motifs, except for nine non-
decahedral patterns. Agsg is a truncated octahedron,
and Ags; is an icosahedron, as predicted by GA and DFT
calculations'®?® and confirmed by electron diffraction
measurements.*”

Size-dependent properties of clusters have been
studied for other metal clusters, such as Ni,? Cu,*? Pb,*®
Cd,**3° and Zn.?*3° However, among bimetallic clus-
ters, most studies have been limited to relatively small
clusters using Gupta potentials. Examples are the struc-
tural properties of bimetallic clusters with up to about
55 atoms, including Pt—Pd,** Cu—Au,?>3¢ and Ni—Al.>”

In this paper, we have concentrated on the main
characteristics of Ag—Au nanoalloys of 1:1 composi-
tion, because these have high entropy of mixing in the
bulk solid solution Ag—Au alloy. We attempt to identify
size-dependent structural patterns up to 150 atoms,
and we search for new magic numbers and novel types
of chemical ordering. To achieve this, we have per-
formed global optimization using a GA approach com-
bined with DFT relaxation. Finally, we have considered
the roles of composition and temperature in the size
evolution of the equilibrium structures of Ag—Au
nanoalloys.

RESULTS AND DISCUSSION

Energetic Stability. The energies, point groups, and
atomic ordering for the putative global minima are
given in Table 2. These clusters have low symmetries,
and all have C; point group symmetry, except for
Ag;0AU,, (C,), as predicted from the Gupta potential.

TABLE 2. Energies and Structures of Putative Global
Minima for Ag—Au Nanoalloys Using the Gupta Potential®

N m Vyyser 78V motif N m Ve /eV motif
20 0 —59.8055 twinnedlh,; 86 6 —272.3030 twinned Dh
22 0 —66.0641 twinnedlh,;  88* 4 —279.1388 twinned Dh
24% 0 —724511  twinned |h,y 20 5 —285.5936 twinned Ihgg
26 0 —787359 twinnedlh,; 92 8 —292.0234 Dh

28 0 —85.1242 twinned lh;; 94 8 —298.8105 Dh

30 0 —914427 twinnedlh,; %6 5 —305.3793 Dh

32 0 —97.8645 twinned lh,; 98 9 —312.1650 Dh

34 0 —104.2488 twinnedlh,; 100 11 —318.7294 Dh

36 0 —110.6621 twinnedlh,; 102 10 —325.4572 Dh

38 0 —117.3134 10 104 11 —332.0059 Dh

40 0 —123.5324 |hg 106 10 —338.4055 Dh

4 1 —1299734 twinned lh,; 108 13 —344.7734 Dh

44 1 —136.2704 |hgg 110 13 —350.8754 Dh

46 0 —142.8379 Ihgs 112 10 —357.9011 Dh

48 1 —149.3340 |hg 114 8 —3644511 Dh

50 1 —155.7478 twinned Dh 116 10 —371.1731 Dh

52 1 —162.3814 Ihgg 118 12 —377.6619 Dh

54 1 —169.0588 Ihgs 120 13 —383.5984 Dh

56 1 —1754571 Ihgg 122 12 —390.2558 Dh

58 1 —181.8340 Ihg 124% 17 —397.2184 Dh

60 2 —188.1643 Dh 126 13 —403.5111 Dh

62 1 —1947674 twinnedlh,, 128 13 —409.6836 Dh

64 1 —201.1421 twinned lhy; 130 14 —416.5153 |h,,,

66 2 —207.7146 twinned lh;; 132 16 —423.0916 Ih,,,
68 5 —214.0908 Dh 134 13 —429.7950 I,y
70 5 —220.7654 Dh 136 19 —436.5843 Ih,,,
725 —227.1792 Dh 138 23 —442.8975 T0

74 4 —233.8269 Dh 140% 15 —450.2608 Ih,,,
76* 2 —240.3646 Dh 142 12 —456.6665 Ih,,,
78 8 —246.6945 Dh 144 18 —463.4801 Ih,,,
80 6 —253.0306 Dh 146 19 —470.2259 |Ih,,,
82 5 —259.4811 twinned Dh 148 20 —476.6688 Ih,,,

84 4 —2657221 twinnedlh;; 150 22 —482.3981 Ih,,,

“The symmetries of the clusters are C,, except for Au,,Ag,, (N = 20), which has
symmetry. N is the total number of atoms, N* is a magic number (24, 38, 54, 76, 88,
124, 140), and m is the number of Ag atoms in core sites. Dh = capped decahe-
dral clusters. Ih = defective or capped 13-, 55-, or 147-atom icosahedral clusters.
TO = truncated octahedral clusters.

