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Data mining, involving cross examination of cluster structure

pools collected for ZnO, GaN, LiF and AgI, has been applied to

predict plausible cluster structures of related binary materials.

We consider the energy landscapes of (MX)12 clusters for

materials that possess tetrahedral bulk phases, wurtzite or

sphalerite, including LiF, BeO, BN, AlN, SiC, CuF, ZnO,

GaN, GeC and AgI. The energy is evaluated using the hybrid

PBEsol0 density functional for structures optimised at the

PBEsol level. We report a novel encapsulated iodide structure

for AgI and a series of new CuF structures, where significant

differences are found between the results for the two functionals.

Structure determination is, perhaps, the most challenging

contemporary problem in the field of nanoscience, where

computational techniques are often the only available tool.

At the nanoscale even simple binary systems that are well

characterised in the bulk state exhibit surprising diversity.

To understand this behaviour we apply a combination of

global search techniques with density functional theory

(DFT) calculations, using a state-of-the-art treatment of

exchange and correlation, to elucidate the energy landscapes

underlying this phenomenon. Our methodology combines

evolutionary algorithms1–5 with data mining from the

structures found6–8 rather than from the literature.9–14 We

calibrate this approach on a range of main group and filled

d-shell transition metal binary heteropolar compounds LiF,

BeO, BN, AlN, SiC, CuF, ZnO, GaN, and GeC, and contrast

the cluster structures with AgI, which is isostructural in

bulk but has substantially different electronic structure of

the anion.

We have previously applied an evolutionary algorithm (EA)

to investigate the energy landscape of (ZnO)n, n = 1–32,

clusters using interatomic potentials.15 A large set of viable

structures has thus been generated and proved to be robust in

further assessment by DFT calculations.16 Hereafter we refer

to this set of structures as a pool, and it would typically contain

stationary points of interest within the configurational space.

In nature, a wide range of compounds of 1 : 1 stoichiometry

adopt bulk structures similar to those of zinc oxide, with

tetrahedral coordination of both ions arranged in a wurtzite

or zinc blende (sphalerite) structure. A higher coordination of

constituent ions is also observed in these compounds under

pressure or in related compounds, and it is commonly believed

that the structural preference is controlled by the ratio of the

constituents’ ionic radii. Based on a simple ionic model, where

ions are considered to be incompressible nonpolarisable

spheres, the coordination of the smaller cations relative to

the larger anion, and thus the structural stability, is limited

by ionic radius ratio rules.17,18 For example, the rock-salt

structure with octahedral coordination should be stable for

rM/rX of 0.414–0.717, as demonstrated by MgO (0.46),

LiF (0.44) and AgCl (0.70). The cubic sphalerite (or hexagonal

wurtzite) structures with tetrahedral coordination should be

favoured for a lower radius ratio, while higher coordination

structures such as the eightfold coordinated CsCl structure

should be favoured by a higher radius ratio. Due to the simple

nature of the theory, there are many known exceptions to the

rule. Cuprous fluoride, CuF, was reported in the sphalerite

structure (a = 4.264 Å)19 in 1933; however, there has been an

absence of more recent reports. Whereas cuprous oxide is

characterised by linear Cu coordination (O–Cu–O dumbbells),

Cu(I) adopts tetrahedral coordination in chalcogenide

compounds such as the chalcopyrite and kesterite family of

materials.20,21 Furthermore, the heavier cuprous halides

(CuCl, CuBr and CuI) adopt the sphalerite structure. The

difficulty in synthesising CuF is likely to be related to the

competitive formation of cupric fluoride (CuF2) and complete

dissociation into metallic Cu.

One problem of interest in cluster chemistry is the structural

diversity, as for each cluster size a large number of candidate

structures are identified by computational means. Which of

these structures are realised in nature or can be targeted in

synthesis? As the structure of clusters and nanoparticles

of these compounds remains largely undetermined by

experiment, a computational approach could be a useful

means of assessment. Based on the similarity of the bulk

structures of ‘‘tetrahedral’’ compounds, in this work we

hypothesise that the energy landscapes of their cluster

structures are also similar, i.e. showing comparable features.

