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Discovery Regularities by Materials Databases
ME - MPET—IR—X[ZEDRAMOER

Ying CHEN* Shuichi IWATA* Yasunori KANETA*
and
Pierre VILLARS'

PR SHE— £HRKRA EILESR

With the spectacular development of information technology nowadays, the data min-
ing approach based on well organized materials database with large amount of high qual-
ity data is becoming a powerful tool in materials design. PAULING FILE is a comprehen-
sive materials database for all non-organic solid state materials, covering crystallographic
data, phase diagrams, diffraction patterns and physical properties data published within
the last 100 years. The newly released PAULING FILE, BINARIES EDITION contains
about 28,000 crystal structure entries, 28,000 diffraction entries, 42,000 property data
and 8,000 constitution entries and 8,000 images of phase diagram. Systematic searching
and analyzing within this huge amount of data from various aspects have revealed the
regularities and correlations implicit in materials which directly provide hints on candi-
date materials in preliminary stage. The regularities discovered in binary systems among
substance structure, property and the atomic properties of its constitution are presented.
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1 Introduction integrate needs, function design to special-

ize properties, structure design to achieve
One of the most challenging tasks in ma- p. P b & )
. . X L. . . certain properties and process design to re-
terial science is designing materials with cer- . ) .
. . o . . alize special structures from raw materi-
tain atomic constitutions, which achieves .
o . als. Among many factors that determine
some distinct properties. The procedure . . .
L the properties of materials, the intrinsic re-
of the design is generally composed of sev- . .
. ; . lationship between the structure, the prop-
eral stages such as specification design to . . . . .
erties of the material and its atomic consti-
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niques, accompanying the progress of various
experimental techniques, people have been
dreaming of designing materials with spe-
cific properties from all possible atomic com-
binations by using powerful computational
physics approaches and intelligent experi-
mental techniques like combinatorial synthe-
sis. However, the huge amount of possibili-
ties to be treated is still a big problem in
practice. To increase the efficiency and ac-
celerate the speed of finding target atomic
configuration from huge number of candi-
dates, a data-driven approach is proposed
based on the well-organized large-scale ma-
terials database. It is highly probable that
the regularities and correlations discovered
by data mining will provide a good guidance
in the preliminary stage.

The PAULING FILE! is a comprehen-
sive materials database for all non-organic
solid state materials, covering crystallo-
graphic data, phase diagrams, diffraction
patterns and physical properties data pub-
lished within the last 100 years. The newly
released PAULING FILE, Binaries Edition
contains about 28,000 crystal structure en-
tries, 28,000 diffraction entries, 42,000 prop-
erty data and 8,000 constitution entries and
8,000 images of phase diagram, with the dy-
namic link among them, as well a design
platform as tool for data mining and materi-
als design. Based on a systematical analysis
of these data, some important regularities in
binary systems have been extracted, which
could serve as an initial reference in setting
strategy of theoretical calculations and se-

lecting experiments.

2 Regularities in binary sys-

tems

By considering the huge bibliographic lit-
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eratures in materials science, people might
have an impression that scientists have in-
vestigated a large part of materials known.
However, the statistics shows that the exper-
imental knowledge available is only substan-
tial for binary (approximately 70% of the bi-
nary systems has been fully or partially in-
vestigated). However, less than 5% of the
ternary and less than 0.5% of the quaternary
systems have been studied. Therefore, this is
the main reason why we start to find knowl-
edge in the binary systems. The other rea-
son is that our previous study? has showed
the results obtained on binaries could be ex-
tended to ternary, quaternary and multinary
systems.

The substantial meaning of “regularities”
can be interpreted as finding answers to the

following four questions:

1) If a compound is formed or not when
two elements meet?

2) Which compositions are realized in a bi-
nary forming system?

3) Which structures are formed for a com-
pound?

4) What the physical property is realized
for a compound in certain structure?

