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Abstract In this work, we apply the nanocluster method to

analyze all known intermetallics containing two-shell

nanoclusters with icosahedral core. Using the ToposPro

program package, we have found all intermetallics with

two-shell nanoclusters as building units or local configu-

rations. We have analyzed in more details Bergman,

Bergman-based and two types of icosahedral-based

63-atom nanoclusters, which have been discovered for the

first time using the ToposPro nanoclustering procedure.

Simplification of the nanocluster representations to their

underlying nets revealed widespread topologies such as

body-centered cubic (bcu-x), face-centered cubic (fcu) and

hexagonal primitive (hex). We have performed topological

analysis of these intermetallics in terms of local and overall

binding of clusters. The statistical data on the chemical

composition of the nanoclusters are presented; the ways of

local binding of nanoclusters and the topology of the cor-

responding underlying nets are determined and classified.

Keywords Intermetallics � Nanocluster model �
Icosahedral clusters � Bergman clusters

Introduction

The model of crystal structure as an assembly of nanosized

building blocks has been known in materials science and

crystallography for a long time. In the crystal chemistry of

intermetallics, this model has been very productive [1, 2].

However, the building block approach faces at least two

crucial problems: (1) many intermetallic compounds are

too complicated to find their building blocks by visual

analysis, and (2) usually the building blocks cannot be

unambiguously chosen because of absence of strict criteria

for their selection. To cope with these problems, we

developed the strict ‘Nanoclustering’ procedure [3] and

implemented it in the program package ToposPro [4].

Using this method, we have explored quite complicated

intermetallic structures [3, 5]. In our recent work [6], we

have applied a strict ‘Nanoclustering’ procedure [7] to

create a database of the nanoclusters (fundamental con-

figurations) that serve as building units in intermetallic

structures. We used the database to classify the methods of

assembly of intermetallics with simple (single-shell)

icosahedron-based units.

It is known that icosahedral clusters are widespread in

crystal structures of intermetallics. However, two-shell and

multishell icosahedron-based structural units have not been

analyzed in detail. The most common of them are Bergman

and Mackay clusters, which were also discovered in qua-

sicrystals and related structures [8]. In addition, a new type

of two-shell 63-atom nanocluster with icosahedral core was

recently described [9]. Up to now, it has been unknown

how many intermetallics contain two-shell nanoclusters as

building units. In this paper, we review intermetallic

compounds consisting of Bergman, Bergman-based (con-

taining Bergman cluster as a core) and 63-atom

nanoclusters.
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Experimental

For geometrical and topological analysis of intermetallics,

we have used crystallographic data from the Inorganic

Crystal Structure Database (ICSD, release 2015/2) [10] and

Pearson’s Crystal Data (version 2014/15) [11]. In total,

these databases include more than 38,000 structures com-

posed only by metal atoms. To find all crystal structures

containing Bergman, Bergman-based and icosahedron-

based 63-atom clusters (Fig. 1), we have used the collec-

tion of Topological Types of Nanoclusters (TTN) [6],

which comprises information on 1006 polyhedral (single-

shell) and 1011 multishell nanoclusters. In this way, we

have found 285 intermetallics, in which the nanoclusters

occur as local atomic configurations (structural fragments)

irrespective of their role in the structure assembly. To find

out whether the nanocluster is a structural unit that builds

the intermetallic framework, we have used the ‘Nan-

oclustering’ procedure [7], which is based on the following

rules:

1. The crystal structures of intermetallics are assembled

of the primary nanoclusters, which can be polyhedral

or multishell (onion-like). Interconnections between

nanoclusters form the supraclusters, which character-

ize the local binding, and then the underlying net, i.e.,

the net of the centers of mass of the nanoclusters,

which describes the global topology of the nanocluster

assembly.

2. The set of primary nanoclusters should include all

atoms of the crystal structure. However, in some cases,

the structure may contain single atoms or small groups

of atoms (spacers) that fill in voids between the

primary nanoclusters. The number of such spacers

should be minimal.

3. The centers of primary nanoclusters occupy the highest

symmetry positions of the structure. It follows from the

concept of fundamental configuration [3]; structural

units should be as much regular as possible. The

nanocluster can be non-centered (its center is empty),

if it obeys principles (1)–(3).

