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Abstract

From the many facts that determine the properties of the materials, the structure of the
materials plays a key role on the physical basis. To classify the huge amount of
crystallographic data and extract 'primitivés from them is very significant for materials design.
On the basis of a new classification of crystal structure - atomic environment type(AET") some
important regularities between the structure type and the atomic properties of constituent
chemical elements and its composition have been revealed by using structural mapping
approach. In this paper, the concept of AET" is briefly introduced, and some calculation results
on the microscopic mechanism of AET is presented.



1. Introduction

Materials design is an exciting field of material science nowadays. The challenge is to
reveal relationship among chemical composition, structure, and hidden physical properties of
the material and to predict constituents of new materials with required properties. From the
many facts that determine the properties of the material, the structure plays a key role.
Extraction of structural regularities is a very significant step in procedures of materials design.

Given the elements of the periodic table, there are countless combinations that will result
in materials with various structures and properties. To design a materials with required
properties is, in principle, a completely straightforward problem. The first-principles
calculation can be carried out for each possible configuration for given constituent atoms to
find the most stable structure, and derive various properties. But the size and time scale of
calculation system as well as the number of possibilities to be considered are many orders of
magnitude larger than can be managed in a case-by-case calculation. Such kind of systematic
approach without doubt can not be applied to the experimental search. On the other side, a
large amount of data on compounds are now organized into a number of databases of
crystallography, intrinsic properties and phase diagrams, providing a unique opportunity to
investigate the structural regularities from a global perspective. What is important for us now
is how can we do with a wealth of large databases, namely, "data mining" for "knowledge
discovery", which needs a integration of classification, modeling with various techniques.
Within several techniques of "data mining" in research of structure primitives, a graphical
technique - “structure mapping” is essential owing to its strategic organization of data, then
can be thought of a convenient “guide map” for navigation in search for new materials.

11. Review of the structure maps

Conventionally, crystal structures are classified on the basis of symmetry described by
space-group theory, such as NaCl type, CsCl type. This kind of classification is called
"classical"” structural type. The goal of structure mapé is to systematize the relationship
between composition and structure. It is a procedure to order the huge amount of structural
information within a two- or three-dimensional plots, so that the materials with a given
structural type are clustered together. Closely related systems have similar values of
coordinates and, in general, simple surfaces can be drawn to separate different classes of
systems.

Structure maps fall into two basic categories. The first approach orders the empirical data
in two-dimensional space, using a single phenomenological coordinates, the typical one is



well known as "Pettifor's map"}). The second approach uses physical properties as
coordinates, such as the maps of Mooser and Pearson 2), Phillips and Van Vechten 3), Zunger
9, Although all of these "conventional" maps provide good separation for materials with same
structure, the lack of a general framework which can apply to various systems is the obvious
restriction.

A new kind of structure map proposed by Villars 5 with three physical coordinates made a
big success for intermetallic compounds. The determination of three most suitable axes as an
exemplar of strategic characterization is described as follows:

The starting point was to survey 53 physical properties(experiment and calculation, 182
variables in all due to different definition and measurement) as a function of the atomic
number. It was found that there were only five patterns of diagrams of property versus
atomic number. The five groups are: size factor, atomic number factor, cohesive-energy
factor, electrochemistry factor and valence-electron factor. Selecting one properties from
each group, then testing the separating capacity of different combination of these five
properties for two most common modifications of binary compounds(NaCl and CsCl) and,
finally, three optimal factors have been found - valence electron number N v, Zunger's
pseudopotential radii sum R=rs+rp and Martynov-Batsanov's electronegativity %. The
values for 89 elements in periodic table are given in Table 1. Furthermore, for the various

Table 1. Values of the valence electron Ny, the electronegatovity X and the
pseudopotential radii sum R=rs +rp. for elements
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combination (sum, difference, product and ratio) of these three properties, the most effective
expression of three properties for binary compounds AxBy (x+y=1, x<y) are found -
average number of valence electrons, difference of pseudopotential radii sum, and difference of
electronegativities. The definitions are

Ny =xN, +yN,
Ax =2x(x, - X5)
AR =2x(R, - R;)

The expression for ternary and quaternary system also can be derived in similar way.

This kind of three-dimensional map using microscopic properties coordinates is called
"quantum structural diagram (QSD)". It successfully separated 3,046 AB, AB2, AB3 and
A3Bj5 binary compounds into 76 structure domains 57), which revealed some important
regularities within binary systems. However, there are some fundamental difficulties when the
QSD approach is extended to ternary systems. A new concept is needed.

III. Atomic environment type (AET)

As mentioned previously, early structure maps were all on the basis of "classical" structure
types. As reported 8), a total of 22,000 binary, ternary and quaternary compounds are known
in experiment up to mow. About 18,000 of them whose structures have been determined
include about 2,750 structural types. The fundamental difficulty in extending QSD to a general
organizing principle to all intermetallic compounds is the high number of "classical" structures.
The problem is that the "classical " structural type contains information in too much detail .
This leads ones then to seek a classification which is less detailed, but still contains enough
information to identify essential similarities and differences between structures. Such
generalized structural types proposed by Villars ® are defined on the basis of coordinate
polyhedron.

