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High Performance Computing (HPC)



Santos Dumont Supercomputer

Basic characteristics:
e Original machine in 2015: ~750 CPUs (~1.1 PFlops).

e Sequana expansion in 2019: ~280 CPUs + 100 GPUs (~1.8 Pflops).
e New expansion in early 2025: ~17 PFlops.



Basic HPC architecture

remote user access

login
nodes

shared data storage
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compute nodes

1 core

Basic components:
e Login node (a couple).
e Compute nodes (hundreds).
e Shared data storage.
e Communication network.

Compute nodes have several CPU cores which
share _memory. Intra-node communication (i.e.

between cores of a node) is fast.
Nodes are connected by network. Inter-node

communication (i.e. between different nodes) is
much slower.

See here for SDumont technical specifications.


https://sdumont.lncc.br/support_manual.php?pg=support#1

Parallelization in a nutshell

Serial programming Parallel programming
problem instructions
problem
instructions

N 3 2 t1

The calculations we will be doing require parallelization!




Parallelization in a nutshell

Shared-Memory Parallelism (Multithreading)

1 computer (node)

Computational tasks associated with the program being run are executed in parallel on different
1 process CPUs of the same node. These CPUs share memory, thus communication between tasks (threads)
is very fast. Most common method implementing this paradigm is OpenMP.

4 threads

~ each task runs
on one CPU-core

Distributed-Memory Parallelism (Multiprocessing)
3 computers (nodes)

Computational tasks are executed in parallel on

2 processes different nodes (and/or CPUs). These processes

do not share memory. This is good if we want to

spread computation over several nodes since

TR — communication between nodes is_slow. Most

UL common method implementing this paradigm is
MPI.

Accelerator Parallelism Takes advantage of extremely high parallelization efficiency of GPUs for very particular tasks (eg.
matrix multiplications). CPUs are different (they are fast serial general purpose processors).



Basic workflow on HPC systems
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HPC systems are multi-user machines. The basic
workflow for a user is:
1. Remote access (ssh) from your machine.
2. Work on login node (read, copy, move, etc.).
3. Submit “jobs” to a “scheduler” (i.e. requests
for allocation of resources for a time period) .
4.  The "scheduler” puts the “job” on the queue
waiting for resources to be available.
Once job starts you can check output files.

6. Use secure copy (scp) to move data in/from
HPC cluster.
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Speciticities of SDumont

Scheduler: SDumont’s scheduler is Slurm (more later). You can find its documentation here.

Queues: In this school we only have access to a couple queues with limited resources — see below.

Partition Share Priority| MaxJobs MaxTRES i MaxWall MaxTRESMins

sequana_gpu_dev cpu=192,node=4 00:20:00
sequana_cpu_dev cpu=192,node=4 00:20:00
nvidia dev cpu=96, node=4 00:20:00
cpu_dev cpu=96, node=4 00:20:00

Scratch: In SDumont jobs can’t be launched from your home folder at /scratch/efmc24/your_username. You
have to launch the jobs from your scracth folder /home/efmc24/your_username. The scratch is a location
where temporary large files are stored.


https://slurm.schedmd.com/documentation.html

(Very!) Basic Notions of DFT



COMPUTATIONAL MODELING OF MATERIALS:
Density Functional Theory
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COMPUTATIONAL MODELING OF MATERIALS:
Density Functional Theory
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PHYSICAL REVIEW VOLUME 136, NUMBER 3B 9 NOVEMEBR 1964

Inhomogeneous Electron Gas*

P. HOHENBERGT

C he m I ST ry Ecole N o;'male Superieure, Paris, France
AND
] 998 W. Konnt

Fcole Normale Superieure, Paris, France and Faculté des Sciences, Orsay, France
and
University of California at San Diego, La Jolla, California
(Received 18 June 1964)

This paper deals with the ground state of an interacting electron gas in an external potential v(r). It is
proved that there exists a universal functional of the density, F[#(r)], independent of v(r), such that the ex-
pression E= [v(r)n(r)dr+F[»(r) ] has as its minimum value the correct ground-state energy associated with
o(r). The functional F[#u(r)7 is then discussed for two situations: (1) n(r)=no+7(r). #/na<<1. and