4. The primary nanoclusters may have common external

atoms, but they cannot interpenetrate. This rule

restricts the size and the number of the primary

nanoclusters. They are in fact considered as essentially

independent regions in the structure organization,

where any atom either belongs to only one region or

is shared between boundaries of the regions.

5. If the structure has several different nanocluster

models, all of them can be used to search for

correlations with other structures. Nevertheless,

according to the parsimony principle, the crystal

structure should be assembled from minimal number

of primary nanoclusters.

After applying the ‘Nanoclustering’ procedure, we have

found that 23, 17 and one intermetallics can be represented

as an assembly solely of Bergman, Berman-based and 63-

atom clusters, respectively. In addition, 148 structures

comprise these clusters along with other structural units.

Out of the 148 structures, 137 and 11 contain Bergman and

63-atom primary nanoclusters, respectively. We denote the

underlying nets with bold three-letter symbols of the

Reticular Chemistry Structure Resource (RCSR) nomen-

clature [15]. To describe the method of local binding of

nanoclusters, we have proposed [6] the descriptor

Center@shellCNv;e;f ;b, where center = 1 (centered nanoclus-

ter) or 0 (non-centered nanocluster), shell is the number of

atoms in the nanocluster shell or the shell type, CN is the

coordination number of the given nanocluster, and the

subscript indices show the type of the nanocluster con-

nection: by common vertices (v), edges (e), faces (f) or

through metal–metal bonds (b) if the nanoclusters have no

common atoms. In this paper, we use the symbols ico, D32

and D50 to designate icosahedral, 32-atom and 50-atom

deltahedral shells, respectively.

For instance, the Cr5Al8 crystal structure [16] can be

represented as an assembly of Bergman clusters. The

Fig. 1 Bergman (left), Bergman-based (middle) and icosahedron-

based 63-atom (right) clusters in the Na7Ga13 [12], K39In80 [13] and

Fe3.3Mo2 [14] crystal structures, respectively; the information is

stored in the TTN collection [6]. Additional projections of the

nanoclusters are shown in Table S3
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clusters are packed into an extended 14-coordinated body-

centered cubic (bcu-x) underlying net. Each Bergman

cluster is connected to six clusters by two triangular faces,

to two clusters by six triangular faces and to remaining six

by edges; the resulting symbol of local binding is

1@ico@D326þ2þ6
f 2
3
þf 6

3
þe1

(Fig. 2).

If the nanocluster model consists of two or more

nanoclusters, the expanded descriptor should be used.

Thus, the Co0.442Cr0.176Mo0.382 crystal structure [17] is

formed by two non-equivalent nanoclusters. The first one

is a centered 63-atom icosahedron-based nanocluster, and

the second one is a non-centered eight-vertex polyhedron.

In this case, the local topology is described by two

symbols: 1@ico@D50 0@8½ �6v1þ 1@ico@D50½ �6f 2
3

n o
and

0@8 1@ico@D50½ �6v1
n o

. It means that the 63-atom nan-

ocluster is connected to six other nanoclusters through

common triangular faces ( 1@ico@D50½ �6f 2
3
) and to six

eight-vertex polyhedra by common vertices ( 0@8½ �6v1 ).
Each eight-vertex polyhedron is connected only to

63-atom clusters via six vertices, respectively (Fig. 3).

Results and discussion

In this paper, we consider in detail the 41 intermetallics

that are built just of one type of the two-shell nanoclusters.

Complete statistical data on chemical composition, local

Fig. 2 (Top) Cr5Al8 crystal structure: connection of the Bergman

clusters through two triangular faces (left), through six triangular

faces (middle) and through one edge (right); (bottom) the result of the

condensation of the Bergman clusters in a 1@ico@D326þ2þ6
f 2
3
þf 6

3
þe1

supracluster (left) and the corresponding bcu-x underlying net; the

centers of the clusters that compose the supracluster are highlighted

by the corresponding colors (right)

Struct Chem (2016) 27:1685–1692 1687

123



binding and global topology of these intermetallics are

given in Table S1 of the Supporting Information.

