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Goal

From an atomic structure,
discover new structures
and energy barriers

Reaction path
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Goal

From an atomic structure
discover new structures
and energy barriers

Minima — thermodynamics

Nconfigurations —E;
2. e

i

Reaction path

Saddle points — kinetics
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Definitions: Minima and Saddle points

Reaction path
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Definitions: Minima and Saddle points

Reaction path

Minimum: Steps:

min in 3N,, D e Find the vector corresponding to
this D

Saddle point: @ Minimize in the orthogonal

max in 1D, hyperplane.

min in (3N,-1)D Convergence: Vi, F; = jTE,- ~0
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Definitions: Hessian Matrix and inflexion

2 . .
Hj = O°E_ ejgenvalues \; and eigenvectors V;

= Ox;0x;
Harmonic bassin: Vi, A; > 0

Minima: g—E =0
X
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Above Inflexion: Ji, A\; < 0

o OE _
Saddle points: 95 =0
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Definitions: Hessian Matrix and inflexion

2 . .
Hj = O°E_ ejgenvalues \; and eigenvectors V;

= Ox;0x;
Harmonic bassin: Vi, A; > 0 Above Inflexion: Ji, A\; < 0
Minima: 2€ =0 Saddle points: 2€ =0

ox

Only the lowest eigenvalue A,,;; and Vpin are needed @
— LANCZOS
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Definitions: Valeys, Forces, Eigen Vectors

Eigen Vectors:
V nin from Hessian

— || MEP
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Definitions: Valeys, Forces, Eigen Vectors

Eigen Vectors: Forces:
V nin from Hessian 9E

— || MEP 1 isolines

A. Jay
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Definitions: Valeys, Forces, Eigen Vectors

Eigen Vectors:

Forces: Valeys:
V nin from Hessian —%f Viin | ForFL =0

1 isolines
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Definitions: Asymetric problem

Basin and IRC
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Definitions: Asymetric problem

Basin and IRC attracted area
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Definitions: Asymetric problem

Basin and IRC attracted area PES features
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Definitions: Asymetric problem

Basin and IRC attracted area PES features
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Definitions: Simple Vs Orthogonal relaxation

put X, E(X),vs(xj:n

s Orthogonal
L

2 calcul E(Xnew) et VE(Xnew)

3 TEST: E(X) < E(Xnew)

non oul

¢ oo o=m)

s

6 L OMTEST: [VE(X). || <e

oui

Output

C Xein=X D
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Algorithm (1996)
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Algorithm (1996)

A. Jay LAAS-CNRS, France Finding Saddle Points on PES ARTn en bref



ARTn en bref
000000000

ARTn: Algorithm (1996)

||Push|| = cst
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ARTn: Algorithm (1996)

||Push|| = cst
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ARTn: Algorithm (1996)

||Pushl|| = min (SiZemaX7 %)

A. Jay LAAS-CNRS, France Finding Saddle Points on PES ARTn en bref



ARTn en bref
000000000

ARTn: Algorithm (1996)

||Pushl|| = min (SiZemaX7 %)
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ARTn: Algorithm (1996)

||Push|| = 0.1 « (init — saddle)
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ARTn: Algorithm (1996)

Inflexion line:
lowest eigen value A= 0
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ARTn: Algorithm (1996)

Inflexion line:
lowest eigen value A= 0
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ARTn: Algorithm (1996)

||Push|| = 0.1 « (init — saddle)
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ARTn: Algorithm (1996)

One event search

Inflexion line:
lowest eigen value A= 0

[r—
veuspals ecepe

S

f
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ARTn: Algorithm (1996)

One event search

Inflexion line:
lowest eigen value A= 0

Output
Saddle=X

Input X Push X = X +aV L Relax
V = Viana a=Cste or a = |[Fy[|/Amin until i < Fy

if Amin <0 =V =Viin

Lanczos | if ||Fl| < e
Amins Vinin

if [[F| > ¢
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ARTn: Algorithm
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ARTn: Facing Convex Regions

Avoid loosing EV back into the starting basin:

o,
\ Pange

e’ge/,,,@c{

o
Saddle Saddle
Old method New method
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ARTn: Facing Convex Regions

About 80% of the explorations in a-Si!ll
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ARTn: Facing Convex Regions

Double random vector also solve cycling behavior!
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ARTn: possibilities
Explore the PES

/
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ARTn: possibilities

Explore the PES ~ Converge to saddle

A/
AvARvi
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ARTn: possibilities

Explore the PES  Converge to saddle  Construct a path
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Real example

Metastable defect in silicon : 4V

initial saddle final

T T T y T T T T T

T //'[ small push
(3

Energy (eV)

! " 1

0.5 T O B E
3Nal dimensions path (A)

arrows = forces
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Lanczos: Why it works?

