Quantum Espresso code

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


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

Quantum Espresso code

 Different executables for different tasks in QEDIR/bin

 Documentation in QEDIR/Doc/INPUT _XX.txt

Code organization

* PW.X main code

* Pp.X data analysis

* ph.x phonons/electron-phonon coupling
* dos.x density of states

* bands.x plot band structure
* pwcond.x transmitance
* CP.X molecular dynamics

more tools avilable:
Xx-ray spectra, optics ,EELS, superconductivity,
magnetic resonance (NMR) etc..



Self-consistent lterative Solution
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I’Lﬁ(r)= Viue(r) + Vg (r) + Vye (r)

How to solve the
Kohn-Sham eqgns.
for a set of fixed
nuclear (ionic)
positions.

:

Hyy(r) = [-112V? + V()] wir) = & yilr)

No

!

Calculate new n(r) = Z,| y(r)|?

Self-consistent?

Problem solved! Can now calculate energy, forces, etc.




The input file for PWscf is structured in a number of NAMELISTS and
INPUT_CARDS.

&NAMELIST1 ... /
&NAMELIST2 ... /
&NAMELIST3 ... /

INPUT_CARD1

INPUT_CARD2



NAMELISTS are a standard input construct in fortran90.

The use of NAMELISTS allows to specify the value of an input variable
only when it is needed and to define default values for most variables
that then need not be specified. Variable can be inserted in any order.

&NAMELIST
needed_variable?2=XX, needed_variablel=X,

character_variablel=’a suitable string’

/
NAMELISTS are read in a specific order

NAMELISTS that are not required are ignored



INPUT_CARDS are specific of QuantumESPRESSO codes and are used
to provide input data that are always needed and would be boring
to specify with the variable_name=variable_value syntax used by

NAMELIST.

INPUT_CARDS require data in specific order (which may depend on
the situation and on the value of a card_format_specifier )

For instance:

INPUT_CARD  card_format_specifier
data(l,1) data(1,2) data(1,3)
data(2,1) data(2,2) data(2,3)
data(3,1) data(3,2) data(3,3)

Logically independent INPUT_CARDS can be given in any order



There are three mandatory NAMELISTS in PWscf:

&CONTROL

&SYSTEM

&ELECTRONS

input variables that control the flux of the
calculation and the amount of I/0 on disk and
on the screen.

input variables that specify the system under
study.

input variables that control the algorithms
used to reach the self-consistent solution of
KS equations for the electrons.



There are three mandatory INPUT_CARDS in PWscf

ATOMIC_SPECIES name, mass and pseudopotential used for
each atomic species present in the system

ATOMIC_POSITIONS type and coordinates of each atom in the
unit cell

K_POINTS coordinates and weights of the k-points
used for BZ integration



Typical input file

&control
prefix="silicon’,
pseudo_dir="/"
outdir = ./,

/

&system
ibrav= 2,
celldm(1) =10.2,
nat= 2,
ntyp= 1,
ecutwfc = 12.0,

/

&electrons

/

ATOMIC_SPECIES

Si 28.086 Si.dojo.UPF
ATOMIC _POSITIONS {crystal}
Si0.00 0.00 0.00

Si0.250.25 0.25

K_POINTS automatic
222000



Step 0O:
Defining the (periodic) system
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How to Specify the System

All periodic systems can be specified by a Bravais
Lattice and an atomic basis.
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How to Specity the Bravais Lattice / Unit Cell

- Gives the type of Bravais
— lattice (SC, BCC, Hex, etc.)

