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Introduction

Theory and
Multi-scale modelling

Time

. /
s e

g [ Microstrhctar

Advantage of semi-empirical methods : fast evaluation

of the energy and forces.

Utility of semi-empirical methods: everywhere when the

word “million” is associated with “atomistic”:

Atomistic investigations for mechanical problems

(millions of atoms)

* Finite temperature properties (millions of force
evaluations) :

* molecular dynamics investigations: protein
folding, defects migrations, microstructural
evolution, radiation damage etc

» Thermodynamic properties

* Exploring exhaustively unknown energy landscape

(millions of minima and saddle points).

Gedankenexperiment: validation of models
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Introduction

.—| Accuracy I—)

Empirical potentials

No electronic structure

Transferability: very low
depending on the fitting &
database

Cost: Low (from N to N?)

Size: no size limitation, can be
applied for billions of atoms

Tight binding

Electronic structure

Transferability: reasonable,
depending on the fitting
properties

Cost: higher ( N3)

Size: limitation exists, feasible
for up to thousands of atoms

Ab-initio (DFT ...)

Electronic structure

Transferability: high wide
applicability for various
properties

Cost: much higher ( NP, p =>3)

Size: limitation exists, feasible
for up to hundreds of atoms

(—| Size of system |—Q
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Introduction

 Towards semi-empirical potentials
« DFT, TB, BOP, MEAM, EAM...
e Istres 2015 potential « analytical BOP »

e Fitting an EAM potential metallic defects orientated
« Database
e Fitting
e Limitations

 Forget EAM, BOP, MEAM? Machine learning ?
 (Kernel) Ridge regression

« Bayesian inference

MIHAI-COSMIN MARINICA, SRMP, CEA | 2015, | PAGE 5
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DFT, TB, BOP, MEAM, EAM...

1 Fi s The Hohenberg-Kohn theorem: The Hohenberg-Kohn theorem states

& ({ﬁ[}) = Ee [ﬂe] + = e that:
2 I#£J |RI — RJl

1. the ground state energy FE. of the system of electrons in an

sxternal sal v G
Khon-Sham (1965) proposed a self-constent scheme: scheendl potentiul v ()
—Z

i [p] — T[ﬂ] i [{J] f!(f’):; |F—ﬁf| ) (1}
U [‘”] - [ U(F)p (F)dr + Eee [P] + Eze [,G] is a unique functional of the electron density p(7),
p (7) 5 Eelp] Ha=Relpl
ool — o (F oty Ofmclp
Vks(F) = v(F)+ / I dr' + 5p 2. the functional F [p] has its minimum value when p(7) is the
=7 ground state electron density pe(7):
72 Eclpl 2 Ee [pe] ; (2)
[_ﬁ A+ %sc-ﬂ] 6a(P) = €adal

Tlp] = Y fro(er —¢a)éa— [ Vics(7)p(F)d7

}.,p) = Z_fp‘p (FF—F&}EQ+F[{I_?.[}.;):| .
Rrb.pl = Eu.lp zelpl — | Vis(7)p(F)dr 1 ﬂ
FI{R}p] = Eeld+ Eucldd~ [ Vies(Pp()d +2§’|§f—ﬁ4
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DFT, TB, BOP, MEAM, EAM...

Mott and Jones, Slater, Friedel, Huckel (LCAO) in 60’ n) = Z Cia |10¥)
Gy, Ay gy oy 2, d
72 Na S __n Px; Py, Pz Qxy; Qyz; Qxz;: Ay 32,0322 ;2
H — _F_a + Z I’;"I \.‘T \-—-\‘.-_-"" LY % = o+
2m - ‘. 3 5 : Transition Metals

Hin) = e,|n) 4 : semi-conductors g )

0 Transition Metals

Z Hia a5 = €nCiy, n,N_ xn,N_ Many TB models depending:
» * Degree of « ab-initio »
e  Orthogonal , non-orthogonal