Pursuing this idea, we data mined the pool of structures

obtained for zinc oxide clusters of one particular size

n = 12, in which a sodalite cage has previously been identified

as a particularly stable structural unit for ZnO and a number

of related compounds of 1 : 1 stoichiometry by computational

means7,22,23 and, which for BN, has been observed

experimentally.24–27

Of the twenty highest ranked (lowest energy) structures of

ZnO, we have selected nine structures that are not only of the
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lowest energy but also possess clearly defined three-dimensional

morphology as discussed below (structures A1–A3, A5–A7,

A10 and A13 shown in Fig. 1). To explore the reliability of

data mining using only one parent compound, we performed

three complementary EA searches of energy landscapes15,28

employing interatomic potentials: (i) for GaN,29 which is a

close match of ZnO regarding both the structure and physical

properties, (ii) LiF,30 which is a borderline case between

tetrahedral and octahedral compounds, with the rock-salt

bulk structure under ambient conditions,31,32 but the sodalite

cage structure adopted in the ground state as an n = 12

cluster,33 and finally, (iii) for AgI,34 which exhibits markedly

different behaviour from the main group compounds.

Search (i) has resulted only in one additional structure

(A15), which lies too high in energy on the rigid ion energy

landscape of ZnO for the structure to remain in the final pool.

Search (ii) generated three new structures (A4, A8 and A11),

which are characterised by multiple tetragonal faces. Search

(iii) produced one new structure A4, which proved to be one of

the most stable local minima for a great number of

compounds, but has not previously been identified using rigid

ion potentials. Further, we have constructed two bulk like

structures, one, A9, closely related to A8, and previously

investigated for MgO by Roberts and Johnston,4 using a

partial charge model, and another (A16), which is a two-

dimensional cluster cut from the bulk of the tetrahedral

compounds (a hexagonal sheet).

Details of recent applications of the Evolutionary

Algorithm to zirconia8 and india (indium oxide)11 clusters

can be found in this PCCP themed issue on structure

prediction.

Total energy electronic structure calculations were

performed using an all-electron DFT method with a local

atomic numerical orbital basis set, as implemented in the

FHI-AIMS code.35,36 A ‘‘Tier-2’’ basis was employed for each

element with scalar-relativistic effects treated at the ZORA

level.37 Geometry optimization was performed using a

Quasi-Newton (BFGS) algorithm and the PBEsol exchange–

correlation functional.38 The equilibrium structures were then

subject to a final total energy evaluation using the PBEsol0

hybrid functional, where 25% of the semi-local PBEsol

exchange functional is replaced by non-local Hartree–Fock

exchange.39 This systematic approach allows for the utilisation

of a modern DFT functional with only moderate computational

expense.

We should compare our results for the energetics of different

(SiC)12 isomers as calculated using the method described

above to previous work, which employed the PBE

exchange–correlation functional and a plane wave basis

set.40 We find that the energetic ordering of isomers is identical

in the two methodologies. The first isomer structure not

investigated in our previous work is the A11 structure, which

has the fourth lowest total energy. The PBE calculations

underestimate total energy differences with respect to the

Fig. 1 Optimised (MX)12 silicon carbide structures derived from data mining. Yellow is reserved for cations and teal for anions.
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PBEsol0 calculations, with the difference in relative energies

ranging from 0.37 eV for the A6 isomer to 0.61 eV for the

A12 isomer.