Coordinate polyhedron of an atom position in a structure is defined by the neighbors
surrounding it. Notice the fact that a minor distortion of a structure can reduce its symmetry but
the resulting deformation of the coordinate polyhedron may be negligible, it can be hoped to
achieve a substantial reduction of the number of different structures if the structure
classification bases on the coordinate polyhedron. Figure 1 is a depiction of construction of
coordinate polyhedron in body centered cubic lattice. Because the coordinate polyhedron
describes the environment of an atom in a structure, this kind of classification is called "atomic



environment type (AET)". By observing the occurrence of various polyhedron for 650
classical structure types within 18,000 intermetallic compounds, five groups have been found:
- Singlefénviromncnt type (single AET): all atoms in a structure have the same
 coordinate polyhedron
- Two-environment type: with two kind of coordinate polyhedra
- Three-environment type: with three kind of coordinate polyhedra
- Four-environment type: with four kind of coordinate polyhedra
- Ploy-environment type: with five or more kind of coordinate polyhedra
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Figure 1. Construction of the coordinate polyhedron in the body centered cubic structure (W type):
(a)Representations of the body centered cubic lattice. The numbers indicate the nearest, up to the
fifth-nearest atoms respectively. (b) The first coordination polyhedron which is a cube(CN8), and (c)
the second coordination polyhedron which is a rhombic dodecahedron(CN14).

It has also been found that for binary, ternary and quaternary intermetallic compounds, there
are 47 classical structures belong to the single-AET group, and about 400 and 200 classical
structures belong to Two- and Three-AET group respectively.

Examination of the 47 single-AET of structures (with 2,511 representatives), shows that the
total number of different AET's is surprisingly small - only 8 AET's. What's amazing is 95%
of 2,511 representatives with single-AET only belong to 4 AET's so called "most common
AET". They are tetrahedron (CN4), octahedron(CNG6), cubooctahedron (CN12) and rhombic
dodecahedron (CN14), as shown in Figure 2. It can be concluded then the new classification
of structural type reduced the number of structures remarkably to make it possible for ones to
find something within them. ‘ ,

Then the quantum structural diagram based on the atomic environment types is constructed.
The three dimensional QSD’s are represented by a set of AR vs.BAy sections with certain
regions of value of Ny, 2,511 intermetallic compounds with single-AET have been
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Figure 2. Four most common atomic environment types (AET's)

successfully separated into four most comr_n_on AET’s in an accuracy of 97%. Three sections
are shown in Figure 3, corresponding to N, <2.74, 2.75< Ny, <3.24 and 3.25< N, < 3.74.
The same procedure are carried out for two-, three-, and four- AET binary compounds.

The quantitative success of the new structure map suggests that the most closély related
aspects of crystal geometry and chemistry are accurately represented by the general AET and
QSD coordinates, based on valence electron number, electronegativity and pseudopotential core
radius. Some regularities between the structure of a compound and the atomic properties of its
composition have been revealed, which provides a highly accurate summary of information in
the crystallographic database in a readily accessible form. With the QSD, the general structure
type -AET of a compound can be predicted from knowledge of its composition alone.
Conversely, if a compound with particular structural features is desired, the QSD can be used
to identify promising compositions as a direct assistance to experimentalists. Rabe, Pillips and
Villars have done excellent work by applying this approach to the problems of stable
quasicrystal, high Tc ferroelectrics and high Tc superconductors 9.

IV Investigating the microscopic mechanism of AET -Calculated structure
maps ‘

The structure maps approach provides an effective way for knowledge discovery from
databases with the new concept of classification. However, the ambiguities in the mechanism
and in the boundary determination will cause problems in practical application.

To solve these problems, the calculated structure maps are produced from systematic
calculation on the structural stability of atomic environment types. A simple model has been
presented for studying the structural stability of AB intermetallic compounds 10),
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Figure 3. Three sections of the quantum structural diagrams with lower Nv

Relative stability of the four most common AET"s(as shown in Fig.3) for s-s, s-p and p-d
bonded system has been systematically calculated within a tight binding model. The
calculated three-dimensional structure map using the difference of valence electron orbital
energy of atom AE, the distance between atoms d and the average number of electrons per
atoms N shows an good agreement with corresponding semi-empirical quantum structural
diagram (QSD). Figure 4 is one of the calculation results.

The calculation shows that the electronic factor (valence electron count and bonding state)
and size factor (relative sizes of atoms) are very important to determine the environment type of
the system. The approach used here provides a possibility to classify intermetallic compounds
into AET with systematic tight-binding calculation by extending to different kind of interaction
systems.

V. Concluding Remarks

As a consequence of large efforts to get better explanation on sophisticated subject of
materials, materials information becomes huge and complex with many layers of descriptions
with respect to structures and compilation levels from raw data to design data. To increase the
efficiency in the successful search for new materials, the main efforts should go towards
creating an internationally accessible and compatible information, a prediction system,
integrating all databases as well as generally valid principles/models and high-quality regularities.



The "data mining™ will become more and more important owing to its role to bridge processing
and properties during this procedure.
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Figure 4. Calculated structure maps of p-d bonded AB compounds using the difference of
valence electron orbital energies of atoms AE and bond length 4. () is a power index of the
repulsive potential term.)
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