F. Ducastelle, North Holland . Parametrization of the hopping integrals
M.-C. Desjonqueres, D. Spanjaard, Springer Verlag In site term

W. Harrisson, Dover o | | | |
E-'ijcx (}f-jaa,ﬁ—i_ < '“1| Z IKK U:” >, =]

A.P. Sutton, Oxford University Press (ia|H|j3) = K#i

<ia| ¥ Vi |jB >=hiags  i#£Jj
Goringe et al. Rep. Prog. Phys, 1997 K#j
S. Goedecker, Review of Modern Physics, 1999 Three center integrals neglected
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DFT, TB, BOP, MEAM, EAM...

Key ingredient: accounts the « ability » of the

: . Slater Koster sp integrals Slater Koster dd integrals
electrons to « jJump » from one site to other

E Hiﬂ,jﬁ (a;]a — 'Fn(';la, hi::l._;i."‘.' — 'ir:llii_‘:__,l:'ﬂ {Ti — rJ}
iB
= Ebund + Erep r::toms Z €n T Z m{r‘z_} Z 1\";& ia ¥
oce i] ssg <0 spc>0 pPpo >0 pp <0
z!
Density matrix or bond order@%
s = 3 i -
ncoco J. 1] x' hir.\,_;i,-} [_I'f — T ] — R! ':“1.:" TS U’:‘j} hn.::’ {z] R““j.l it u’fj;'
z
Z Pjfia tC‘Jd_FZﬁ 'PIJ}_FZ 2pic ia — 1 N ) ?ﬂ 6po) cos®

st B . (.m 0 0  spo 0 O sdG

0 0
\ /—/ R/—/ 0 ppm 0 0 0 0 pdm O 0
0 pdt 0 0 0

Eboﬂd' 'Eprom —spo 0 0 ppo 0 0 0 0 pdo

0 0 0 0 ddd 0 0 0 0

off-diagonal Diagonal: 0 0 —pdn 0 0 ddm 0 0 0

0 —pdn 0 0 0 0 ddn 0 0O

Used in self consistents TB models 0 0 0 0 0o 0 0 dds o

or TB-LCN \sic 0 0 —pic 0 0 0 0 ddc)
Which impose the local charge - ~
neutrality (LCN) condition hes(2)
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DFT, TB, BOP, MEAM, EAM...

Local density of states proposed by J. Friedel in 60’

(L) Z“: ( €n) Z:{.m ( ]I|H} nm:ZH.EG.E.”H“&{E_EHJ:(i&MfE—HHE&'}

= Z (n|ia) (ialm) (m|d(E — H) n) Ey ,
LT T Epram, = Z( / Nia (E)dE = P\rrflale%:l
i ialr R SCE — iy
_Z ZHEQEH}I O(E —€,) Ebmld:Z/ (E — € )nio(E)dE

If we have a way to have the local density of states the
evaluation of the energy becomes order N

The proposed solution was done in 70s by the moments
description of the function of local density of states.
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DFT, TB, BOP, MEAM, EAM...

X.l”‘ X.-".I
W= [Camy e ay= [ af@

. H{U; gives the area under f(x). This can be used as a normalization factor of

the function f(x);
o 11 pives the “center of gravity” of f(x)

. ]u,':"']*' gives the momentum of “inertia” of f(,t,] Hence ﬁ!]u,':?e' is proportional to

the width of the f{z) in the root mean square sense:

o 1% gives the asymmetry from 0. e.g. a large negative value of p*) corresponds

to a long tail of f(x) in the region below pt!):

o 1Y) measures the tendency for a gap in the middle of the band ...

MIHAI-COSMIN MARINICA, SRMP, CEA | 2015, | PAGE 11



DFT, TB, BOP, MEAM, EAM...

closed path in real space

p) e
s = (ia|HP |ia) = fEan{E}dE . ]’“ ' }

—

I P—p—

..