[

S N TR S
I

O T I S
[

- Give the lengths [&
- directions, if necessary] of
the lattice vectors a,. a,. a,

[

B N Sy e
I

R ol ol o A
[

S ST T SRreuy Sy Sty Ea.
I

* Note that one can choose a non-primitive unit cell
(e.g., 4 atom SC cell for FCC structure).
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Bravais Lattices: ibrav flag

https://en.wikipedia.org/wiki/Bravais_lattice

ibrav =1,3,2

ibrav =6, 7

ibrav =8, 9, 10, 11

ibrav =4, 5, -5

ibrav =12, -12, 13

ibrav =14

CUBIC

a=b=c

o= f=y=90°

TETRAGONAL

a=b=zc

o= p=y=90°

ORTHORHOMBIC

azbzc
o=p=vy=90°

HEXAGONAL
a=b=zc

o= [p=90"

v =120°

MONOCLINIC

arbzc
o= vy=90°
p=+120°

TRICLINIC

azrbzc
o pEy+90°

TRIGONAL
a=b=c P
o=p=y=+90°

4 Tylg)es of Unit Cell
= Primitive
I = Body-Centred
F = Face-Centred
= SideLCentred

+
7 Crystal Classes
— 14 Bravais Lattices




Atoms Within Unit Cell - How many, where?¢

Input parameter nat

- Number of atoms in the unit cell

Input parameter ntyp
L - ——— - Number of types of atoms

FIELD ATOMIC_POSITIONS

- Initial positions of atoms (may vary when “relax” done).
-Can choose to give in units of lattice vectors (“crystal”)
or in Cartesian units (“falat” or “bohr” or “angstrom”)
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Typical input file

&control
prefix="silicon’,
pseudo_dir="/"
outdir = ./,

/

&system
ibrav= 2,
celldm(1) =10.2,
nat= 2,
ntyp= 1,
ecutwfc = 12.0,

/

&electrons

/

ATOMIC_SPECIES

Si 28.086 Si.dojo.UPF
ATOMIC _POSITIONS {crystal}
Si0.00 0.00 0.00

Si0.250.25 0.25

K_POINTS automatic
222000



Plane Waves & Periodic Systems

® For a periodic system:
1 where G = reciprocal
W/ (1) = 5;%‘. lattice vector

® The plane waves that appear in this expansion can

be represented as a grid in k-space:
k

-

® Only true for periodic
systems that grid is
discrete.

k. ® Inprinciple, still need
infinite number of
plane waves.
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Truncating the Plane Wave Expansion

@ In practice, the contribution from higher Fourier
components (large k+Gl) is small.

® So truncate the expansion at some value of k+Gl.
@ Traditional to express this cut-off in energy units:

_..-

E=E.,

Input parameter ecutwfc
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Checking Convergence wrt ecutwic

Must always check.
Monotonic (variational).

Silicon: Convergence wit plane wave cutoff

15734 — —

-15.736

E 157 —
L+

15,74 — —

15 : 20 : 5 ' 30
LRl L
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Typical input file

&control
prefix="silicon’,
pseudo_dir="/"
outdir = ./,

/

&system
ibrav= 2,
celldm(1) =10.2,
nat= 2,
ntyp= 1,
ecutwfc = 12.0,

/

&electrons

/

ATOMIC_SPECIES

Si 28.086 Si.dojo.UPF
ATOMIC _POSITIONS {crystal}
Si0.00 0.00 0.00

Si0.250.25 0.25

K_POINTS automatic
222000



Pseudopotentials for Quantum Espresso - 1

Go to http://www.quantum-espresso.org; Click on “PSEUDO”

L)
1 O[ILIHHTLIHESPHESS[I
HOME PROJECT DWHAT CAN OE DO DOWMNLOAD :LEMA

QF WKl ZCONTACTS sOUDTE BLOGODS &

0 A bugfix release, v.4.2.1, of the Quantum
0O distribution iz available for download.

A0 MWy 2010
A new ver sion, v.4.2, of the
uantum ESPRESS0 distribution is
available for download. Zuantum ESPRESSO is an integrated suite of computer codes for electronic-

12 April 2010 struciure calculat ons and materials modeling at the nancscals 10is based on
[he Tinal bunglix release, v.4.1.3, of dansity-funchonal eary, plans waves, and pssudopoterials [Doth norm-conssndnn
e Quantum ESPRESSO distribution
is availahle for download. This
supersedes all previous 4.1.x
relgases.

and uftrasodt)

20 July Z0D@

The new release of the Duantum
SPRESS50 diztribulion is available
for downlnad (wersion 4.1

21 april 2008

he final bugfix releasa, v.4.0.5, of
the Quantum ESPRESS0
distributiom is available for
download. This supersedes all
previous 4.0.8 releases. What | cannat compute, | do not understand |sdapted {rom Richand P, Feynman
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Pseudopotentials for Quantum Espresso - 2

» Click on element for which pseudopotential wanted.

