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Search for materials with optimal target properties:
Mendelevian Serach-MendS (algorithm, method)[1][2].
« Coevolutionary algorithm.

» Awell-designed chemical space.

« Multi-objective Pareto technique.

Results on searching (using MendS) for hard/superhard and low energy binary
materials under zero pressure in the entire 100 —L00%
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What is coevolution and what is the
difference of evolutionary algorithm and
coevolutionary algorithm? Skolkovo Institute of Science and Technology

[ Species 1 )

individual
EA

.
>

Species 4

to be
evaluated Pop
—
Population
«—{repres | popl

S—
AN S collaboration repres Population

0
Vi

fitness Domain
Model

Figure 1: Cooperative coevolutionary architecture
from the perspective of species humber one.




Child making in evolutionary algorithm is s I(O I
so obvious, but what about coevolutionary
algorithm? Skolkovo Institute of Science and Technology
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Chemical scale suggested by Pettifor (1984)
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o 1929 - Goldschmidt’s law of crystal chemistry: the crystal structure is determined by
stoichiometry, atomic size, and polarizability of atoms/ions [1].

o 1932 - Linus Pauling introduced the concept of electronegativity [2].

Pauling electronegativity \(S. Nagle electronegativity

o 1955 - Ringwood modification: electronegativity is

as another important p%ameter_fq,r detghmini the,
crystal structure [3].  —raanizing the chiemica ..

4

o 1990 - Nagle: electronegativity and polarizability ~
are strongly correlated [4].

Yo = 1.66("/ )73 +0.37

X, = electronegativity, o = polarizability & n =
valence. o

Xpolarizability

1929). [3] Geochim. Cosmochim. Acta 7, 189-202 (1955).
2 (1932) [4] Solid State Commun. 51, 31-34 (1984).




Our redefined MN, and it’s comparison with s I(O I
the Pettifor’s MN.
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Pettifor maps of Lyakhov-Oganov model s I(O I
Of hardness for different MNs Skolkovo Institute of Science and Technology
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Hardness
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Clustering using density peaks

Skolkovo Institute of Science and Technology
Science, 344, 1492 — 1496 (2014).

d. = cutoff distance

Local density(p,) p; = Z)((dij — dc) x(x) =0 if x <0
- xx)=1ifx>0

Cluster centers are points with highest local density.

d, = property difference cutoff between a cluster member and the cluster center.

Ideal MN = an imaginary MN, that covers all systems in minimum number of clusters
(N

min)-

&2 . &
‘ & » Number of clusters to cover all systems

Example 1 =9 Example 2 =3

Q @ * Covered systems by biggest N.... (2) clusters
w Example 1 = 36% Example 2 = 80%
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Evaluation of the MNs using clustering
method
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MendS algorithm and its important s I(o I
Variation operators
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Implementation of multi-objective Pareto

method and its test on Mo, N,
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z 22 22 2
M 8 05 o O (=] N
0 = ElE E? =
1 1
lFm%ml I g
Ty 1
0.2 oo |
I ! OP
— 1
—, R !
§-0afP=0GPa| R g
& 1 11 11
> N
2 T T
£ 4f Lo
-0 1 1
4 it fm-
08 Pmmn |
12k Ri3m
“[|P=40 GPa 1 Imm2 s
16 " T I I S S A R S |
0 0.2 0.4 0.6 0.8 1

N/(Mo+N)
J. Phys. Chem. C, 120 (20), pp 11060-11067 (2016).

© Structure ,J
— 1th ParetoFront
— 2nd ParetoFront
— — 3rd ParetoFront
=) ~— 4th ParetoFront
= 5th ParetoFront
‘i‘i —_ *
> o]
a.
2 S
= 7 20f »©
— L [ ]
g o s |
=] =]
= -0.1f = 10}
[o]
E‘_ -0.2¢
£ -03f 0p
Cmcm-Mo,N
=04 2
. L . . A -10 ) ) . .
0.2 0.4 0.6 0.8 1 0 0.1 0.2 0.3 0.4 0.5

Composition ratio: N/(Mo+N) Enthalpy above ground state (eV/atom) 1 5



w P w N ~
(=} (= (= (= (=

Mendeleev Number

18]
(=]

Mendeleev Number

Skol

Skolkovo Institute of Science and Technology

Mendeleev Number

Mendeleev Number

Mendeleev Number

'3 zdg % % ; ( ‘ﬁi
QV X "o
@d 0@ f
g‘ﬁ 2’ 1 &Y & 2‘ >
Byl o 5 ¥ :
O° 000 0D 1 . Oo o 0o
o . 098¢ g&o :%_- 30F SO . 0080 % QQ? 8%.
° 06%06& AR ol .o o.ga(e) @ . 2@
g@@_; o:o 00 04?‘6_ 20} e gw <> oo, 00 ° . o?'o
° . o 20 ° o b4
. ® . ®
° @ 10- ° @ ]
0 10 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70

