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Global understanding of the relations among chemical composition, crystal structure and
properties of materials on the basis of suitable classification is a root concept of material
design. Large databases accumulating structural and physical properties of materials give the
powerful tool for new knowledge discovery. In this paper the problems of data mining of
crystal structures and structural primitives in inorganic materials are described from
crystallographic viewpoint. The approach, allowing representation of crystal structure as a
sequence of stacking 2-dimension layers, is being considered for the development of
advanced retrieval procedure, searching more complex and hidden regularities in the layered
cuprate superconducting materials.



Introduction

This is a worldwide-accepted statement that the majority of physical properties of solid
materials correlate with their crystal structure. Nevertheless it is seems to be very difficult not
only to find appropriate correlation expression, but also to understand the phenomenon of
such dependencies. Moreover, the principles of the crystal structure standardization, that are
based exclusively on lattice symmetry, significantly limit the "data mining" process. There is
no doubt that symmetry group theory is a great instrument for crystal structure identification,
refinement and analysis. It unambiguously explains a
great deal of experimental results and physical
phenomena such as piesoelectrisity and ferroelectrisity.
However, the real world is more complex. Defects,
superstructures, modulations and other kinds of distortion,
in some cases, space group choice ambiguity, may result
in symmetrically different structures, even if they are
standard close in element composition, atomic arrangement and
‘ physical properties. Moreover, a minor change in the
position of the atom in a crystal structure can often reduce
its symmetry, leading to a new mathematical description
and a “new” crystal structure. The task becomes rather
Figure 1. Limitation of standard  difficult, when we are going to find compounds with
data search procedure in crystal ~ closely related structures, such as homologous series
structural database by members, solid solutions, derivative structures, etc. The
symmetrical approach. diagram on Figure 1 represents the situation when, due to
the difficulty in query formulation, result is rather far
from the desirable one. Intersection of these virtual

regions is partially covers user's need, but the real results often contain a lot of mismatches.

Structures
retrieved by

We believe the main reason to base in the absence of close connection between
crystallographers and people, who design the materials with properties given in advance. One
solution of this problem is to take into account not only characteristics of symmetry, but also
atoms, their arrangement and interrelation. The atomic environment approach (AE) has been
proposed by P.Villars®, and it woks well mostly for binary and ternary intermetallic
compounds. However, in more complex cases, with mixed atomic environment types,
classification becomes very difficult. This paper proposes a new approach, which can be
employed for database mining. It bases on the analysis of layered copper oxides, the family
with great variety of structures, many of that belongs to compounds with high-temperature
superconducting properties.

Analysis of structures of layers in high-femperature and related copper-oxide
compounds. :

The presence of CuO2 conducting sheets is indispensable for manifestation of
superconductivity in copper oxide compounds. Their overall structures are usually described
as stacks of 2-dimensional sheets and structural blocks along direction perpendicular to the
sheets”. All these compounds comprise similar structural units. Therefore describing their
structures in a coherent manner is useful for clarifying their structural features and
relationships among various crystal structures. Such structural representation also serves as a
tool to devise strategies for search of new compounds that may exhibit interesting electronic
and magnetic properties.



Santoro with colleagues® has proposed a convenient method of expressing the (ideal) structure
of superconducting copper oxides by regarding them to be composed of perovskite and rack-
salt-type sheets. This method used for the first systematic analysis of layered structures of
copper-oxide superconductors from the viewpoint of layers patterns and stoichiometry.

Layered structure can be described in different ways and at different level of detailing.
Despite of their great variety perovskite-like structures allow their description with the help of
small set of atomic networks perpendicular to (pseudo)-four fold axis®. The composition may
be expressed by the chemical formula corresponding to the stoichiometry of each layer, for

example A, AX, B,, BX,,

c etc. For the sake of

simplicity, generally

Interlayer atomic  positions are

distance | _| : Perovskite redefined as A - large size
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Figure 2. Schematic representation of crystal structures of in some formula, indicate
perovskite (a) and superconducting YBa,Cu,0,, (Y123 phase) the layers that . are

with perovskite blocks (b). contained in one unit cell
' v of the structure. This

notation, which is more
close to Cava®, has been chosen because of its simplicity for automation. In other works
notations are a little bit different. Furthermore, each pattern can be presented by digital code.
Although this code does not describe atomic arrangement, it significantly simplifies computer
analysis of the patterns. '