63-atom nanoclusters

With the TTN collection, we have found that four isomeric

63-atom nanoclusters occur in 60 topological types of

intermetallic compounds, and only two models of these

nanoclusters contain icosahedral inner polyhedron—

1@12@50_model3 and 1@12@50_model4 with symmetry

Th and D3d, respectively (Fig. 4). The Ta1.108Al structural

type [20] can be represented as an assembly of the 63-atom

nanoclusters (model_3), while the Mo0.38Cr0.16Co0.46 crys-

tal structure and seven other intermetallics belonging to the

same topological type are assembled of two types of nan-

oclusters (Table S1). In the latest determination of the

Ta1.108Al crystal structure [21], the authors mentioned the

presence of the 63-atom cluster, but their description of the

local and overall topologies differs from ours. The authors

characterized the underlying net as the body-centered cubic

motif, while we have determined that the nanoclusters are

packed into a 12-coordinated underlying net according to the

face-centered cubic (fcu) motif. The local binding is

described by the symbol 1@ico@D504þ4þ4
f 3
3
þf 2

3
þv1

, which means

that the centered nanocluster with icosahedral (ico) first shell

and deltahedral 50-atom second shell is connected to eight

other nanoclusters through three or two common triangular

faces and to four nanoclusters through one common vertex

(1@ico@D504
v1
) (Fig. 5). The 63-atom nanocluster with

configuration 1@12@50_model4 occurs in intermetallics as

a building unit, but it always forms crystal structures with

other two-shell nanoclusters. We have already considered

the corresponding crystal structures in detail [10, 11].

Bergman-based intermetallics

In our previous work, we discussed Bergman and Berg-

man-based intermetallic compounds in brief [6, 22]. A

surprisingly large amount of intermetallics can be descri-

bed as an assembly of Bergman clusters: four topological

types and 22 crystal structures. Empty three-shell Berg-

man-based nanoclusters form 17 crystal structures of the

same topological type. Below, we consider the ways of the

local and overall binding and chemical composition of the

nanoclusters, which build these crystal structures.

Rb3Hg20, Na4K6Tl13 type: 6 entries

In the Rb3Hg20 structural type, the authors missed almost

ideal Bergman cluster with the center in the 2a Wyckoff

position [23]. The authors of the Na4A6Tl13 structural

investigation (A=K, Cs, Rb) [24] noted the icosahedral

clusters and considered their second shells, but did not

detected them as Bergman clusters. Our topological anal-

ysis revealed that the Bergman clusters are packed into a

1@ico@D328þ6
f 6
3
þf 2

3

supracluster, and the resulting topology of

the underlying net is 14-coordinated bcu-x. The method of

the connection of the nanoclusters is shown in Fig. 6.

Fig. 3 (Top) Centered 63-atom icosahedron-based nanocluster (left) and the constituents (middle) of the corresponding supracluster (right);

(bottom) non-centered eight-vertex polyhedron (left) is surrounded by six 63-atom clusters through vertices (middle and right)
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Cr5Al8 type: 12 entries

Here, we can see an example of the so-called local topo-

logical isomerism: As in the previously described struc-

tures, the overall topology is bcu-x, but the local binding is

not the same. In crystal structures of the Cr5Al8 type [16],

each Bergman cluster is connected to six other clusters

through two triangular faces (1@ico@D326
f 2
3

), to two clus-

ters through six faces (1@ico@D322
f 6
3

) and to the remaining

six clusters through edges (1@ico@D326
e1
Þ (Fig. 2).

Na3K8Tl13 type: 1 entry

The Na3K8Tl13 crystal structure [24] consists of the

Bergman clusters, which form a supracluster with the local

binding symbol 1@ico@D326þ6
f 5
3
þf 2

3

. The nanoclusters are

assembled according to a 12-coordinated face-centered

cubic (fcu) motif (Fig. 7).

Sm12Fe14Al5 type: 1 entry

The unique structural type of Sm12Fe14Al5 [25] can be

represented as an assembly of Bergman clusters

(center = Fe) with Al spacers filling the voids. Conden-

sation of the Bergman clusters produces a supracluster

1@ico@D326þ2
f 2
3
þf 5

3

: The Bergman clusters are connected to

each other via triangular faces as shown in Fig. 8. Such

coordination of the clusters corresponds to the hexagonal

primitive packing (hex). It should be noted that the authors

of the original paper found icosahedra around Fe atoms, but

missed the two-shell nanoclusters; this situation is quite

widespread in the structural descriptions of the inter-

metallics under consideration.