Pl _ §: - e : : = :
Hia = }IHFJlﬁljgﬁlﬁldEBE"'}¥;p_2ﬁw—2Jp—1ﬁp—1}¥ép—1ﬁp—lﬁﬁ

J181..dp—18p-1

F. Ducastelle and F. Cyrot-Lackmann, J. Phys. Chem. Solids 31, 1295 (1970)

. . ] o L
Second moment approximation:
i 1 2 112 0
Z Hossotlom =T {[h] } = Tr{[R has(ri; )R] } =Ty {[hﬂﬁ{r,-j}; } v e
= %5 x Oy
Epund = / En; (E)dE 4Z\f = 42 g(ri;)
Tight binding second moment potentials Embedded-atom method potentials
E:Z{-ﬁ'(rijj—zvjﬁ E= ZC} rlj}+ZF rat
M. W.il;iéifmis, J. E. Sincllair, Phil. Mag. A. 50, 45-55 (1984) M S Daw & M.J. Baskes Phys. Rev. B 29, 6443 (1987).

A. P. Sutton, J. Chen, Phil. Mag. Lett. 61, 139 (1984).
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DFT, TB, BOP, MEAM, EAM...

Tight binding second moment potentials Embedded-atom method potentials

E=) ¢(ri)— ) _ /P E=Y ¢(ri)+ ) F(p:)
£ o _ = i

M. W. Finnis, J. E. Sinclair, Phil. Mag. A. 50, 45-55 (1984) M. S. Daw & M.J. Baskes Phys. Rev. B 29, 6443 (1987).

A. P. Sutton, J. Chen, Phil. Mag. Lett. 61, 139 (1984).

* Shielded Coulomb repulsion between the nuclei
 Embedding energy term describing the formation of
collective bonds between the neighbouring atoms.

The EAM potentials are called also central force potentials for metals:

*  Well suited and widely used for simple metals or noble metals with
FCC or HCP structure

* Was also successfully applied for BCC metals with d-band only
partially filled and consequently having angular character

»  Other approaches for covalent systems should be developed ... ...

I
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DFT, TB, BOP, MEAM, EAM...

i 1 _ . e | I <% . Aok
d(x) = —=lim E{[ﬂ:‘ + 1] 1} Nia = (ia|6(E — H)|ia) = —— lim 'd{<'l-ﬂi [E +in—H] Fm-}}
T n—0 T np—0 i
G{E:I . [2_ _ H]—l Gil::,j,-ﬁ'{zj _ (lﬂ| [,: . HE_l Uj} MNin — —I :-%1—1}]1@ J{Cm ik {E + H”}
(Ug,uy, ... u_y) y
(o|Glun) = Goo (2) = 1
(an b 0 0\ z-a,- b’ : 1
A1l Ty] by a b ‘e 0 _Gia,z'c: {E_‘_”” z-a b s 1
z-a,—b p—
s a very good 0 b a - 0 : :
o = Using Lanczos {a,b} can be deteremined.
approximation of ! . e
. B . Tl e 0 The only required condition: you must know
A1[H] 3 b . b know how to apply the H on trial vector |U,>
5 fD_‘Z bf_ =t {a,b} can be related to the all the moments
— E aj_ )
Hu, = agu, + byu, \ = dt/) ofthe LDOS  {(a) i(8)., ) = {4},
M(G}_l
Hu, = aju; + bjug + bru,
u; - (Hug) = ug - (Huy) M,a}_”

P s M (2)= 42 +272
Hu;, = apuy + brup— ) + brejugsg - ’
#:3}—604-2(103) +albz

Ry = B WA A ,u:i}zaﬁ—}— 3a§b2+"ngalb2+n%b2+b2b -I-.E)4
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DFT, TB, BOP, MEAM, EAM...