Lanczos — Hessian lowest eigenvalue without full Hessian

3Ny _
H L = AtV + > A%V, Toget (ML
i=2

Xy, = X + drL;_
3Nat A\ —d

= )\;Z] Cminvmin + Z Ci <)\I> Vi
=2 min

—0

d—+o0

F(XLi) = _VE(XLi)

[H]Li = AF,
_ F(Xy,)—F(X)
- dr
. —d )
= dETOO[H] L -~ Vnin @
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Lanczos: Algorithm

Input Pos X, normalized Ly

[Li =HLi_1 — aj—1Li-1 — Bi-iLi 2]

] S~
ar B 0 - 0 Vm(,"
By o B3 . unkno
Ti=|o B3 az .0
Dol el el B
0 -+ 0 fBn am
— AT, min €t
I

ﬂ[TEST: [Amins — Amin_, < threshold
Tou

Output @
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Lanczos: Algorithm

Input Pos X, normalized Ly

[Li =HLi_1 — aj—1Li-1 — Bi-iLi 2]

I

o B 0 -~ 0 -
B a2 B3 :
Ti=|o B3 az .0
Pl T B
0 -+ 0 Bm ap
— AT, min €t

|

ﬂ[TEST: [Amins — Amin_, < threshold
Tou

Output @

Finding Saddle Points on PES ARTn en bref



ARTn en bref
000000000 e

Lanczos: Algorithm

Input Pos X, normalized Ly

[Li =HLi_1 — aj—1Li-1 — Bi-iLi 2]

I

a; B 0O -~ 0 -
B a2 B3 :
Ti=|o B3 az .0
Pl T B
0 -+ 0 Bm ap
— AT, min €t

|

ﬂ[TEST: [Amins — Amin_, < threshold
Tou

Output
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Lanczos: Algorithm

Input Pos X, normalized Ly

[Li =HLi_1 — aj—1Li-1 — Bi-iLi 2]

I

o B 0 -~ 0
B a2 B3 :
Ti=|o B3 az .0
Pl T B
0 -+ 0 Bm ap
— AT, min €t

|

ﬂ[TEST: [Amins — Amin_, < threshold
Tou

Output
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Lanczos: Algorithm

1rst Lanczos call:
L;= random

i-th Lanczos call:
L;= converged at call;_;

/L1

L= random vector

2
8

\

S o L
LA S S S B B R

Number of Lanczos iterations

S T
; 1Y 1

5 10
Number of Lanczos call
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Lanczos: Algorithm

1rst Lanczos call:
L;= random

i-th Lanczos call:
L;= converged at call;_;

(viL)~t

_ — ——

L= random vector

2
8

\

S o L
LA S S S B B R

Number of Lanczos iterations
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Number of Lanczos call
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Lanczos: Algorithm

1rst Lanczos call:
L;= random

i-th Lanczos call:
L;= converged at call;_;

L= random vector

2
8

\
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Number of Lanczos iterations
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Applications

Metastable defects : 4l Molecules : CH,;—CH5;+H

Energy barrier (¢V)
p 4

——> @+e

1.5 2 325 3 3.5
I-Initial Energy (¢V)

Surfaces : H,O on WO3 Interfaces : Si/SiO,

W Loeg P
N
‘:ly‘/."'r..“/p&\ ] ;e

); ‘v? H & (¢
> 17 B TN
O YRR
"0 0.0 00600

0000000

;\v
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Restrict dimensions

Reaction on Surfaces: User guess
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[e]e]e] lo}

Restrict dimensions

Impose random conical direction

Al adatom on a surface

N3

~
e

/ " . 4

«__) hopping

X

v exchange !
S Vs
3 ’

A/
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Restrict dimensions

Impose central atom(s)

Initial
structure

b

Q0000

0.00 eV

an 0 (019)

Simulation box

Q0000 | | 00000

0.94 eV 1.1

b i

00000

0.57 eV

é%gOO éx% (8]

0.50 eV 1.0:

8
| I

!