Mapping approach is utilized for answer-
ing these questions by mining the data in
the PAULING FILE. The basic idea is to
relate a kind of “compound property” to
one or several parameters of the constitut-
ing elements and to implement “mapping”
by taking these elemental parameters as the
axes. The aim of mapping is to group data
with certain property into clearly defined do-
mains, so as to reveal the patterns of various
dependence of the property on the coordi-
nates. There are two key points in mapping:
how to select atomic properties as the co-
ordinates of the map and how to define the
domains according to the purpose. Two con-



TIN5 Vol.13, No.3

Mendeleev Number MN iy

L2 B4 [B 5 |CAE N7 |26|F2 Ml

1 67 |72 |77 |82 |87 |93 | %9

ha~ Mgti| 4 1381 |F 18]S 6|07 | 3t

2 b8 |73 | 78 |83 | 83 |94 |100

F 19 |Ca 2|5 2| T 22 | 23| Cr 4| kirZa| Fe 28[ Co )% 28{Cu28| i |Gadt|Cedz|Aed |Bedd | 3 aE |KiA

3|7 |1 |43 |46 |49 |52 |55 |8 |61 |64 |69 |74 |79 |84 |89 |95 |10

RE 37\ 2r 28| 32| Ze0 [ Mb+ |Hod2| o 43| Rude | Rozd| P48 | 2047 | Cd42 | 142 [ Snd0 [Sb31|Te 52 [1 33 [ve 54

4 |8 |12 |44 |47 |50 |53 |56 |59 |62 65|70 |75 |80 85|90 |96 | 102

05 53| Ba 56 =72 Ta 73| % T4 Re TS o6 | Ir 7T [P TA{ 30 Ta HoBo | BT P2 (B33 [Fobd | 495 Rndk

5 19 45 |48 |5 |54 |57 |60 |63 |66 |71 |76 |81 86 |91 |97 |10
FrdT [Ra &
6 |10

A5 | CodB|Preg | Mo &0 | Pt Bma2| Eusd| Sode| ToBE | 086 | Ho 67 [Erd | Tmed| ¥b ™| LL T

13 (15 |17 119 |2 [23 |25 |27 |29 |31 |33 )35 (37|39 41

2680 | T (Past (U 42 (o s | Fud | A 05| Con 96| BRT | GFEQ | Es 2 [Frotin | Ma121 Metig] L0

14016 |18 |20 |22 |24 |26 |28 |30 |32 |34 |36 |38 |40 |42

Fig. 1 Mendeleev numbers (MN) used in the present investigation.

cepts are introduced to achieve a successful
separation of large amount of known phases
into different, non-overlapping domains.

Elemental parameters: Based on the pre-
vious work[®, from 56 eclemental proper-
ties such as atomic number, density, atomic
radius, electro-negativity, etc., Mendeleev
number (MN)Bl is selected as the coordi-
nates of the structure map. Mendeleev num-
ber is an ordering number attributed to each
chemical element in the Periodic Table basi-
cally along the direction of the “group”. The
values of Mendeleev number for all elements
are showed in Fig. 1.

Atomic environment type (AET): In or-
der to reduce the large number of possibil-
ities between elemental properties and con-
ventional structure types, which are based
on space group theory with 2,300 structure
types for binary system, the atomic envi-
ronment type (AET) that is less in de-

tail but still contains enough information to
distinguish main difference of structures is
introduced as a generalized structural clas-
The AET of a structure is de-
fined by the coordinate polyhedral surround-

sification.

ing certain atom in a structure, and named
The
total AETs for binary compounds is about

in the number of coordinates atoms.

150, and only 31 are the most populous ones
(see Fig. 2).

The results of this kind of semi-empirical
analysis on binary data are summarized
briefly in the following. One can refer to re-
lated papers for the detailed description!?/®!.