{a,b} can be related to the all the moments Bond Order Potential (BOP): is simplified TB model:
of the LDOS * Using Ducastelle-Cyrot Lackmann theorem in order to
{(a/)‘_o () } - {u} . reconstruct DOS from moments o
ez e 10 « Lanczos algorithm from the Green function in order to
estimates the moments

= Z P8 ic h'éc:_jl.'j‘—FZ (.'IJ{?‘t'j }—FZ (2Pis 60 — i“\'rg__tjl E?ﬂ

9 E; w#FS 1#£] ice
ijg == QP-.-:Q ig = — 1lim S [ Gi& jﬁl:E + I??JdE 1
= w T n—=0 X
! ! E = B) Z feut (7i5) [ fr(rij) + bij fa(ris)]
D. G. Pettifor, Phys. Rev. Lett. 63, 2480-2483 (1989). frlri) = Ay exp(—AyTi5)

A. P. Horsfield, A. M. Bratkovsky, M. Fearn, D. G. Pettifor,|  fa(ri;) = —Bij exp(—p;7i;)
M. Aoki, Phys. Rev. B. 53, 12694-12712 (1996).

1 if rij; < R{j

| | feuslrig) = § $+%cos (r5R2) i Ry < riy < Sy

BOP potentials have been developed in the last 20 years: olrs) S ? S . ’ 5 T
I '3'!"7' > ij

* Many parametrization have been transition metals AT
bij = xa;(1+ ;G5 )™

. Gij = Z feut (Tir ) wing (Oijr)
e are appropriate for covalent systems ki,

-2 2
« Exist also in the version of « analytical BOP » 9(Bi) =1 : &

o &2 &+ (hi — cosbip)?

including Fe, W or Mo

* The main problem is the evaluation of the force.

I
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From BOP to new formalism: Istres 2015

Tight binding Hamiltonian with one orbital per atom

H =211 (1|6(2)|i) =6, (z) = 1

1,/

1
t,=0 (no restriction, just redefinition of the z-a,-0f ) 1
energy or Fermi level) z-a,-b 1
&y =1, z-a,-b; -
) =[7) o
9y :</‘H"> =1, =0 ‘U1> = H|U0> _30|U0> =24 /> |u2> =H|u1>—a1|u1>
/
b7 =(ulur) = 3 (t,) b, = “21‘“2>
J =
)2y o
u,)=—I\u,) = a,=(u,|H\u
b 2 2 2
C 2
/ Sttt by taking B2z0 | T1Uo = dotlg + byuy
2wt
31 = <U1|H|U1> = k’/’kEIE; )2 HI.II =dau; + EJ;LI.[] + bglll
7 u; - (Hug) = ug - (Huy)

Hu; = aruy + brug—y + brcyupy

Hu | =aq | + b qu; 5
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From BOP to new formalism: Istres 2015

G, (z) = 1 We cut the Green function by taking B2=0

z-a U=Y[n, € yE n, € =~ lmim{(i|G € +in }i}
a, :</‘H‘I> :f” =0

< ‘ > = Z( ) =Py, z = 2;0 (pl,i _\/4,03; _plzi) z' = 2;0 (pl,i +\/4pgj _plzi)
j

—_ — k,j,kgj;#/#k tlkfk/fﬂ — '01,/
= <U1|H|U1> = =

;(fﬁ)z Fos
P, :nyf,kfk/ Z i U= ZZZ //,/ |:Z/k ik Ly \/( (Z //ﬂ) +(Z f//f/kfk') j:l

© o © ©0 o @ @ © 0 o
© o @ 0 © © e @ © ©
© o o o o @ o If we consider that embedded term is much higherth  at the angular term G, ; => £, ;
© o ﬁ (@) © o © O ©O
©@ © © 0 o ©@ © © 0 o

1 | "y
U=2>, (pl. J pS,-—pfi):Z[- po + g P +}
0,

i 2p 0, 8p5/30 i
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DFT, TB, BOP, MEAM, EAM...