2} SO000 | | 00000 | | 30000 ooooﬁo SO500
0.53 eV 0.78 eV 0.37 eV 0.39 eV 0.89 eV

Nf= 1994r¢t+15rctaz 198+-34

121+39
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Implementation

Energy/Force engine(s)

b-initio

energy/forces
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Implementation

minimum
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Free access to pART code and doc

A. Jay

https://gitlab.com/mammasmias/artn-plugin/

# plugin-ARTn

# / Input Parameters | List of ARTh Input parameters

List of ARTn input parameters

The ART parameters are given in the file artn.in. That fle is formatted as FORTRAN NAMELIST, called ARTN_PARAMETERS as for example:

© Input Parameters
SARTN PARAVETERS
List of ARTn input parameters specify parameters

E/F engine inputs.

Al parameters available in pART are listed below, grouped by the part of ARTn algorithm they affect.

1/0 control

Control the Lanczos algorithm
LAAS-CNRS, France Finding Saddle Points on PES Structure
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Add plug to get SP: biased minimization

Force engine integrator = FIRE integrator = no
X x x
eval F(X) eval F(X)
Modify X
Modify F(X) )
]
X =X — aF(X) X =X — aF(X)
NO exit? NO exit?
YES YES
Koun =X 0 X=X

Minimal modification of the force engine:
@ 1 call to routine

e 1 flag for the compilation

@ 1 include location of the library @

A. Jay LAAS-CNRS, France Finding Saddle Points on PES
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typical scripts

LAMMPS

units metal
dimension 3
boundary p p p
atom_style atomic
atom_modify sort 0 1

read_data Al_vac.data

pair_style eam/alloy
pair_coeff * * AlO.eam.alloy Al

plugin load ../../lib/libartn-Imp.so
fix 10 all artn alpha0 0.2 dmax 5.0

min_style fire
minimize le-4 1le-5 1000 10000

Execution:

mpirun -np 4 Imp_mpi -in lammps.in

Jay LAAS-CNRS, France

Structure
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Finding Saddle Points on PES

Quantum Espresso

&CONTROL

calculation = 'relax’,

/

&SYSTEM

celldm(1) = 7.6533908,. ..
/

&ELECTRONS

/

&IONS

ion_dynamics = 'fire’,

/

ATOMIC_SPECIES

Al 1.0 Al.pz-vbc.UPF
ATOMIC_POSITIONS (angstrom)
Al 0.01 0.00 -0.07

K_POINTS gamma

Execution:

mpirun -np 4 pw.x -partn < relax.in

Structure

@
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Install Force engines

A. Jay

Install LAMMPS:

git clone -b release https://github.com/lammps/lammps.git mylammps

cd mylammps/src/

make yes-MANYBODY yes-reaxff yes-plugin yes-MEAM yes-misc yes-EXTRA-PAIR
make -j4 mode=shared mpi

Give the relative path:
vi ~/.bashrc

export LD_LIBRARY_PATH=$LD_LIBRARY_PATH:/home/me/mylammps/src/
source ~/.bashrc

Install QuantumEspresso-7.3.1
Inscription + Download at
https:/ /www.quantum-espresso.org/download-page/

tar -zxvf qe-7.3-ReleasePack.tar.gz
cd qe-7.3/

./configure --enable-legacy_plugins
make -j4 pw

LAAS-CNRS, France Finding Saddle Points on PES Install
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Free access to pART code and doc

A. Jay

https://gitlab.com/mammasmias/artn-plugin/

# plugin-ARTn

# / Input Parameters | List of ARTh Input parameters

List of ARTn input parameters

The ART parameters are given in the file artn.in. That fle is formatted as FORTRAN NAMELIST, called ARTN_PARAMETERS as for example:

© Input Parameters
SARTN PARAVETERS
List of ARTn input parameters specify parameters

E/F engine inputs.

Al parameters available in pART are listed below, grouped by the part of ARTn algorithm they affect.

1/0 control

Control the Lanczos algorithm
LAAS-CNRS, France Finding Saddle Points on PES Install
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Download pART

git clone https://gitlab.com/mammasmias/artn-plugin/
cd artn-plugin
11

ajay@lillou: $ cd artn-plugin/
ajay@lillou: s 1

114 CMakelists.txt

153

114 /

114 /

:14 LICENSE_Apache_v2.txt
:14 LICENSE_gpl-3.0.txt
:14 MANUAL.rst

114 Makefile

:14 README.rst

:14 TERMS_OF_USE

:14 TODO.md

114 /

5768 Jul
4096 Jul
4096 Jul
4096 Jul
10175 Jul
35149 Jul
2242 Jul
3236 Jul
3872 Jul
655 Jul
1640 Jul
4096 Jul
4096 Jul 120
616 Jul :53 environment_variables
4096 Jul 137 /
4096 Jul 152 /
4096 Jul 153
4096 Jul :53

