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Second-Principles Effective Potential from Ab-Initio Data

e Ab-Initio still limited to somewhat
short time and length scales.

e State of the art for large scale MD:
Reactive Force Fields, and
empirical potentials.

e Current research effort: Effective
potentials fitted on ab-initio data:
Close the gap between ab-initio
and effective potentials !

e Our approach: Reproduce the
ab-initio potential energy surface
(PES) by a polynomial fit —
second-principles.
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Lattice Description "

Reference Structure: {ro}

i_i Reference Unit-Cell

Simulation Box

Folion = Rlu + Tia

Escorihuela-Sayaler et al., Phys. Rev. B 95, 094115
J. Wojdel et al., J. Phys. Condens. Matter 25 (2013) 305401
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Lattice Description "

Reference Structure: {ro} Distorted structure: {r}

{7 Ref Unit-Cell n
elerence uni € O

(¥

—

Simulation Box

o o Q- Q
3 -
Toliae = Ria + Tia lia = - 3-1(0ap + Map)oig + Uiia

Escorihuela-Sayaler et al., Phys. Rev. B 95, 094115
J. Wojdel et al., J. Phys. Condens. Matter 25 (2013) 305401

© M. Schmitt, L. Bastogne, J. Bieder and Ph. Ghosez 4




Second-principles "

Modifications of the energy around the reference structure

Bt ({ui},m) = Eo ({ro}, 0) + Ep (fui}) + Es(m) + Esp ({ui},m)
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Second-principles "

Modifications of the energy around the reference structure

Bt ({ui},m) = Eo ({ro}, 0) + Ep (fui}) + Es(m) + Esp ({ui},m)

Atomic displacements

Ep ({wi}) = E°™ ({w}) + E5™*™ ({wi})

() _ _9"Eiet
Km/{f... = B 0ug-

n=0

K@ : Inter-atomic force constant
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Second-principles "

Modifications of the energy around the reference structure

Bt ({ui},m) = Eo ({ro}, 0) + Ep (fui}) + Es(n) + Esp ({ui},m)

Atomic displacements Strain deformation
Ep ({u}) = E5°™ ({ui}) + E5™™ ({u;}) Es(n) = E{"™ () + E&™™ ()
(n) . O"Epot (m) _ 1 _9"Eiet

Km//f... = Buadus |, g Cab... = N @nadnp |, _o
K@ : Inter-atomic force constant €@ : Elastic constant
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Second-principles "

Modifications of the energy around the reference structure

Bt ({wi},m) = Eo ({ro}, 0) + Ep (fui}) + Es(n) + Esp ({ui},m)

Atomic displacements Strain deformation
: nharm Esp ({ui},m) = EG™ ({ui} )
Ep ({ui}) = E5°™ ({u}) + ;"™ ({u;}) Es(n) = E£°™ (n) + E&™°™ () :E?Ighar’m ({u;}4n5)p '
)  E (M) _ 1 _9MEges (mn) _ 9MEior
Kiajs... = B dUi |, g Cov.. = N @nadnp |, _o Noar) = e);fuanam
) ) @ . A : force-response internal
K@ : Inter-atomic force constant C'*) : Elastic constant

strain tensor
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Second-principles

‘

Modifications of the energy around the reference structure

Bt ({wi},m) = Eo ({ro}, 0) + Ep (fui}) + Es(n) + Esp ({ui},m)

Atomic displacements Strain deformation
Eop ({ur} ,m) ={E™ ({ui} ,m)
__lgHarm -Anharm ., Harm -Anharm sp 15 Sp
Ep ({ui}) =|E2°™ (ui)|+ E5™™ ({ui}) Es(n) =|E"" (m)]+ ES™™ (n) AR ({0} )
(n) __ O"Eier (M) _ 1 0MEyuy ) O E e
me__‘ = AU ‘” 0 Cav... = W7 /\;((Taé.)_ = ,'nff"gna..,

u;=0

N (1,7) . _ A
|K(2) : Inter-atomic force constantl C® : Elastic constant A7 - force-response internal
strain tensor

e All atomic degrees of freedom are
included X 1%t order 29 order
o K.2, €2, A"V can be calculated u 7 ; X Zg
directly from DFPT n - A C &
e Anharmonic term parameters: E P zZr e g™
fitted to reproduce representative
ab-initio data (TS) Read from a .DDB file
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Choice of TS generation strategy "