3
U= o 4 P P + . Modified embedded-atom method (MEAM) potentials
IOO,I 5/3 . . . .-
i 20, 807, for cubic materials and impurities
Istres 2015 analytical BOP: 0) S (D (02
R pi=pi [1+1 3 t;%pi" /pi”+
EBC:; — + O + Li oy 1j =1
sresz0s .;W’ Z[ “ o 2p, 8,05'3on M. I. Baskes, , Phys. Rev. B, 46, (1992).

MEAM potential for silicon

11}12_2 { 2 :_;p;”](R }1

@ IRET
i {2312— x; x: ail](R )
= Z P(?‘fj} I Z P('ﬁ;)ﬁ("‘ik}ﬂ(mﬁ ﬁﬁk! E‘a j{én 17P) ]

J#i JF#E, ki _?1{[ 3 P?{EI{RU] 2

¢ 2 S
g(cgs 9;’1’.1:) — 1 — 3cos gﬁk (3132 — al3)
{p: } E 2 xu'xu ljp_f {Rr_;}]
M. I Baskes, Phys. Rev. Lett., 59, 2666 (1987). ahy L0

I
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« Towards semi-empirical potentials

« DFT, TB, BOP, MEAM, EAM...
e Istres 2015 potential « analytical BOP »

e Fitting an EAM potential metallic defects orientated
« Database
e Fitting
e Limitations

 Forget EAM, BOP, MEAM? Machine learning ?
 (Kernel) Ridge regression

» Bayesian inference
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. / 3 Y. o
B = Z d(ri;) + Z F(p;) o(r) = Z -w;" (I = u-*?‘{'b) H (r‘ — u-‘?‘w) 2X Mg,

1F]

F(z) = —7 + wpz?

W = (u ] s Wy -o Wy Wy Wa oo Wy WY, Wo oo Wy Wy, Wy . Wy WE
\

Biersack A 2?1¢, o Q'T?.p +1
Ziegler

imposed « fitti ng »

0 ¢ 00
-u_rcf , Wy Wy , W uﬂg? : u_rg“'f’
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Our approach: EAM potential fitted on ab-initio dat

Data base:
Ab-initio / experiment

Fitting empirical potential
EAM formalism

Tests / Transferability
Validation of the potential

a

1. Bulk properties
elastic constants,

A0 lattice parameter
Cohesive energy BCC, FCC

2. Other properties ...
Surface energies
Defects properties

Phonons

J(w) = % Y af [Fi(w) — y 2]

obs 1
; ; 2
5> af [EFAM(w) — EPFT]
_ 2
o Late G0 (0 —10 ]

I
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EAM potentials fitted on experimental data

The empirical potentials which are fitted only on the. johnson (1965)

bulk properties are not very reliable when + Johnson and Oh (1989) B—= Z d(ri;) + Z N/
used for point defects such as interstitials and _ | iy :
vacancies. » Harrison et al. (1989)

 Haftel et al. (1990)

An example: One of the best potential for iron +
developed by G. Ackland in 97 and which fit very ° C_alder ar‘d Bacon (1993)
well the perfect bulk properties as: * Simonelli et al. (1993)

fitted only on the

-  FCC, BCC, lattice parameters . bulk properties

- elastic constants, . Ludwig et al. (1998)
- phonons spectrum
. G. J. Ackland et al. Phil. Mag. A, 75, (1997) 713

pa
(5,
T

n
T
H
z <
LI
1
H
]
1
1
1
J-....-.*--__
1
]
]
1
L

-
w
T
]
1
&
T
)
-
1
]
I
1
)
1
1
]
I
1

Fails for description of mono interstitial in iron:
N /T
|—de—l—°“"

Defect energy relative to the <111> (eV)

| ]
L]
<110> dumbbell W=
Huang scatterin
g g 175 <10> TETRA. <1005 OCTA.<{17> <1105 TETRA. <100> OGTA.
M Ig ration . SIA configuration SIA configuration
_ ' D. Nguyen-Manh, A. P. Horsfield, et S. L. Dudarev. PRB 73,
-E,=0.3 eV 020101 (2006).
- E(1,)=0.4 eV ~ C. Domain, C. S. Becquart, Phys. Rev. B 65, 024103 (2001)
WHY : C.-C. Fu, F. Willaime, and P. Ordejon, Phys. Rev. Lett. 92,