N N N N N N N N N RS

ww
ENRoR=Y

N
WNWRRBONRRERERRERRERENANR

drwxr-xr-x

Jay AAS-CNRS, France Finding Saddle Points on PES Install
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Fill compilers and paths

vi environment_variables

a E o
QE_PATH=/home/ajay/Programnes/qe-7.3/

LAMMPS
LAMMPS_PATH=/home /ajay/Programmes/mylammps/

pwd
sudo apt-get install libopenblas-dev
find /usr/lib/ /usr/local/lib -name "*openblas*" (blas+lapack+cblas)

find /usr/lib/ /usr/local/lib -name "libgfortranx"

@

AAS-CNRS, France Finding Saddle Points on PES Install



Compile artn

make clean
make 1lib

make lmplib

make patch-
qe

A. Jay LAAS-CNRS, France

Install
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library and caller routines

pfortran -pedantic -sto-faots -shared -o Ubarcn.so oby/prectsion.o 0bj/n tools.o 0b3/untts.o 0bJ/n artn.data;o Obj/n_error.o Gbi/strtng_tosls.o obi/pernute.o Obi/art
n_parans_nod.o om/mmm Untisa 0b3/n_dotatnfo.o ObyIn block 1anczos o 3 b
ob3J9et runpatan-s obi/ Mt dota-o oha/ges data.o 0by/f
mforce.o obj/perpforce. 00 =
Trerp. Linttarian-o. Objrandano. obicheck.artn.parans.o obl/bu
STotock_putkinies On)/slock erprelax.o Obi/block pusheigen:o 0bj/block /
ertatize.o 0bj/n_fire.o ob3/artn_spiz.o obj, o0 b3 arEhstepe 093 /ot AnLdr- JoseTLLbxB0. 60 3non-onuf L bopentas e ipthreod F Needs BUALLLTD for congt

{hoe/atey/eroaramesartn-plugsrc

y * fhome/ajay/Progrannes artn-plugin/src’
ory * fhone /232y /Progrannes artn-plugin/src

25 environnent_vartable verification
I

o 151 mpienn
|---> shared tibrary buitd
o shared -rdynantc o ./Uibartn-1np.so ../Src/0b3/*.0 ./*.0 /usr/Uib/x86_64-1inux-gnu/Libgfortran.so.5 /usr/Lib/x86_54-inux-gnu/Ubopenblas.a -lpthread

->> shored Lorary Link,
i JFiles_LANKPS Libartn-np. 0 ../Lib/Libartn-Inp.s0

->>> shared Uibrary 1ibartn-np.so 1s tn 11b/

Lanips package PLUGIN nust be Loaded
2) LAHHPS nust be conplled with node=shared
LANNPS , Lanmps/src path should be Loaded in LD_LTBRARY_PATH

1: Leaving directory ' hone/a3ay/Programes /artn-plugin/Files_LaMPS
rere/tay rrogames e gty

T TR St et T

o ittt bont - Thos a1 pucinfic M.a fhom

e /252y 5rogranmes s Jhone, 7 a fhon stinipyuiitte

Jjin/src/1ibartn.so [home/a3ay/Progrannes ars \w\\n/cr(/hharrn o thm-’a]ay/ngra/' Zojarent muqm/;»(mnmn so_fhan < /asey Frontammes archptunn e ibar

rone /2321 /erogrames/rtn p\\.g\vv/sr:/\\bar'n <o fhone, bar o tn.50 oramn

ortn p\ug«n/mmu ne/a: jay/?mqram/'zsme T fexternal/devkiib/are. -LGevKlLh. -L/hone ey Proorannessn

/P\ugmwwk;/q tn pwguv/,u/hb -2 hone]aday [programnes/a tn plugin/src/Lbarin. o fhone/ajay/rrogra

i e tn-plugin/are

Jar Tin 6. Than

e e e e P e
a fho

7300 roatamnes ot i

o734 ool
e fsloy/rogrammes/e- 7.3
Ja3ay/Progrannes e
e 250y s socomnes v en-phugtn
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Many examples for QE and LAMMPS

cd examples
11

S cd examples/
$ 1

README . md
README.rst

France Finding Saddle Points on PES
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Input files

cd Al-vac-EAM.LAMMPS.d/
11

$ cd Al-vac-EAM.LAMMPS.d/
s

-- 1 ajay m3 170r9‘) Jul 4 Alo.ean.alloy
1 ajay m3 Al_vac.data
-- 1 ajay m3 README . md
--1 a'lay m3 artn.in
lammps.in

