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The energetically favored structures of clusters are determined by the interactions among particles.
Using the modified Morse pair potential, which has two parameters that can freely control the
interactions at the minimum, short range, and long range, we systematically investigated how the
interactions determines the global minimum structures of clusters and gave the structural phase
diagram at 0 K for each cluster size at the range 11 < N < 30. Compared to the Morse potential,
a number of new structures are found, and some of them are unexpected. The global minimum
structures of modified Morse clusters can act as structural bank, which will be helpful in the
optimization of certain real clusters. © 2011 American Institute of Physics. [doi:10.1063/1.3582790]

. INTRODUCTION

Global optimization of clusters is of great importance for
chemical and physical science. Compared to bulk materials,
the study on global minima of clusters is always novel and
lots of global minima have been located.'~> Wales group built
the Cambridge Cluster Database'” by a systematic research
on potential energy surface (PES).> 112

Generally, a quantum mechanics method is much expen-
sive for global geometric optimization. Also, many empirical
potentials are too complicated to get a physical insight into the
observed structures. So the simple models are usually used
to fit the interatomic potentials for various clusters such as
Lennard-Jones (LJ) (Ref. 13) and Morse'* potentials. For LJ
potential, only the van der waals’s force is considered. LJ po-
tential can be successfully applied to some real systems such
as heavy inert gas atoms at low temperature. And more fre-
quently, it is a popular benchmark for new theoretical meth-
ods. The global minima of small LJ clusters are icosahedral,
then with clusters size increasing, decahedral become favored,
and finally, close-packed motifs become predominant.'?

Morse function has one parameter that can control
the range of the potential. For short-ranged Morse clus-
ters, icosahedral structures are so strained that decahedral
and strain-free close-packed structures become predomi-
nant, but for long-ranged Morse clusters, disordered and
polyicosahedral'>!®  structures are predominant. Doye
et al.'”'® have made a systematic search of the putative
global minimum structures for clusters size N < 80 by Morse
potential as a function of the range of the potential. Later on,
the structures of Morse clusters at 81 < N < 240 were also
modeled and the structural phase diagram was given out.'*-20

For Morse function, potential ranges at the short and long
distance change with the parameter at the same time. So we
designed a modified model (MM) potential®! based on the
Morse potential to get a systematic study about the effect of
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long and short range interactions. It can freely control the in-
teraction at the minimum, short range, and long range of the
potential. However, there is still no systematic study on how
the range of the potential affects the global minimum struc-
tures by using the MM potential. For this purpose, in this
work, we try to locate the putative global minimum structures
of MM cluster as the function of potential range.

For N < 10, the putative global minimum structures of
Morse clusters have been located,!” and the effects of poten-
tial range are not so large at small cluster size. Therefore, we
start our work at 11 < N < 30. A number of new motifs are
found to be global minimum at certain potential range, and
the structural phase diagram at each cluster size is carried out.

For real clusters (such as metal clusters, nanoalloy clus-
ters, and molecular clusters), the interaction mechanism
among particles is often very complicated, and the ener-
getically favored motifs may also be unexpected. However,
for some of the real cases, the interactions may be similar
to the modified Morse potential at certain potential range
(minimum, long distance, and short distance of the poten-
tial). Therefore, the structural phase diagrams of the modified
Morse clusters can act as a structural bank, and the global
minimum motifs can be the starting points of first principle
calculations.

Il. COMPUTATIONAL METHODS
A. The modified Morse model potential

The MM potential designed based on Morse potential can
be written as

MMp, ¢1(r) = (exp[2p(1 — r¥)/¢]
—2explp(1 —r%) /9] — A) /(1 + A),
(1)

where r is the pair distance;?> p and ¢ are two parameters,
A=0atg>0and A =e2/? —2e*/? at p < 0. At p =6
and ¢ — 0, MM potential is just the L] potential. And MM
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FIG. 1. Plots of the LJ and the MM potential for different values of ¢.