A

-
d[IIJHHTUH)EEPHEESU
HOME ::PROJECT =WHAT CAN QE DO =DOWHLOAD =:LEARN PSEUDGD = TOOLS =

OF WAKI CONMTACTS iQUOTE LOGOS

PSEUDOPOTENTIALS

“ Aboul

* Mot ps

Download the Al archive (~30ME)
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Pseudo-potentials of this tutorials
http:/lwww.pseudo-dojo.org/ (QE format is called UPF)

F.A.Q. Contribute Papers About

Select the flavor and format, then click "Download” [z 1

to get the complete table of pseudos or choose a 18 Hng
45

specific element. "HTML" gives full test results. 48 i

Type Accuracy
! .0
NC SR (ONCVPSP v0.4.1) stringent % ; o3 | he

114 1156 116 117 118
Fl Mc Lv Ts Og

Flerovium Moscovium | | Livermarium| | Tennessing Oganesson

108 109 110 111 112
Hs Mt Ds Rg Cn
Coper-

A e Darm- Roent- 3 :
Hassium Maitnerium siadtum genium  nicaET

66 na| |67 nal| (68 na)l |69 na| |70 na| (71 B
o DY ol |.o HO Er .| [..Tm Yb .,

&
2
B
2
8

64 na
Gd, | Tb

Gadolinium Terbasm

&

61 na| |62 na| |63
Nd,. | _Pm gt

e mal e m
nag, na| |na na
dymium

na 48
na ina na na nal (50 22
na 3B

Bag
b
)
FEE
D
3
]
FED
238
F]
2
FEE
858 M
]
FEE
e
238

Samarium ropium Dy=prosium

Meodymium Promathium

Lanthanum Carium




Elemen’r & V. for Quon’rum ESPRESSO

[on

-----

T = 4 ::l.-

. Should have same exchange corre a '|on unc ORaTtor
all pseudopotentials.

nixing beta = 0.7, conv_thr = 1.0
Y— / o — 00ps!
g ATOMIC_SPECIES __ .
Fe 55.85 Fe d-rrkjus.UPF
Co 58.93 Co d-rrkjus.UPF
ATOMIC_POSITIONS{crystal)
Max angular momentum in pseudopotentials
from readpp : error # 2 |
Output inconsistent DFT read
stopping ..J
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Typical input file

&control
prefix="silicon’,
pseudo_dir="/"
outdir = ./,

/

&system
ibrav= 2,
celldm(1) =10.2,
nat= 2,
ntyp= 1,
ecutwfc = 12.0,

/

&electrons

/

ATOMIC_SPECIES

Si 28.086 Si.dojo.UPF
ATOMIC _POSITIONS {crystal}
Si0.00 0.00 0.00

Si0.250.25 0.25

K_POINTS automatic
222000



First calculation:
Self-consistent calculation for Silicon
in the diamond structure

Espace de Travail: tutorials/Si_bulk/
or download from http://attaccalite.com/QE_ tutorial/

Unpack files: tar zxvf Si_bulk.tgz
cd Si_bulk/
gedit/xed/nano/vi/emacs Si.scf.in

Run calculations!!
pw.x -inp Si.scf.in > output_scf



Look the output file: check electrons, convergence, etc...

run pw.x code
prompt> espresso_dir/bin/pw.x < si.scf.in > si.scf.out

look at outdir and its content
prompt> ls /scratch/my_name/espresso

silicon.save silicon.wfc

examine output file and look how convergence proceeds
prompt> grep —e ’total energy’ -e estimate si.scf.out

total energy = -15.78385161 ryd
estimated scf accuracy < 0.06378063 ryd
-15.79407709 ryd

total energy

estimated scf accuracy < 0.00231243 ryd
total energy =  -15.79448017 ryd
estimated scf accuracy < 0.00006733 ryd
total energy =  -15.79449452 ryd
estimated scf accuracy < 0.00000619 ryd