For example, if we apply this symbolism to the structure of perovskite CaTiO; (Figure 2a), we
obtain the sequence [(BX,),(AX),], where A=Ca, B=Ti and X=0, or more simple - 105¢. For
Y123 structure it is [(BX,),(AX).(BX,).(A).(BX,),(AX).(BX,),] or 1o5clo8clo5clo. As one
can see, perovskite block in Y123 phase can be identified easy with the help of the sequence
of layers. If necessary (for example, for the analysis of formal electronic state of elements in
layers), letters A, B and X can be replaced by real elements symbols as [(TiO,),(Ca0).] for
the perovskite structure.

Taking into account the common principles of such structures, steric factors and limitations of
electrostatic character (improper charge balance, according to Pauling’s electrovalence rule)
practically all possible combinations of considered networks can be defined in advance

(Figure 3).

As a result of the present work, a set of computer programs for data mining, for building
crystal Jattice and for sequencing of layers have been developed®. ’



Given As Figure 2b  shows,

°°d°(80 o2 3 4 S 6 Tr 8% 9% structural layers in complex
20 @ G B B W G % @ % perovskite-related structures

o {2% {3 m [z] B EI III D m are not ideally plain, but they

may have some thickness.

ck {z} E;} B [Z] EI EI E‘ This may cause the situation,

, when even we have layered
gofofniolebelubauin g cmholodts
00 th bi ly,

y . I-_z] i:I E] ‘E:%’ l::l [Z] ﬁggau::a layer‘sn;?:t];réggtoi:rsl ?s

possible. To show the real
layered character of cuprate
structures, interatomic
distances in them along
characteristic direction (axis
¢) have been calculated on
the basis of data extracted
from Inorganic  Crystal
Structure Database (more then 1600 records for copper oxides with wide range of metal
elements). In the considered case interatomic distance means a distance between two
neighboring points, produces by projection’ of atoms to ¢ axis (z coordinates) as shown in
Figure 2b. Layer thickness in this context is a distance between minimum and maximum z
coordinates of atoms of the same layer. Interlayer distance in its turn is defined as a distance
between two neighboring layers, exactly
between maximum z coordinate of
lower layer and minimum z coordinate
of upper layer. Results of calculation
are displayed in Figure 4.

Figure 3. Possible atomic networks for perovskite related
compounds. A - large size cation position; B - small or
middle cation position; X - anion position.

* _ existent types of layers.
Shift from the origin (0): c- center, x- x axis direction, y - y
axis direction.

On this histogram each . column
represents number of layers (in this case
ideal plain layers are considered) which
fall into specific range of interatomic
teratomic distance, A distances. Two clearly separated areas
on this graph can be observed, those
correspond to layers thickness and real
interlayer distances. So, it can be
concluded that in the majority of cases there is no ambiguity to separate atoms into two-
dimensional layers using characteristic interatomic distances.

Number of occurences

Figure 4. Distribution of interatomic distances
along [001] direction (c axis) in cuprates.

Otherwise, in another direction the same distribution of interatomic distances is not observed.
Instead, some distances responsible for specific atomic positions and deviation of atoms from
ideal model are clearly detected.

Relationshio | ‘l {3 dimension primitives l

Copper-oxide superconducting structures are most oftenly described by 3-dimensional
primitives (perovskite blocks, intermediate blocks and coordination polyhedra) rather than



with 2-dimensional layers. They are not only providing convenient structural representation
but are also playing important role in several theoretical models. At the same time layers have
a close relationships with 3-dimensional primitives. The latter can be easily obtained from
sequences of layers. Table 1 shows some examples of such relationships between layers and
3-D primitives in cuprate structures and number of compounds with several 3-D primitives
extracted from database.

Sequence 505¢c 50lc50 8olcSo 8olc80 S503(4)c50 Sol’c5o 1lo8clo
fragments 8clo
% 0@ Oq;ﬁb I &)
Rocksalt Cu-0 Cu-O N
3D shift Cu-O square square Cu.p Square Cu—O @)
primitives octahedron, pyramid, chains chains o piernate
Perovskite  defective Cu-0
block perovskite layers
Total 298 Total 877
Number of | “ 614 904 45 208 2% 2
compounds* | |35 834
3 3
109 36
4 4
54 1

Table 1. 3D structural primitives as fragments of layers sequence.
* Number of extracted from ICSD compounds, which contain definite structural primitive.
For Cu-O and rocksalt alternate layers number of compounds with different number of
alternates are listed.