Ag,Au,, clusters with n = 10-75 have no apparent over-
all order and may be described as disordered or amor-
phous, according to a formal definition of disorder as
the absence of point group symmetry.

The energies of the global minima are represented
in Figure 1 as a size-dependent stability function of A
and A, in order to make particularly stable clusters
stand out. A is the excess energy with respect to N bulk
atoms, divided by N*/3:

A="d — )

where EXyl is the global-minimum energy at the given
size, €5°" and €5°" are the bulk cohesive energies of Ag
and Ay, and N = 2N, = 2N,, where N, and N, are the

numbers of Ag and Au atoms. Locally stable structures

are identified as local minima in the plot of A vs N.
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A, is the second difference in the energy:

AY=EL +EL — 2E2, @)
Maxima in A, indicate structures of relative stability
compared to those of nearby sizes (where n = N/2).

The energetic stability functions A and A, of clusters
with different size are compared in Figure 1. The mag-
nitude of the fluctuations arises from the differences be-
tween the more and less stable sizes. The local fluctua-
tions in the second difference of the binding energies,
A,, are generally greater than those in the energetic sta-
bility function, A.

The function A does not show a smooth size depen-
dence, as expected from the fully disordered clusters.
Minima in A and maxima in A, both agree to single out
the most stable cluster sizes, which are N = 24, 38, 54,
88, 124, and 140. The fcc 38-atom truncated octahedron
is still a magic number cluster (Ag,,Au,,), and the
magic numbers at N = 54 and 140 are associated with
the 55- and 147-atom Mackay icosahedra after losing
one or more vertex atoms because even-numbered
clusters do not have complete icosahedral shells.

Chemical Ordering. The atomic or chemical ordering of
the global minima is represented in Figure 2 as a size-
dependent function of the number of Ag atoms in the
core sites of the cluster. Previous studies** have found
that alloy clusters of silver have polyicosahedal core-
shell structures. Similar clusters are found in this work
for N = 20-40 (also shown in Table 2): the cores of
these clusters are composed completely of Au atoms,
and all Ag atoms segregate at the surface; from N = 42
to 66 (except for N = 60), a single Ag atom occupies
the core site while all other Ag atoms segregate to the
surface, and there is a roughly even distribution of silver
atoms on the surface, which reduces the surface en-
ergy.?

However, from N = 68 to N = 150, such core-shell
chemical ordering, a surface-induced tendency toward
non-bulk-like crystalline structures, is not necessary for
the stability of larger Ag—Au clusters. The size-
dependent mixing tendency in Ag—Au nanoalloys
above 68 atoms is similar to that of the bulk Ag—Au al-
loy, an fcc-disordered solid solution, and at size N =
138, the nanoalloy and bulk motifs have the same num-
ber of non-surface Ag atoms.

Geometries of Ag—Au Nanoalloys. The observed struc-
tures are depicted in Figures 3 and 4 for a selection of
clusters that either are particularly stable or have some
interesting structure feature. All clusters are described
in Table 2.

The lowest-energy structure of the 24-atom cluster
is an aggregate of three interpenetrating and face-
sharing 13-atom icosahedra. As the cluster size in-
creases from 20 to 36 atoms, chains and then planes
of 13-atom icosahedra are seen. Icosahedral structures
are inherently strained, as the distance between adja-
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Figure 1. Energetic stability functions A (top) and A, (bottom)
as a function of size (N = 2n) for (AgAu),, nanoalloys.

cent atoms on the surface of the regular 13-atom icosa-
hedron is 5% longer than that to the central atom. The
strain and the resulting energy cost grow rapidly with
size, so that twinned 13-atom icosahedra evolve into
bulk crystalline order at N = 38 and 2-shell icosahedra
at N = 40-58 (with the exception of N = 42 and 50).
These clusters are based on the 55-atom Mackay icosa-
hedron, containing some vacancies for N < 55 or cap-
ping atoms for N > 55. As N increases from 60 to 66,
structures go through a 60-atom decahedral intermedi-
ate (metastable isomer size) and fused 55-atom icosa-
hedra; e.g., the 62-atom cluster is a double 55-atom
icosahedron with one twin plane. Therefore, the first
icosahedral window is identified in the size range of
20-66 atoms for 1:1 Ag—Au nanoalloys, where struc-
ture is dominated by the local or global order of icosa-
hedral symmetry and core-shell chemical order.
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Figure 2. Number of Ag atoms in the core of clusters as a function of
size (N = 2n) for (AgAu),, nanoalloys. lh is an icosahedral window, and

