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-=> your account is up and running?
- key Is requested?

- add to your .bashrc

export MODULEPATH=$VSC_DATA VO/vsc40201/modules:$MODULEPATH

->move to raichu:
module swap cluster/raichu

—->Load HIVE toolbox:
module load HIVE
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~

/\/ASP IS a package for performing ab-initio quantum-mechanical molecular
dynamics (MD) using pseudo-potentials and a plane wave basis set. Both
LDA and GGA potentials/functionals are available. This code can be used to
obtain electronic and structural properties of small atomic systems (roughly
\up to 100-200 atoms). -

1) Periodic boundary conditions
(g Good for bulk materials
(=not so good for isolated systems i.e. molecules)

@ |ldeal for Plane wave basis-sets
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~

/\/ASP IS a package for performing ab-initio quantum-mechanical molecular
dynamics (MD) using pseudo-potentials and a plane wave basis set. Both
LDA and GGA potentials/functionals are available. This code can be used to
obtain electronic and structural properties of small atomic systems (roughly
\up to 100-200 atoms). -

2) Pseudo-potentials

@ To make life easier with the plane waves

@ Different flavors: LDA, GGA, hybrid (> v5)
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~

/\/ASP IS a package for performing ab-initio quantum-mechanical molecular
dynamics (MD) using pseudo-potentials and a plane wave basis set. Both
LDA and GGA potentials/functionals are available. This code can be used to
obtain electronic and structural properties of small atomic systems (roughly
\up to 100-200 atoms). -

3) Small systems
(2 100 atoms are already large systems.
Relaxation on 32 cores can take a week (real time!).

<g ; Periodic Boundary conditions allow you to simulate
Bulk.
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Go to: $VSC_DATA VO/shared/VASP_TUTORIAL
And copy the tar-zipped file with your name to a location on your account, and
untar using: tar -xzvf
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VASP always needs minimum 4 files:

1) INCAR : contains all the settings of the program parameters
you wish to use. (energy cutoff, parallelism, smearing,...)

2) KPOINTS : all the information with regard to your k-point set.

3) POSCAR : all the information with regard to the actual geometry
of your system.

4) POTCAR : the information regarding the potentials/functionals used
- this one you get from a database

Let’s finally get started:
=>»Make a folder with the name of your system. Inside this folder make a new folder
named: SelfConsistent.
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CO-molecule

CoO molecule

5. 6575 €«—— Scale factor ——> 1.0

2 EBulk

0.50 0.50 0.00 {m.l:u:l 0.00  0.00
0.00 0.50 0.50 3 lattice vectors< 0.00 10.00 @ [§.00
0.50 0.00 0.50 0.00 0.00 10.00

2 <€ Type and #atoms >l 1 I 1 Carbon and 1 O atom
Cartesian < —P Cartesian
0.00 0.00 O.00 0.00 0.00 0.00 ]! C-atom
\i.EE 0.25 0.25 ‘D.DD 0.00 1.128 | ! O-atom

1 T y,
Type coordinates: Direct or Cartesian Y
Comments

Positions of the atoms
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Intermezzo: PBC




#* mc - Igpfs/h06/tcmsdany/Ugent/VASPles/COmolecule/SelfConsistent

[-——-] 15 L:[ 141z 13/ 17] =*i(5zz / .
general:
S2¥2TEM = CO-molecule
IZTART = 0O ' 0 start from scratch, 1 use old WAVECLE
ICHARG = 2 ''1 use old CHGCAER, £ zuperposition atoms

I 10+ Fix CHG
-5 Tetra+EBlochl, 0 Gaussian, >=1 MFP

width smearing

EDIFF = 1.0E-7 I electronic convergence Ccriterium
PEEC = High ' used precision
LWAVE = .FALS3E. I do not write the WAVECAR file
LCHARG = .TRUE. I write the CHGCAR file
LIZE. ' do not write the potetial file
ENCUT = 400 I kinetic energy cutoff
I for «<lmeV convergehnce e 1in normal POTCAR
dynamic:
IERICH = -1 ' =1 fix atoms, £ Conjsorad for relax
N2W = 0 ' number of ionic steps