SrWXM-Xr-X 1 a1ay m3 154 Jul 4 run_example.sh*

@ The empirical potential: AlQ.eam.alloy

@ The input structure: Al_vac.data

@ The lammps commands: lammps.in

@ The artn parameters: artn.in

@ The execution command: run_example.sh

@ A directory with the attemped results: reference.d/

@ An explanation of the example: README.md @
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Ouput files

./run_example
1ls -1ltr

The initial structure and displacement: initp.xyz

The latest eigenvector: latest_eigenvec.xyz

The target structures: sadl.xyz, minl.xyz, min2.xyz

Their counters: sadcounter and mincounter

The intermediate structures from dump: config.dmp

The LAMMPS information : log.lammps

The information about the path to SP: artn.out @

® 6 6 6 ¢ o
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Visualization

ovito initp.xyz sadl.xyz min*.xyz

Initial displ addle Point

-
P

Minimum 2

i b1
Pt P bt
P

N
a

A. Jay LAAS-CNRS, France Finding Saddle Points on PES Lets play



Lets play
00000@00000000

Basic parameters, see documentation

L

A

vi artn.in

engine_units : mandatory

verbose : 0/1/2/3

Ipush_final : don't stop at saddle?

ninit : n steps without lanczos

nsmooth : n smooth steps

forc_thr : definition of saddle point

push_step_size : size of the random push
push_mode : list/rad/all

push_ids : indices of the pushed atoms
push_add_const(:,251) : random cone = vector+angle
lanczos_disp : size for derivative

lanczos_max_size : max size lanczos matrix
eigen_step_size : max push size along eigenvector
push_over : Once at SP, scale of the eigen_step_size

zseed : random seed
AS-CNRS, France Finding Saddle Points on PES Lets play




Goals, definitions

ARTn en bref

o plugin

Launched on (dd.mm.yyyy): 1.8.202¢ at: 15:41:41

INPUT PARAMETERS

engine_units: lamps/metal
Verbosity Leve!
2seed 267581888

Sinulation Paraneters:

Application Structure Install Lets pla
000000e0

|> ARTA research

istep  ART_step mn tnit/elgn/perp/lanc/relx Ftot Fperp Fpara
<eenseeee[eV/ANg]- <o nn o

[ Flrst pUSH vectors sinost  Raoon

|> First EIGEN vectors RANDO!

A. Jay

* Iterstors paranster
B

nevalf_nax
nperp_Linitation

eigval_thr = -0.486 ev/ang*+2
0.610
0.100 Ang

hids
Boervec.ouess - fegs

Lanczos algorithm:

lanczos nin_size

prefix_nin

LAAS-CNRS, France

6 Bstep vold  0.6000 e o o  0.6003  0.0883  ©.0000
1 Bstep/init  0.1103 4 8 o 0.5123  0.19%1  0.4891
2 Bstep/tnit  0.3563 4 e o  0.7810  0.4559  0.7122
3 Bstep/init  0.6275 4 @ o  0.7900  0.7275  0.6465
4 sstep/snth  0.6957 4 12 o  0.7764  0.8624  ©.3276
5 Sstep/smth  0.6829 8 4 o  0.7127  0.7225  0.0719
6 Sstep/eign  0.6200 12 4 o 0.554  0.5533  0.0125
7 sSstep/eign  0.5133 16 4 e  0.2917  0.2920  0.0109
8 sstep/elgn  0.3759 33 3 o 0.6171  0.0112  ©.01d8
5 sstep/eign  0.3751 14 5 0 0.0099  ©0.0099  ©.0011

| ARTn found a potential saddle potat | € saddle - £_tntttal = 0.37508 ev

I> stored tn Configuration Files: * Start: inttp.xyz | sadi. vz

000000

etgval delr
- [ev/Ang**2]  [Ang]

Conclusion

npart evalf a1

Infiatty  6.0000 O 1 0.00
Infinity  ©.3000 1 6 0.00
Infinity  0.6000 1 11  0.00
Infinity  6.9001 1 16 0.00
-1.51a1  1.0388 1 33 0.1

1.8321  1.1512 1 46 1.0
-1.9852  1.2770 1 63 1.68
-1.7901  1.3454 5 84 1.8
13111 15311 16 123 1.8