m-Dh is Marks decahedral window.
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The distorted Marks decahedral structure becomes
energetically more favorable in the range N = 68—128.
There are three magic number clusters at N = 76, 88,
and 124 and two icosahedra at N = 84 and 90. Classi-
cal decahedra are constructed on pentagonal bipyra-
mids,?® while more stable Marks decahedra are
produced**** by five re-entrant facets introduced at
the twin boundaries of the decahedron. The 98-atom
cluster in Figure 4 is an example of incomplete Marks
decahedra with five vertical grooves. The 76-atom
magic cluster is associated with the 75-atom Marks
decahedron with one capping atom on a groove. The
124-atom magic cluster is derived from the 122-atom
Marks decahedron with two capping atoms on a
groove. Such groove-bridged Marks decahedra have
been identified as being particularly stable for cad-
mium?® and gold*® clusters.

The magic cluster at N = 88 is a new finding for bi-
metallic clusters in this study. A groove-bridged Marks
decahedral structure is clearly discernible on its bottom
part and two face-sharing decahedral fragments on its
top. The 88-atom cluster, Ag,,Au,,, is a triply twinned
decahedron; i.e., it contains three classical decahedral

A\Kj VOL.2 = NO.1 = CHEN AND JOHNSTON
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Figure 3. Typical geometries of (AgAu),, nanoalloys with 20-76 atoms. Gold atoms are
shown in yellow.

motifs. It is a structure with poly-
nanocrystalline order with three five-fold
symmetry axes. Such polydecahedral clus-
ters have recently been identified by molecu-
lar dynamics (MD) freezing simulations for
pure gold clusters of 2-4 nm size.*” From N
= 68 to 126, there is a decahedral window,
though there is also some tendency toward
bulk-like crystalline structures and chemical
order.

Beyond N = 128, the structures are domi-
nated again by icosahedral structures; i.e.,
there is another |h window. There is one
magic size cluster at N = 140 and one new
fcc truncated octahedron at N = 138. The
140-atom magic cluster is a defective 147-
atom Mackay icosahedron.

In summary, among the Ag,,Au,, clusters
with 20—150 atoms, 31 decahedral clusters,
35 icosahedral clusters, and 2 close-packed
motifs have been identified, distributed
within two |h windows and one m-Dh
window.

Electronic Properties. Although we are confi-
dent with the series of candidate structures
predicted from the Gupta potential, nine dif-
ferent Ag—Au nanoalloys have been reopti-
mized using DFT, and their electronic struc-
tures have been calculated.

The nine Ag—Au nanoalloys (Table 3) in-
clude all five magic clusters located by glo-
bal optimization with N < 100 atoms. The
other four clusters are the 20-atom cluster
(the smallest cluster in the series), the 98-
atom incomplete Marks decahedron, and two medium-
sized (70- and 76-atom) decahedra. As shown in Figure
5, after DFT reoptimization, all the clusters retain their
structures except Ag,,Au,, the structure of which
changes from a double face-sharing icosahedron of C,
point group symmetry into a capped 13-atom icosahe-

TABLE 3. Energies and Electronic Structures from
DFT—GGA Calculations ¢

N m Ey/eV 1PV/eV EA/eV HOMO/eV  LUMO/eV  E,,/eV
20 0 18645 55853 23168  —4.200 —3.655 0.545
2% 0 19024 57029 26862  —4.435 —4.086 0.349
38 0 21027 49802 24221 —3727 —3.691 0.036
541 2195 50549 27293 —3979 —3.864 0.115
60 221333 50049 27633  —3.923 —3.697 0.226
70 5 21624 49620 28742  —3.938 —3.857 0.081
76 2 21723 49334 29007  —4.014 —3.905 0.109
88* 4 22086 5.0092 3.0379  —4.030 —3.765 0.265
98 9 22268 48643 29848  —3.937 —3.85 0.082