M1y [Poave [Etark [Replaclcory [Move [

->More information and parameters can be found in the VASP manual.
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Ge-Bulk

CO-molecule

i #K-points, 0> automatic grid
ﬂ_mc - fgpfs/hO6ftcmsd:

"

\ #* mc - fgpfs/h06/tcms

Type of automatic grid:

Honkhorat Pack€—— Monkhorst Packing -
21 21 21 Gamma Centered (=>hexagonal)

0O 0 O

0

K-point grid + shift (second line)

Vacuum directions only need 1 k-point
= molecule: 1,1,1 (=Gamma point only)

If your lattice-vectors have different length, then this needs to be reflected in the k-point
set (could give errors otherwise)
—>e.g. lattice vectors with lengths: al=1, a2=2, a3=10

=> k-points: 6 3 1
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VASP provides potential files for all chemical elements. Each of these files is called
POTCAR, and VASP only recognizes a file named POTCAR as potential file.

f mec - Jgpfs/h06/ticmsdany/Ugent/VASP les/GeBulkfSelfConsistent

parameters from PICTE are:

EATOM

TITEL
LULTREA
ITNECER
RPACCR
POMAZS
RCORE
RWIGE
EMNMAZ
ICORE
LCOFR
LPATT
EATI
DEEC
EMAX
RATI:
RDEP
QCIT

ent/VASP les/GeBulk/SelfConsistent § head -30 POTCLER

Dann L0
AT Ge O03Marl9oos
4. oooood

> This is a PAW potential for Ge

Q00000000  s—

il m &

106.1203 eV,

i SZpl

1735,

3g5.

FPAW G 03Marl=esd

F
1

. 170
LB10;
ciuln]
.300;
Sa9;

g43

-.10%

3
1.

-3

Description

1
]
]
1

Dannyz@0unH ~/Ugent/VAIP les/ GebBulk/SelfConsistent § I
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E
Qoo
.aoo
.aoo

L4986

300

.3185
576

TYP

23
23
23

# electrons: 4 valence electrons for

—> this Ge potential, there also exists a
Ge potential including the d-
electrons in the valence shell> 14e-
_ ! Type of exchange-functional:
st o aono wess and valsne CA=Ceperley-Alder = LDA

5048 Ry

use ultrasoft PP 2
unscreen: O0-1lin l-nonlin Z2-no

cutmost cutoff radius
EWIGS 1.217 wigner—-seitz radius (au L)
ENMIN 130.477 =V

local potential

correct aug charges

paw PP

What if you have multiple/different kinds of
core radius for proj-oper 5
factor for aug‘meitaiini sphere atomS |n yOUI’ SyStem')

core radius for depl-charge

QGAM = 7.152 optinizacion| €.(. CO molecule
> cat POTCAR C POTCAR O >> POTCAR

RCUT TYF RCUT
Z.300
Z.300
£.300
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> cd static/
>gsub jobscript.sh

#!/bin/sh

#PBS -N Solid_Static
#PBS -m e

#PBS -l nodes=1:ppn=4
#PBS -l walltime=0:30:00
#

STARTDIR=$PBS_O_WORKDIR

newgrp g_vasps

module purge

module load cluster/raichu

module load VSC-tools

module load VASP/5.3.3-ictce-4.1.13-mt-dftd3

cd $STARTDIR

echo "Job started at : ""date” >> out.dat
mympirun vasp >> out.dat

echo "Job ended at : ""date” >> out.dat
wait
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£ hoygenssaranl-PuTlY

— Parallel 4-cpu calculation

4 groups ~_Our Bulk Ge system has only one type of
POSCAR found : 2 types and 2 ions € atoms: Ge, 2 atoms in our unit cell