2.1 Compounds formation

A very fundamental question in metal
chemistry is, which binary systems form
A chemi-
cal system is defined as a compound forming

compounds and which do not?
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Fig. 2 The 31 most populous Atomic Environment Types (AETS) for binary compounds. The
AET is named in the coordinate number (CN) of atoms to forming the coordinate polyhedron.

system if, at atmospheric pressure, it con-
tains at least one phase that is separated
from the terminal solid solutions of the con-
stituting elements by a two-phase region. A
system that does not fulfill this criterion is
a mnon-forming system. Fig. 3 is a two di-
mensional formation map with MN(A) and
MN (B) as the coordinates. The gray and
white squares stand for the systems having
at least one set of crystal data and have no
crystal data, respectively. The cross symbols
stand for compound non-forming sysytems.
It has been shown that 30% of the systems
with information cannot form compounds,
while 70% of these form, and the domains
for forming and non-forming are clearly de-
fined. What is very remarkable is that there
are almost no compounds in the upper-left
hand corner of the plot, which implies an
important fact that between two elements
with MN < 50, there is a tendency to not

form the compounds. This conclusion can
be taken as one of main criteria to screen
target material systems from large amount
of candidates in the materials design effort.
While looking at the details of the non-
forming substances, it is found that 66% sys-
tems whose constituent element A and B
are iso-structural can not form compound,
whereas, 90% non-iso-structural systems can
form compound, which leads to the conclu-
sion that elements have a tendency to keep
the structure of their pure form as long as
possible.

2.2 Composition of compounds

In order to investigate the compositions
to be realized in a compound forming sys-
tem, we list phase diagrams of binary sys-
tems between Mg and all other elements in
the Periodic Table, as showed in Fig. 4, as an
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Fig. 3 Two-dimensional compound formation map with MN (A) vs. MN (B) of binary systems.
The gray and white squares stand for the systems having at least one set of crystal data and
have no crystal data respectively, and the cross symbols stand for non-forming substances.

example. This plot shows clearly the trend
of Mg-X binary systems with respect to the
location of element X in the Periodic Ta-
ble.
grams between Mg and s-, p- and d- elements
It is noticeable that al-

most no compounds are formed between Mg

The obvious characters of phase dia-
can be observed.

and the transition metals in the left-middle
part of the Periodic Table. Further obser-
vation shows that all possible compositions
and AFETs seem having selection with re-
spect to an element X. For elements in the
right hand side of the Periodic Table, only
having concentration < 50%, and the CN12
and CN14 AETs dominate. Whereas, for left
side transition metal elements X, almost all
range of concentrations are possible and the
structures are in complicated situation; with

p-elements, only CN4 and CN6 appear in a
limited concentration range.

Analogous analysis for other fixed ele-
ments also show obvious features with re-
spect to the fixed elements, and one can un-
derstand these patterns are closely related to
the interaction types between atoms.

2.3 Structures of compounds

A systematical analysis of the structures
of compounds has been carried out. The
MN (A) vs. MN (B) maps achieved relatively
good separation of the different chemical sys-
tems into distinct AET and non-forming do-
mains.

Further attempts has been made to define
the stability criteria for each AET. Sev-
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Fig. 4 Phase diagrams of Mg-X binary systems.
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Fig. 5 AET stability map MNmae vs. MNpin/MNpa, for AB compounds in case of A, B
element as the center of AET, respectively.

eral simple mathematical operators are ap- parameters. It is found that MN,, .. vs.
plied to correlate elemental parameters of MN 40/ MN,ir, are optimal coordinates for
the constituting elements with compound 1 : 1 binary systems, by which the AET
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stability diagrams can be constructed with
rather high accuracy. Fig. 5 is the struc-
ture map for 1 : 1 binary compounds. Since
a binary compound is consists of two kinds
of atom, atom A and atom B, we need to
investigate the atomic environment types of
atom A as center and B as center respec-
tively. The separation of the different cate-
gories of chemical systems into distinct sta-
bility domains is very good, and the for-
mers domain can be sub-divided into dif-
ferent AET domains, clearly moving with
increasing max(MN) from non-formers to
AET with CN15 towards to AET with
CNI.
imum Mendeleev number MN,,., (y-axis)

The ordering according to the max-

has a very strong separating effect, the ratio
MN,in/ MNpar (x-axis) is, however, neces-
sary to achieve a good separationd.