Two scenarios

One minimum to explore Several local minima to explore:
e Easy to explore with random e Hard to explore all the minima with
structures random structures
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@ Training set generation

Training set generation

Exploration of energy landscape: Interpolations & extrapolations
Exploration of energy landscape: Phonon & strain noise on minima
Exploration of energy landscape: Phonon & strain noise on path
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Training set generation | Indentification of instabilities

Frequency [cm-1]

0 X 0,0p-
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M: ajagbg

R: adaghy
000
Identification of instabilities (negative

curvature): anharmonicities are required
to build a second-principles potential



Training set generation | Indentification of instabilities
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Identification of instabilities (negative
curvature): reduce the complete B-O
surface to the subspace of interest



Training set generation | Indentification of instabilities
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curvature): Relaxation towards local
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TS generation Interpolations & extrapolations r

800 \ P

600

f"""1
£ L —
2> 400 —
3
]
5 200
© Z i
w
o 0 o?‘wﬁ\‘ 030
" 2%adb} 8089bp
0,00
200 33Cp
R r X M R
AL

e Linear Interpolation: connecting all
a’cScd minima (amax = 1)

(amax - 04)82

aSy + , o € [Oamax| (1)

Q'max

e Extrapolation after minima
(Olmax > 1)
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TS generation Interpolations & extrapolations r

800 \/_/__

600 ©.20,0,0

= a‘a’c
é 400 ’ : OCgaO
S . RS
cga’ch
g 20 :Z /‘ 040°
0 — A . 0.0p- . 1
J’ 1001 +% 0°,0 0fEF—|
o #8adbiT——¢a02b0 a’cdcy %
200 | @p@gCp }‘\.4.>‘ 02020
R r X M R )A"J‘.‘A,’
E 0.0, SN AX
AN apapap
V7 b-b

0.0.0 apagh—
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Command in AGATE

:interpolate npoints=- amplitude=-

PAmm
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TS generation Phonon & strain noise "

600

400

7<
200 Z
/ 1

Frequency [cm-1]

0,0
gagba\r\L agaghy

e Thermal population of stable
phonons modes on minima and
paths

Energy

e Strain noise on minima and paths

© M. Schmitt, L. Bastogne, J. Bieder and Ph. Ghosez 10



TS generation Phonon & strain noise

800 ~\/_/_,/~

600

400 —
200 Z
v 0 ob:‘»\A, adadb;

agaghy 08000

Frequency [cm-1]

Command in AGATE

:thermalpop trajectory=

Energy

e randomType=Uniform/Normal
e statistics=Classical/Quantum

® iso=-:- tetra=-:- shear=::-

e temperature=-
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Interpolations: RS to minima

Interpolations: between minima
- - - - Extrapolations

. Phonon and strain noise around minima

Phonon and strain noise on RS - minima paths

——— Phonon and strain noise on minima - minima paths
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e Model Generation & Fit

Expansion Generation

An UNDERDETERMINED system ...

Fit and Select important coefficients
Outlook: Learn from machine learning
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Anharmonic Polynomial Expansion

Eor ({ui},m) = Eo ({ro}, 0) + Ep ({ui}) + Es(m) + Esp ({ui}, m)

—

Atomic displacements Strain deformation

Esp ({u} ) = E™ ({ui},m)

-Harm -Anharm Harm Anharm ¢
Ep ({ui}) = E°™ ({u}) + E;™™ ({wi}) Ea(n) = B (n) + BT (n) | pankarm (131 )
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Anharmonic Polynomial Expansion "

Eot ({ui} ,m) = Eo ({ro},0) + Ep ({ui}) + Es(m) + Esp ({ui}, m)
Strain deformation
Eo ({u}) = EF*™ ({w}) HE5™™ ({ui})

Esp ({wi},m) = E5™ ({ui} . m)
Es . Eéiafm + Efﬂhafm Sp S P
/ s(m) s (m) s (m) +E§\pha ({ui} . m)
—k®

ikimn (Uio: — Uja)(Uks

By

Atomic displacements

-Anharm
EP

Uip)(Umy — Uny)

4

+ K;k,)mmp(um — Uja)(Ukg — Uig)(Um~y — Uny)(Uos — Ups)
aBys

...
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Anharmonic Polynomial Expansion "

Eor ({ui},m) = Eo ({ro}, 0) + Ep ({ui}) + Es(m) + Esp ({ui}, m)