potential is the Morse potential at ¢ = 1. Figure 1 shows that
potentials with similar ranges at the minimum can have vari-
ous short- and long-range interactions. With ¢ increasing, the
potential range at short range will decrease and the potential
range at long range will increase. By the new parameter ¢,
we can control the long- and short-range interactions sepa-
rately. A larger ¢ means softer short-range interaction and
weaker long-range interaction, and a smaller ¢ means harder
short-range interaction and stronger long-range interaction.
Figure 2 shows that MM potentials with similar long range
interactions can be well fitted by different p and ¢. So the
novel MM potential can freely control the interaction at the
minimum, short range, and long range of the potential.
Morse potential has been applied to fit the bond and non-
bond interactions in a number of empirical potentials.?>2°
For example, the Girifalco potential’’=3! for interactions
between Cgy molecules has same curvature at the minimum
(r = 1) with Morse potential at p = 13.6.>> The difference
is that, as shown in Fig. 3, Morse potential is a little softer
at the short range (r < 1) and much weaker at the long range
(r > 1). However, using the MM function at p = 13.6 and
¢ = —2.25, MM potential can fit the Girifalco Cgy potential
very well (both at the minimum, long range, and short range).
Therefore, we can expect that the MM function can be applied
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FIG. 2. Plots of MM potentials with similar long range interactions for dif-
ferent p and ¢.
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FIG. 3. Plots of Girifalco potential for C¢y, MM potential for p = 13.6 and ¢
= —2.25 and Morse potential for p = 13.6. The dotted line is MM potential.
The dashed-dotted line is Morse potential. For easy comparison, the Girifalco
potential is also plotted in normalized form (¢ = rp = 1).

to various systems>>—3® better than Morse function by using
the two parameters, and structural phase diagrams of MM po-
tentials may involve certain number of real clusters systems.

B. Global optimization method

Global minimum structures of MM clusters are located
by using the funnel hopping®’ method. Funnel hopping con-
tains two levels of local optimization procedures and a global
optimization procedure. The first local optimization phase is
the limited-memory BFGS (L-BFGS) (Ref. 38) which is a
powerful quasi-Newton conjugate gradient method. The sec-
ond local optimization phase is a cluster surface smoothing
method that can locate the minimum of the funnel that con-
tains current structure on PES with low cost. The global opti-
mization phase is a simple version of genetic algorithm.*~*!

lll. RESULTS AND DISCUSSION

To get an understanding of the structures of MM clusters
as a function of the range of the potential, for each cluster size
among N = 11-30, at each pair of p and ¢ (where p = 3.0,
3.2, 3.5, 4.0, 4.5, 5.0, 6.0, 8.0, 10.0, and 20.0 and ¢ = —4,
—2,—1,0, 1, 2, and 4), 5000 iterations of funnel hopping are
carried out separately. Then the 5 lowest-energy structures are
recorded for each pair of p and ¢. Finally, for p among 3.0—
30.0 and ¢ among —10.0 to 10.0, the global minimum struc-
tures at each values of p and ¢ are located from the recorded
structures, and the structural phase diagram is plotted which
showing how the global minimum structures depend on po-
tential ranges (p and @).

Figures 4-8 plot the resulting structural phase diagrams
of MM _14, MM 5_13, MM 922, MM>3 56, and MMy;_30, re-
spectively, where structures of each global minimum labeled
by alphabet (i.e. A, B, C, ...) are also listed in the figures.
The coordinates of the located global minima can be found in
the supplementary material.*?
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FIG. 4. Structural phase diagrams of (a) MM, (b), MMj2, (c) MM 3, and (d) MM 4 clusters showing the structures of the global minimum depend on p and
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FIG. 5. Structural phase diagrams of (a) MM;js, (b), MMjg, (c) MM 7, and (d) MM 3 clusters showing the structures of the global minimum depend on p and

¢. The dashed line gives ¢ = 1 which is the Morse potential.
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FIG. 6. Structural phase diagrams of (a) MM, (b), MMy, (c) MM, and (d) MM, clusters showing the structures of the global minimum depend on p and
¢. The dashed line gives ¢ = 1 which is the Morse potential.
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FIG. 7. Structural phase diagrams of (a) MM>3, (b), MMa4, (c) MM3s, and (d) MMyg clusters showing the structures of the global minimum depend on p and
¢. The dashed line gives ¢ = 1 which is the Morse potential.
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FIG. 8. Structural phase diagrams of (a) MMa7, (b), MMag, () MMyg, and (d) MM3 clusters showing the structures of the global minimum depend on p and

¢. The dashed line gives ¢ = 1 which is the Morse potential.