06933 1.5570 10 143 0.99

\> DEBRIEF(SAODLE) | dE = 0.37508 eV | F_{tot, parap,perp) = 0.98796E-2 0.10653E-2 0.98783E-2 eV/Ang

|> Pushing forward to a mininun *+*

|> number of steps: 142

9 Rsteprelx 6.1374 3 1 @ @ 5  0.3381  0.1823  0.3626
9 Rstep/relx  0.0028 3 6 6 41  0.6098  0.0086  ©.0082
|> Stop relax because force < furc thr : e.0098 < 0.0100

|> ARTA converged to a forward mininun | backward E_act 0.37223 ev

|> number of steps: 184
12 DESRIEF(RLX :1) | G = 0.284436-2 eV | F_{tot,parap,perp} = 0.981096-2 0.81584E-2

5 ssteprelx  6.3759 3 1 6 o o  0.019  0.0109  0.6006
9 Rstep/relx  0.6094 3 6 62  0.6095  0.0095  ©.0062
I> Stop relax because force < Fore. thr © 0.0095 <  0.0100

\> ATh converged to 3 backuard mintnun:

-0.6933  0.0008
-0.6933  2.7442
maxval

0.86394E-2 eV/Ang

-0.6933  0.0000
-0.6933  0.3096
maxval

Eigenval = -0.69331 eV,

Eigenval = -0.69331
o 18 0.9

o 219 0.9

detntt - definal -0.00943 eV

* start

Unitpoxyz | sadi-xyz | mind.xyz | minz.xyz

1> DEBRIEF(RLX :2) | d = 0.942826-2 eV | F (tur,parap,verv) - 0.94954E-2 0.61824E-2

tnitpoxyz | sadi-xyz | mindoyz | minz.xyz
|> BLOCK FINALIZE.

|> nunber of steps: 248

|> Enter in ARTn but already finished, RETURN
|> BLOCK FINALIZE.
|> nunber of steps: 249
1> CLEANING ARTn | Fail: o

0.94999E-2  eV/Ang

Eigenval = -0.69331

Finding Saddle Points on PES Lets play
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See only the important information

grep DEBRIEF artn.out

855E-2 eV/Ang | Eigenval 72 Ang | evalf
76 Ang | evalf
916 Ang | evalf

uu-step"

$ grep " .step" artn.out
ART_step Etot init/eign/perp/lanc/relx Ftot Fperp Fpara eigval npart evalf a
Bstep void .0000 [¢] [¢] [¢] .0003 .0003 .0001  Infinity 1
Bstep/init .1128 [¢] [¢] .6282 .2317 .5664  Infinity
Bstep/init .3743 [¢] .0419 .5719 .8651  Infinity
Bstep/init .6830 0 .2345 .9768 .8737  Infinity
Sstep/smth 7587 1 1371 .0947 .4266 -1.3122
Sstep/smth 7319 1 .9442 .9584 .0835 -1.8785
Sstep/eign .6444 1 .6739 6755 .0180 -1.9146
Sstep/eign .5197 1 .2891 .2897 .0153 -1.7714
Sstep/eign .3765 1 .0198 .0114 .0122 -1.4330
Sstep/eign .3754 1 .0099 .0099 .0007 -0.6967
Rstep relx .1696 1 .3438 .2650 .3207 -0.6967
Sstep relx .3763 1 .0129 .0129 .0014 -0.6967

VOVOVENOAUVTEWN RO
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Modify some parameters

mv artn.out artn.out_save

e forc_thr = 0.005

vi artn.in

run and see the difference

mpirun -mp 4

vimdiff artn.

Bstep void
Bstepinit
Bstep/init

Sstep/eign

| E_saddle - E_initial =
initp.xyz T sadl.xyz

> ARTn found a potential saddle
> Stored in Configuration Files
DEBRIEF(SADOLE) |

nunber of steps: 1
el 1

1> Stop relax because force < forc_thr

> ARTn converged to a forward niniun | backward E_sct =
> nusber of steps:
DESRIEF(RLX +1) | ¢€ = o.
el

1> Stop relax because force < forc_thr

@ ninit =1
@ nsmooth =1
@ lanczos_at_min

../../../mylammps/src/lmp_mpi

out artn.out_save

6.000] Infinity
G Infinity

0,375 &V

maxval

maxval

Finding Saddle Points on PES

> ARTn found a potential saddle point | E_saddle - E_initi
Stored in Configuration Files: * Start: initp.xyz | sadl.-xyz

Gy
Bstep void
Bstep/init
Bstep/init
Sstep/ L1

Sstep/eign
po A= eaTis eV
DEBRIEF(SADDLE) | dE = 03731

ng fi

nunber of steps: 1

> Stop relax because force < forc_thr

ARTn converged to a forward mininum | backard E_act =

> number of steps: 10
DESRIEF(RLX +1) | ¢€ = o. L

Lets play

.true.