—

Atomic displacements Strain deformation
. _ pHarm .
E, (u) = £ ({uh) {57 (u) Ex() = £2omn) +EE )] Sl ) B ()

/

3
Esnharm = K,fk/)mn(um Uja.)(Uks — U1g)(Um~y — Uny)
By
+ K;:,)mmp(u,(, — Uja)(Ukg — Uig)(Um~y — Uny)(Uos — Ups)
aBys [pAnharm

‘ =C%)_nansn,
+c%
apysTanBT s

+ ...
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Anharmonic Polynomial Expansion

Eor ({ui},m) = Eo ({ro}, 0) + Ep ({ui}) + Es(m) + Esp ({ui}, m)

—

Atomic displacements Strain deformation

Esp (fui}.m) = E™ ({wi},m)

-Harm -Anharm Harm nharm
s ({u}) = B ({u}) 4] (u) Ei(n) = E27(n) + )]

Anharm __ 1(3)
EAmhem _

(Ui — Ui ) (U — U1 (U — )
By

+ Kuk,mmp(um — Uja)(Ukg — Uig)(Um~y — Uny)(Uos — Ups)
afyé EAn harm C\3v a8,
...
+ Cn «M UEY/MUD EA"ha"" = Aukl (u,“ Ui )(Uks — Uig )5
+ o 1

+ A (Ui = Uia )05,

+ ...
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Anharmonic Polynomial Expansion "

r . o 2
3 Reference.U‘mt—Cell pra //x;;zm\
2x2x2 Training-Set Cell o S ——
( t: 0.5 xitno\ PO Ao\ PO
e Use symmetry to group terms to o o Ny
symmetry adapted terms: t - S N
4 4 4 4 ety o o - -
KéX)(UBX —Ux)" = KI(BX)[‘IOU](UBX — Ule()]X) ct O reut: v3a \xl—mo]\”‘:’" AN A
X X X
ool /aloon] /Aaioo]
o © . o e 0 »
y xitaoh P Koo P /’l"m! o) /’l“"l
R S S

© M. Schmitt, L. Bastogne, J. Bieder and Ph. Ghosez



Anharmonic Polynomial Expansion "

r Reference.U‘nit—Cell /x:.m //{3\\
2x2x2 Training-Set Cell ° o
( t: 0.5 T R N
e Use symmetry to group terms to o c:t ¢ Ny
symmetry adapted terms: t - i S|/ oo
4 4 4 4 ety o o - -
KéX)(UBx —Uxx)" = KI(BX)[wU](UBX - UX[1OO]X) ct O reut: v3a “HM\,[,:, N A
X X p
e Input: /xz{: Y :m ‘»’ :ﬂ )
9o
y xitaoh P Koo P /’l"m! o) /’l“"l
UL
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Anharmonic Polynomial Expansion

{7 Reference Unit-Cell /&:lm //‘im\
2x2x2 Training-Set Cell & o e
( t: 0.5 0 b
e Use symmetry to group terms to o c:t “ Ny
symmetry adapted terms: t R i s A 3
Y 4 - Vi ° P
Kéx) (upy —ux)* = K;(gx)hom(uex — Uxpioop)* € t O reut v/3a o /,'T w oo )/:m
X X \
e Input: S S

Typically 3 to 4.

xaf-1-10] Xalo-10] xali-10]

» Order range of the expansion. Iy \,:m}{»x /I,.,,\»xfm /:,.,,\w:?m A:,f.,

x
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Anharmonic Polynomial Expansion

{7 Reference Unit-Cell /&:‘m //x;l%zm\
2x2x2 Training-Set Cell & o o=
t: 0.5 Ko 8
e Use symmetry to group terms to o o Ny
symmetry adapted terms: t - o s /Aa 3
4 4 4 4 reuty g o e - -
KéX)(UBX —Ux)" = KI(BX)[‘IUU](UBX — UX[100]X) ct O reut: v3a \’irml\nl—:«] %[ N A » )/::m]
X X p
e Input: PN /A
. @ u o o 9 »
> Ordgr range of the expansion. Y et AN N0 S
Typically 3 to 4. L \{01 \m“[ N

x

» Interaction Range: Maximum
distance for (u; — u;) pairs
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Anharmonic Polynomial Expansion