CaCd6 type: 17 entries

In [6], we have found the crystal structures belonging to

the CaCd6 type [26], which can be considered as com-

pletely assembled from three-shell Bergman-based nan-

oclusters 0@12@32@102. In all other eight topological

types containing Bergman-based nanoclusters [6], the

nanocluster models include other structural units. The

Bergman-based nanocluster in CaCd6 is surrounded by

eight other nanoclusters through 14 triangular faces and

by six nanoclusters through two triangular faces; the

topology of the underlying net is bcu-x. It is noteworthy

Fig. 4 (Top) Two types of 63-atom clusters with icosahedral core with Th (left) and D3d (right) symmetry which occur in the (In0.25Sn0.75)Nb3
[18] and Ce2Ni7 [19] crystal structures as local configurations; (bottom) clusters are selected in the corresponding crystal structures
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that the MCd6 quasicrystal approximants have many

different descriptions [27–29], but this three-shell

Bergman-based building unit has not been detected so

far.

Analysis of the chemical composition of the nanoclusters

We have analyzed the chemical composition of the nanoclus-

ters, which assemble the crystal structures mentioned above;

Fig. 5 Assembly of the Ta1.108Al crystal structure [20] with

nanoclusters: (top) The Al22 atoms occupy the centers of the 63-

atom nanoclusters (left) with icosahedral first shells (middle) that

form the 1@ico@D504þ4þ4
f 3
3
þf 2

3
þv1

supracluster (right); each group of

atoms that highlighted in yellow, pink and blue has equal distances to

the central atom; (bottom) the central nanocluster is connected to the

surrounding ones through three (left) and two triangular faces

(middle) and one vertex (right), the common faces and vertex are

highlighted in red (Color figure online)

Fig. 6 Bergman cluster in the Na4K6Tl13 crystal structure [24] with

the centered inner icosahedron (left) and the constituents (middle) of

the 1@ico@D328þ6
f 6
3
þf 2

3

supracluster (right), where the central Bergman

cluster is connected to the surrounding ones through six and two

triangular faces
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only completely ordered crystal structures were included in the

statistical dataset. The first peculiarity is that the first shell of

Bergmanclusters consists of one sort of atoms in all cases.Even

if we consider disordered structures, there are no exceptions:

The first shell is always homogenous. The composition of the

second shell is more ambiguous; there are five kinds of com-

position: M18 ? M224, M112 ? M220, M130 ? M22 and

M124 ? M26 ? M32. As shown in Fig. 9, only Tl, Hg, Ga and

Fe can be central atoms of Bergman clusters. The same ele-

ments and Cd can form the first shell. The second shell can

consist of a wide range of elements: Al, Ga, Na, K, Rb, Cs, Cr,

Fe, Cd,Ca, Sr,Y aswell as some lanthanides and actinides. The

third shell of Bergman-based nanocluster (in CaCd6) is

homogeneous and contains only Cd atoms.

Fig. 7 Na3K8Tl13 crystal structure [24]: the formation (left) of the 1@ico@D326þ6
f 5
3
þf 2

3

supracluster (middle), where the central Bergman cluster is

connected to the surrounding ones through faces, and the condensation of the supraclusters into a 12-coordinated fcu framework (right)

Fig. 8 Formation (left) of the 1@ico@D326þ2
f 2
3
þf 5

3

supracluster (middle) in the Sm12Fe14Al5 crystal structure [25]; the Bergman clusters are

assembled according to a eight-coordinated hexagonal primitive lattice (hex) motif (right)

Fig. 9 Atoms that can form different shells of Bergman clusters: the central atoms, atoms of first, second and third shells are highlighted in red,

yellow, blue and gray colors, respectively (Color figure online)
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Concluding remarks

In this paper, we have demonstrated the advantages of the

nanocluster approach in modeling and analysis of compli-

cated intermetallic structures. This approach allows one to

automatically decompose the structure to multishell onion-

like structural units (nanoclusters or fundamental configu-

rations) and determine the method of their assembly. Using

the nanocluster model, one can easily find structural cor-

relations and regularities, which are usually missed in

visual analysis. The results of the nanocluster analysis can

be stored in electronic databases and used for the classifi-

cation of other intermetallics. In particular, we are planning

to use the ToposPro TTN collection and the data obtained

here to systematic analysis of another important group of

intermetallics built of two-shell Mackay nanoclusters.
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