Infinity
Infinity

raxval

raxval
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Input files

-- 1 ajay m3 26928 Jul 4 09:14 Al.pz-vbc.UPF
-- 1 ajay m3 985 Jul 4 09:14 README.md
-r--r-- 1 ajay m3 465 Jul 31 11:36 artn.in
drwxr-xr-x 2 ajay m3 4096 Jul 4 09:14
-rw-r--r-- 1 ajay m3 2872 Jul 4 09:14 relax.Al-vacancy.in
-rwxr-xr-x 1 ajay m3 190 Jul 4 09:14 run_example.sh*
ajay@lillou:

The pseudopotential: Al.pz-vbc.UPF

The QE commands: relax.Al-vacancy.in

The artn parameters: artn.in

The execution command: run_example.sh

A directory with the attemped results: reference.d/
An explanation of the example: README.md

e 6 6 o6 o6 o
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Ouput files

./run_example (30s on 4 cores)

ls -1tr ajay@lillou:

985 Jul
26928 Jul
1 ajay m3 190 Jul
1ajay m3 2872 Jul
2 ajay m3 4096 Jul
1 ajay m3 3199 Aug
1ajay m3 3199 Aug _eigenvec.xsf
1 ajay m3 16 Aug 5:48 sadcounter

4 09:14 README.nd
4 0

40

4 0

40

91

9 1

9 1!

1ajay m3 3199 Aug 9 15:48 sadl.xsf
9 1!

91

9 1

91

91

9 1!

91

9 1

9 1

9:14 AL.pz-vbc.UPF
9:14 run_exanple. sh

1ajay m3 3199 Aug 5:48 minl.xsf
1 ajay m3 104 Aug 5:48 puscf.fire
1 ajay m3 16 Aug 5:48 mincounter
1ajay m3 3199 Aug
1ajay m3 25988 Aug
1 ajay m3 983292 Aug
2 ajay m3 4096 Aug
-~ 1 ajay m3 1028876 Aug
-- 1 ajay m3 465 Aug

5:48 nin2.xsf

5:48 artn.out

5:48 puscf.xml
148

5:48 relax.Al-vacancy.out
6:08 artn.in

The initial structure and displacement: initp.xsf

The latest eigenvector: latest_eigenvec.xsf

The target structures: sadl.xsf, minl.xsf, min2.xsf

Their counters: sadcounter and mincounter

The charge density and restart QE files: pwscf*

The QE informations : relax.Al-vacancy.out

The informations about the path to SP: artn.out @
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Visualization

xcrysden --pwo relax.Al-vacancy.out Try to recognize:

press Ok and Al push-perp_relax-Lanczos
2 final relaxations from SP

Question - 0O X

‘What would you like to do:

r Display Initial Coordinates
" Display Optimized Coordinates
" Display Latest Coordinates

« Display All Coordinates as Animation

Continue

A. Jay LAAS-CNRS, France Finding Saddle Points on PES Lets play



Understand artn.out (verbose=3

A. Jay

Lets play
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istep

ART_step  Etot init/eign/perp/lanc/relx Ftot Fperp Fpara
Ry - -

Flrst pusi vectors Ahost RANDOM
PUSH vector 15

0
1
1
1
1
1
1

©.0000 dz=

Tiret ELceN vectors RAoon
6.

0.0031
0.0030
0.0029
6.0027
Bstep init  ©.0026
Bstep/intt
rp relax becaus

6.0098
6.0095
0.0092
0.0090

rp relax becaus:

0.0186
6.0183
6.0179
6.0175

rp relax becaus

0.0176
0.0174
0.0176
0.0174
0.0175
0.0176
0.0174
0.0176
0.0174
0.0176
0.0174
6.0175
6.0175
6.0175
6.0282
6.0280
0.0276
0.0272
0.0268

rp relax becaus:

0.0267

6.0267
Bstep init  0.0270
Bstep init  0.0266
Bstep init  0.0268

LAAS-CNRS, France

0.2121

F

nding Saddle Points on PES

eigval

o0.1168
0.0782
0.0526
0.0248
©.0095
0.0048
©0.0038
0.0034
0.0030
0.0025
0.6020
0.0018
0.6018
0.0018
0.0018
0.0018
0.0018
0.0018

[Ry/a.u.