{7 Reference Unit-Cell A /3\
2x2x2 Training-Set Cell /ﬂol , /*[ *l'
O reut: 0.5 i
e Use symmetry to group terms to o o Ny
symmetry adapted terms: t R i s A 3
4 4 4 4 - Vi o @ 5 -9
KéX)(UBX —Ux)" = KI(BX)[‘IUU](UBX — UX[100]X) ct O reut: v3a o M) %[ N A » )/::m]
X x \,
° |nput prem o oo
» Order range of the expansion. N /Im, s /:m, o
Typically 3to 4. UL
» Interaction Range: Maximum x

distance for (u; — u;) pairs
» Including Anharmonic strain and
strain-phonon coupling
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Anharmonic Polynomial Expansion

! Reference Unit-Cell /{(:m
2x2x2 Training-Set Cell o o
( t: 0.5 LRGP
e Use symmetry to group terms to o o Ny
symmetry adapted terms: t O reutefoa N s
G 4 _ @ 4 ety 5~ 3
Kex (Usx — Uxx)" = Kgyjioo) (Usx —Uxpiooe)” € 5 reue yaa \,[.w,\nl:«!ﬁ NP2 D ')7:“,
X X
° |nput o] Aatoo) Aatioo)
> Ordgr range of the expansion. N et - Pt \,:,.,, thet A:m,
Typically 3 to 4. \[g , \m,'[ \\ﬂ, [
» Interaction Range: Maximum x : : :
distance for (u; — u;) pairs 10’
» Including Anharmonic strain and . -
strain-phonon coupling 1073 " - ®
» Maximum order of strain in e .
strain-phonon coupling E .
© 4
210
2 .
E .
2 1073
10°4 -
[ ]
10' v T v | v T v
0 0.5 1.5 2

( a )

et
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Anharmonic Poly

e Use symmetry to group terms to
symmetry adapted terms: t
KE) (Uge — uxx)* = Ké?[wg](”ﬁ)( — Uxpoo)* € t
X X
e Input:
» Order range of the expansion.
Typically 3 to 4.
» Interaction Range: Maximum
distance for (u; — u;) pairs
» Including Anharmonic strain and
strain-phonon coupling
» Maximum order of strain in
strain-phonon coupling

e Reduce number of terms by only
including terms of form

K (Ui — Uia) (Uis — Uks ) (Ui, — Uy
aBy
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omial Expansion

! Reference Unit-Cell
2x2x2 Training-Set Cell
rcut: 0.5a

QO reut: a

O reut: \/%1

O reut: /2a

[ <o
I y m,,,m]\

x

e

/{(z[ 120]

<@

o
\1[410]\“[';"]
et

<@

B-100)

o >
\1[,.»'11\0 Koo

St}

Bl1-10)

xaf-1-10]

i

fatowl
-9

S >

/Xalooo]

-/ atioo]
o
B-10)

p 0
\1[1—10]\ Ktz

xali-10]

Qo
Bo-10)

)
u[m]\

Xalo-10]

10’
6 L]
103
[] .
» :
£10°3 = =
5 ".n
10 "=
£
S10° i L]
Z 10
W 4th Order
10 L] B 4th Order Atom B
W 4th Order Atom X
M 4th Order Atom A
10' e
0 05 1 15 2
T ()

cut



Fitting the anharmonic expansion "

System of linear equations B = AX
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Fitting the anharmonic expansion "

System of linear equations B = AX

EDFT (1) — gHar(q) () t(1) t3(1) S (1)
EDFT () _ gHar (2 4(2) t(2) t3(2) o tn(2)
EDFT(NTS) 7 EHar(NTs) tl)(r,\lTs) r%(tNTS) f%(tNTS) L t%gNTS)
ot 2 Oty o N
FOFT (1) — FHfar() 3, () o, () at;,; () iy, ()
FRET (1) — Flar ) L L0 Saqy o P |
P u1y c u1y ¢ u1y e u1y H;
: _ . ' %3
DFT Har o ot € é
Fo1s,(N1s) = FI7g (N7s) o s oty (TS, o TSy . oty (TS)
at du 15 au 15 du 15 du 15 -
na}rz nyz Nz n%tz on
Bt Bt t 8t
1 2 o3 L N
o ) a7z (1) o () i)
SDFT (1) — shar(q) o, 2 ) ot oy
SZFT(1) _ slziar(” any Iy any Iny
: oty oty oty oty
1 (NTS 2 (TS 3 (NTS o N (NTS
S2FT (N7g) — SHAr(Nrs) g V') g V) g M) g M)