PHYSICAL REVIEW VOLUME 140, NUMBER 4A 15 NOVEMBER 1965

Self-Consistent Equations Including Exchange and Correlation Effects*

W. KonN anp L. J. SmAaM
University of California, San Diego, La Jolla, California

Wa | ter Ko h n (Received 21 June 1965)

From a theory of Hohenberg and Kohn, approximation methods for treating an inhomogeneous system
of interacting electrons are developed. These methods are exact for systems of slowly varying or high density.
TFor the ground state, they lead to self-consistent equations analogous to the Hartree and Hartree-Fock
equations, respectively. In these equations the exchange and correlation portions of the chemical potential
of a uniform electron gas appear as additional effective potentials. (The exchange portion of our effective




Hohenberg-Kohn Theorems

| The external potential v(r), and hence the total energy, is a unique

functional of the electron density.

;;} Chemistry
e 1998

Il.  The ground state energy can be obtained variationally: the density
that minimizes the total energy is the exact ground state density.

Eyln] = Tn] +Uln] +/ d>rn(r)v(r)
0(6) = (5) = 5 ()

= Kohn-Sham formulation:
Walter Kohn Map the interacting many-body system to an independent parficle system.

The ground-state density of any interacting system can be reproduced by
a non-interacting system.
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A densidade eletrénica py(r) do estado fundamental de um sistema de muitos elé-

Ho ¥V o(r1, 73, ..., TN) = EqVa(r, 72, ..., TN)

HK-I

trons na presenga de um potencial externo v(r;) determina unicamente este poten-

cial.
Elp] = Te[p] + Veelp] + Venlp]
p(7) = 3 1 (M) i(7)

H K ’ ’ A densidade que minimiza a energia total do sistema e fornece a energia do estado

fundamental E é justamente a densidade py do estado fundamental

| p(7) 0E.[p]
[—§v2 + I/eff('_")] ¢i(F) = eapi(7)  Veff = |7 =1 |d + Veatlp] + —5 = op

Initial Guess
p(r)

Y
Calculate Effective Potential

Verr(t) = Ven () + [ l;iL':)ldr’ + Vielp(m)]

Y
Solve Kohn-Sham Equations

[—mvz + Vet Wi =€i Wi

Y

Evaluate the Electron Density & Total Energy
PO =%;lyimP? — Elp®]=...

Converged?

Output Quantities
po(r), Ei[po(r)] — Forces, Eigenvalues, ...
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Table 1| An overview of selected materials properties that can be obtained from DFT gr

Materials properties

REVIEW ARTICLE | INSIGHT

https://dol.org/10.1038/541563-021-01013-3

nature

materials

M) Check for updates.

Electronic-structure methods for materials design

Nicola Marzari®'®, Andrea Ferretti®®2 and Chris Wolverton ®3

The accuracy and efficiency of el

thods to und

d, predict and design the properties of materials has

ization and

driven a new paradigm in research. Si
et t R

RN Auiiinm bes

can greatly

the identification, ch

fe bl - L

e b

vy

Models and theories

Atomic and cell geometries at fixed
volume or pressure™'®

Hellmann-Feynman theorem

Zero-temperature stability'**: formation Equations of state (Murnaghan, Birch, ...), convex hulls,

energies, elastic constants, defects
concentrations™

Chemistry and reactivity®*®, surface
science®

Phonon dispersions and
thermomechanical properties®,
thermal and electrical transport®,
superconductivity'®

Dielectric'®, magnetic'” and topological
properties'”, ferroelectrics™ and
multiferroics™’

self-consistent chemical potentials

Potential-energy surfaces, transition-state theory,
volcano plots, kinetic Monte Carlo, rate equations,
conical intersections, Marcus theory, Franck-Condon
principle

Linear-response theory, quasi-harmonic approximation,
Griineisen parameters, Boltzmann transport equation,
equilibrium/non-equilibrium Green's functions,
Allen-Dynes formula, Migdal-Eliashberg equations,
superconducting DFT

Linear-response theory, modern theory of polarization
and of magnetization, electric enthalpy, model
Hamiltonians, topological invariants

Magnetic phases*, magnetic anisotropy,
spin waves™, skyrmions®®

Thermodynamic ensembles™*";
finite-temperature properties and
Helmbholtz or Gibbs free energies”,
transport coefficients'®

Thermodynamic ensembles®/730570;
composition, chemical potential, partial
pressure

Electrochemistry®*, pH*, operando
studies

Macroscopic mechanical properties'**"°
(strength, fracture, and plasticity), soft
matter, biomolecules