0 10 20 30 40 50

Mendeleev Number

20 30 40 50
Mendeleev Number

20 30 40 50 60
Mendeleev Number

I3 ]
N
(edD) ssaupIef|

0.2

0.18

0.16

0.14

0.12

0.08

=)
(L_y,r“r‘l) o andudey




Efficiency of the algorithm in the system
selection - improving the Pareto front

Skolkovo Institute of Science and Technology

50<H
70 o
45
60 40
550 35 _
g 130 2
Z 40 g
_1?3 25 i
[5} Q
230 20 3
L -~
= 15
20
° 10
10 ) s ] ) 5
° °oe ° '
0 P - : . . — oL : . - - : 0 . : - : ; . - 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Mendeleev Number Mendeleev Number Mendeleev Number
a b ¢
90 X 90 ; 90 ¢ ]
1th generation 10th generation * o 20th generation [*
80+ 80+
70+ 70+
—~ 60} 60+~
=]
S
= 50
g "
E 40+ __M/
- .
0 g T
o LA .
200 4 o “o .. .
| 9°
. L ]
oy

va".o ""
04 05 06 07 08 09 1
__ stability (eV/atom)

02 03 04 05 06 07 08 09 1
Instability (eV/atom)

0.1

02 03 04 05 06 07 08 09
Instability (eV/atom)



Compounds H, (GPa) Ky (MPa.m'#) | Instability (eV/atom) | Space group Compounds H, (GPa) K\ (MPa.m'?) | Instability (eV/atom) | Space group
Carbon [ C | 927,(936), [96] 633 013 ] Fdim  Boron [ B | 389, (39), [27-34] 287 0 ] Rim
C 2316 6.36 0.139 Piy fmme B 448 3.29 0.136 Cme2,
B8, 0.5 1.83 0102 Criem B-N [ BN 63.4,(62.8)° [46-8017 51 0.075 ] Fid3m
[ MoB, | 285,33.1% [24.27 376 0 ] R3m TeB 31,30.3)% 3.83 0.013 Piml1
MoBy 353 174 0.035 Piml TeBy 27.2,(29)% 3.6 ] Pam2
[ MoB, 322 363 0.077 A2/m TcBy 331 379 0.003 Piml
35.3,(37.9" 363 0.017 Py fmme TeBy 318 3.56 0.069 2y/m
[ 33.1,31.8)% 357 0.011 R3m TcB 302 3.54 0.069 Rim
Mo-B | (" MoB, ) 354 157 0.099 Pmmn Te-B 30,032 357 0.027 PGy /mme
MoBy 357 362 0.054 Pém2 Teby 359 335 0.084 f3m
Mobs 66 14 0118 R3m TeBs 339 33 0.113 R3m
Monb, 322 395 0.029 Tmm2 TeaBy 306 3.87 0 Pém2
\_Mo:Bs ) 0.4 187 0.043 Cmem
Si-C [ SiC 333,331 [ 28] 294 0 ] Fd3m B-P [ BP 37.2,(29.3)"[33 2.46 0 ] Fi3m
Sic 3.1 294 0.001 Rim B;P 41.1 287 i Rim
Vi 39.1,(38.3)% 166 0 Crern MnH 295 32 0 Pl /mme
[ VR, 37.3,(39.5)% [27.2)" 375 0 P6/mmm MnH 279 3.14 0.013 Rim
VB, 40 336 0.158 Péim?2 MnH 26.3 307 0.044 Fm3m
VB VB, 39.7 119 0.143 Pam1 M, 26.8 322 0.017 R32
VB 445 334 0.125 I4/mmm MnaHs 27 3.26 0.019 Ptig/mem
ViBy 37.8 374 0 Pim2 MnyHy 276 3.23 0.002 P2/m
ViB, 35.9,(38.2) 3.7 0.006 Immm MngH; 73 317 0.011 A2/m
MnB, 02 35 0.029 Pém?2 Feby 302 332 0 P2/m
MnByt 40.7 163 0.009 Prnin FeB, 357 3.06 0.021 Tmmm
MnB, 8.2 3.56 0.1 R3m Fe-B || FeBy 32 331 0.039 R3m
38.1,40.5) [37.417 FeBy 2.7 331 0.063 A2/m
[ 28.6,(24.4) |62 332 0.002 ] Pnnm
[ FeyByy ] 338 3.37 0.081 Pm




Ashby plot of hardness vs. toughness for
predicted phases
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Conclusion

o A well-defined chemical space can be obtained using the most significant properties of elements
(electronegativity and atomic size and binary systems with similar properties are nearby in this
space.

o Multi-objective Pareto technique makes it possible to search for materials optimal in more than
one property, and works efficiently at least for two properties.

o Combination of coevolutionary algorithm, MO Pareto technique and well-structured chemical
space - MendS — works efficiently in searching for materials optimal in multiple target
properties.

o Our Mendelevian search suggests that diamond is the hardest material (among binaries) in nature
— harder cannot be found.

o MendS works at arbitrary pressure and for binary, ternary systems.
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Thank You for Your attention!
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