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5 October, 2021A. Jay LAAS-CNRS, France Finding Saddle Points on PES 1/54



Goals, definitions ARTn en bref Application Structure Install Lets play Conclusion

Overview

1 Goals, definitions

2 ARTn en bref

3 Application

4 Structure

5 Install

6 Lets play

7 Conclusion

A. Jay LAAS-CNRS, France Finding Saddle Points on PES 2/54



Goals, definitions ARTn en bref Application Structure Install Lets play Conclusion

Table of Contents

1 Goals, definitions

2 ARTn en bref

3 Application

4 Structure

5 Install

6 Lets play

7 Conclusion

A. Jay LAAS-CNRS, France Finding Saddle Points on PES Goals, definitions 3/54



Goals, definitions ARTn en bref Application Structure Install Lets play Conclusion

Goal

From an atomic structure,
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and energy barriers

A. Jay LAAS-CNRS, France Finding Saddle Points on PES Goals, definitions 4/54



Goals, definitions ARTn en bref Application Structure Install Lets play Conclusion

Goal

From an atomic structure,
discover new structures
and energy barriers

Minima → thermodynamics

Prob(i) = e
−Ei
kBT

Z

Z =
Nconfigurations∑

i
e

−Ei
kBT

Saddle points → kinetics

k1→2 = ωvibe
−(Eb )
kBT

ωvib =
∏3Nat

i ωi(State1)∏3Nat−1
j ωj(saddle)

∼ 1013Hz

∆t = − lnλ∑
n kn
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Definitions: Minima and Saddle points

1D 2D 3×NatD

?????
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Definitions: Minima and Saddle points

1D 2D 3×NatD

?????

Minimum:
min in 3Nat D

Saddle point:
max in 1D,
min in (3Nat-1)D

Steps:
Find the vector corresponding to
this D
Minimize in the orthogonal
hyperplane.

Convergence: ∀i , Fi = dE
dx i

∼ 0

A. Jay LAAS-CNRS, France Finding Saddle Points on PES Goals, definitions 5/54



Goals, definitions ARTn en bref Application Structure Install Lets play Conclusion

Definitions: Hessian Matrix and inflexion
Hij = ∂2E

∂xi ∂xj
eigenvalues λi and eigenvectors Vi

Harmonic bassin: ∀i , λi > 0
Minima: ∂E

∂x = 0
Above Inflexion: ∃i , λi < 0
Saddle points: ∂E

∂x = 0
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Definitions: Hessian Matrix and inflexion
Hij = ∂2E

∂xi ∂xj
eigenvalues λi and eigenvectors Vi

Harmonic bassin: ∀i , λi > 0
Minima: ∂E

∂x = 0
Above Inflexion: ∃i , λi < 0
Saddle points: ∂E

∂x = 0

Only the lowest eigenvalue λmin and Vmin are needed
→ LANCZOS
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Definitions: Valeys, Forces, Eigen Vectors

Eigen Vectors:
Vmin from Hessian

→ ∥ MEP
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Definitions: Valeys, Forces, Eigen Vectors

Eigen Vectors:
Vmin from Hessian

Forces:
−∂E

∂x

→ ∥ MEP ⊥ isolines
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Definitions: Valeys, Forces, Eigen Vectors

Eigen Vectors:
Vmin from Hessian

Forces:
−∂E

∂x

Valeys:
Vmin ∥ F or F⊥ = 0

→ ∥ MEP ⊥ isolines is MEP
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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: Simple Vs Orthogonal relaxation

Simple Input

1

2

3

4

5

6

Output

X, E(X),∇E(X)

Xnew = X + α∇E (X)⊥

calcul E (Xnew) et ∇E (Xnew)

TEST: E (X) < E (Xnew)

α = α/2 α = 2α

X = Xnew

TEST: ||∇E (X)⊥|| < ϵ

Xmin = X

non oui

non

oui

Orthogonal
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ARTn: Algorithm (1996)

  

Initial
minimum
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ARTn: Algorithm (1996)
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ARTn: Algorithm (1996)
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⊥ Relax
until F⊥ < F∥

Push X = X+ αV
α = Cste or α = ||F∥||/λmin

Input X
V = Vrand

Lanczos
λmin, Vmin

Output
Saddle=X

if λmin < 0 ⇒ V = Vmin

if ||F|| < ϵ

if ||F|| > ϵ
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ARTn: Algorithm
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ARTn: Facing Convex Regions

Avoid loosing EV back into the starting basin:

  
Old method New method

Inflexion line

Starting ground state

Harmonic bassin
Saddle Saddle

Random push
 

eigenvector 

Smooth change 

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

arrows = forces

initial saddle final

0 0,5 1 1,5 2 2,5

3Nat dimensions path (Å)

0

0,2

0,4

0,6

0,8

1

E
ne
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(e
V

)

Lanczos
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sh

relax to final

small push

Perp. relax
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Lanczos: Why it works?
Lanczos → Hessian lowest eigenvalue without full Hessian

[H ]−dL = λ−d
mincminVmin +

3Nat∑
i=2

ciλ
−d
i Vi

= λ−d
min

cminVmin +
3Nat∑
i=2

ci

(
λi

λmin

)−d

Vi︸ ︷︷ ︸
−−−−→

d→+∞
0



⇒ lim
d→+∞

[H ]−dL →∼ Vmin

To get [H ]Li:

XLi = X + drLi−1

F(XLi) = −∇E (XLi)