“The symmetry of the Au,,Ag,o (N = 20) cluster changes from (; to (, after DFT
reoptimization. £, is the binding energy per atom, IP" is the vertical ionization po-
tential, EA is the electron affinity, HOMO and LUMO represent the highest occupied
and lowest unoccupied molecular orbit energies, and £, is the HOMO—LUMO
gap.
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character of the latter and
strongly increasing their con-
tribution to chemical bonding.
The electronic properties
of the DFT-reoptimized
structures are listed in Table
3 and depicted in Figure 6.
The average binding energy
per atom, E,, the energy nec-
essary to atomize the clus-
ter completely, increases
with the number of atoms
as expected. The ionization
potentials and electron af-
finities converge to the in-
trinsic work function of the
bulk alloys as the number of
atoms increases. The
HOMO—LUMO gap de-
creases as cluster size in-
creases. At the bulk limit,
the gap is zero as the HOMO
and LUMO both converge
to the Fermi level of the al-
loy. The gap exhibits some
fluctuations, as for pure gold
clusters,?" and two peaks
130 138 140 150 are obtained at N = 60 and

Figure 4. Typical geometries of (AgAu), nanoalloys with 80-150 atoms. Gold atoms 88. It is worth noting that

are shown in yellow.

Surface reconstruction has been observed for the

central Au atoms on the (111) facets on the 38-atom
truncated octahedron and for Au atoms on re-entrant
facets of Marks decahedra, as in the 98-atom cluster.
The surface reconstruction corresponds to the outer Au
atoms moving out of the crystalline plane or atomic col-
umn to the surface (Figure 5). The 54-atom icosahe-

dron with C; symmetry. The structure is characterized
by a single Au atom core and a mixed Ag—Au shell.
Bonacic-Koutecky et al.*® predicted by DFT that
Ag,0Au,, adopts compact 3D structures characterized
by a large number of Ag—Au bonds, and its geometry
is the same double icosahedron as predicted by the
Gupta potential in this study.

interesting to note that the energy of groove-bridged

Marks decahedra can be further improved by this sur-

face reconstruction, which is consistent with the ten-

dency for Au atoms to occupy the outer sites of small

Ag—Au clusters.*®*° The Au atom rearrangement (up-

ward to the surface) apparently derives from the aniso-

tropic or bond directionality, as previously observed in v

a pure Pt cluster.®® Gold, in fact, is a third-row metal, in  Figure 5. Geometries of (AgAu), nanoalloys with 20 (first
hich th lativisti tracti fth bital bri row), 38 (second row), and 98 (third row) atoms before (left)
which the relativistic contraction of the s orbital Brings ;4 after (right) DFT reoptimization. The arrow points to
it to overlap with the d orbitals, decreasing the localized  the reconstructed Au atoms underneath.
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sharp change in the caloric curve, with the
difference of total energy between the solid
and liquid phases being the latent heat of
melting.

The caloric curves of the decahedral clus-
ters with 60, 70, 76, 88, 98, 112, 118, and 124
atoms are shown in Figure 8. The 60-atom
cluster shows a gradual evolution of the
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100 solid cluster toward the liquid state due to
melting from the surface inward.”® There is a
general increase in melting temperature with
increasing size, except for the anomalously
high values for N = 76 and 118, which is an
example of finite size effects, as observed in
many small clusters such as Ni clusters.®°
Figure 9 shows the caloric curves of 24-,
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Figure 6. DFT-calculated electronic properties for (AgAu), nanoalloys as a function of
size (N = 2n).

the 88-atom cluster yields a larger gap (0.265 eV)
and higher one-electron energy than the neighbor-
ing clusters.

The binding energies calculated at the DFT level, as
shown in Table 3, are 1.8645 and 2.2268 eV/atom for N
= 20 and 98, respectively, while the Gupta potential
binding energies for the same clusters, as calculated
from the total cluster potential energies in Table 2, us-
ing eq 4 (shown in the Methodology section), are
2.9903 and 3.1854 eV/atom, respectively. Recent work
on Ag®' and Pd—Pt>? clusters indicate that the out-
come of simulations varies with the potential energy
function. The Gupta potential used here has been fit-
ted to experimental properties of the bulk metals and
alloys and is expected to be less accurate than the DFT-
based energy model for small sizes, especially below
20 atoms. The main drawback of this empirical poten-
tial is the lack of specific quantum effects, such as shell-
closure, electronic wave function interference, and di-
rectionality effects. However, it is important to note that
the many-body character of this empirical potential
provides a reasonably accurate model for metallic sys-
tems and enables thorough exploration of the potential
energy surface using global optimization methods.