© M. Schmitt, L. Bastogne, J. Bieder and Ph. Ghosez



Fitting the anharmonic expansion "

System of linear equations B = AX

EDFT (1) — gHar () t1(;) fz(;) t3(;) e fN(;)
EDFT () _ gHar (2 4(2) t(2) t3(2) o tn(2)
EDFT (TS  gHar (yTS) 17 (NTS) %(NTS) %(NTS) s %(NTS)
DFT Har 44 0 3 (4 o N ()
Fo L () — P () [T du1x Bty Bty
] T(‘I) _ F‘\ ar“) oty (1) oty ) otg ) o oty o
y y ouyy ouyy ouyy ouyy
DFT Har oL o . : o
F TsZ(NTs) - F 75, (N1s) o s oty (TS, o TSy . oty (TS)
af du 15 ou TS, ou TS du 15
n t z %f n%t z
B P2 (1) Ba o)
oFT e i g o, am o
SDFT (1) — shlar (1) o 2t a5 N aty
SZFT(1) _ slziar(” any Iy any Iny
: oty ot ot ' o
DFT H. 9l (NTS 2 TS 913 (NTS L N (NTS
S2FT (N7s) — SE (N7s) Fng (NT2) Tg (N72) Dng (N ) Dng (N )

— Way too many independent coefficients to determine.
— Select some important terms and fit their coefficients.
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Step forward selection procedure "

min||B — AX||? and min 6; # 0

Escorihuela-Sayaler et al., Phys. Rev. B 95, 094115
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Step forward selection procedure "

min||B — AX||? and min 6; # 0

1 1 1
6(Op: T) =1, 2_ gy (EOFHS) — B (@9, 9))" + - 3 (Foha () = Fi" (85, 9))*

e SRS (6) — SI7(@p.5)

Sice

Escorihuela-Sayaler et al., Phys. Rev. B 95, 094115
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Step forward selection procedure "

min||B — AX||? and min 6; # 0

1 1 1
G(0p, TS) =— > (EpM(s) — EAT(©p, 5))? + A S (oM (s) — FAM(©p, 5))?

N S a (S) Sice
1
s 2= LS o (8) — S(Sp, 9))?
SK
( Start with the set of p coefficients 6p ]

Escorihuela-Sayaler et al., Phys. Rev. B 95, 094115
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Step forward selection procedure "

min||B — AX||? and min 6; # 0

1 1 1
G(Sp,TS) = > (EpM(s) — EAT(©p, 5))? + A S (oM (s) — FAM(©p, 5))?
S

Qi(s)

Sice

e SRS (6) — SI7(@p.5)

( Start with the set of p coefficients 6p ]
[ min G(®},TS) V iinp  — select term 6; with arg min(G(8}, TS)) J
i

Escorihuela-Sayaler et al., Phys. Rev. B 95, 094115

© M. Schmitt, L. Bastogne, J. Bieder and Ph. Ghosez 16




Step forward selection procedure "

min||B — AX||? and min 6; # 0

1 1 1
G(89,TS) =1 >~ qice) EOFT(S) = EV(O0,9))" + - > (Foffia () = FIe" (©p: )’

1
157 Q(s) Sior
1
2 nh Anh 2
+F ZQ (3)(S'SFT,K(S) =57 (©p,9))
3 sk
( Start with the set of p coefficients 6p ]
[ min G(®},TS) V iinp  — select term 6; with arg min(G(8}, TS)) J
i
[ min G(@iz, TS) Viinp — 1 — select term 6; with arg_min(G(@iz, 7S)) }
i

Escorihuela-Sayaler et al., Phys. Rev. B 95, 094115
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Step forward selection procedure "

min||B — AX||? and min 6; # 0

1 1 1
605, T8) =11~ 3 gy EBHE) —E7(05,))" + - S (FBha(5) ~ FIL"(5.9))°
s

Il
Sice

T SN (5) — S5, 5))°

3 SK
( Start with the set of p coefficients 6p ]
!
[ min G(®},TS) V iinp  — select term 6; with arg/_min(c(eg, 7)) J
[ min 6@, TS) Viinp — 1 — ielect term 6; with argimin(s(efz, 7)) }
[ min 68}, TS) Viinp — 2 - te\ecl term 0; with argimin(c(eg, 75)) j

Escorihuela-Sayaler et al., Phys. Rev. B 95, 094115
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Step forward selection procedure "

min||B — AX||? and min 6; # 0

1 1 1
G(Sp,TS) = > (EpM(s) — EAT(©p, 5))? + A S (oM (s) — FAM(©p, 5))?
S

Qi(s)

Sice

T SN (5) — S5, 5))°

3Sh‘

( Start with the set of p coefficients 6p ]

|

min G(®},TS) V iinp  — select term 6; with arg min(G(8}, TS))
I

1

min G(@iz, TS) Viinp — 1 — select term 6; with arg min(G(@iZ, 7S))
i

!

