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MATERIALS FINGERPRINTS

Global Fingerprinting :
- I = =
L]
or
————— Atom-Centered Fingerprinting
Materials
Fingerprints
Atom-
Centered
Symmetry Basis set Kernel- Pair HSET, Graph-
: B - Angles, Others
functions decomposition based Distances Dihedrals based

Reveil et al Classification of spatially resolved molecular fingerprints for machine learning applications and development of a codebase for
their implementation Mol Syst Des & Engin (2018)



ATOM-CENTERED SYMMETRY FUNCTIONS

OTneyvaTkn, OCHOBaHHbIE Ha onpepenexHnn (byHKHMM CUMMETPUN 6a3|/1py|OT09| Ha CyMMUpPOBaHUK NO CBA3AM U yrinam anga BCex
dTOMOB B rpenesiax 3afaHHoro paguyca

AtomHo-LeHTpUpoBaHHble pyHKuum cummeTpumn (ACSFs): Behler and Parinello

N
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VE!
ofeos (52) +1]m <
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fe(rij) =42 T voe
0, rij = e
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9 = 21_62 Z (1+ )lcos@ijk){e_n(nj_”) o NTu—i)? g=n(rjx—1) fiificfix

J#I k#i,j
67 and G - atom-centered function
rij - distances to all atoms j within a cutoff radius 7,

n and u - width and center of Gaussians (empirically defined)

fe - cutoff function (smoothing impact as a function of distance)

Limitation: Empirical parametrization of symmetry functions

Reveil et al Classification of spatially resolved molecular fingerprints for machine learning applications and development of a codebase for their
implementation Mol Syst Des & Engin (2018)
Behler et al Generalized Neural-Network Representation of High-Dimensional Potential-Energy Surfaces Phys. Rev. Lett. 98, 146401



ATOM-CENTERED SYMMETRY FUNCTIONS
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Reveil et al Classification of spatially resolved molecular fingerprints for machine learning applications and development of a codebase for their

implementation Mol Syst Des & Engin (2018)
Behler et al Generalized Neural-Network Representation of High-Dimensional Potential-Energy Surfaces Phys. Rev. Lett. 98, 146401



BISPECTRUM FINGERPRINTS

1 Ty 1 <
pi(r) =8@) + z (1 —r)fe(|m;]) where f.(r;;) = [COS( T ) * ] Ty =Te
7 O,T'L'j > e

In order to achieve rotational invariance the spherical coordinates can be used.
Bispectrum — three-point correlation function that can be used to describe the atomic neighborhood

Atomic density is projected onto the surface of the four-dimensional unit sphere:

y

g = arccos(z/|r|)

0o = m|r|/mo

_ y
. <x> ¢ = arctan(;)

where ¢, 8, 8, — polar angles;
To > Teue/T

4D spherical harmonics (Wigner matrices U T]n ,m) — complete basis for the interior of the 3D sphere

The projection of the atomic density on the surface of the 4D sphere can be represented through the set of the ordinary
Clebsch-Gordon coefficients that are expansion coefficients of total angular momentum eigenstates:

i ]
cm,m—<U , |p>

J1 J2
.]1 .]2_’ Z z Z (Cm m) ]1 ,mq, ]2 m, jlmljzmzcm 1m1Cm'2m2

m'y my=—j; m'y my=—j, m’ m=

Bartok et al Gaussian Approximation Potentials: The Accuracy of Quantum Mechanics, without the Electrons Phys Rev Lett (2010) 104, 136403
Bartok et al On representing chemical environments Phys Rev (2013) 87, 184115



SMOOTH OVERLAP OF ATOMIC POSITIONS (SOAP) SIMILARITY KERNELS

INokanbHas aToMHasi KOHGUrypaLus X; MOXET ObiTb BblpaxeHa OnpeaeneHa NoCpPeaCcTBOM CrNaXeHHbIX aTOMHbIX MIOTHOCTEN,
LIEHTPUPOBAaHHbIX Ha aTome :

- 2y 1 <
pilr) = Z w(@)ps(r —mi)fe(|ry])  where (1)) = E[COS( T, ) + ]'Tij =T
J

O,T'ij > e

z; — atomic number
w; — associated with given atomic type weight

ATOMHbIE NMOTHOCTU 3aAaHb! nocpeacTsoM rayccoBbliX (*)yHKLI,VIVI C Lwlcnepcmeﬂ a?