The sodalite (b-)cage (A1) proved to be the ground state

configuration for the majority of compounds studied, and for

these materials we observe remarkable similarity in the order

of stability of lowest energy local minima, while for the less

stable structures the energy landscapes become much more

compound specific in giving preference to differing structural

motifs (see Table 1). In particular, those energetically favoured

are closed, one-layer structures with three- and four-coordinated

ions forming patchworks of edge-sharing tetra-, hexa- and

Fig. 2 Relative stability graphs for (MX)12 cluster configurations with respect to the global minimum for each compound (energy in eV). The

upper panel presents a summary of results while the lower concentrates on the main group and filled d-shell transition metal tetrahedral

compounds. The gaps in the graphs correspond to the cases where a cluster configuration transformed on relaxation as indicated in Table 1.

8440 | Phys. Chem. Chem. Phys., 2010, 12, 8438–8445 This journal is �c the Owner Societies 2010



octagonal rings. The patchworks can be seen to resolve in

bubble (A1 and A2), tubular (drum—A8, A13, A15) or related

defective structures, characterised by ‘‘handles’’, i.e. links

formed by two-coordinated ions (A3). (The complete EA pool

of ZnO structures includes a very large number of such

defective configurations, which are of relatively low energy

but not considered here. This abundance hinders the search of

the higher energy part of the energy landscape for new

structural motifs.) We recognise bubbles including octagonal

rings (A4–A7) and tetragonal rock-salt-related patchworks

based on the A9 structure in two subgroups, those constructed

from four (A8–A11) and three layers (A12–A14).

The ionic nature of the materials helps in furthering our

analysis. In the graphs of relative stability shown in Fig. 2 we

scale the raw energies summarised in Table 1, by the Coulombic

energies per bond, q2/r (where q is the formal ionic charge, r is

an interionic distance determined here from the relaxed

sodalite cage), which highlights the close similarities within

the groups of oxides, nitrides and carbides, arranged thus by

charge. Perhaps, even closer convergence between compounds

could be achieved by considering the ionic polarisability, with

higher charged anions being more efficient at screening the

Coulombic interactions. However, this observation can be

taken only so far as, for example, the fourth-ranked structure

for carbides proves to be unstable for other compounds with

its structure transforming on relaxation into the sodalite cage.

At the same time the LiF and AgI compounds readily adopt

this structure (as rank 5 and 9, respectively).

Considering Fig. 2, it is tempting to make statements about

the influence of structural motifs on the cluster stability. For

example, the calculated energetics of bulk-like configuration

A9 implies that higher coordination is less beneficial for

GaN and even less so for BeO, possibly due to the small size

of the Be ions. Moreover, comparing bubble configurations

Table 1 Relative energies of (MX)12 cluster configurations with
respect to the global minimum for each compound, shown in bold.
Change in configuration on relaxation is indicated by the label of the
final optimised configuration highlighted in italics. Cluster configurations
for CuF (C configurations) and AgI (B configurations) are ordered
according to the starting configurations (A). All energies are in eV per
cluster

LiF BeO BN AlN SiC CuF ZnO GaN GeC AgI

A1 0.00 0.00 0.00 0.00 0.00 2.15 0.00 0.00 0.00 0.10
A2 0.57 2.05 3.26 3.01 3.39 0.36 1.69 2.83 3.18 0.38
A3 0.91 2.52 2.93 4.38 4.42 0.23 1.84 3.25 3.53 0.40
A4 A1 2.17 3.11 3.33 4.39 0.97 1.47 3.17 4.61 0.29
A5 0.69 2.26 4.32 3.67 4.25 0.27 1.77 3.56 4.18 0.62
A6 0.51 1.79 3.03 2.77 3.20 0.94 1.54 2.68 3.24 0.27
A7 0.72 2.71 4.99 4.00 4.81 0.96 2.22 3.92 4.74 0.49
A8 0.21 4.98 16.85 1.97 5.93 1.29 1.88 4.87 8.46 0.58
A9 0.45 4.98 5.10 3.75 8.79 0.22 1.65 7.62 8.93 0.79
A10 0.55 3.67 3.03 3.05 4.71 0.79 2.01 4.06 5.66 0.27
A11 0.49 A1 A1 A1 3.68 1.29 A1 A1 4.64 0.49
A12 0.44 3.07 5.59 4.38 5.20 1.22 1.61 4.45 5.20 0.49
A13 A12 4.72 5.59 2.98 7.50 0.00 1.61 4.81 8.84 1.67
A14 0.53 5.18 5.47 3.13 6.19 1.37 2.22 5.34 7.48 0.00

