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Abstract—For the first time, we consider the possibility of occurrence of AB;X5; composition compounds in
the A,X5-B,X (A and B are different elements; X = S, Se, Te) systems under standard conditions. For the pre-
diction, we use an ad hoc information analysis system that combines the complex of databases on properties of
inorganic substances and materials and programs for data analysis on the basis of computer training algorithms.
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INTRODUCTION

The majority of compounds of the AB} X, (X =S,
Se, Te) composition are semiconductor materials [1-4].
Crystals of the compounds AsAg:S; (proustite),
SbAg;S; (pyrargyrite), and AsTl;Se; are also promising
for application in nonlinear optics and optoelectronics
[5]. The possibilities of using compounds of the
AsAg;S; and AsTl;Se; compositions in acoustooptics
are discussed in [5-7].

The aim of this work is to predict the possibility of

formation of new A'B} X, (X = S, Se, Te) compounds.

PREDICTION APPROACH

At present, there are two basic approaches to predic-
tion of new inorganic compounds: quantum-mechani-
cal methods and empirical criteria. Despite the advance
of physics in the interpretation of properties of solid
phases, the efforts to calculate properties of complex
inorganic substances on the basis of only the knowl-
edge of properties of their components are inefficient,
which is attributed to difficulties of quantum-mechani-
cal calculations of multielectron systems. This was the
reason for the development of empirical criteria for the
formation of phases with certain properties with the
goal of reducing the time and expenditures connected
with experimental searches for new substances (for
example, the known rules of Hume—Rothery, Laves,
Matthias, Goldschmidt, and Darken—Gurry).

Usually, these criteria include only a few parameters
of components. The advantages of these criteria are
simplicity and clearness. However, the simplest empir-
ical criteria are characterized by a significant disadvan-
tage—incomplete classification of systems, which is
attributed, as a rule, to the fact that many other compo-
nent properties, probably being of no less significance,
are not taken into account.

In order to search for classifying rules that cover a
wide-ranging ensemble of properties of components of
physicochemical properties, we propose to apply meth-
ods of computer-assisted data analysis on the basis of
computer training algorithms [8]. This approach makes
it possible to construct complex multidimensional clas-
sifying rules on the basis of processing of large-scale
arrays of information from databases (DBs). Herein,
the average error of the prediction with the use of
formed criteria does not exceed 80% [8].

In order to computerize the procedure of search for
multidimensional criteria and their use for prediction of
new inorganic compounds, a special programming
information analysis system (IAS) is developed [9].
This system comprises a complex of DBs on properties
of inorganic compounds [8—10] and a subsystem of
data analysis composed of computer training programs
that are the most efficient for application in inorganic
chemistry and materials science [11, 12].

PREDICTION OF NEW COMPOUNDS
OF THE AB;X;COMPOSITION

For computer-assisted analysis, we used informa-
tion in the DB Phases, which is part of the IAS [8—10],
with reference to 117 examples of formation of com-
pounds of the AB;X; (X =S, Se, Te) composition and
58 examples of the absence of compounds of this com-
position in the A,X;—B,X systems under standard con-
ditions (training sample). In order to describe the com-
pounds in computer memory on the basis of physico-
chemical concepts on the nature of substances of this
type, two subsystems of properties were selected: (i)
the properties of the elements A, B, and X (Table 1),
whose values were taken from our DB Elements
(www.phases.imet-db.ru/elements), which is part of the
IAS, and (ii) the properties of simple chalcogenides
A,X; and B,X (standard entropy and enthalpy as well as
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Table 1. Properties of elements used for the description of compounds of the AB;X5 composition

No. Property

No. Property

1 | Melting temperature
2 | Covalent radius ()
3 | Pseudopotential radius (according to Zunger)

Quantum number

Valence electron distance (according to Schubert)
Core electron distance (according to Schubert)
Boiling temperature

Enthalpy of vaporization

Tonic radius (according to Bokii and Belov)

10 | Enthalpy of atomization

O 00 9 N Lt B

11 | Periodic number (according to Mendeleyev—Pettifor)
(Nup)

12 | 1st ionization potential (I;)

13 | 2nd ionization potential (/,)

14 | 3rd ionization potential (/3)
15 |Heat conductivity

16 | Chemical potential according to Miedema (for elements
A and B only)

17 | Enthalpy of melting

18 | Electronegativity (according to Pauling)

19 | Group number (for elements A and B only)
20 | Molar heat capacity

21 |Solid state entropy

22 | Debye temperature (for elements A and B only)
23 | (FeoyA = TeovB)/Teove

24 | (ha-Lp)lic

25 | (ha—lp)lyc

26 | (Iia—Lp)ixc

27 | (Nyp A —Nup)/Nyp

covalent radii and the covalent radius to metallic radius
ratio for the elements A, B, and X).