(resistivity recovery) 175503 (2004).
I
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EAM potential fitted on experimental and ab-initio data

T 7] dga=2.1 A
—o-=-9- =244 A
P— =287 A

They add to standard bulk properties:

- FCC, BCC, lattice parameters +
- elastic constants,

- Unrelaxed vacancy

- Some mono self interstitials configurations
- Surface energies

—— \/;'— T u'p.'rf'}

F. Ercolessi and J. B. Adams Europhys. Lett., 26 (1994)
583

Force matching method on “liquid” iron configuration

d>20A sf DET-GGA . -
' /" MO3/AMO4 |

@@@@@
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Our approach: EAM potential fitted on ab-initiodat a

1. Bulk properties

. elastic constants, a0
. . Cohesive energy BCC, FCC
] _[_)ata base_. 2. Ab-initio database (Typical unit cell with 128 atoms)
Ab-initio / experiment . mono-interstitial (5 configuration)

\ = di-tri-interstials
] = relaxed vacancy

400 Fe liquid configurations (around 100 atoms
__________________ for each configuration)
1 _obs robs
Fitting empirical potential J(w) =35 2{;2 ai” [Fi(w) = Y]
EAM formalism B 5
EZ [EEAﬂI( )—EEDFT}

__________________ LIV S [GEAE gy gEXE]

e 2
L2 B ﬂg[ffﬁm( == i(DFT} |

F. Ercolessi and J. B. Adams, « Interatomic Potentials
from First-Principles Calculations: The Force-Matching
Method », Europhys. Lett., 26 (1994) 583

MIHAI-COSMIN MARINICA, SRMP, CEA | 2015, | PAGE 24

Tests / Transferability
Validation of the potential




Fitting procedure

i 1 | 1
15.0
Potential i EXpe_rl_mentaI data/
ab-initio I
4.5
Fitting
4.0k
Potential i+1 |
_ MO3/AMO4 |
3.5F _
tests Relaxation I ]
<110> <111> <100> oc-,- TED

S EA R Ik

On-the-fly fitting:

a) Out off equilibrium configurations are
not relaxed

b) Equilibrium configurations are relaxed
with the previous version of the
potential. The ab initio positions are
used only in the first cycle. Then only
the energies are kept fixed.

MIHAI-COSMIN MARINICA, SRMP, CEA | 2015,| PAGE 25

Fitting procedure is based on adjoint
method in order to estimates the
derivatives of the objective function



DE LA RECHERCHE A L'INDUSTRIE

Cea Avoid overfitting

—  Model —  Model — Model —  Model — Model

— True function — True function — True function — True function — True function
— KRR - RBF — KRR - RBF — KRR - RBF — KRR - RBF — KRR - RBF
s*s Samples +*s Samples s#*s Samples s*s Samples ess Samples

x x x x x
4= 0.1 R* =5.03e-01 4= 1.0 B* = 9.13e-01 +=10.0 R* = 9.84e-01 4= 100.0 F* = 9.73e-01 ~=10000.0 R* = 4.54e.01
. . —  Model —  Model — Model —  Model — Model
Try tO deVIde the database IntO tWO — True function — True function — True function — True function — True function
— KRR - RBF — KRR - RBF — KRR - RBF — KRR - RBF — KRR - RBF
B «*a Samples «*a Samples «*« Samples +*« Samples +*« Samples
C|aSS eS . ] Cross Validation Cross Validation « Cross Validation « Cross Validation »« Cross Validation

 Sample data

 Validation data

Systematic way to validate

parmeters:

 use the k-fold cross validation

x x x x x
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EAM potential fitted on ab-initio data