2]

delr
a

npart evalf
0]

Lets play
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Understand artn.out (verbose=3

Bstep init  0.0268
0.0268
0.0268
0.0267
0.0268
0.0268
0.0369
0.0367
0.0364
6.0360
6.0356

vweocooooo0000

Bstep/init  0.0356 11
|> stop perp relax because ipe perp max
6.0359

6.0355
0.0357
0.0356
0.0357
0.0356
0.0356
0.0356
0.0435
6.0435 1
rp relax because fperp < fpara
relax because fperp < fpara
7 0

wooooooooo

0.0435
0.0436
Sstep elgn  .0435
Sstep elgn  0.0498
Sstep/eign  0.6498 5 1 0
|> Stop perp relax because fperp < fpara
relax because fperp < fpara
0499 o

0
0
o
o

0.0498
0.0498
0.0498
6.0498
6.0536
Sstep/eign 0.0536 s 1
|> stop perp relax because fperp < fpara
|> No perp relax because fperp < fpara
5 o

6.0536
6.0536
0.0536
0.0547
0.0547
0.0546
0.0544
0.0543
6.0543
Sstep/eign 0.0543

Noooooocooo0o

|> ARTn found a potential saddle point | E_saddle - E_tnitial =
|> stored in Configuration Files: * Start: initp.xsf | sadi.xsf

A. Jay LAAS-CNRS, France Finding Saddle Points on PES Lets play
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Conclusions

@ You want to refine a saddle point?
— Use ARTn

A. Jay LAAS-CNRS, France Finding Saddle Points on PES Conclusion



Conclusion
(o] Jelele]

Conclusions

@ You want to refine a saddle point?
— Use ARTn

@ You have no money (= CPU time)?
— Use ARTn
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Conclusions

@ You want to refine a saddle point?

— Use ARTn

@ You have no money (= CPU time)?
— Use ARTn

@ You want to explore the PES?
— Use ARTn
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Conclusions

@ You want to refine a saddle point?

— Use ARTn

@ You have no money (= CPU time)?
— Use ARTn

@ You want to explore the PES?
— Use ARTn

@ No arbitrary convergence
— can reach any forces
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Conclusions

@ You want to refine a saddle point?

— Use ARTn

@ You have no money (= CPU time)?
— Use ARTn

@ You want to explore the PES?
— Use ARTn

@ No arbitrary convergence
— can reach any forces

@ Use the DFT coupling, Quantum Espresso now
— Plugin V softwares in development (VASP, Abinit: - -)
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Conclusions

@ You want to refine a saddle point?

— Use ARTn

@ You have no money (= CPU time)?
— Use ARTn

@ You want to explore the PES?
— Use ARTn

@ No arbitrary convergence
— can reach any forces

@ Use the DFT coupling, Quantum Espresso now
— Plugin V softwares in development (VASP, Abinit: - -)

e Empirical potentials: good for harmonic areas, less good
for saddle points
— Perfect for Machine Learning training o)
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When Not using ARTn
PES badly defined:

@ Not smooth empirical potentials
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When Not using ARTn
PES badly defined:

@ Not smooth empirical potentials

@ Many small minima— increase Lanczos dr or refine SP
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When Not using ARTn
PES badly defined:

@ Not smooth empirical potentials

@ Many small minima— increase Lanczos dr or refine SP

o Flat energy surface: dissociation
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When Not using ARTn
PES badly defined:

@ Not smooth empirical potentials

@ Many small minima— increase Lanczos dr or refine SP
o Flat energy surface: dissociation

@ Too small molecules: Lanczos is useless

A. Jay LAAS-CNRS, France Finding Saddle Points on PES Conclusion
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Questions time

Canada
France
Italy
{ 3 LAAS
O‘ siuNsmEsse CNRS
Jay et al., J. Chem. Theory Comput. 16, 2020
Jay et al., Comp. Mat. Sc. 209, 2022
»
Poberznik et al., Comp. Phys. Comm. 295, 2024 |SHE /4
Istituto Officina Gunde et al., J. Chem. Phys. 23, 2024 SUPAERO
dei Materiali

Thank you for your attention

questions suggestions
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What is your favorite PES?

Smooth Unsmooth

DFT Empirical potentials
slow explo, accurate fast explo, not accurate

@

A. Jay LAAS-CNRS, France Finding Saddle Points on PES Conclusion
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