— 2 2
9o (1) = exp(=r*/20%)
OnpeneneHme A0pa KakK MepekpbiBaHUA ABYX JIOKallbHbIX aTOMHbIX NNOTHOCTEWN,
WHTErpupoBaHHOE C Y4€TOM BCEX BO3MOXHbIX TPEXMEPHbIX BpaLI.l,eHMVI n
WHBAPWUAHTHOrO NO OTHOLLEHWUIO K BPALLEeHUIO:

s@8) = [ peIpprar  KEF) =] s(REF)dR
R3 x S0(3)

HopmanuaoBaHHOE S4p0 (KepHen) ¢ yBenuyeHneM B 061acTsx HambonbLero

3HaueHws, NPUHNMAEMOro (yHKUen npu ¢ > 1. Graph interpretation of the SOAP kernel. Two
¢ local environments comprised of 3 and 4

atoms are compared by forming a bipartite
graph that links pairs of atoms

k(% %)

E ~’ v —_
(%%) L/k(;?, Dk, %)

Ferre et al Learning molecular energies using localized graph kernels J. Phys. Chem. (2017) 146, 114107



STEINHARDT ORDER PARAMETERS

The complex vector g;,,, (i) of particle i is defined as follows:
Np (i)

Qm (D) = N z Yim(7i)

Yim (71) — spherical harmonics

Steinhardt order parameters:

l
41

. — . 2

a® = |z ) 1@
m=-1
6
Sy= ). dem(im(D
m=—6

Two particles are connected if S;>0.5
A particle is solidlike if Nygpnect > 6, Otherwise - liquidlike

Lechner et al Accurate determination of crystal structures based on averaged local bond order parameters J Chem Phys (2008) 129, 114707



MORTON SPACE-FILLING CURVES

Atomic Number (q) Radial (7 Polar (8) Azimutham
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Atomic layer:

Atomic number

Atomic and coordination number
Coulomb matrix Npg

c = Z ZaZﬂ
) raﬁi
Basic steps:

Orientation along the principal moments of inertia
Cartesian to spherical coordinates mapping

»  Four-dimensional grid formation

»  Compressing to one-dimensional vector

Jasrasaria et al Space-Filling Curves as a Novel Crystal Structure Representation for Machine Learning Models Arxiv (2016)



®OPArMEHTHbIE AECKPUNTOPBLI ANA NPOrHO3UPOBAHUA C@OIZCTB
HEOPIAHUYECKUX KPUCTANNMNYECKUX COEOUHEHUN
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Isayev et al Universal fragment descriptors for predicting properties of inorganic crystals Nature Commun. 2017; 8: 15679



KOPPENIMPOBAHHbIN EECNOPALOK
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Overy et al Design of crystal-like aperiodic solids with selective disorder-phonon coupling (2016) Nature Comm 7:10445
Keen, D. A. & Goodwin, A. L. The crystallography of correlated disorder. Nature 521, 303-309 (2015).



COMMON NEIGHBOR ANALYSIS: SIGNATURE

I. particle positions

It — €mpirical parameter

Controlling microscopic nature:

= Nanoscale colloidal crystals
= Micro-sized colloids
II. adjacency matrix I1I. neighborhood graph IV.CNA signature
10001 1 0 0 ,/
1 1 0001 00 ,/
d 01 10010 / B
0001 1001 —> O O — {6x(3,1,1),3x(4,2,1) }
1 0001 00 1 /
1 1.0 0 00 1 11
0011001 1 -
) 000 0 1 1 I L k
@ 3,1,1)
CNA signature:

Number of adjacent nodes
Number of edges between those nodes
Length of the longest path among only those edges

—| CNA > {12x (44,1}

'