[ min G(©},TS) V iinp — 2 — select term 0; with arg min(G(©}, TS))
i

l

min G(&),,TS) V iinp — 3  — select term 6; with arg min(G(®)y, TS))...
i

— )

Escorihuela-Sayaler et al., Phys. Rev. B 95, 094115

© M. Schmitt, L. Bastogne, J. Bieder and Ph. Ghosez 16



Step forward selection procedure "

0.4
— 03 Numerical
ihj Forward
2 0.2 Selection
O]
0.1

0 20 40 60
Number of SAT
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Step forward selection procedure "

0.4+
— 03] Physical
E_Fj Backward
w021 Selection
@}
0.1
0 20 40 60
Number of SAT
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Different fitting schemes

Start Fit Process
(fit_coeff = 1)

(fit_iatom=0)

( do iatom = 1.Meq(R) Je—

Generate set of possible coefficients with central
atom iatom Number of possible coefficients: Ngar

—— Single loop

( Fit and Select fit_ncoeff SATs )

iatom = iatom + 1

—— Double loop

— —1 -
G107 E 3
o E .
~ = n|
3 r ]
% - ]
ot
O 1072k 3
do jatom = 1.nrea(R) I B ]
Generate set of possible coefficients with central | | | | | | |
atom iatom Number of possible coefficients: Nsar 10— 3

o

2 4 6 8 10 12 14 16
Number of terms

( Fit_and select one coeff )

iatom = iatom + 1

© M. Schmitt, L. Bastogne, J. Bieder and Ph. Ghosez 18




Outlook: Learn from machine learning

e Use methods known in
compressive sensing
techniques: LASSO and
Elastic/Net Penalizations

e Add penalization term to least LASSO
squares operator, rewarding X = argmin(||B — AX||? + a||X]||1)
solutions with few non zero X

coefficients.
Elastic Net

o Use filtering techniques to o .
i, X = argmin(||B — AX|[2 + aa|[X]} + a2 |X] %)
X

eject terms with little corelation
to the ab-inito data from fit and
selection procedure. Pearson Correlation

SN =®)i—y)
RV I e

© M. Schmitt, L. Bastogne, J. Bieder and Ph. Ghosez 19




@ Testing/validation

Training set reproduction
Relaxations
Phonon dispersion curves

© M. Schmitt, L. Bastogne, J. Bieder and Ph. Ghosez
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Training set reproduction "

Energy difference: DFT vs. Model.

Bl i .IY{;‘\.\ R
A AL K
§=m91’3'."%r'4"4§‘
0CpCp \&"(“- "'4‘9“§
A, I
R LA
e PR S DAY
pOpCp . <3 . £ bybyby
S [
adbgbp
aJadbp

AE/f.u (meV)

0 6.38 12.75
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Relaxations

© M. Schmitt, L. Bastogne, J.
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Phonon dispersion curves "

Energy

Ground State

© M. Schmitt, L. Bastogne, J. Bieder and Ph. Ghosez
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Phonon dispersion curves "

5

Energy

Frequency (em™!)

Ground State

IXSYTZURTZYTUXS RDOS (a.U)
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e Predictions & analysis tools

Lead titanate (PbTiO3)
Calcium titanate (CaTiO3)

© M. Schmitt, L. Bastogne, J. Bieder and Ph. Ghosez
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P[c.m 2
o
(o))
o
I

N Wojdel et al. 2013
oX
Ok

¥

¥

¥

¥

e T, in better agreement with
experiment than previous work
e First order phase transition:

» Discontinuity at T
> P~ (T —T)V4

© M. Schmitt, L. Bastogne, J. Bieder and Ph. Ghosez

—x— Py

—+— Py

—a— Pz

P, Fitted

This work
!

Exp.