Microscopies”: STM, AFM, TEM

Spin Hamiltonians (Ising, Heisenberg, Dzyaloshinskii-
Moriya), paramagnetism as ensemble average

Molecular dynamics, Monte Carlo, thermodynamic
integration, metadynamics, path-integral molecular
dynamics, Green-Kubo relations

Lattice Hamiltonians, Monte Carlo, mean-field
approximation, cluster variation method, model
entropies, special quasirandom structures

Grand-canonical simulations for electrons and ions,
embedding, double-layer and diffuse-layer models

Multiscale simulations, QM-MM, dislocation dynamics,
effective volumes

Tersoff-Hamann model, electron scattering



Getting started



Getting started: Terminal

" lidia@lidia: ~/Dropbox/UFPE/EFMC2024/HandsOn_Calculations/Pseudos

lidia@lidia: ~/Dropbox/... lidia.gomes3@sdumont... lidia.gomes2@sdumont... lidia@lidia: ~/Dropbox/... lidia@lidia: ~/Dropbox/...

s [




=> Basic Unix Commands:

http://www.tech-fag.com/basic-unix-commands.html

Getting started

Unix Command

Is
cp
rm

which
diff

Vi

pwd
cd

mkdir
rmdir

alias

Description
List directory contents
Copy files
Remove directory entries
Locate a program file in the user’s path
Find differences between two files
Text editor
Move and rename files
Print working directory name
Change working directory
Make a file link
Make directories
Remove directories

Create a command alias


http://www.tech-faq.com/basic-unix-commands.html

Getting started: VPN

= On your linux machine edit the file sdumont.conf with your information:

>> sudo nano /etc/vpnc/sdumont.conf

IPSec gateway 146.134.0.14
IPSec ID sdumont

IPSec secret !S#Sduf@mon!T321
Xauth username your username

- Connecting to the VPN (Virtual Private Network)

>> sudo vpnc-connect /etc/vpnc/sdumont.conf --enable-weak-encryption
>> Enter password for login@l46.134.0.14:
>> VPNC started in background (pid: ###) ...



Getting started: SDumont

Log in to SDummont:

>> ssh your username@login.sdumont.lncc.br
>> password:

Go to your scratch area:

>> cd /scratch/efmc24/your username

Copy files to you user area:

>> ¢p -r /scratch/efmc24/HandsOn Material/dayl
>> cd dayl

>> 18


mailto:your_username@login.sdumont.lncc.br

Getting Started

= Copy slides to your local machine:

">> SCp -r Vour_username@loqin.sdumont.lncc.br:/scratch/
efmc24 /HandsOn Material/dayl/*pdf

>> module load python/3.9.12
>> pip install pandas

>> pip install matplotlib

>> pip install phonopy==2.11.0

>> plip 1install DFTtoolbox


mailto:your_username@login.sdumont.lncc.br

Getting started

-> SLURM (Simple Linux Utility for Resource Management) commands:

SLURM Sample command syntax Meaning
comman
d

scancel scancel <j0bid> Cancel a job. scancel can also be used to kill job arrays or job steps.
sacct sacct 'j <jObid> Check job accounting data. Running sacct is most useful for completed jobs.
scontrol scontrol show JOb <jobid> Look at a running job in detail. For more information about the job, add the -dd parameter.
scontrol scontrol hold <jobid> Pause a job
scontrol scontrol release <jobid> Release a held job (allow it to run)
sinfo sinfo See node and partition information. Use the -N parameter to see information per node.
srun srun --pty -t 0-0:5:0 -p interactive /bin/bash Start an interactive session for five minutes in the interactive queue.
sbatch sbatch <jobscript> Submit a batch job.
squeue squeue -u <userid> View status of your jobs in the queue. Only non-completed jobs will be shown.

https://wiki.rc.nms.harvard.edu/display/O2/Using+Slurm-+Basic



https://wiki.rc.hms.harvard.edu/display/O2/Using+Slurm+Basic
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DFT: Structural Optimization
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DFT: Many codes available!

i ~7 acomputational tool

> ': for solid state
( O -»:: chemistry and physics
'RYSTAL

octopus QUANTUMESPRESSD
ONETEP

GPRW!
&CASTEP x
Ry

siesta

https://en.wikipedia.org/wiki/List _of _quantum_chemistry_and_solid-state_physics_software



https://en.wikipedia.org/wiki/List_of_quantum_chemistry_and_solid-state_physics_software

f {/)UURNTUMESPRESSE

What can QE do?