000-000-000-000-441-441-441-441-441-441-441-441-441-441-441-441

difference % 000-000-000-000-000-000-000-000-000-000-001-001-001-001-001-001"

h
000-000-000-000-441-441-441-441-441-441-442-442-442-442-442-442

f

—» | ONA I—> {6x(4,4,1).6x(4,4,2)}




®OPArMEHTHbIE AECKPUNTOPBLI ANA NPOrHO3UPOBAHUA C@OIZCTB
HEOPIAHUYECKUX KPUCTANNMNYECKUX COEOUHEHUN

Structure parameter

P=m-n/2¢

m — relative number of polyhedra connected similarly
n — order of the point group symmetry
d — connectivity type (nodes, edges, grains)

Aeschynite A¥*B**C5*Q; (SG: Pnma)
A=RE(57-63), B=Ti**, C=TM




ELECTRONIC FINGERPRINTS

KlN 103 (|CS D 384) Density qf States (states/e\l_)
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Isayev et al Materials Cartography: Representing and Mining Materials Space Using Structural and Electronic Fingerprints Chem Mater (2015) 27,735
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MATERIALS CARTOGRAPHY: REPRESENTING AND MINING MATERIALS SPACE
FOR SCREENING OF MATERIALS WITH TARGET PROPERTIES
\
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Network representation:
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1 10
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/
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LuPd;Sn 0
complex oxides InAu;Sc CaCu,’D r,
pdsbSe

Isayev et al Materials Cartography: Representing and Mining Materials Space Using Structural and Electronic Fingerprints Chem Mater (2015) 27,735



NMPOrHO3MPOBAHUE CTPYKTYPbI



[NPOrHO3MPOBAHWE CTPYKTYPbI

ﬁ(perimental data

(Compound = XA)D

Xa=1->SG1
X,=0.75 -> SG2
X,=0.5 -> SG3
X,=0.25 ->?
x,=0 -> SG4

-

\Z

J

List of candidate types of crystal structures or SGs

Database search
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formation
enthalpy
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pX) = [ [ [ ¢ 20
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i 5§ = p(xi, %))

§ e p(x)
Cumulative  functon g -
correction term for using the
information from the
compounds  with  correlated
behavior

1

3/4

2/3

i
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1/4

0

174 183

1/2

2/3 34

Fischer et al Predicting crystal structure by merging data mining with quantum mechanics Nature (2006) 5, 641



MNONCK HOBbIX METACTABWIBHBIX ASOT-HACBIWEHHBIX HATPXUOOB

nitrides
no. of unique ICSD phases 1253
percent metastable (T = 0 K) 59.8%

oxides

13497
56.0%

all inorganic solids

29902
51.6%

67 meV/atom

[AH(E — Egg) — median
190 meV/atom

AH(E — Egs) — 90th percentile

15.4 meV/atom
62 meV/atom

14.9 meV/atom
70 meV/atom

—6.38 eV/atom
3.02

median cohesive energy
electronegativity

Stabilization of nitrogen-rich metastable nitrides

c
S
T
:
2 ® _---X N@) Precursors:
o A, -ammonia
-azide

2®) _atomic nitrogen

M(s)
B
\ @ @

Negative Formation Energy w.r.t Ambient Conditions
Stable Compound

Stabilizable by Reactive Nitrogen Precursors
Metastable Polymorph

Metastable Phase-Separating

Negative Formation Energy w.r.t Sputtering

No Thermodynamic Driving Force

—6.26 eV /atom

3.44

Probability of Recovery

—4.88 eV/atom

Probability of finding nitride with known structure
from suggested candidates (TP rate)

i

N+P+As+Sb
—N
N+O+P+As+Sb
N+O

0 5 10

15 20

Length of List

25

Sun et al Thermodynamic Routes to Novel Metastable Nitrogen-Rich Nitrides Chem. Mater. 2017, 29, 6936-6946



MNONCK HOBbIX METACTABWIBHBIX ASOT-HACBIWEHHBIX HATPXUOOB

Substitution matrix for nitrides and oxides predicted by DMSP approach
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Sun et al Thermodynamic Routes to Novel Metastable Nitrogen-Rich Nitrides Chem. Mater. 2017, 29, 6936-6946



NMNONCK HOBbIX METACTABWIBbHBIX A3OT-HACBIWEHHBIX HATPNOOB

nitride compd  prototype ICSD ID  prototype structure  space group  E abyv hull (eV/atom)  decomp products  penitride  critical 4N, (eV/atom)