For the data analysis, we used several computer
training algorithms included in the developed IAS: the
estimate calculation algorithm, the method of binary
decision trees, the two-dimensional linear separators,
the Fisher linear discriminant, the linear machine algo-
rithm, the neural network training, the method of &
nearest neighbors, the genetic algorithm, the method of
support vector machine, the dead-end test algorithm,
the statistically factored voting, LoReg [11], and Con-
For[12].

In order to estimate the prediction accuracy, we used
examinational recognition exercised for the training
sample data in two modes: in the absence of sliding
control and in its presence. In the first case, after com-
puter training, physicochemical systems from the train-
ing sample were recognized. However, this technique
of estimating the training quality and subsequent pre-
diction is extremely unreliable. Therefore, we used the
second technique of estimating the training quality and
prediction—sliding control. In this case, the specified
part (f) of objects—descriptions of physicochemical
systems—is withdrawn from the training sample; com-
puter training is carried out for the rest of the objects;
the withdrawn objects are subjected to recognition. The
error rate is recorded. Next, the “control” objects are
returned to the training sample; other f of the objects are
withdrawn from it. The procedure is repeated until the
time that all the objects from the training sample have
played the role of “control” ones. This procedure
allows a more objective estimation of the accuracy of
computer training algorithms for a concrete training
sample, especially in the case of pattern recognition
methods, for which the undesirable effect of “retrain-
ing” is observed, when the algorithm “becomes cus-

tomized” to only the training sample and subsequently
yields poor results for new objects. After the training in
the sliding control mode is completed, the average error
of the examinational recognition is calculated; subse-
quently, it is used for the selection of best algorithms
for the collective decision making.

The aim of the application of the collective decision
strategy is to improve prediction accuracy. The concept
of this approach is as follows. First, for the prediction
of new compounds, various computer training algo-
rithms are used independently. Next, the results of per-
formance of individual algorithms are processed in a
special fashion [11], and a final collective decision is
made with respect to attributing compounds to one
class or another. In this case, errors of predictions with
the use of individual algorithms most often cancel out,
which allows more accurate results to be obtained in the
majority of cases.

According to the results of the examinational recog-
nition, the following computer training algorithms were
selected:

(1) For the formation of classifying criteria compris-
ing properties of elements (Table 1): the linear
machine, LoReg, k nearest neighbors [11], and ConFor
[12], for which the prediction accuracy is 85.7, 82.5,
85.7, and 95%, respectively;

(i1) For the search for classifying criteria comprising
properties of simple chalcogenides: the linear machine,
LoReg, Fisher linear discriminant, support vector
machine [11], and ConFor [12], for which the predic-
tion accuracy is 65.3, 64.5, 64.5, 68.6, and 93.1%,
respectively.

Then, results of performance of these algorithms
were used in various methods of collective decision
making [11] (Bayesian method, detection of compe-
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Table 2. Prediction of the ability to form compounds of the AB;X; (X =S, Se, Te) composition