[H ]Li = ∆FLi

= F(XLi )−F(X)
dr
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Lanczos: Algorithm
Pos X, normalized L1

α1 = L1HL1
L2=HL1-α1L1

βi = ||Li−1||

Li = Li/||Li||

αi = LiHLi

Li =HLi−1 − αi−1Li−1 − βi−1Li−2

Tii =



α1 β2 0 · · · 0
β2 α2 β3

. . . ...
0 β3 α3

. . . 0
... . . . . . . . . . βm
0 · · · 0 βm αm


→ λT ,min et VT,min

TEST: |λmini − λmini−1 < threshold

λmin = λT ,min
Vmin = VT,min

i=2

non

i=i+1

oui

Input

Initialize

Output

Vminunknown

L1=V1

⟨V
|L1 ⟩

L2

⟨V |L 2⟩

L3

⟨V
|L

3⟩

L4

⟨V
|L4 ⟩

V2

V3

V4

⟨V |L2 ⟩

⟨V |L3 ⟩

⟨V |L4 ⟩
L1L1=V1⟨V |L1⟩∼1

L2

⟨V |L 2⟩

L3

⟨V
|L

3⟩

L4

⟨V
|L4 ⟩
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Applications

Metastable defects : 4I Molecules : CH4→CH3+H

Surfaces : H2O on WO3 Interfaces : Si/SiO2
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Restrict dimensions

Reaction on Surfaces: User guess
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Restrict dimensions

Impose random conical direction
Al adatom on a surface

exchange

hopping

A. Jay LAAS-CNRS, France Finding Saddle Points on PES Application 23/54



Goals, definitions ARTn en bref Application Structure Install Lets play Conclusion

Restrict dimensions
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Implementation
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Free access to pART code and doc
https://gitlab.com/mammasmias/artn-plugin/
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Add plug to get SP: biased minimization
Force engine

X

eval F(X)

X = X− αF(X)

Xmin = X

YES

exit?NO

integrator = FIRE
X

eval F(X)

X = X− αF(X)

Xsad = X

YES

exit?NO

Modify F(X)
artn()

move mode()

integrator = no
X

eval F(X)

X = X

Xsad = X

YES

exit?NO

Modify X
artn step()

artn()

move mode()

fire step()

X=X+dX

Minimal modification of the force engine:
1 call to routine
1 flag for the compilation
1 include location of the library
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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-lmp.so
fix 10 all artn alpha0 0.2 dmax 5.0

min style fire
minimize 1e-4 1e-5 1000 10000

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 lmp mpi -in lammps.in

Execution:
mpirun -np 4 pw.x -partn < relax.in
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Install Force engines

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
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Free access to pART code and doc
https://gitlab.com/mammasmias/artn-plugin/
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Download pART

git clone https :// gitlab.com/mammasmias/artn -plugin/
cd artn -plugin
ll
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Fill compilers and paths
vi environment_variables

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 "libgfortran*"
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Compile artn library and caller routines

make clean
make lib

make lmplib

make patch -
qe
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Many examples for QE and LAMMPS

cd examples
ll
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Input files
cd Al -vac -EAM.LAMMPS.d/
ll

The empirical potential: AlO.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

A. Jay LAAS-CNRS, France Finding Saddle Points on PES Lets play 39/54



Goals, definitions ARTn en bref Application Structure Install Lets play Conclusion

Ouput files
./ run_example
ls -ltr

The initial structure and displacement: initp.xyz
The latest eigenvector: latest eigenvec.xyz
The target structures: sad1.xyz, min1.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
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Visualization
ovito initp.xyz sad1.xyz min*.xyz

Initial displ

Minimum 1

Saddle Point

Minimum 2
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Basic parameters, see documentation
vi artn.in

engine units : mandatory
verbose : 0/1/2/3
lpush 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
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Follow the path to SP
header

vi artn.out
ovito config.dmp

path details

A. Jay LAAS-CNRS, France Finding Saddle Points on PES Lets play 43/54



Goals, definitions ARTn en bref Application Structure Install Lets play Conclusion

See only the important information

grep DEBRIEF artn.out

grep "␣␣.step" artn.out
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Modify some parameters
mv artn.out artn.out_save
vi artn.in forc thr = 0.005

ninit = 1
nsmooth = 1
lanczos at min =.true.

run and see the difference
mpirun -mp 4 ../../../ mylammps/src/lmp_mpi
vimdiff artn.out artn.out_save
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Input files

cd ../Al-vacancy -QE.d/
ll

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
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Ouput files
./ run_example (30s on 4 cores)
ls -ltr

The initial structure and displacement: initp.xsf
The latest eigenvector: latest eigenvec.xsf
The target structures: sad1.xsf, min1.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

press Ok and All
Try to recognize:
push-perp relax-Lanczos
2 final relaxations from SP
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Understand artn.out (verbose=3)
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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 ∀ softwares in development (VASP, Abinit· · · )
Empirical potentials: good for harmonic areas, less good
for saddle points
→ Perfect for Machine Learning training
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When Not using ARTn
PES badly defined:

Not smooth empirical potentials
Many small minima→ increase Lanczos dr or refine SP
Flat energy surface: dissociation
Too small molecules: Lanczos is useless
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Questions time
Canada

Italy

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

Gunde et al., J. Chem. Phys. 23, 2024

France

Thank you for your attention

questions suggestions
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What is your favorite PES?

Smooth

DFT
slow explo, accurate

Unsmooth

Empirical potentials
fast explo, not accurate
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