RuN,*” 167872 RhN, Fa3m 0.10 Ru+ N, N 0.20
Nb;N; 76460 Ta;N; Cmem 0.03 Nb¢N; + N, N 0.20
Sn N, ** 89525 Sn;N, Fd3m 0.16 Sn+ N, N 0.29
ViN, 100135 Si;N, P2,/m 0.04 VN + N, N 0.30
ReN,** 187441 ReN, C2/m 023 Re;N + N, Y 0.41
RuN,*” 240754 RuN, Pmnn 030 Ru + N, N 0.45
PN, ** 166462 PN, Pa3 0.30 Pt + N, Y 0.45
ReN 162871 BN Cm 0.16 Re;N + N, N 0.48
OsN,*/ 260545 OsN, P6/mmm 035 Os + N, N 0.52
FeN, 240759 OsN, Prnm 0.18 FeN + N, Y 0.54
N, 240755 IrN, P2 /c 038 Ir + N, Y 0.57
Ti;N, 78944 Zr;N, Pnma 0.09 TiN + N, N 0.60
Re;N, 156339 Ge;N, Pnma 027 Re;N + N, N 0.64
PN, *¢ 191244 PdN, Prnm 0.44 Pd + N, Y 0.65
Re;N; 95782 P,N; Imm2 034 Re;N + N, N 0.68
Re;N 181874 Re;N P6,/mmc 0.08 Re;N + N, N 0.72
SbN 162883 BN P,1/c 0.40 Sb + N, N 0.80
Cu,N, 60168 MoN PT 0.40 Cu+N, Y 0.81
CIN, 240754 RuN, Pnnm 027 CiN + N, Y 0.82
Na,N*" 21115 Na,N Pm3m 021 Na + N, N 0.84
CoN, 156339 Ge;N, Pnma 0.13 CN + N, N 0.92
Mn,N, 100135 Si;N, P2,/m 0.3 MnN + N, N 0.92
Mo,N; 95782 PN, Imm2 022 MoN + N, N 097
Ti;N, 92156 Si;N, P3lc 0.14 TiN + N, N 1.00
Cu,N*/ 53313 CuyN Pm3m 026 Cu+N, N 1.04
Pb;N, 91273 NiSt,N, Pnma 042 Pb + N, N 1.05
TiN,* N/A TiN, 14/mem 039 TiN + N, N 118
MoN,*' 260549 OsN, P4/mbm 038 MoN + N, Y 1.23
PbyN, 41952 CiN, R3m 075 Pb + N, Y 1.32
Pb;N, 182699 Nb,N, Pnma 054 Pb + N, N 1.35
Mo,N; 16528 MoNCl, PT 024 MoN + N, N 137
BiN 162876 BN Pnma 0.72 Bi + N, N 1.44
Pd,N, 162795 Ca)N, C2/m 058 Pd + N, N 1.46
Perspectives:

= Down-conversion nitride materials
= Localized surface plasmon resonance materials

Sun et al Thermodynamic Routes to Novel Metastable Nitrogen-Rich Nitrides Chem. Mater. 2017, 29, 6936-6946



AHANM3 NOKANBHOW CTPYKTYPbI MATEPWAJIA



AHa,3 JIOKAJIEHOM CTPYKTYPh1 MaTEePHAI,

OnpeneJieHre JIOKAJIBHOM CTPYKTYPbl MaTepHaJia IIPU HEeOOCTATOYHOM MHMOOPMATUBHOCTH CTPYKTYDPHOI'O
darTopa (HECKOJIBKO KPUCTAJIJIIOIPAPUUECKUX (Pas, IPUCYTCTBUE CJIOMHBIX Te(PEeKTOB): MHOI'OMEDPHBIN
CTATUCTUYECKUHN AaHAaJIU3 KOOPIOHWHAIIMOHHBLIX CQEp OTIOEeJIbHBIX aTOMOB C MCIIOJILSOBAHUEM METPHUKHK
MEX Iy aTOMOM M er'o OKPYKEeHUEeM NJIA OIIpeneJIeHUA CTPYKTYPbl X1 CUMMETPUU

AnmpoxcuMaliuAg
dopMEl aTOMA, IIPU
TIOMOIIIH
UIOEeHTUPUKAIIUN
PEeIIpeseHTaTUBHON
YacTH
H300paKEeHNA,
IIOCTPOEHME
KOPPEJIAITNOHHOM!