A15 1.23 4.08 10.04 6.59 8.55 2.68 2.55 6.82 9.35 0.40
A16 3.24 4.73 4.78 12.67 13.09 0.11 3.17 6.92 8.87 1.87

Fig. 3 (AgI)12 cluster configurations obtained by data mining structures refined for SiC. Purple is reserved for iodine and silver for silver.
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A8, A11 and A5, we observe that the tetragonal patchwork on

the A8 cluster opens up in one case to create three hexagons

and in another three octagons, thus reducing the average

coordination number of constituent ions. In both cases, for

GaN and to a greater extent for BeO, the cluster with the

lower average coordination number is more stable, which

corroborates our observation for A9. However, to solidify

our conclusions, these trends need to be explored in further

detail, using larger pools of specially designed structures of

different sizes, i.e. using an alternative (to data mining)

approach to cluster generation, which is outside of the scope

of the current communication.

The underlying energy landscape is maintained even by such

a disparate compound as AgI. However, the landscape is now

severely distorted (see Fig. 3), which we ascribe to the

exceptionally large size and polarisability of the iodide ion.

The high polarisability of AgI is also probably the reason

for the stabilisation of a new cation-rich cage structure

encapsulating an anion, which proved to be the global minimum

although only 0.1 eV lower than the sodalite cage. This type of

structure was first proposed by Kasuya et al.41 to rationalise

the appearance of (MX)13 and (MX)34 magic number clusters

in mass spectra of laser ablated CdS, CdSe, CdTe, ZnS and

ZnSe. Later studies have confirmed these results for cadmium,

but not zinc.28,42,43 Perhaps the more polarisable Cd is the

source of extra stabilisation of the encapsulated anion

configurations: polarisability of Ag(I) cations could also be

the contributing factor. We note that the encapsulated anion

structure reverts to one of the cage configurations for all other

compounds. Another feature, which should be ascribed to the

anion’s large size, is the breaking of a large number of AgI

bonds as a large proportion of the structures are stabilised by

forming handles instead of the three-coordinated ions. This

effect is not just a result of particular criteria used to define

bonds for visualisation, but we typically find the corresponding

interatomic distances increased by more than 0.5 Å.

CuF is a notable exception to the previous observations, as

it exhibits a tendency for copper and fluorine segregation with

a copper dominated core decorated by fluoride species on the

surface (see Fig. 4). The copper core is reminiscent of the

copper clusters that we previously modelled on ZnO surfaces.44

Remarkably, even among the non-segregated structures of

CuF, the sodalite cage is least stable with the emergence of a

novel planar structure C16 (second lowest local minimum),

which is in contrast to all other compounds considered (see

Fig. 5). The new global minimum structure C13 features three

stoichiometric CuF layers only weakly bound to each other.

Within each layer, we observe a perfectly square Cu cluster

inscribed within the F square rotated by 451, which achieves

linear coordination for each Cu(I) ion.

To assess the stability of the local minimum structures C1,

C13 and C16, molecular dynamics simulations were performed

Fig. 4 (CuF)12 cluster configurations obtained by data mining. Cyan is reserved for fluorine and copper for copper. To distinguish the layered

structure of Cu clusters we also highlight alternative layers by interchanging copper and pink colours.
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at the PBEsol level: 2 ps (NVT) simulations were run at 300 K

with a Nosé–Hoover thermostat and using a time step of 1 fs.

The final structures were quenched to 0 K (geometry optimised).