! total energy -15.79449556 ryd
estimated scf accuracy < 0.00000006 ryd



First calculation:
Converge the total energy
with respect
to G-vectors and K-points

You can use ‘gnuplot’ or
‘xmgrace’

&control
prefix="silicon’,
pseudo_dir="/"
outdir ="./,

/

&system
ibrav= 2,
celldm(1) =10.2,
nat= 2,
ntyp= 1,

‘ ecutwfc = 12.0,
/

&electrons

/

ATOMIC_SPECIES

Si 28.086 Si.dojo.UPF
ATOMIC_POSITIONS {crystal}
Si 0.00 0.00 0.00

Si0.250.25 0.25

K_POINTS automatic

mm) 222000



Using Xcrysden to verify input/output

) C*#* ¥CrySDen - Fermi Surface: /home/tonefxzerys tmp/xc 8483 /RhBulkFoc . bxsf

Band#1 Band#2 pand#d |

=8%| & (HCrySDen: GaRsH.xusf

=8 File Display Modify

JRT
123456

Degree of
Interpolations

Submit

FERMI Energy: 083511 ‘Min Ene: 0626108 |Ma:|: Ene: 0.902851

Revert Sides |
Revert Mormals |

kolkevel: |0.83511
W CBARGraph

AdvGeom

& CBand Path Selection
Primitive Brillouin Zone I Conwentional Brillouin Zane |

Primitive Brillouin Zane

oL e|2 €| |

I (0.859928, -0.645455)

Eroperties  Tools Rotation+zoom

buttons mode:

Click-and-hold

Click-and-click

% | Rotation
3 Step:

]

1.400 T H T H T : T : T : T ; T T T

1.200F
1.000
0.800

0.600F -
E/Ry o

6 7 8 ] 10
Band Widths

= of Elements

Periodic Tahle of Elements |

e
5c|nofr[ne
Bl | [ x|
o ] i G ] 3 e
I o e
o 0 e 3] | o ] v ] ] 3|

XY Ranges | Set Tics | SetGridl Textl Margins | DOSl | PostScriptl Close

M Display Special Points | _i Display Reciprocal Vectars

Im Cancel




Using Xcrysden to verify input/output

e Visualization of structures from PW.X input file:
_xcrysden --pwl 1nput.file
e Visualization of structures from PW.X output file:

— xcrysden --pwo output.file



What can we do with the total
energy?

Structure optimization, phonons,
compressibility, phase transitions, binding
energy, etc...



Second calculation:
Optimal lattice parameter for Silicon

® Perhaps the most
important output
quantity is the TOTAL

Silicon

-15.71

ENERGY

® Can use, e.g., to
optimize structure

® e.g., for a cubic
crystal, where the
structure can be
specified by a single T

15373 —

etot (Ry)

-15.74 =

parameter (side of TR
cube):
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gconto Third calculation:
calculation=nscf Silicon band structure (Si.nscf.in)

prefix="silicon’,
pseudo_dir="/"

outdir =*./', .
o New calculation type

&system
ibrav= 2,
celldm(1) =10.2,
nat= 2,
ntyp= 1,
ecutwfc = 12.0,
nbnd=8

/

&electrons

/

ATOMIC_SPECIES

Si 28.086 Si.vbc.UPF Number Of bands
ATOMIC _POSITIONS {crystal}

Si 0.00 0.00 0.00

Si 0.250.250.25

K_POINTS crystal_b

3

0.50.50.520
0.00.00.0 20

0050510 “ k-points list using crystal b

(generate a path in k-space)




Bands plot

&bands

prefix ='silicon’ . :
outdir="/ bands.in file

filband = 'bands.dat’
/

Run bands.x
bands.x < bands.in > output_scf

Plot with gnuplot
gnuplot
gnhuplot> plot ‘bands.dat.gnu’ u 1:2 w |



4th calculation: data analysis

Charge density

&inputpp
prefix ='silicon’
outdir="/"
filplot = 'sicharge'
plot_ hum=0

/

&plot
iflag = 3
output_format =5
fileout = 'si.rho.xsf'