KapThl

VmaJseHue myma, N neHTAOUKAIAA
IIEHTPOULOB

Belianinov et al Identification of phases, symmetries and defects through local crystallography Nature
Communications (2015), 6, 7801



AHaJTUS JIOKAJIEHOM CTPYKTYPbl MaTEPHUAJIA,
Two-phase Mo-V-Te-Ta oxide

summation of sequentially scanned
and aligned images

A

orthorhombic M1 phase with a
space group Pbal and a pseudo-
hexagonal M2 phase with a
space group Pmmae

100
. - 20
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e o} .4 O i S of # ’
o e . o
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-50 e e
- . _20
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Pixels Pixels
50 neighbors 6 neighbors

Near-coordination sphere for each atom:  N;= ([x;, y1]..., [xj, yj])
K
3 2
K-means clustering: argmin Z Z ij — Wl H
N i=1 XjGS.’

Belianinov et al Identification of phases, symmetries and defects through local crystallography Nature
Communications (2015), 6, 7801



AHaJI3 JIOKAJILHOM CTPYKTY Dbl MaTEPHAIIA,

Belianinov et al Identification of phases, symmetries and defects through local crystallography Nature

Communications (2015), 6, 7801
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AHATNIA3 NIOKATTEHOW CTPYKTYPbI MATEPVANA: UCTMONB3OBAHE METOOOB MMYBOKOrO OBYYEHMSA

BoamoxHocTy:

= AHanu3 KpUCTanIM4yecknx peLleTok 1 CTPYKTYPbI U TUna LedekTos
=  YTOYHEeHMe TMna CTPYKTYpbl

= 3BneYeHne 3Ha4UMbIX CTPYKTYPHBIX/XUMUYECKMX NapaMeTPOB

(O6yqarom,m7| Habop  AaHHbIX  (MCKYCCTBEHHbIE
[aHHble, MUMUKpUPYLOLLMe AaHHble STEM):

»  lgeanbHas Kpuctannyeckas peLetka

=  PelweTKa C NpUCYTCTBMEM BaKaHCHM

" ATOM-g0naHT ¢ 60MbLUMM aTOMHBIM HOMEPOM

are ,
e » VAN /O<Q> ‘ * Finding atomic positions from raw experimental data
X L IR \0/0\ = Pixel-wise recognition of atomic defects and lattice reconstructions
X <.0>0< ' = Possible chemical structure-related interpretation of output
X "8C
\__&" _J

< -

( Identifying “not-seen” defects: \
Stone-Wales defects in graphene Discriminating vacancy type

Maxim Ziatdinov et al Deep Learning of Atomically Resolved Scanning Transmission Electron Microscopy Images: Chemical Identification
and Tracking Local Transformations ACS Nano 2017 11 (12), 12742-12752



CONVOLUTIONAL NEURAL NETWORKS

/ INPUT feature maps feature maps  feature maps feature maps QUTPUT \
28x28 4@24x24 4@12x12 12@8x8 12@4x4 26@1x1

Specific characteristics:
= |ocal connections

= shared weights

= pooling

= using many layers

.
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AHAJT3 JIOKANBHOW CTPYKTYPbI MATEPUAA: MCMONMBL30BAHME METOIOB
[TIYBOKOIO OBYYEHWUA

Input image Pixel-wise classification
(decoded)

C - ’ / ,_/
Low resolution feature

maps (encoded)

. Activation RelU . Activation Linear . Activation Softmax

Maxim Ziatdinov et al Deep Learning of Atomically Resolved Scanning Transmission Electron Microscopy Images: Chemical Identification
and Tracking Local Transformations ACS Nano 2017 11 (12), 12742-12752