A. Structural phase diagrams of MM;_4

As shown in Fig. 4(a), first, at very small values of p, the
global minima 11A, 11B and 11C are disordered with Dy,
C,, and C3, symmetry, respectively, which are spherical but
strained. In the three disordered structures, 11A has the largest
number of nearest-neighbor contacts (NN), so it is more fa-
vored at larger ¢; however, 11C is less strained for r < 1, so it
is more favored at a small ¢. Then with p increasing, incom-
plete icosahedra 11D and 11E become more stable because of
lower strain energy. 11D is based on the magic number 13-
atom icosahedron. 11E has the same structure with 11D, but
is little distorted due to the strain and the symmetry is broken
(from Cj, to Cy), and the transition is smooth without first or-
der phase transition, so it is difficult to find their demarcation
line. Next, with p increasing or ¢ decreasing, the strain energy
grows so that incomplete icosahedra are destabilized and 11F
becomes the global minimum, which is tetrahedral with C,
symmetry (the packing style is similar to the magic number
98-atom Leary tetrahedron®®). Lastly, at large values of p, 11F
also becomes too strained, and the strain free closed-packed
11G (C;,) becomes the global minimum. All these structures
are global minima of Morse clusters (¢ = 1) at certain range
of the parameter p.!°

Figure 4(b) plots the structural phase diagram of MM5,.
It can be seen that, at very large area of the diagram, the global
minima are icosahedral 12A (Cs,) and 12B (Cy), where 12B
has same structure with 12A, but is little distorted and the
symmetry is broken, and the transition is also smooth with-
out first order phase transition, so it is difficult to find their

demarcation line; at large values of p and ¢, the global mini-
mum 12C is tetrahedral with D,; symmetry (similar to 11F);
at very large values of p, the global minimum 12D is strain
free close packed with D3, symmetry. At small value of p
and large value of ¢, the global minimum 12E is a novel
disordered motif with C,, symmetry, which is compact but
strained.

Figure 4(c) plots the structural phase diagram of MM 3.
At very large area of the diagram, the global minimum 13A
is the magic number Mackay icosahedron with I, symmetry;
then with p increasing, 13A is destabilized because of strain
energy, so decahedron 13B (Ds;) becomes the global mini-
mum; and finally the global minimum 13C is close packed
with D3, symmetry at very large values of p. Between the
icosahedral (13A) and decahedral (13B) global minima, at
negative values of ¢, there are two novel distorted global min-
ima 13D and 13E. 13D is a distortion of icosahedral 13A due
to the strain, where the symmetry is broken (from I, to C5,).
13E is a distortion of the decahedral 13B along the five fold
axis, and the symmetry is broken to D5, which is some what
the middle point of the decahedral and icosahedral structures.

Figure 4(d) plots the structural phase diagram of MM 4.
First, at small values of p and positive values of ¢, the global
minimum 14A is disordered with Cp, symmetry, which is
compact but strained. Then with p increasing, the global
minima are icosahedral (14B), decahedral (14C), and close
packed (14D), respectively. 14B is 13A plus one atom site;
14C is 13B plus one atom site; and 14D is 13C plus one atom
site.
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B. Structural phase diagrams of MM;5_1g

In this group, MM 5 has four kinds of structures as shown
in Fig. 5(a), in which no new structures are found compared to
Morse potential (¢ = 1). 15A is disordered with De,; symme-
try at small values of p and not too negative values of ¢, which
is most compact and has the largest number of NN. Then with
p increasing, 15B that has less NN but is less strained be-
comes favored, which is 13A plus anti-Mackay layers with
C,, symmetry. Decahedral 15C (C5,) is 13B plus two atoms
at large p. Lastly, at very large values of p, 15D is strain free
close packed with C,, symmetry.

Figure 5(b) plots the structural phase diagram of MM .
First, at small values of p and small positive values of ¢,
16A is disordered with D3, symmetry, which is spherical but
very strained. Then with p increasing, icosahedral 16B (Cy)
is 13A plus anti-Mackay layers, which has less NN but is less
strained compared to 16A. Then, decahedral 16C (C5,) be-
comes favored, which is 13B plus three atom sites. Finally,
strain free close packed 16D with C,, symmetry becomes
dominant at very large values of p. However, at very small
values of p and not too negative values of ¢, the global mini-
mum 16E is a novel disordered structure with C; symmetry.

Figure 5(c) plots the structural phase diagram of MM 5.
17A (D3p) is disordered at small values of p and positive val-
ues of ¢, which is most compact and has two center atoms.
Then with p increasing or ¢ decreasing, icosahedral 17B
(C3y), 17C (Cy), and 17D (C;) become global minima, which
are all 13A plus various anti-Mackay layers. Next, with p
increasing, decahedral 17E (C5,) becomes global minimum,
which is 13B plus four atom sites. Finally, at very large values
of p, 17F is close packed with C;, symmetry. 17G is a novel
disordered structure with 7; symmetry at very small values of
p and very narrow ranges of ¢, which has one center atom
and 16 surface atoms.