Ground-state calculations.

\Z

Structural Optimization.

Molecular dynamics.

Potential energy surfaces.

Electrochemistry and special boundary conditions.
Response properties (DFPT).

Spectroscopic properties.

Quantum Transport.

S 200 Z0NK 8 N N

and more... http://www.quantfum-espresso.org/


http://www.quantum-espresso.org/

Today's goals

1. Familiarize with QE input/output main files.

. Define the crystal structure structure of Yin,,
2. Perform a simple self-consistent field (scf) calculation.
3. Compute lattice parameters of Yin,

4. Perform structural optimization of Yin,

Extra (DIY!) -=> Basic (but fundamental') total energy convergence tests:
- k-grid.
w  Energy cufoff.
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&CONTROL

Input data
&SYSTEM
/
&ELECTRONS
/
Input data format: [ &IONS
4 d
{ } = optional
[ &CELL
] = it depends /1

ATOMIC_ SPECIES
X Mass X PseudoPot X
Y Mass Y PseudoPot Y
Z Mass Z PseudoPot Z

X 0.0 0.0 0.0 {if pos(1l) if pos(2) if pos(3)}
Y 0.5 0.0 0.0
Z 0.0 0.2 0.2

K POINTS { tpiba | automatic | crystal | gamma | tpiba b | crystal b | tpiba ¢ | crystal c }
if (gamma)
nothing to read
if (automatic)
nkl, nk2, nk3, k1, k2, k3
if (not automatic)
nks
xk x, xk y, xk z, wk

[ CELL PARAMETERS { alat | bohr | angstrom }
vl(1l) v1(2) v1(3)

e s e @ : o @ w4



Quantum Espresso: Manual

Input File Description

Program: pw.x / PWscf / Quantum Espresso (version: 6.4)

TABLE OF CONTENTS
INTRODUCTION
&CONTROL

calculation | title | verbosity | restart mode | wf_collect | nstep | iprint | tstress | tprnfor | dt | outdir | wfcdir |

leffield | nberrycyc | lorbm | Iberry | gdir | nppstr | lfcpopt | gate
&SYSTEM

nosym | nosym_evc | noinv | no_t_rev | force_symmorphic | use_all_frac | occupations |
one_atom_occupations | starting_spin_angle | degauss | smearing | nspin | noncolin | ecfixed | gcutz |
g2sigma | input_dft | exx_fraction | screening_parameter | exxdiv_treatment | x_gamma_extrapolation |

mamtbhiaid L mmud | mmuD | mmsD | laaalizmatine dhel Ida wliia ool lda whiia o0 Limd | Likbkaed 11 Likbkaed 100

https://www.quantum-espresso.org/Doc/INPUT _PW.html



https://www.quantum-espresso.org/Doc/INPUT_PW.html

YIn3




Xcrysden

On the terminal of your machine:

>> mkdir efmc24

>> SCp -Tr

your username@login.sdumont.lncc.br:/
scratch/your username/dayl/

>> cd dayl/1 scf

>> xcrysden &

0 File Display Modify Tools Help

XCrySDen: YIn3.xsf 2 (@ &

‘ Rot +Y || Rot-Y

| Rot +Z || Rot-Z

Rotation+zoom |
buttons mode:

Discrete
Click-and-hold
Click-and-click

Rotation

Step: [10

F

Atoms Info | Distance | Angle | Dihedral _““—'\"_’ QF Reload || I Maxinit|




A simple input file: Yin,,

&CONTROL
calculation = 'scf! ATOMIC SPECIES
outdir = './! Y 88.90 Y.pbe-spn-kjpaw psl.l1.0.0.UPF
prefix = 'yin3' In 114.82 In.pbe-dn-kjpaw psl.1.0.0.UPF
pseudo dir =
'/scratch/efmc2024/HandsOn Material/Pseudos/' ATOMIC POSITIONS crystal
/ Y 0.00 0.00 0.00
&SYSTEM In 0.50 0.50 0.00
ecutwfc = 90 In 0.50 0.00 0.50
ibrav = 0 In 0.00 0.50 0.50
nat = 4
ntyp = 2 CELL PARAMETERS angstrom
/ 4.6256 0.0000 0.0000
&ELECTRONS 0.0000 4.6256 0.0000
/ 0.0000 0.0000 4.6256
&IONS
/
&CELL K POINTS automatic