AHAIN3 NOKATTEHOW CTPYKTYPbI MATEPVAJTA: MCMONBL30BAHVE METOOB
[TIYBOKOIO ObYYEHUA

[ s . Update training dataset/labels =~  — - — - - — — — — — _
Machine Machine Pixels-based analysis Human - Machine
Physics & chemistry based analysis

Class 1a

e A B
................... (e

’ Class 1c II

i

’

i &
{ Class2a H
Deep Learning Application to 3
Mode(s) Experimental

Data

Class 2b

Class 2c [ (ree @

Class 3b [ IS
. ..................................................... :
S A
I
I
lllllllllllllllllllllllllllllllllllllllllllllll ‘
{ Human = Requires human
i input DFT/MD
: ’ : Simulations
! Machine = Fully automated :
¢ (no human intervention) -
R R ] Human

Maxim Ziatdinov et al Deep Learning of Atomically Resolved Scanning Transmission Electron Microscopy Images: Chemical Identification
and Tracking Local Transformations ACS Nano 2017 11 (12), 12742-12752



AHAN3 NMPOLIECCOB, NMPOUCXOLALMX HA MHTEPOEWNCAX:
MEX3EPEHHbLIE N'PAHWLLbI



PHASE BEHAVIOR OF INTERFACES: COMPLEXIONS

Nanoscale interface structures are equilibrium phases that
obey thermodynamic rules analogous to those of bulk phases

A number of unexplained observations concerned:

= abnormal grain growth
= deliberate incorporation of certain atomic elements into grain
boundaries can drastically change the materials properties

Grain boundary (GB) can be viewed as
interface-stabilized “complexion” phase that can
be formed between different crystals within a
material and that are chemically and structurally
distinct from any bulk phases and can be
chemically and structurally inhomogenious



THE IMPORTANCE OF GRAIN BOUNDARY COMPLEXIONS IN
AFFECTING PHYSICAL PROPERTIES

( Some effects of complexions on diffusional transport and physical properties

= Non-Arrhenius enhancement of diffusional transport limited processes such as sintering and grain growth,
unascertained impact on ion diffusion processes

= Activated sintering process

= Coarse grain structure obtained after prolonged annealing at high t° on average exhibit different complexions ->
complex unexpected materials behavior

= The presence of localized phonon modes as a result of layering transitions may lead to modified localized
interfacial vibrational modes



THE PHASE BEHAVIOR OF INTERFACES: MICROWAVE DIELECTRIC PROPERTIES
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Zhang et al Phase structural transition and microwave dielectric properties in isovalently substituted La;_Ln,TiNbOg; (Ln=Ce, Sm) ceramics
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ANALYSIS OF INTERFACE PROCESSES IN CERAMICS: GRAIN BOUNDARIES

(a) Structure model
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(b) EA variation operations

Upper grain
(UG)

Upper buffer zone

Lower buffer zone

----------------------

L ] © L ] o
00, 00 08 08 Lo |
9 ) L ] 9

Lower grain
(LG)

e o A P R;al s({;ace & °
® ere
PR (P l ty . o0 d ®
GB Parentl GB Parent2
&} ®
® ®
@ O
GB offspring
o 0. Mutation ® o ©o
e ’ (2] Q
-« ® O ® @ @
GB Parent GB offspring
Add/Removal O
. © ) val [ o O e B
o o ® o o ®
GB Parent GB offspring



Grain boundary energy (J/m?)

ANALYSIS OF INTERFACE PROCESSES IN CERAMICS: GRAIN BOUNDARIES (GB)
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MATERIALS SYNTHESIS DETAILS AS PARAMETERS UNRAVELING
COMPOSITION-STRUCTURE-PROPERTY RELATIONSHIPS



VIRTUAL SCREENING OF INORGANIC MATERIALS SYNTHESIS PARAMETERS
WITH DEEP LEARNING

Descriptors:
processing (synthesis) information — sintering and calcination temperature and time, method of synthesis, solvent

Tasks:
- SrTiO3/BaTiO3 synthesis details discriminating
- MnO2 polymorph elucidation
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Kim et al npj Computational Materials (2017) 53



VIRTUAL SCREENING OF INORGANIC MATERIALS SYNTHESIS PARAMETERS
WITH DEEP LEARNING

Loss function:
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