On quenching after molecular dynamics runs, structure C13,

transforms into configuration C14, which lies 0.25 eV below in

energy at the PBEsol level of theory. However, the preferred

energy measure using the PBEsol0 functional reverts the order

putting the initial configuration at 2.59 eV lower in energy,

thus defining the global minimum on the CuF energy landscape.

The disagreement between the two functionals is unexpected,

and to clarify the matter we considered the difference between

the PBEsol and PBEsol0 landscapes for all materials. Notably,

they proved to be quite similar for all materials but CuF. We

have plotted the difference in Fig. 6. It appears that there is a

direct correlation between the energy gaps in one-electron

states (difference between highest occupied and lowest unoccupied

orbital energies). As the energy gaps show similar behaviour

for both functionals we chose to show the trend as an average

value of the two. For each cluster that exhibits a well ordered

cation–anion separation which keeps copper ions apart we

observe a sharp increase in the energy gap and stabilisation

with respect to the alternative structures. This behaviour can

be rationalised by considering self-interaction effects in the

filled d-shells of the copper ions. Whenever copper ions are

sufficiently close to each other electron delocalisation can be

expected to occur as in resonance bonding in copper metal,

which should result in a delocalisation of such electrons and a

reduction of the corresponding self-interaction. The hybrid

functional, PBEsol0, by making use of the Hartree–Fock-like

exchange partially cancels the self-interaction and thus favours

more localised states. The PBEsol functional, therefore,

favours metallic bonding in CuF clusters, whereas the PBEsol0

favours ionic bonding. Hence, for those structures where the

largest one-electron energy gap is observed and there is a large

disagreement regarding the relative stability predictions

between GGA and hybrid functionals, we expect that the hybrid

functional is closer to that which may be observed in experiment.

To check that the metal segregation within the CuF clusters

does not cause problems with our choice of the local basis set,

we have performed plane-wave calculation using the VASP

code as described above for the SiC clusters. We find that with

few exceptions delineated below the cluster energies are in

good correspondence between both the codes, basis sets and

two particular functionals, PBE and PBEsol. The exceptions

are the planar structures C16 and C16+MD (quenched), for

which the relative cluster energies are significantly lower for

the PBE exchange and correlation functional than PBEsol.

Curiously, the energy landscape for PBE shown in Fig. 6 is

similar to that of PBEsol0, but the difference with PBEsol is

not as pronounced. This observation is in line with the more

empirical nature of the PBE functional, which is biased

towards molecules.38

Fig. 5 Planar cluster configurations obtained as a cut from a hexagonal sheet and relaxed for each material of interest. The CuF cluster

configuration C16+MD is obtained by quenching after a molecular dynamics run at room temperature on the PBE energy landscape.
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The planar structures shown in Fig. 5 are of highest

energy for all compounds but CuF and could not be generated

by the global search techniques including EA, unless targeted

specifically. They are still of interest as they would form the

basis of larger clusters structurally related to the bulk phases.

The planar structures exhibit remarkable diversity in their

coordination environments, where interestingly AlN is capable

of supporting three patterns of connectivity, while SiC only

adopts configuration A16, ZnO A17, and BN A18. It is the

latter configuration that is the global minimum among the

planar structures of AlN (stabilised by 1.73 eV from A16).

Both AgI and CuF also adopt the A16 structure. The

exceptional stability of the CuF C16 planar structure (only

at 0.11 eV above the ground state) can be understood

considering the strong preference of Cu(I) ions for linear

coordination, which is satisfied for the maximum number of

Cu ions within the C16 configuration, and is necessarily lower

in three-dimensional structures.

In summary, we have demonstrated the power of the data

mining technique applied to the structure prediction of (MX)12
clusters. We have shown that the cluster structure even of such

disparate compounds as ZnO, AgI and CuF can be ascertained

using sufficiently representative pools of structures generated

beforehand with global search techniques. Combining structure

pools of sufficiently different compounds that span the

configurational space has proved to be essential to the success of

a data mining technique.
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