Figure 5(d) plots the structural phase diagram of MM .
First, 18A is disordered with C, symmetry at small values of p
and positive values of ¢. Then with p increasing or ¢ decreas-
ing, 18B, 18C, and 18F are 13A plus various anti-Mackay
sites with Cs,, Cy, and C; symmetry, respectively, in which
18F is a new structure compared to Morse potential. Next,
the decahedral 18D becomes more favored with less strained
which is 13B plus five atom sites with Ds; symmetry at large
values of p. Lastly, 18E is close packed with Cy symmetry at
very large values of p.

C. Structural phase diagrams of MM;g_2»

Figure 6(a) plots the structural phase diagram of MMj.
There are just three kinds of structures in the phase diagram,
where 19A is double interpenetrating icosahedron with Ds,
symmetry and which is also a most stable magic number of
icosahedral clusters; with p increasing, decahedral 19B with
C,, symmetry becomes the global minimum; and, finally,
close-packed 19C (D3;,) is favored at very large values of p.

Figure 6(b) plots the structural phase diagram of MMy.
Icosahedral 20A (Cy,) is the magic number 19A plus one anti-
Mackay site. Then with p increasing or ¢ decreasing, the dec-
ahedral clusters, 20C (C5,) and 20D (C5,), become dominant.

J. Chem. Phys. 134, 194108 (2011)

20C has same number of NN with 20D, but is more spheri-
cal and more strained, so it is more favored at negative val-
ues of ¢. Between the icosahedral and decahedral structures,
the global minimum 20B (Cy,) is a fragment of the 34-atom
magic number Leary tetrahedron.*? 20E is close packed with
C, symmetry at large values of p.

Figure 6(c) plots the structural phase diagram of MMy .
Icosahedral 21A (C,,) and 21B (C;) are 19A plus different
anti-Mackay sites. Then with p increasing, at negative values
of ¢, the novel tetrahedral packing cluster 21E (C;) becomes
more favored. Next, with p increasing, decahedral 21C (Cy)
becomes the global minima. Finally, 21D is close packed with
C, symmetry at large values of p.

Figure 6(d) plots the structural phase diagram of MMy,.
Icosahedral 22A (C;) and 22E (C,) are both 19A plus differ-
ent anti-Mackay sites, where 22E is less spherical and less
strained compared to 22A, so it is more favored at a posi-
tive value of ¢. 22B (C;) and 22D (Cy) are both in tetrahedral
packing (22B can also be taken as decahedral plus anti-layers
over the {111} faces). 22C is close packed with C,, symmetry
at large values of p.

D. Structural phase diagrams of MM;_55

Figure 7(a) plots the structural phase diagram of MMps.
23A (Dsy,) is triple interpenetrating icosahedron at small val-
ues of p, which is also a magic number of icosahedra. 23B
is double face-sharing polyicosahedral with D3, symmetry,
which is less strained compared to 23A, but is less spheri-
cal and has less NN at the same time, so it is favored at large
values of ¢. With p increasing, tetrahedral 23C (Cy) and 23E
(Cy) are the global minima, where 23E can also be taken as
decahedral plus anti-layers. 23D is close packed with C; sym-
metry at large values of p. 23E is also a newly located global
of Morse clusters at potential range p = (21.2, 25.4) com-
pared to previous works.!""1

Figure 7(b) plots the structural phase diagram of MMy,.
24A (Cy) and 24B (C,,) are 23A plus various anti-Mackay
sites. 24H (C3,) is a distortion of 24 A, which is more spherical
and strained, so it is more favored at not too positive values
of ¢. 24C is face-sharing polyicosahedral with C; symmetry.
24D (Cy), 24F (Cy), and 24G (C)) are both Leary tetrahedral.
Lastly, 24E is close packed with C; symmetry at large values
of p. The areas of 24D and 24G have been divided into two
parts by 24F and 24E.

Figure 7(c) plots the structural phase diagram of MMps.
25A is icosahedral with C; symmetry. Then, at large values
of ¢, with p increasing, 25B is less strained for r > 1 which
is polyicosahedral with C,, symmetry. Next, with p increas-
ing or ¢ decreasing, Leary tetrahedral 25C (Cs,) becomes
predominant. Finally, at very large values of p, 25D is close
packed with C; symmetry.