With this new Fe potentials we are able to
be in good agreement over many ab-intio

data which are not included in the fit:

Exp

2.35+0.20

2.1-2.2eV

eV
0.7F |
0.6;
0.5;
0.4;
0.3 f /
0.2 * v

0.1}~

Mendel
ev

q
[ migration of mono

vacancy ]

3

1.2F

1.0} MO3/AM04

0.8

0.6

0.4

0.2F

[ Rotation/migration of 1 SIA }

] ] ] ]
Inn(t-r) 1nn () 2nn(t-r) 3 nn(t) r <110>to <111>

T E H A

*Malerba et al. INM 406, 19 (2010) with _one typo
corrected in:
MCM et al,

PRL 108, 025501 (2012)
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Adjoint method

W
i is supposed to be
J(W) = (F (u.-') —= Yﬂbs. F (u.—‘) —= Yab5> Eufficintly re%rijlarin wg):
2 ' Tangent-linear model
OF = A (wg) ow
J{W) = j(Wg) 3 {VWJ (W{]} s W — W{])
‘ L 1 T obs c obs

5T = (V. Twg) B J(w) = E(A(Wu)ﬁw—Y LA (wWg) dw — Y %)

0J = ([F(w) — Y], A (wp) ow)
Vwd (Wo) = A* (W) [F(w) — Y] (u, Av) = (A*u,v)

Many advantages of the adjoint model over the direct finite diferences

Adjoint: relates gradients, the role is inversed between input and output ~ }.J — QA* (Wﬂ) [F(W} = Yﬂ'bs} | (Sw>
Tangent: relates perturbations, takes perturbations of the input to determine those of the output

Efficiency (in « J evaluation » units) : Adjoint model
- Adjoint: 2-5 evaluations
- Tangent: n + 1 evaluations in finite differences

Stability:
- Adjoint: very stable
-Tangent: unstable

- Ad'|oint: it can be demonstrated that is the OEtimaI aﬁproach: the error is minimized
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EAM potential fitted on ab-initio data

n=1 2 3 1 100-10 000 # S|As in
I i i -+ —» cluster
! | - | 7 '7 P ;Q o0
o0 I’?_._? | ,?_._? | —$ | |
L‘*‘*U Saes 0L, Fee

F. Gao et all J. Nucl. Mater. 276, 213 (2000).
C. Domain, C. S. Becquart, Phys. Rev. B 65, 024103 (2001)
C.-C. Fu, F. Willaime, and P. Ordejon, Phys. Rev. L ett. 92, 175503 (2004).

D.A Terentyev etal. ~—1g .—1
Phys. Rev. Lett. A
100, 145503 (2008)

,' = /

Nano-cristals
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MORPHOLOGY OF DEFECT CLUSTERS IN

METALS UNDER IRRADIATION

100-19 000  # defects in
—> cluster

Prediction from
atomistic simulations

2D
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CZA STABILITY OF C15 INTERSTITIAL CLUSTERS IN FE

Stability of C15 clusters against loops

2.0

0.0

} EAM potentials

EC15 ) Epara (eV)

-4.0~

oo o e e

-6.0—

0 i 4 6 8 10 12 14
Size of self-interstitial cluster
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EAM potential fitted on ab-initio data

o0 ool "% 1. selt-trapped configurations (14)
= e S e*% 5 gtabilized at high temperature

D.A Terentyev, T.P.C Klaver, P. Olsson,
~ % M.-C. Marinica, F. Willaime,

C. Domain, L. Malerba,

Phys. Rev. Lett. 100, 145503 (2008)

- 0.11 DFT

MIHAI-COSMIN MARINICA, SRMP, CEA | 2015, | PAGE 32



ced C15 clusters: a combination of ring and triangle
— configuration

-1v - 3v - BV - 10v

4 triangles
4 rings
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Fe EAM potentials: screw dislocation