/ 222000



A simple input file: Yin,,

" &CONTROL
Describes the task to be performed. ° calculation = 'scf'
outdir = './!
Prepended to input/output filenames: - prefix = 'ypb3'
prefix.wfc, prefix.rho, etc. . pseudo dir = '/scratch/efmc2024/HandsOn Material/Pseudos/’'
/
Directory containing pseudopotential and (&SYSTEM
output files . ecutwic = 90
' ibrav = 0
nat = 4
Crystal structure information. . ntyp = 2
/
-&ELECTRONS
-/
.&IONS
/
"&CELL
-/




4
E&ELECTRONS
e

.&IONS

5/

"&CELL

-/

.ATOMIC SPECIES
.In 114.82 In.pbe-dn-kjpaw psl.1.0.0.UPF
Y 88.90585 Y.rel-pbe-spn-kjpaw psl.1.0.0.UPF

Crystal structure information.

'ATOMIC POSITIONS crystal
Y 0.00 0.00 0.00
‘In 0.50 0.50 0.00
‘In  0.50 0.00 0.50
‘In 0.00 0.50 0.50

:CELL_PARAMETERS angstrom

4.6256 0.0000 0.0000
0.0000 4.6256 0.0000
0.0000 0.0000 4.6256

K-points grid. 'K_POINTS automatic

10 10 10 0 0 O



Pseudopotentials

replacing inner electrons
with pseudopotential

all electron
wavefunction

A
I

all electron
potential

>

pseudo
wavefunction

. pseudopotential

TeutoFr

https://commons.wikimedia.org/wiki/File:Pseudopotential.png



Materials' Structure

Where can we find structural information of materials?

FIZ Karlsruhe | Contact
* ICSD Welcome to ICSD Web. IP authenticated (130.126.255.185). Univ of lllinois

Login Basic Search & Retrieve @ Search Action

e bilbao crystallographic server

Publication
Search Summary
Login Personalized Title of Journal Basic Search:
Lost Personalize iy of Article Contact us About us Publications How to cite the server
password? account

Query History

Number of queries: 0
Chemist
Content Selection ] v —— Space-group symmetry
Composition Periodic Table umoer of Clear Query History
v Experim. inorganic structures Elements

Experim. metal-organic str.

http://www2 fiz-karlsruhe.de/icsd_web.html http://www.cryst.ehu.es/

Home  About v Documentation ~ APl D Tutorials @ Dashboard 2,

AFLOW

Explore Materials Advanced Search Syntax

7H Q by Elements ~ | Na-0 2He 4 x -

=g — Automatic - FLOW for Materials Discovery
Li Be B C N O F Ne

Na Mg Al si P S Cl Ar B

2 2 2 5
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

http://aflowlib.org/

https://materialsproject.ora/



http://www2.fiz-karlsruhe.de/icsd_web.html
https://materialsproject.org/
http://www.cryst.ehu.es/
http://aflowlib.org/

Today's goals

. Familiarize with QE input/output main files.

. Define the crystal structure structure of Yin,.
2. Perform a simple self-consistent field (scf) calculation.
3. Compute lattice parameters of Yin,

4. Perform structural optimization of Yin,

Extra (DIY!) = Basic (but fundamental!) total energy convergence fests:
= k-grid.
=  Energy cufoff.
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Ciclo auto-consistente
(scf - self-consistent field)

Initial Guess
p(r)

e : Y
p(r) = Zl\ o; (7)o (1) Calculate Effective Potential

Ver(®) = Ven (1) + [ 5 dY + Vi [p(0)]

A
Solve Kohn-Sham Equations

A ~ F V4 vei| Vi=€i i
|:—§V2 i I/eff(f)] ¢i(7) = €ii(T) == 2t v wi=eiw

Y

Evaluate the Electron Density & Total Energy
p) =L; |y = Ealp®]=...

1 AE) - 3 Eze[p]

A E — (1 E ex -
Vell =3 |7 = 7| 7+ Veatlp] + op

Converged?

Output Quantities
po(r), Ej[po(r)] — Forces, Eigenvalues, ...