/

Run pp.x
pp.X < si.pp_rho.in > output_pp

Visualize with Xcrysden
xcrysden --xsf si.rho.xsf



Data Visualization with Xcrysden

Tools—> Data grid

=# File Display Modify

DataGrid

Block #0; dim = 3D
« |dentifier: 3D_PWSCF

L Sub-block #0
™ Identifier: DATAGRID_3D_UNKNOWN Multiply factor: |1.0

Cancel

Atoms Info Distance Angle

Dihedral

|
Tools  Help ' '
y

Translation
Step. [0-05

0.05

0.00 0.25 0.50

Rot -X

Rot -Y

Rot -Z

Rotation+zoom
buttons mode:

Discrete
Click-and-hold
Click-and-click

Rotation ,—
Step: L

Lighting:

Set Isolevel

[ . [
Isosurface/Property—plane Controls r
Isosurface Plane #1 Plane #2 Plane #3

v Display Isosurface

Degree of triCubic Spline:

Isosurface tessellation type:
* cubes tetrahedrons

Isosurface nermals type:

+ gradient triangles

Minimum grid value:
Maximum grid value:
Isovalue:

Render +/- isovalue

Expand Isosurface:
» do not expand

to whole structure
separately in each direction
repeat in X-dir:
1
1
repeat in Y-dir:
1
1
repeat in Z-dir:
1

1

Hide Close

]

Render isosurface as:
« solid wire dot

Isosurface's ShadeModel:
« smooth flat

Two-sided lighting:
+ off on

Transparency of isosurface:
~ off on

Revert (+) Sides

Revert (+) normals

Set COLOR parameters

Set TRANSPARENCY
parameters

Save Grid Submit




Structure optimization




The king of structure optimization

Among the highlights are the discovery of
the structure of a superhard phase of
boron, gamma-B, transparent phase of
sodium, new carbon allotrope, stability of
MgSiO3 post-perovskite in the Earth's
mantle, prediction and synthesis of
"forbidden" compounds (e.g., Na3Cl),
discovery of helium chemistry, and creation
of borophene - a 2D-monolayer of boron
atoms, with great promises for future
technologies

Artem Oano

https://en.wikipedia.org/wiki/Artem_R._Oganov see wiki for references.



Why you will not be as successful
as Artem Organov

Energy landscape
too complex

Activated

State

/ X State 1
\ {metastable)
TS / ot
K .
Artem Oganov o0 ol eod
https://en.wikipedia.org/wiki/Artem_R._Oganov ! ) : .

cis isomer Irans 1somer

Use UPEXI!


https://en.wikipedia.org/wiki/Artem_R._Oganov

Forces

® Need for geometry optimization and molecular dynamics.

® Could get as finite differences of total energy - too
expensive!

® Use force (Hellmann-Feynman) theorem:
- Want to calculate the force on ion I:

Fr= —ﬁ<‘I’|H|‘I’>

- Get three terms:

Fr = (U HL|0) — (FL|H|W) - (V]H|FE)

When |¥) is an eigenstate, H|¥) = E|¥)
-Substitute this...
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Forces (contd.)

® The force is now given by

F, = — (U2 |0) — B |0y — (|
. - IR, dR, dR,
OH )
= —(¥| |¥) - E W)
aR; 6R1 0

® Note that we can now calculate the force from a
calculation at ONE configuration alone — huge savings in
time.

® If the basis depends upon ionic positions (not true for
plane waves), would have extra terms = Pulay forces.

® |¥) should be exact eigenstate, i.e., scf well-converged!

Input parameter tprnfor
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An Quter Loop: lonic Relaxation

Vaue known/constructed
|
h 4

il guess i) / Inner SCF | oop
Generate Calculate V] & Vgl for electronic
o V)= e iterations
Move Hi) =L 127" + Vo] W) = & W)

Calculate new »(r) = % y(AP

lons

No
4 Self-consistent?

Yes

/ PrEBb@solved! Can now calculate energy, forceg.e‘f
Outer loop @
for ionic

iterations

Structure Optimized!
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Geometry Optimization With Forces

oy

Rt i R i e g S .
A e I S A B S it st -

® Especially useful for optimizing internal degrees of
freedom, surface relaxation, etc.