Melting Behavior. The thermal effect or finite-
temperature behavior of the metal cluster has attracted
much attention since the previous experimental
work>3*** and atomic simulations®>>® on sodium clus-
ters and gold clusters.>” The melting behavior of nano-
clusters is highly dependent on cluster size and lowest-
energy structure and can be used to explore the
structural properties.”®

Figure 7 shows the caloric curves calculated for the
38-and 138-atom truncated octahedral Ag—Au nanoal-
loys. All fcc truncated octahedral clusters show a well-
defined melting transition upon heating, i.e., a jump or

28-, 32-, 36-, 42-, 54-, 62-, and 140-atom
Ag—Au icosahedral nanoalloys. The 24-, 28-,
and 62-atom clusters show a gradual melting
transition, while all the others show a sharp
melting transition. The 36-atom cluster melts
at a higher temperature than the 42-atom cluster, as
do the 54- and 62-atom clusters. The 54-atom cluster
shows an oscillation in the caloric curve, possibly due
to permutational isomers which compete with liquid-
like isomers, leading to pre-melting of the cluster.
Figures 7—9 show that none of the clusters relax
into a lower-energy state (manifested as a drop in
the caloric curve) when heating from 0 K to the melt-
ing point. This indicates that the starting structures
are probably global minima or are very close in en-
ergy and structure to the global minimum. In con-
trast to our previous findings for 55-atom pure Au
and Au-rich Ag—Au nanoalloys,® no glass-like tran-
sition is observed for any of the clusters. This indi-
cates that the structures of the clusters are distinct
from the liquid metal and have some medium-range
or global crystalline order. None of the clusters have
disordered global minima, which is in contrast to
pure Au clusters (even for some magic number

sizes'”"'®), which exhibit many intermediate-size dis-
-108 |-
S
9, 111 338'(\
B N=38
Q
S . s s s s
[0}
s
o o
420 |
-430 1 1 1 1 1

300 400 500 600 700
Temperature (K)

Figure 7. Caloric curves for truncated octahedral (AgAu),,
nanoalloys with 38 and 138 atoms from 300 to 700 K.
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Figure 8. Caloric curves of decahedral (AgAu),, nanoalloys with 60, 70, 76, 88, 98, 112, 118, and 124 atoms from 300 to 700 K.

ordered global minima,'® and pure Ag clusters,
whigh have many small disordered global minima,®’
as predicted from the same Gupta potential. Thus,
for the 1:1 composition, it appears that alloying
leads to the stabilization of geometrically ordered
structures.

It is important to note that, in nanoalloys, the lo-
cal structure present in the disordered clusters could

www.acsnano.org

be assembled in a way that gives rise to a particu-
larly stable cluster with new structural motifs. Ex-
amples have previously been found in bulk
alloys®#®? and recently in metallic glasses,®*°° where
truncated tetrahedral local order can be stabilized
through just two types of atoms to form bulk poly-
tetrahedral crystals, the Frank—Kasper phases.®? In
these disordered Ag—Au nanoalloys, particularly
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Figure 9. Caloric curves of icosahedral (AgAu),, nanoalloys with 24, 28, 32, 36, 42, 54, 62 and 140 atoms up to 700 K.

stable clusters with new motifs have been realized,
for example, the 24-atom twinned Ih,; cluster and
the 88-atom twinned Dh cluster.

CONCLUSIONS

The complexity of the structural behavior of
Ag—Au nanoalloys derives from the combination of
the core-shell chemical ordering of Ag alloy clusters
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and the amorphous crystalline habits of Au alloy clus-
ters.

In this study, the lowest-energy structures of 1:1
Ag—Au nanoalloys containing 20—150 atoms have
been searched using a global optimization ap-
proach. These clusters have low-symmetry C, point
group structures with twinned, capped, defective,
and distorted atomic packing. In all, 31 decahedra,
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35 icosahedra, and 2 close-packed motifs have been
identified. Magic numbers have been observed for
N = 24,38, 54, 76, 88, 124, and 140. A set of
icosahedron-dominated structural motifs, the “lh
window”, is obtained in the size range 20-66,
changing to a Marks-Dh window in the size range
68-128, and then another Ih window in the size
range 130-150. The size-dependent structural tran-
sition in Ag—Au nanoalloys is so strongly related to
the magic icosahedral numbers 55 and 147 that we
can predict that the next |h window will appear
around the magic numbers 309 and 561, and be-
tween them, there should be a new Marks-Dh
window.