Figure 7(d) plots the structural phase diagram of MMyg.
26A is four interpenetrating icosahedra with 7, symmetry
which is also a magic number. 26B is polyicosahedral with Cj
symmetry at large values of . 26C is Leary tetrahedral with
C,, symmetry. 26D is a magic number close-packed structure
with D3, symmetry.
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E. Structural phase diagrams of MM27_3p

Figure 8(a) plots the structural phase diagram of MM;.
27A (Cy) is 26A plus one site. The newly located structure
27F (Cs,) is a distortion of 27A. 27B is polyicosahedral with
C,, symmetry at large ¢. With p increasing, icosahedral 27C
(Cs) becomes the global minimum. Then, at large values of
@, with p increasing, Leary tetrahedral 27D (Cy) becomes the
global minimum. Finally, 27E is close packed with Cy sym-
metry at large values of p.

Figure 8(b) plots the structural phase diagram of MMpg.
28A (Cy), 28B (Cy), 28G (Cy), and 28H (C,) are icosahe-
dral with various anti-Mackay overlayers. 28F (C,) is polyi-
cosahedral. 28C (C3,) is icosahedral with Mackay overlayers.
With p increasing, 28D (C;) becomes global minimum, which
can be taken as incomplete Leary tetrahedron or Mackay
icosahedron. 28E is close packed with C,, symmetry at large
values of p.

Figure 8(c) plots the structural phase diagram of MMyg.
29A (C5;) and 29B (Cy) are icosahedral with various anti-
Mackay overlayers. 29C (Cj) is icosahedral with Mackay
overlayers. 29D (C)) and 291 (C)) are Leary tetrahedral. Then
with p increasing or ¢ decreasing, decahedral 29E (C;), 29F
(Dsp), and 29H (C,,) become the global minima. Finally,
at very large values of p, 29G is close packed with Cj,
symmetry.

Figure 8(d) plots the structural phase diagram of MM3j.
30A (C3,) and 30B (C,,) are icosahedral with various anti-
Mackay overlayers. 30F (C;) is a distortion of 30A to have
more NN. 30C (C,,) and 301 (Cy) are icosahedral with vari-
ous Mackay overlayers. With ¢ decreasing, Leary tetrahedral
30G (Dyy) symmetry becomes dominant. The area of 30C has
been divided into two parts because of the existence of 30G.
Then with p increasing, decahedral 30D (Cy), 30H (Cy), and
30J (C;) become predominant, where 30H and 30J are less
strained at negative values of ¢. Lastly, 30E is close packed
with C; symmetry at very large values of p.

IV. CONCLUSION

In conclusion, with the funnel hopping method, we have
located the putative global minimum structures of modified
Morse clusters for cluster size 11< N < 30, some of which
are previously unknown compared to Morse clusters (¢ = 1).
And we also give out the phase diagrams at each cluster size
for an overall view of how p and ¢ affect the global minimum
motifs. Compared to Morse clusters, 25 new structures (12E,
13D, 13E, 16E, 17G, 18F, 20B, 20C, 21E, 22D, 22E, 24F,
24G, 24H, 27F, 28F, 28G, 28H, 29H, 29I, 30F, 30G, 30H,
30L, and 30J) are located, which are global minimum at the
potential range ¢ > 1 or ¢ < 1. Most of the newly located
structures are icosahedral or decahedral. However, some of
them are unexpected at such a potential range, e.g., 13E is
somewhat a middle point of icosahedral and decahedral mo-
tifs; 17G is a core-shell cluster, which has one center atom and
a sixteen-atom shell. Moreover, a new putative global mini-
mum for Morse clusters is also found (23E at potential range
p =21.2-254).

J. Chem. Phys. 134, 194108 (2011)

Similar to Morse clusters, parameter p determines the
potential range at the minimum of the potential. At small val-
ues of p, the energetically favored motifs are disordered, and
then with p increasing, the energetically favored structures
are icosahedral with anti-Mackay overlayers, polyicosahe-
dral, icosahedral with Mackay overlayers, Leary tetrahedral,
decahedral plus anti-Mackay overlayers, decahedral, and
close packed in turn. Moreover, parameter ¢ determines the
potential range at the long- and short-distance, which can also
greatly affect the energetically favored motifs. For example,
polyicosahedral motifs are more favored at large values of ¢;
spherical motifs are more favored at negative values of ¢ and
small values of p. For various systems (e.g., liquids, metal
clusters, and molecular clusters), the interaction mechanisms
may be very complicated, but the interactions may be similar
to the modified Morse potential at certain values of p and
@, for example, Girifalco Cgy potential for p = 13.6 and ¢
= —-2.25. So the modified Morse potential may be helpful to
provide interesting results for some systems. Moreover, the
structural phase diagrams of the modified Morse clusters can
act as a structural bank, and the global minimum motifs can
be the starting points of first principle calculations.
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