I F’_eilerls po&e_ntial f‘or scre‘w ‘ ‘ ‘ ‘ ]
25 dislocation in Fe - E/IAO¥ Mendelev et al
E Ab initio (Ref 9)
%2": E Refitting by changing the weights in
E 45 . objective function in order to have more
= | equilibrated potential
g 10 .
é 57 -_1" ‘L 7 ] s 1 obs [F }robs]z
a a;z/ \Eé] : (W) — E a; E(W} =iy
f . obs 1
‘50_5 —2 07  o0s o8 1o L. Proville, D. Rodney, and M.-C. Marinica, Nature Materials,
Reaction coordinate 11 (2012) 845
SIA VAC Surfaces Phonons Screw d
1,2 P Gp
Fe-Mendelev 2003 +/-
Fe-Marinica 2007 i

Fe-Ackland-Mendelev 2004 +/-
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Fe EAM potentials: screw dislocation

[ _I T ‘ T ‘ T ‘ T 4
T T T Peierl { tial f
[ Peierls po{e_nt\al for screw ‘ ] [ diesll‘ca>2‘,:1t|%onEh[\1 ;:ae o screv.v/»ﬂp\ > EAM 2011
| dislocation in Fe EAM Mendelev et al 25 EAM Mendelev et al
251 o Mo7 r o Mo7
- Ab initio (Ref 9) T Ab initio (Ref 9)
,3 L ] o] 20+ =
=20 . S L ]
= ] e L ]
E 5[ a S50 7
— - - © = i
S L ] g r ]
& 10F E S 10- __
[o] r b a L i
o r ] » L N
w L ¥ ! - = 5 L ]
o S n % [ ]
D F o 5 8 a [ ]
4 Vg o .-
O = O =
5 ) | | | | — 5 | | | | | | .
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Reaction coordinate Reaction coordinate
SIA VAC Surfaces Phonons Screw d

Fe-Mendelev 2003
Fe-Marinica 2007 + +

Fe-Ackland-Mendelev 2004 +/- +/-

Fe-Proville 2012 - + +

+ +/-

+/- +/-
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Cea FORMATION ENERGY OF DISLOCATION LOOPS IN IRON

Extrapolation to millions
of atoms:

1/2 Loop formation energy (eV)

e Limitations
« Problem to link with continuum £ | AM04 I
theories as the elasticity ACKLAND 97 |
DD
| | | | | | | |
200 400 600 800 1000 1200

SlAs cluster size

Rebecca’s thesis topic. Ask Rebecca for more ...
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EAM Potentials: Discussion & Summary

SIA VAC Surfaces Phonons Screw d

p=0 pz0

Y GSF

Fe-Mendelev 2003
Fe-Marinica 2007 + +
Fe-Ackland-Mendelev 2004 +/- +/-

Fe-Gordon Mendelev 2011 + +
+ +

W-EAM2-Marinica 2013 +/-

Fe-Proville 2012

W-EAMA4-Marinica 2013 /-
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EAM Potentials: Discussion & Summary

SIA VAC Surfaces Phonons Screw d

p=0 pz0

Y GSF

Fe-Mendelev 2003

Fe-Marinica 2007

Fe-Ackland-Mendelev 2004

Fe-Gordon Mendelev 2011

Fe-Proville 2012

Fe-Alexander 2014

W-EAM4-Marinica 2013 + +/-
W-EAM2-Marinica 2013 +/- -
W-EAM3-Marinica 2013 +/- + +/-  +/- +/- +/- +/-

Probably we try to ask too much. A good approach i s to:
- design potentials adapted for a well defined proble m.
- Use the potentials as imaginary experiment in order to understand the

EEEEEsCASeSS——
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« Towards semi-empirical potentials

« DFT, TB, BOP, MEAM, EAM...
e Istres 2015 potential « analytical BOP »

e Fitting an EAM potential metallic defects orientated
« Database
e Fitting
e Limitations

 Forget EAM, BOP, MEAM? Machine learning ?
 (Kernel) Ridge regression

 Bayesian inference
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