LDA part: xc-table for Ceperlvy-ALlder, =standard interpolation
POSCAR, INCAR and EPOINTS ok, starting setup

FFT: planning ... 1

reading WAVECALE

ERFEOER: 0031-652 Error reading STDIN
running on 4 nodes
discr: one hand on 1 nodes,
vasp.4.6.31 05Feb0? complex

entering mwain loop
M E dE d eps baladny rms rma i)

DaW: 1 0.802627564386E402 0.802Z63E402 -0.13301E403 24 0.351E402

DaW: 2 -0.519100429888E4+01 -0,.585454E402 -0.845340E402 44 0.103E402

AT 3 -0.164287208724E4+02 -0.11238E4+02 -0.11231E402 44 0.549E+01

AT 4 -0.1649683585937E4+02 -0.68138E-01 -0.68135E-01 40 0.424E4+00

AT 5 -0.1649683988604E4+02 -0.40267E-04 -0.40266E-04 24 0.110E-01 0. &640E400
Dav: & -0.15Y610906361E4+02 0.73551E+00 -0.34616E+00 24 0.10ZE+01 0.323E+00
DA% : 15 —-0.1558756565134E4+02 -0.31059E-05 -0.14470E-07 : Total ground_sta‘te energy
DAV : 19 -0.,155756569455E+02 -0.43206E-06 -0.10795 . s e e
Dav: 20 -0.,155756572651E+02 -0.31962E-06 24 0.339E-04 0.zZ05E-05
Dav: 21 -0.,155756574599E+02 -0.194553E- LAZ2021E-0% 28 0.213E-04 0.155E-05
Dav: 22 -0.,155756574963E4+02 -0.3 -aT 0.55017E-10 32 0.625E-05

1 F= -.15575657E+02 EO= -.15575657E+02 d E =-.2548 #Irreducible Brillouin zone K-points
Dannyz [ omnH ~,'“T_Tgen1:..-“vASPlE3,-’CDmc|lecul LS OITTC J ASP scales ~linear with IBZKPT)
k-Points NEPTS = 1 Swdber of bands

DannyZ@OunH ~/Ugent,/ VAP les/ Clmo lecule/3elfConsistent § grep LOOF OUNCAR |tail -5

LOF: WPT time 0.688: CPU time 0.a9 #bands (Ze- per band)
LOQOP: WVPUT time 0.62: CPU time 0.6z

LOoQoP: WPU i 0.o7: CPU i 0,68 . .

LOoQp:  WEU tiﬂ: 0.49: CPU tiﬂ: 0.48 N Tlme per eIeCtronIC Step (LOOP)
LOOP+: WPT time 15.15: CPFU time 15.42 and IOn|C Step (LOOP+)

DannvZ@ounH ~/ Ugent/VASPles/Comolecule/SelfConsistent § N
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The structures we used for the SC calculations were not optimized.
To optimize them some parameters need to be changed.
- make a new folder : relax, and copy your 4 input files (INCAR, KPOINTS, POSCAR

and POTCAR) of the SC calculation.

Modifications: POSCAR

ﬂmc - fgpfs/hO06/icmsdany/lge

5.6575 Add the line
o.50 0.50 0.00 H H
D00 D51 DG Selective dynamics

o.50 0.00 0.50
2

Selective Dynemics Indicate which atom
0.00 0.00 0.00 coordinates to update.
i.SD 0.30 0,30

Modify atom positions ©

KPOINTS

= Reduce the k-point set to 11x11x11
for the Ge bulk system.