Other properties of Ag—Au nanoalloys converge to
the bulk alloy very rapidly instead of varying periodi-
cally with size. Chemical (atomic) ordering changes
from core—shell to bulk-like mixed solid solution disor-
der from 68 atoms. Electronic structure calculations us-
ing density functional theory reproduce the geometries

METHODOLOGY

The energetic model used in the global optimizations and
MD simulations reported here is the many-body Gupta poten-
tial,%¢ which is derived from the second-moment approximation
to tight binding theory, extended to the description of alloys.
Its analytical form is as follows:

N N
= —Plj_
Vclusler z z Ae

i 2]

2 =247 3)

=]

where N is the number of atoms, 7; = r;/ro — 1,and r; = |r; - r}| is
the distance between atoms i and j. The Gupta potential
parameters for Ag—Au nanoalloys are listed in Table 1.

Global optimization was performed using the Birmingham
cluster genetic algorithm (BCGA).®” The genetic algorithm is a
population-based search technique to find the optimum solu-
tion in a multidimensional parameter space. It is based on prin-
ciples of natural evolution, using operators which have ana-
logues in the theory of biological evolution, such as mating,
mutation, and natural selection. It explores many different solu-
tions simultaneously. and each investigation reveals information
about a different region of the surface. BCGA acts on the pheno-
type (i.e., the 3D cluster structure) rather than the genotype (en-
coded coordinates).'® In this work, the following genetic algo-
rithm parameters were employed: population size = 38, mating
rate = 0.8, crossover type = one-point, mutation rate = 0.1, and
number of generations = 500.

During the geometry optimization, 20 GA runs (with differ-
ent random number seeds) were carried out for each composi-
tion, and the resultant structures were then analyzed by compar-
ing the average binding energy, E,, for an N-atom cluster, which
is defined as

-V,

cluster

E,= N

(4)

where V. is the total cluster potential energy.

DFT calculations®® were then carried out on selected configu-
rations. The spin-polarized DFT calculations were performed in
real space within the framework of the DFT-based relativistic
semicore pseudopotential®® with double numerical basis sets
with d-polarization functions. A global cutoff of 4.5 A was used
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predicted by the GA for clusters larger than 24 atoms.
The electronic effects tend to rearrange the Au atoms
onto the surface of the structures predicted by the
Gupta potential. The melting behavior studies show
that the entire clusters exhibit a bulk-like first-order
melting transition, though for some sizes the transition
is sharp and for others it is gradual. A new poly-
nanocrystalline decahedral motif, Ag,,Au,,, is found to
have high structural, electronic, and thermal stability.

After the submission of this manuscript, recent ex-
perimental work*? was reported on the structure and
crystallization of Au,,, cluster passivated by 44 thiolate
ligands. The cluster has a decahedral structure, with a
49-atom Marks-Dh core and is characterized by a 58-
electron closed electronic shell. The topology is consis-
tent with the present work, in that our predicted struc-
ture for (AgAu)s, is based on a Marks-Dh, though the
ligands in the experimental structure give rise to a re-
construction of the surface atoms.”

for grid integration. Self-consistent field procedures were per-
formed with a convergence criterion of 10™° au on the total en-
ergy and electron density. The generalized gradient approxima-
tion (GGA) functional of Perdew, Burke, and Ernzerhof’® was
used for exchange-correlation during the geometry and prop-
erty calculations.

MD simulations”" were used to study the melting of Ag—Au
nanoalloys. Newton’s equations were solved using the velocity
Verlet algorithm,”? with a time step of 7 fs. The temperature was
controlled by an Andersen thermostat and was increased by scal-
ing up the velocities in a step-like manner, each step correspond-
ing to an increase of 1 K. The heating rate was 0.8-4 K/ns; the ac-
curacy of the current computational scheme was checked by
making benchmark calculations on the icosahedral Agss cluster.
The average melting point from our calculations is 565 K, which
agrees well with previous simulation results (570 K)73 using the
same Gupta potential parameters. During individual simulation
runs, the different melting pathways were directly observed by
taking atomic configuration snapshots and plotting the caloric
curves calculated by taking time averages of the total energy as
a function of thermostat temperature, E(T).
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