Self-Consistent Field (scf) calculation: YIn,

* &CONTROL
calculation = 'scf'!
_ . outdir = './!
This is what you need: refix - 'yin3'
pseudo dir =
] hﬁpquHe "'/scratch/efmc2024/HandsOn_Material/Pseudos/'
. g
scf.in .&SYSTEM
. ecutwfc = 90
ibrav = 0
. . nat = 4
2. Pseudopotential files ! ntyp = 2
In.pbe-dn-kjpaw psl.1.0.0.UPF :/
Y.rel-pbe-spn-kjpaw psl.1.0.0.UPF :?ELECTRONS
"&IONS
-/
3. Submission script ;?CELL

sub.srm :
"ATOMIC SPECIES
Y 88.90 Y.pbe-spn-kjpaw psl.1.0.0.UPF
-In 114.82 1In.pbe-dn-kjpaw psl.1.0.0.UPF



Pseudopotentials

https://pseudopotentials.quantum-espresso.org/legacy _tables

QUANTUMESPRESSD

HOME PROJECT DOWNLOAD RESOURCES PSEUDOPOTENTIALS CONTACTS NEWS &EVENTS

PSEUDOPOTENTIALS

More about pseudopotentials

SSSP on Materials Cloud

Pseudo DoJo

ONCYV Potentials

PSlibrary table

Original QE PP table
Hartwigesen-Goedecker-Hutter PP table
Old FHI PP table

PSLIBRARY

Ready-to-use pseudopotentials from PSlibrary (recommended). For other ready-to-use tables,
follow the links of the menu at the left. For more info, see here.

Elements for which at least a pseudopotential is available will appear in red in the periodic table.
Click on the element entry and follow the link to access the pseudopotentials and a minimal
description of their characteristics.


https://pseudopotentials.quantum-espresso.org/legacy_tables

Pseudopotentials

http://www.quantum-espresso.org/pseudopotentials

http://www.pseudo-dojo.org/

https.//www.materialscloud.org/discover/sssp/table/efficiency #0

http://theossrvl.epfl.ch/Main/Pseudopotentials



http://www.quantum-espresso.org/pseudopotentials
http://www.pseudo-dojo.org/
https://www.materialscloud.org/discover/sssp/table/efficiency#0
http://theossrv1.epfl.ch/Main/Pseudopotentials

scf calculation: Yln3.

->> tail scf.out
PWSCF : 0.06s CPU 0.28s WALL

This run was terminated on: 18:54:28 TMay2019

Take your time to have a look at which files were produced after the calculation have finished.

Let's get used to the main output file.



scf calculation: Yln3.

6. Checking some important information:

a.  Convergence on energy:

>> grep “total energy” scf.out

total energy = -1515.04651972 Ry
total energy = -1515.04673690 Ry
total energy = -1515.04677887 Ry
total energy = -1515.04682267 Ry
o1 total energy = -1515.04682360 Ry

b.  Final total energy:

.>> grep ! scf.out

1 total energy = -1515.04682360 Ry



scf calculation: Yln3.

c.  scf accuracy:

>> grep “accuracy” scf.out

estimated scf accuracy < 0.06489762 Ry
0.00246557 Ry
0.00005617 Ry
0.00000053 Ry

estimated scf accuracy

estimated scf accuracy

AN NN

estimated scf accuracy

7. Inside the yin3.save directory:

a. Charge density file: charge-density.dat
b. Wave functions file: wfcl.dat and wfc2.dat (one for each k-point).

c. Info from PAW pseudopotentials: paw.txt.



Today's goals

I, Familiarize with QE input/output main files.

. Define the crystal structure structure of Yin,.
2. Perform a simple self-consistent field (scf) calculation.
3. Compute lattice parameters of Yin,

4. Perform structural optimization of Yin,

Extra (DIY!) = Basic (but fundamental!) total energy convergence tests:
= k-grid.
w  Energy cufoff.
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Equilibrium lattice parameter: Yin,

. &CONTROL

* calculation = 'relax'
etot conv thr 6.0000000000d4-05
forc conv_thr 1.0000000000d-04
outdir = './"
prefix = 'yin3!
pseudo dir =

' /scratch/efmc24/HandsOn Material/Pseudos/' .