400 600 800
T K]

Command in AGATE

® :average

e :plot xy x=T y="polarization
ddb=-"
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CaTiO3 Virtual Heating Experiment r

16x16x16 cells, 20480 atoms
Hybrid Monte Carlo Sampling

40000 steps per temperature

In-Phase Rotation ¢.

Exp. Temperature (K)

0 500 1000 1500 2000
2.0 Imma 1
- Pnma C;; 4/mem
$8% 0oy m |
215 3&3:.:::20002...“ A - A Pm3m
- * ot ®o Afteey
=} . o e A}gg:iﬂx.
<E 1.0 : d’f . ‘i a,
) 0; 1 °
3 A of—exp ¢ i ° :o
= 051 & o, —eap . i o o®
A ¢, —exp ® ! ‘s
00 lasnsssnaahanastesnssn o atsssseisessenss
0 500 1000 1500 2000

Sim. Temperature (K)

Experimental Transitions: Pnma — 1512K 14/mcm — 1636K Pm3m
Yashima, M. & Ali, R., Solid State lonics, 2009, 180, 120 - 126
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CaTiO3 Virtual Heating Experiment r

16x16x16 cells, 20480 atoms
Hybrid Monte Carlo Sampling

40000 steps per temperature

In-Phase Rotation ¢.

Exp. Temperature (K)

0 500 1000 1500 2000
2.0 Imma 1
- Pnma C;; 4/mem
$8% 0oy m |
215 3&3:.:::20002...“ A - A Pm3m
- * ot ®o Afteey
=} . o e A}gg:iﬂx.
<E 1.0 : d’f . ‘i a,
) 0; 1 °
3 A of—exp ¢ i ° :o
= 051 & o, —eap . i o o®
A ¢, —exp ® ! ‘s
00 lasnsssnaahanastesnssn o atsssseisessenss
0 500 1000 1500 2000

Sim. Temperature (K)

Experimental Transitions: Pnma — 1512K 14/mcm — 1636K Pm3m
Yashima, M. & Ali, R., Solid State lonics, 2009, 180, 120 - 126

— But phase transition sequence debated. Imma intermediate has been proposed
Carpenter M., American Mineralogist (2007) 92 (2-3): 309-327
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Pnma thin films Lav0;/DyScO; interface

¢ perp cll

e Thin films (<60 u.c.): only c ||.

e Thick films (>60 u.c.): Mostly ¢ perp. but intermediate layer of about 10 u.c.
cll

e Elastically favored c perp.

— Competition between elastic and interface energy at the origin of
intermediate layer formation.
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CaTiO3 Reprodcution of LaV03/DyScO; interface
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CaTiO3 Reprodcution of LaV03/DyScO; interface

d
L
e 1: "substrate” c || with exageratted distortions
e 2:c || free to relax
e 3: c perp free to relax
d
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CaTiO3 Reprodcution of LaV03/DyScO; interface

oM
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—— L24
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CaTiO3 Reprodcution of LaV03/DyScO; interface

oM
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E film
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CaTiO3 Reprodcution of LaV03/DyScO; interface

oM

. Schmitt, L. Bastogne, J. Bieder and Ph. Ghosez
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CaTiO3 Reprodcution of LaV03/DyScO; interface

d
_1.4798e2 E film
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CaTiO3 Reprodcution of LaV03/DyScO; interface
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CaTiO3 Reprodcution of LaV03/DyScO; interface

d
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CaTiO3 Reprodcution of LaV03/DyScO; interface
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CaTiO3 Reprod

oM
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CaTiO3 Reprodcution of LaV03/DyScO; interface

1.1
14
L 09
0.84

<0475

oo

0.5

041
0.3
021
d 0.1
o————— ———r

T T T T T T T
£ 24 32 40 48 56 64 72 80 88 96 104
Absolute Thickness L (u.c.)

T T T T

— CaTiO3 second-principles model is able to qualitatively reproduce
interemediate layer formation at LaV03/DyScOs; interface.
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Conclusions r

Summary

e Automated procedure for generating fitting polynomial expansions

e New test set generation strategy can help to effectively sample important
parts of the Born-Oppenheimer PES

e Use of effective potentials for finite temperature and advanced thin film
studies.
Outlook
e Implementation of combining different effective potentials in different
zones of the simulation box
e New fitting strategies borrowed from machine learning.

e Effective Potentials as background lattice model for electron-lattice, or
spin-lattice models
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