Meanwhile, this map provides the condi-
tions of stability of AET. This would be
very helpful in prediction of the structure
for a not yet investigated system by calcu-
lating the appropriate parameters and see if
the conditions for the formation of a partic-
ular AET are fulfilled.

2.4 Physical properties

Mapping approach can be also applied to
Fig. 6 shows the
distribution of binary systems according to

the physical properties.

their values of molar enthalpy of formation
with MN(A) vs. MN(B). Different symbols
mark different range of values of enthalpy
of formation. It is noticed that the systems
with high formation enthalpy are allocated
in the area near the edges of the map, which
implies that those systems with one element
in large MN number have rather high for-
mation enthalpy. Such kind of mapping is
helpful directly when searching new candi-
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dates for expected values of property in the
preliminary stage. However, this application
requires large amount of highly reliable prop-
erties data, which should be an essential de-
mand to the materials database nowadays.

3 Combination of theoretical
calculation in database ap-
proach

Through a thorough search conducted on
all available data in several types of discov-
ery spaces, one will get a global picture on
the materials world, as to where we are? It
should be very helpful to get hints for design-
ing new materials. However, we should real-
ize that working alone on the data sometimes
might have problems to supply the satisfac-
tory solution. The most strategic way in the
research on materials design is to combine
the discovery tool with calculations based on
cleverly constructed physical models.

3.1 Theoretical structure map

Since the materials data available are
far from filling the discovery space, there
should be some uncertainty in determining
the boundary of different mapping domains.
The computational data would provide a
complement to the experimental data in the
mapping space. The systematic calculations
on carefully selected physical model will be
possible to create a “theoretical structure

k2

map”. A preliminary study has been done

on AB intermetallic compounds!™.

3.2 Further screen and predic-

tion of hypothesis

It is predictable that the number of sug-
gested systems with a pre-defined physical
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Fig. 6 Map of binary systems classified by values of Molar Enthapy of Formation (KJ/Mol)

with MN(A) vs. MN(B).
formation.

property after the filtering from conditions
in the discovery tool is still large, the more
acceptable list of candidates will be fur-
ther subjected to screening by various com-
putational approaches. This would involve
testing the structure stability by calcula-
tion of formation energy, and predicting tar-
get physical properties on those hypothetical

systems or hypothetical structures.

3.3 Physical interpretation of
regularities

The calculations on the proper models will
help to provide the insight of some success-
ful regularities and correlations discovered
by semi-empirical database approaches. For
example, the first principles calculation of
phase stability could reveal the intrinsic rea-

- 10 -

Different symbols mark different range of values of enthalpy of

son of non- formation of compounds, and the
possibility of compound formation although
two elements are assigned to non-formation
by empirical approaches. Also, a series of
first principles calculations on phase diagram
revealed the systematical trend of structure
stability in certain group of elements(”.
Meanwhile, the calculation of stability on
the atomic environment type (AET) would
provide/verify the key factors governing the
relation between structure of materials and

atomic properties of composition elements.

4 Summary

Preliminary studies have been carried by
taking advantage of the large-scale materi-
als database to discover the regularities and
the correlations in the binary systems. This
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practice further provides experience on the
following aspects: how to find design solu-
tions by dealing with data and models; how
to prepare working hypothesis effectively to
converge to a solution, and furthermore, how
to design the experiments. By combining
with theoretical prediction method, deeper
hidden patterns would be revealed, and it
will lead to the practicable procedures of ma-
terials design.

In spite of the non-equilibrium property of
many new materials such as nano materials,
the PAULING FILE, which is a collection of
data in equilibrium state also provides valu-
able information on the potential candidate
materials indirectly by using its “Discovery
Space” to monitor some regularities as the
starting references to explore new materials
with high possibilities. The final design solu-
tions will be the emergence of the integrat-
ing approach after examining a broad base
of candidates intelligently.
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