-/

tprnfor = .true.

tstress = .true.

verbosity = 'high!
"&SYSTEM

degauss = 0.02

ecutwfc = 100

ibrav = 0

celldm(1l)= 17.489400 (ema.u.)!
nat = 4

-/

ntyp = 2
occupations = 'smearing'
smearing = 'gauss'
-&ELECTRONS
. conv _thr = 1.d4-06

electron maxstep = 80

'ATOMIC POSITIONS (crystal)

*K_POINTS automatic
-10 10 10 0 0 O

* &IONS

-/

"&CELL

-/

"ATOMIC SPECIES

‘Y 88.90 Y.pbe-spn-kjpaw psl.1.0.0.UPF
.In 114.82 In.pbe-dn-kjpaw psl.1.0.0.UPF

Y 0.0000000000 0.0000000000

‘In 0.5000000000 0.5000000000

‘In  0.5000000000 0.0000000000

‘In 0.0000000000 0.5000000000

-CELL_PARAMETERS alat

] 0.5000000000 0.0000000000
0.0000000000 0.5000000000
0.0000000000 0.0000000000

0.0000000000
0.0000000000
0.5000000000
0.5000000000

0.0000000000
0.0000000000
0.5000000000



Equilibrium lattice parameter

1. Go to the working directory
>> cd 2.1 lattice

2. Change the crystallographic constant value at the relax.in file:

celldm(l) = 19.0

>> sbatch sub.srm

3. What will happen to the energy? It will increase or decrease? Why?

>> grep ! relax.out

! total energy = -1514.9933 Ry



Equilibrium lattice parameter

1. Go to the working directory

>> cd 2.1 lattice

2. Change the crystallographic constant value at the relax.in file:

celldm(l) = 19.0

>> sbatch sub.srm

3. What will happen to the energy? It will increase or decrease? Why?

>> grep ! out

— Energy increases!
! total energy = -1514.9933 R

celldm(l) = 17.4894 Ry -1515.0468 Ry



Equilibrium lattice parameter

Do the same for many different values of celldm(l):
>> cd 2.2 lattice

celldm(1) 0.80*celldm (1),
celldm(1) 0.85*celldm (1)

. ? Changing the lattice vector to values
celldm(1) 0.90*celldm(1), varying from the original
celldm(1) celldm(),=10.2.
celldm(1) 1.25*celldm (1),
celldm(1) 1.30*celldm (1),

, _ , Ps: scripts are always helpful
Alternatively, just use the script: )

>> python ge run etotXcelldm.py



Equilibrium lattice parameter

Yins

3. Plot the total energies as a function of celldm(l): 20585 A
>> thon3 get etot X celldm. <

PY get_etot A PY 2 20590 -
>> python3 plot two columns.py N
>

& —20595 -
|-
c

S —20600 1

g ~20605 -
l_

~20610 A

3j5 4j0 4.I5 510 515 6j0
lattice parameter (A)
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Full structural optimization

Go to the working directory

E>> sbatch celldm 0.75/sub.srm

.>> sbatch celldm 1.15/sub.srm

Yins

4:0 4:5 5i0 5:5 610
lattice parameter (4)



Full structural optimization

6. Compare the final lattice parameters:

>> grep -Al0 Begin celldm 0.75/relax.out

>> grep -Al2 Begin celldm 1.15/relax.out

What is happening?



Total Energy (eV)

Full structural optimization

Yins

—20585 A
—20590 -
—20595 -
—20600 -

—20605 -

—20610 ﬂ/
Co

55 40 45 50 55 dO
lattice parameter (4)
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Today's goals

I, Familiarize with QE input/output main files.

. Define the crystal structure structure of Yin,
2. Perform a simple self-consistent field (scf) calculation.
3. Compute lattice parameters of Yin,

4. Perform structural optimization of Yin,

Extra (DIY!) = Basic (but fundamental!) total energy convergence tests:
= k-grid.
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Convergence test: k-points and ecutwfc

Go to the working directory

>> cd dayl/reference/0_conv_kgrid-ecut

>> python ge conv-ENCUT+KPOINTS.py

">> python ge get etot kpoints ecut.py

S>> python ge plot etot kpoints ecut.py



Convergence test: k-points and ecutwfc

—2.061e4 —2.061e4

—2.7 - —e— 40.0 —2.7 1 —e— 222
S 238- S —2.8- o 444
L 3 —e— 666
> —2.9 A > —2.9 - —e— 888

101010

| - | -
Q —30 ] O _30 .
- C
L —3.1 - L —3.1 ~
g ~3.2 1 % ~3.2
= =

—3.3 1 —3.3 1

0 200 40 60 80 40 60 80 100

# of kpoints Ecutwfc



Convergence test I: k-points

Choice of the k-point mesh:

L Periodic systems: infegrals in real space over the (infinitely

extended) system are replaced by integrals over the (finite) first
Brillouin zone in reciprocal space, by virtue of Bloch's theorem.

