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Atomistic simulations of structural materials

screw dislocation in bcc-Fe screw-dislocations in high-entropy alloys

edge dislocation in superalloys
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Coarse-graining from DFT to TB to BOP
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Tight-binding

total energy in tight-binding bond model Sutton et al, J Phys C 1988

Ug = Upond + Uprom + Uion + Ues + Urep + Umag

distance-dependent matrix-elements for pairs of interacting atoms
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interatomic distance rij[A]

eigenspectrum from diagonalisation of system-wide Hamiltonian




Lanzcos recursion algorithm

transformation of TB Hamiltonian to new basis

uo), [ur), |uz), ...}

start at atomic-like state |to) and generate |u,,+1) recursively using
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In this basis TB Hamiltonian takes tri-diagonal form

(ag by \

by a1 by
by as b3
R bs as by
<un|H|um>: )
by a4
Haydock, Comp Phys Comm 1980 S
Lanczos, J Res Natl Bur Stand 1950 . .
IG/\MS 00000000000000000000000000000000OC0OCQBOCOCROOROOOEO &
000000000000000000000000000C0OCQOCOOCROOROOCOCROCRORO0CO0O0EO




Continued fraction

interpretation: 1d Lanzcos chain with only nearest-neighbor matrix elements

inversion of tridiagonal Hamiltonian by Greens functions yields continued fraction

1
Nio(E) = —;Im

E—Cl()—

truncation after certain number of recursion levels — linear-scaling BOP

Haydock et al, J Phys C 1972 Pettifor, PRB 1989 Aoki, PRL 1993 Horsfield et al, PRB 1996
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Connection to moments

interpretation: 1d chain with only nearest-neighbor matrix elements

choose atomic orbital as starting orbital of Lanzcos chain
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Moments expansion of DOS
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second moment (rms width)
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Moments link electronic and crystal structure

crystal structure electronic structure
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Convergence with moments

bcc-Ta with 9 moments
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Moments based descriptors

normalisation of lowest moments

2
TS i) = i) =
rotation invariance
N N
u = g )

orb

independent descriptors based on 3 and 4" moment

dj1 = (3) bi,2 — \/lu’f4) o ( 53)) + 1

electronic-structure based descriptor of local atomic environment

Jenke, Subramanyam, Densow, TH, Pettifor, Drautz, PR
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Low-dimensional map of structural similarity
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clear separation of typical 2D and 3D crystal structures
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Transformation paths
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Random structures with one Wyckoff site
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Map of local atomic environments
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Moments link electronic and crystal structure

crystal structure electronic structure
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Influence of bandfilling on structural stability

canonical sp-valent TB with variation of valence-electron number N,
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structural trend with band filling incorporated in descriptor

Jenke, Subramanyam, Densow, TH, Pettifor, Drautz, PR
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Comparison to DFT calculations

Mo in 1-atom and 2-atom random structures (VASP with PBE, PAW)
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Application in machine learning
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Final results of competition for test set
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Final results of competition for test set

400 ;
Public i
350+ Private i
. ML representation + :
Ranking regression method Band gap energy Formation energy
Root mean Mean Root Mean
mean absolute
square log absolute
error error (meV) square log error
error (meV/cation)
Ist n-gram+KRR 0.077 114 0.021 15
2nd ¢/BOP+LGBM 0.081 93 0.022 15
3rd SOAP+NN 0.081 98 0.021 13
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Sutton, Ghiringhelli, Yamamoto, Lysogorskiy, Blumenthal, TH, Golebiowski, Liu, Ziletti, Scheffler

npj Comp Mat 2019
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c/BOP+LGBM solution
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Property
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formation energy band gap
mu mu
bn covalent radius
an I—— an I ——
period I LUMO .
LUMO I bn I
atomic volume I heat of formation I
electron affinity N mass I
covalent radius T rs max I
P m— oy rd max IE——
atomic radius rahm SN y electron affinity I
rs max . E rp max M
rd max . |P Em
electronegativity Il period N
rp max B vdw radius Bl
heat of formation Il HOMO Bl
. vd'.ﬂ:r rac.iilus [ B Average atomic radius rf'lh.m | B Average
dipole polarizability B EEE Difference E|ECtFDI?IEgatIVIty [ = Difference
HOMO § —N . atomic _volu.rpe 1 R—_—Y
mass | dipole polarizability ™
0 2 4 6 8 0 1 2 3 4
Relative importance, % Relative importance, %

highest importance for electronic-structure based descriptors mu, an, bn
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More chemistry by bond-specific Hamiltonians
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Downfold DFT eigenspectra to TB minimal basis

downfolding procedure: \ applied to:

Dimer DFT eigenstates V¥,
for different distances R,

Optimize projection

P = Nle D nfn ZJ/m<Wn|90Jlm><90Jlm| W)
on TB minimal basis

Construct TB matrix elements
H,, = {sso, sdo, ddo, ddr, dd§, ...}

\
Parameterize TB matrix elements
Hiy(Riy) =Y ; ciexp(=AiR/)

Madsen et al., PRB 2011 Jenke et al.
Urban et al., PRB 2011 (submitted)
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Database of bond-specific H for dimers

Mo-Mo dimer database of pairwise TB parameters
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Application to intermetallic phases

Al5, C14, C15, C36, 0, X, M phases in ternary Ni-Al-Re and subsystems
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Prediction of formation energy (preliminary)
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Prediction of bulk modulus (preliminary)
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Conclusion

electronic-structure based descriptors

coarse-graining DFT — TB — BOP

moments link atomic structure and electronic structure

low-dimensional representation of local atomic environments

complete and homogeneous samplings of atomic environments
chemistry-aware descriptor includes valence-type and band-filling
bond-specific pair-wise Hamiltonians from downfolding DFT eigenspectrum

applications

e smooth variation of formation energy, volume and bulk modulus
e formation energies and bandgaps of transparent oxides

e formation energies and bulk moduli of intermetallic phases

e high relative importance of descriptors with domain knowledge

funding: DFG, SFB/TR103, DAAD, IMPRS SurMat, EPSRC
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