BAB Al| P |Sc|Ti|Cr|Fe|Ga|As| Y |Rh|In|Sn|Sb Ce| Pr |Nd|Pm|Sm|Eu|Gd| Tb |Dy|Ho| Er [Tm|Yb|Lu| Bi
X-S
Li |#1 1| 1|#1] 1] 1|#2|#1 #2 #1 2| 2| 2 #2
Na [#1[#1| 1| 1| 1| 1[#1|#2|#1| 1|#1|#1| 1|#] 1) 1) 1 1) 1| 1| 1| 1] 1| 1| 1|#
K [#1| 1| 1| 1| 1| 1| L|#2|#1| 1|#1| 1| 1|#1 | 1] 1 Ly 1 1| 1| 1] 1| 1| 1] 1|{#2
Cu| 1|#2|#1|#1 #2 | #1 #1#1| 1[#2|#1|#1 #2| 2|#2 #1|#1 | #1 | #1 | #1 | #1 | #1 | #1 | #1 | #1
Rb[#1| 1| 1| 1| 1| 1| 1 1) 1] 1{#1] 1] 1 1) 1) 1 1] 1| 1 1] 1] 1} 1 1|#1
Ag #2 #2 | #2 | #1 #2|#2 | #1 #2|#2|#2| 2| 2| 2 2|1#2) 2 #2
Cs [#1| 1| 1] 1| 1| 1|#1|#2 1] 1] 1|#2 1) 1) 1 1) 1| 1} 1| 1} 1} 1| 1] 1
Tl |#1 #2) 1| 1[{#1]| 1| 2(#1 1| #1|#1|#1 2\#21 2| 2] 2| 2 1| 1
X —Se
Li |1 1) 1] 1} 1] 1] 2(#2]| 1] 1| 2 2| 2| 2 1) 1) 1 1] 1 1| 1
Na| 1[#1| 1| 1| 1| 1[#1|#1|#1| 1| 1| 1| 1|#2 1) 1 1 1) 1] 1| 1] 1
K | LT|#1| 1| 1| 1| 1|#1|#1|#1 1| 1] 1|#1 1 1) 1) 1 1) 1| 1| 1| 1| 1| 1| 1|#
Cu| 1 LI#1| 1] 1| 1|#2[#1|#1| 1[#2|#1|#1 2| 2| 2 H#1|#1 | #1 | #1 | #1 | #1 | #1 | #1 | #1 | #]1 | #1
Rb| 1| 1| 1 1| 1| 1| 1| 1| 1 1| 1| 1| 1| 1 1 1) 1) 1 1) 1| 1| 1| 1] 1| 1| 1|#1
Ag| 1 2 2| 2(#2|#1| 2 2 #2 20 21 2| 2] 2| 2 201 21 2| 2| 2] 2| 2| 2
Cs| 1| 1] 1} 1 1| 1{#1] 1| 1 1] 1] 1 1) 1) 1 1) 1| 1| 1| 1] 1| 1| 1|#1
Tl |#1 1) 1) 1[#1| 1| 2[#1| 1 #2| #1 | #1 2| 2| 2 | 1] 1| 1] 1|#
X-Te
Li |1 1|1 1| 2 1 20 2] 2| 2 1| 1 1
Na| 1|#1| 1| 1| 1| 1] 1 1] 1] 1] 1] 1|#1 1) 1) 1] 1] 1] 1 ) 1] 1 1] 1] 1
K | L|#1| 1| 1| 1| 1| L|#1| 1| 1| 1| 1|#1|#1 ) 1) 1 1) 1| 1| 1| 1| 1| 1| 1|#
Cul| 1|#2 1| 1] 1| 1|#2|#2|#1| 1|#2 #2 20 20 2| 2| #1|[#1|#1|#1 | #1|#1 | #1 | #1|#1 | #1 | #2
Rb| 1| 1| 1 1| 1| 1| 1| 1| 1 1| 1| 1| 1| 1 1 1) 1) 1 1) 1| 1| 1| 1| 1| 1] 1] 1
Ag| 1 2| 2 2| 2(#2| 2| 2 #2| 2|#2 20 21 2| 2| 2| 2|#2] 2| 2| 2| 2| 2 2
Cs| 1|#1| 1| 1| 1| 1| 1| 1| 1 1| 1] 1| 1| 1 1 1) 1) 1 1) 1| 1| 1| 1} 1| 1] 1] 1
T | 1 1| 1 1| 2 1| 2(#1|#2 2| 2] 2| 2 #2

tence regions and decision templates, Wood’s dynamic
method, method of logical correction, convex stabilizer
algorithm, complex committee methods). The best
results of examinational recognition for collective deci-
sion making [11] were obtained by the methods based
on detection of decision templates—the search for cri-
teria comprising properties of elements (the examina-
tional recognition accuracy being 98.7%)—and the
Bayesian method—the search for criteria comprising
properties of simple chalcogenides (the examinational
recognition accuracy being 98.3%). They were used for
the prediction of compounds of the AB;X; composition
yet to be obtained. In addition, the prediction requires
information only on properties of the chemical ele-
ments constituting the system (Table 1) or simple chal-
cogenides.

Final predictions were obtained on the basis of com-
paring the results of calculations with the use of formu-
lated criteria comprising properties of elements and
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simple chalcogenides. If the results were conflicting,
the final prediction was considered uncertain.

Table 2 gives examples of predictions of compounds
of the AB;X; composition. The following designations
are used: / denotes the prediction of formation of an
AB;X; compound under standard conditions; 2 stands
for the prediction of the absence of an AB;X; com-
pound under standard conditions; the # symbol marks
the examples whose information was used for computer
training; empty cells mean uncertain prediction.

RESULTS AND DISCUSSION

Owing to the inconsistency of information on the
occurrence of compounds of the AB;X; composition,
the selection of examples for computer training was the
most difficult task. For example, the data on the occur-
rence of compounds of the LnCu;X; (Ln = Eu-Lu, X =
S, Se) composition are extremely conflicting [2, 13,
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14]. Chalcogenide systems of alkali metals with lan-
thanides are hardly studied at all. It is only natural that
the absence of reliable data considerably reduces the
prediction accuracy. However, when new data appear,
the IAS developed by us [9] will make it possible to
easily retarget classifying criteria and to refine predic-
tions.

The next stage in the computer-aided design of com-
pounds of the AB;X; (X = S, Se, Te) composition is
concerned with the prediction of their type of crystal-
line structure under standard conditions and with the
estimation of properties (melting temperature, band
gap, etc.) with the use of our approach [8, 15].

CONCLUSIONS

Predictions of new compounds of the AB;X; (A and
B are different elements; X = S, Se, Te) composition are
obtained for the first time with the use of computer
training methods. The analysis of the predictions
obtained show that there is a large reserve of chalco-
genide compounds of the AB;X; composition that have
yet to be synthesized. The verification of obtained pre-
dictions for compounds with copper, silver, and thal-
lium is of greatest interest for applications in electron-
ics.
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