® Choice of algorithms for ionic relaxation, e.g., steepest
descent, BFGS.
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Structural relaxation

&control

Iculation= ‘relax’, .
e " % New calculation type

pseudo_dir="/"
outdir = /",

/

&system
ibrav= 2,
celldm(1) =10.2,
nat= 2,
ntyp= 1,
ecutwfc = 12.0,

/

&electrons

/ New namelist
&ons «

ions_dynamics="damp’ or ‘BFGS’
/
ATOMIC_SPECIES

Si 28.086 Si.vbc.UPF
ATOMIC_POSITIONS {crystal}

Si 0.00 0.00 0.00

Si0.250.250.25
K_POINTS automatic
222000

Optimization methods for finding minimum energy paths
J. Chem. Phys. 128, 134106 (2008)




/~ sbraccia@princeton.edu

Structural optimisation of an BEMDQE;B'TOS

acetylene (c,H,) molecule

vRun a fourth simulation to identify, with the BFGS algorithm, the
equilibrium geometry of the acetylene molecule:

prompt> pw.x < acetylene-BFGS.in > acetylene-BFGS.out

v Visualize the movie of the relaxation with xcrysden:

prompt> xcrysden —--pwo acetylene-BFGS.out




sbraccia@princeton.edu

c e . DEMOCRITOS
Sfl"l.IC'fl.lr'Gl Op'fl mISGflon: REmoctios ModeTng centerfor TNTM

convergence

-24.6 - e—e BFGS: bfgs_ndim = 1 —
+—¢ BFGS: bfgs_ndim =3
- A—aA damped dynamics (quick-min)

-24.94

-24.95

_24-96 1 I 1 | | I | I 1 I 1 | | | | I 1 I 1 | | I 1 I 1 I |
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

iterations




Graphene Oxide

e The first stage of graphene oxidation is the
formation of an epoxy bridge. Let us add an O
atom on a 3 x 3 supercell of graphene

 Input file for the 3x3 graphene: graphene3x3.in
* Input file for the oxygen: oxygen.in

* Put the oxygen on the graphene and relax the structure

— calculation=’relax’ for structural optimization, new namelist IONS
— ntyp=2 (2 types of atoms), nat=19 (19 atoms in the cell)

— ATOMIC_POSITION card with 19 initial positions (C-O distance ~ 1.5 A)
— ATOMIC_SPECIES card with 2 species of atoms and pseudopotentials

* Calculate the absorption energy
E _abs = E_tot—- E_graphene -E o



Data Visualization with Xcrysden

Tools—> Data grid

=# File Display Modify

DataGrid

Block #0; dim = 3D
« |dentifier: 3D_PWSCF

L Sub-block #0
™ Identifier: DATAGRID_3D_UNKNOWN Multiply factor: |1.0

Cancel

Atoms Info Distance Angle

Dihedral

|
Tools  Help ' '
y

Translation
Step. [0-05

0.05

0.00 0.25 0.50

Rot -X

Rot -Y

Rot -Z

Rotation+zoom
buttons mode:

Discrete
Click-and-hold
Click-and-click

Rotation ,—
Step: L

Lighting:

Set Isolevel

[ . [
Isosurface/Property—plane Controls r
Isosurface Plane #1 Plane #2 Plane #3

v Display Isosurface

Degree of triCubic Spline:

Isosurface tessellation type:
* cubes tetrahedrons

Isosurface nermals type:

+ gradient triangles

Minimum grid value:
Maximum grid value:
Isovalue:

Render +/- isovalue

Expand Isosurface:
» do not expand

to whole structure
separately in each direction
repeat in X-dir:
1
1
repeat in Y-dir:
1
1
repeat in Z-dir:
1

1

Hide Close

]

Render isosurface as:
« solid wire dot

Isosurface's ShadeModel:
« smooth flat

Two-sided lighting:
+ off on

Transparency of isosurface:
~ off on

Revert (+) Sides

Revert (+) normals

Set COLOR parameters

Set TRANSPARENCY
parameters

Save Grid Submit
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