L Such integrals are performed by summing the function values of

the integrand (for instance: the charge density) at a finite number
of points in the Brillouin zone, called the k-point mesh.

L Choosing a sufficiently dense mesh of integration points is crucial
for the convergence of the results, and is therefore one of the
major objectives when performing convergence tests.

D%O

Intergal approximated as 10 rectangular areas of width dx=0.1

Integral as sum or rectangular areas

MMWOZ

%0

Fig. 2 The integral approximated as the sum of 100 rectan;

gular area elements



Convergence test I: k-points

“&control
prefix='silicon’',
calculation = 'scf',

pseudo _dir = ‘/APS-workshop/handson/pseudos'’
outdir='./"

TS automatic
: kl k2 k3 1

Variables k1, k2 and k3.



Convergence test I: k-points

You have to do the same k-grid convergence test with respect to EVERY property that
you want fo calculate:

For semiconductors, usually converged

» Total energy with a coarse k-mesh (4x4x4, 6x6x6).

v

DOS

Usually converged with a finer k-mesh

» Magnetic mo (10x10x10 and above).

» Others



Convergence test 2: Energy Cutoff

&control
prefix='silicon’',
calculation = 'scf’',
pseudo _dir = '/APS-workshop/handson/pseudos’
outdir="'./"
/
&system

ibrav= 0
celldm(1l) = 10.2

nat= 2 ecutwfc REAL

ntyp= 1 Status: REQUIRED

ecutwfc = 40 kinetic energy cutoff (Ry) for wavefunctions
/
&electrons
/

CELL_PARAMETERS alat
-0.500000 0.000000 0.500000
0.000000 0.500000 0.500000
-0.500000 0.500000 0.000000

ATOMIC_ SPECIES

Si 28.086 Si.pbe-n-kjpaw psl.0.1l.UPF
ATOMIC POSITIONS alat

Si 0.00 0.00 0.00

Si 0.25 0.25 0.25

K_POINTS automatic
222111



Convergence test 2: Energy Cutoff

&control
1. |ﬂpUT file conv. in: prefix='silicon',
calculation = 'scf',
pseudo dir = '/APS-workshop/handson/pseudos’
outdir="'./"
/
&system
ibrav= 0
celldm(l) = 10.2
nat= 2
ntyp= 1 Pe—
Variable ECUTWFC. — @9
- -
&electrons
/

CELL PARAMETERS alat
-0.500000 0.000000 0.500000
0.000000 0.500000 0.500000
-0.500000 0.500000 0.000000

ATOMIC SPECIES
Si 28.086 Si.pbe-n-kjpaw psl.0.l1l.UPF



More Convergence tests

As in the determination of the ground state of any system we need to check that the results are
converged with respect to several fechnical parameters:

L The completeness of the plane wave expansion (parameters ecutwfc and ecutrho in
&system);

L The completeness of the Brillouin zone sampling (K_POINTS card);
L The possibility of magnetism in the system;

L The convergence threshold in structural optimization (etot_conv_thr, forc_conv_thr)



See you fomorrow!



Extra



Plane Waves & Periodic Systems

® For a periodic system:

1 where G = reciprocal
=g, lattice vector

® The plane waves that appear in this expansion can
be represented as a grid in k-space:

@ Only true for periodic
systems that grid is
discrete.

k ® In principle, still need
infinite number of
plane waves.

Shobhana Narasimhan, JNCASR

Cut-off Energy

Each of the Fourier basis functions e’G* represents a
plane-wave travelling in space, perpendicular to the vector
G.

There are an infinite number of allowed G, but the
coefficients cgx become smaller and smaller as |G|
becomes larger and larger.

We define a cut-off energy £ = /2 |G|2 and only include
plane-waves with energies less than this cut-off. e o e e e



Getting Started

- Editing packages:
S>> nano /prj/efmc24/lidia.gomes3/.local/lib/python3.9/site-packages/DFTtoolbox/postproc.py

np.int - int

np.float - float