Classification of ] ]
All resulting sequences have been sorted as character strings and as a result 82 different
classes have been revealed. Diagram on Figure 5 separates 10 the most representative classes
(with more than 20 representatives), others are shown in the groups with less that 20, 10 and 5
representatives. About 19% of structures have been rejected because of their large lattice
parameters (cell reduction procedure is still not implemented), or imperfect initial data
(positions of some atoms have not been defined), or high disordering.

Among compounds in the last group 36 compounds do not have analogs with the same layers
sequence. Several reasons can cause this situation:

e Very rare or new structure.

e Sequences have not been standardized. Structure may be equivalent, but shifted relatively

~ each other in some direction. For example, sequences loSclo8cloSclo®,
1c501c801c501c® and 8olc501cSo1c80®. Structure (2) shifted relatively (1) in the layers
plane to the center (x+1/2, y+1/2); whereas sequence (3) shifted in the direction
perpendicular layers planes. To eliminate separation of these structures, normalizing
procedure is necessary. ,

e Layers separation due to large constituent elements, as in case of 50=80+9c.

e Various kinds of errors in database. -




Several procedures, which will eliminate many of these reasons, are under development now.

10 classes with 56 classes with less than
less than 10 5 representatives
representativgg (36 single)
7 classes with :
less than20 93
representatives
2212 (14) 22
123 - 06 (6) 223 v
246 - 123 wishift (26) 29 §
La2MCu206 (10) a7
124 (14)
1212 (6)

La2Cu0O4 (6)

403 123 - tetra

(6)

123 - ortho190
(6)

261 Unresolved

Finger 5. The most representative classes of extracted materials combined by their sequences
of layers. Number of representatives is given in bold. For accentuated classes number of
layers per unit cell (the sequence length) are shown in brackets.

Search f is with i hi

There is also a problem now how to search isomorphic structures for any model structure. It is
not a trivial task. Similar structures may appear in different space groups or with a different
formula making it difficult to prescreen. Relationships between isomorphic compounds can be
often missed without chemical knowledge a priori. On the other hand it is sometimes difficult
to separate non-isomorphic structures with similar elemental composition. For example, lets
consider 3 compounds from the ICSD (Table 2):

N  Formula Space group a A v

1 Ba,PrCu,(Cugy,;Al,;7)06 s P4/mmm - 3.906

2 (CuqgsZng,s),(Bala s¢Cay ) Pmmm 3.877
(Cay 70La,30)Cu4 704 52 )

3 (Y0_53Ca0,53)BazH\ngum06,6 P4/mmm 3.87

Table 2. Examples of compounds with close element composition but
different structure.

All of them have very complex elemental composition with element deficiency and
substitution. Is it possible to find some relations between them without 3-D representation?
One may find that elemental ratio of these phases is very close to 123 (YBa,Cu,0,.,):

1. PrBa,(Cu,;;Al,11)O6 s

2. (Cayylagse)(Balag s¢Cag b0)[(Cug9sZng 45),Cug 4]0 5
3. (Yo65Cay53)Bay(Hg( 6:Cu, )06 6



However, sequences of layers for these compounds:

1. lo 5¢ lo 8c lo 5¢ 1lo

2. lo 5c lo 8¢ lo 5c¢c 1lo

3. 50 5¢c lo 80 lo 5¢ 5o

give us more precise answer. First two compounds have identical layers sequences and belong
to Y123 class, whereas the third one is Hg1212 phase.

It seems possible to conclude that this approach to description of layered compounds is very
useful for comparing structures, for analysis of their geometrical relationships and for
understanding the atomic configuration of complex structures.

Conclusion

In this work the new approach for the definition and isolation of structural primitives has been
described and used for the copper-oxide high temperature superconducting and related
materials as an example. Similar approach can be applied for other classes of materials by
revealing off their common structural features, structure primitives and rules of their
organization. As was shown the layer-by-layer model allows not only to retrieve useful
information about key elements in crystal structures of currently known superconductors, but
also provides with method to find relationships between different structures even if they
belong to different structural types and space groups. In addition, the automation of
identification of required structures and their dissemination into structural primitives will give
us instrument for the advanced data retrieval procedure.
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