INCAR

f_ mc - Jgpfs/h06/tcmsdany/Upgent/NASP les/GeBulkfrelax

[-——-1 11 L:[ 1+10 11/ 22] +* (420 / 93

general:

S¥ITEM = relax 5= Bulk

ISTART = 0 ' 0 start from scratch

ICHARG = 2 ! 2 superposition atoms

ISHMELE = 1 !' =1 Methfessel-Faxton

SIGHAL = 0.1 ' width smearing

EDIFF = 1.0E-6 ! glectronic convergence criterium

EDIFFG = —0,001 ! ionic relaxation stops if all

! forces are swaller than lmeW
' To uze a stopping criteriuwm Similar to the electronic
! stepsl=> use & positive wvalue for EDIFFG

FEEC = High ! high precision
LWAWVE = .TRUE. | write the WAVECAR file
LCHARG = .TRUE. I write the CHGCAR file
LVWTOT = .FALSE. I do not write the potetisl file
EMNCUT = 345 I kinetic energy cutoff
ISIF = 2 ' 2: relax ions only
' 3: also relax wvolume and shape of cell
' 4: relax ions + cellshape, wvolume=fixed
dynamic:
IERICH = 2 ' 2 Conjugate Gradient method for relax
MNaw = 100 ' No more than 100 ionic steps
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> cd relax/
>gsub jobscript.sh
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CO-molecule POSCAR

ﬂ_mc - fgpfs/h0b6ficmsdany/Ugent/NASP lesfCOmoleculefrelax

Danny2@ounH ~/Tgent/VAZFles,/ Comolecule/relax § cat POICAR C'O bond Iength Of 1134998A
Chen Not bad compared to the
1.00 0.00 0.00 :
2on 100 o oo / 3<per|m0enltal value of 1.128A
o.o0 o.00  1.00 -~
1 1 ! 1 Carkbon and 1 O atom y 06/0 arger
Jelective Dynamics
Cartesian

o.00 0.00 o0.00 FFF ! C-atom

o.0o0 o0.00 1.20 T T T ! Q—atom CONTCAR

DannyZ2@0wnH ~/Ugent/VAZPles/Comolecule/relax §

—-

ﬂ_mc - fgpfs/h06/ficmsdany/Ugent/NASP les/COmoleculefrelax
1 1 Danny2@0ounH ~/Ugent/VAIP les/ Clmolecule/relaw § cat CONTCAR

The CONTCAR file is a 2 mmamenie

POSCAR file you can use to 10.0000000000000000

] . ) 1.0000000000000000 0.0000000000000000 0.0000000000000000

continue elther yOUI‘ I‘e|axat|0n 0.0000000000000000 1.0000000000000000 0.0000000000000000
. . . 0.0000000000000000 0.0000000000000000 1.0000000000000000
(if 100 ionic steps was not 11

Selective dynamics

enough) or start a SC S

; i 0.0000000000000000 O.0000000000000
_Calcglatlon. The CONTCAR flle 0,0000000000000000  O.00000000000
IS written at the end of each
. . 0,00000000E+00  0,00000000E+00 0,000 +00
10NIC Step, 0.00000000E+00  O.00000000E+00  0O.00000000E+00
(don,t forget tO rename |t DannyZ@0unH ~/Ugent/ VL3P les/ Clmolecule/relaw 3 I

POSCAR is you want to use it)

O.0000o0000c0000000 F F
000 0.1134997654412192 T T T
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at the end of each

Force eV/A

Danny.Vanpoucke@Ugent.b

ieonic step

DannyZRounH ~/Ugent/VASPles/Clmolecule/relax § grep LOOP+ OUTCLR On|y 12 iOﬂiC Steps were needed
LOOP+: WPU time 21.76: CPU time 21.91 .
LOOP+: VP time 13.14: CPU time 13.18 to relax to the final structure.
! LooP+:  WVPU tCime 12.53: CPU time 12.55
LOOP+: WPU time 16.57: CPU time 16.65
LOOP+: WPU time 11.45: CPU time 11.53
LOOP+: WPU time 11.53: CPU time 11.56  —
LOOP+: WPU time 10.54: CPU time 10.88 ﬂ DI!:EEEE EEEE u! _ I!I!I I!
LOOP+: WPU time 10.26: CPU time 10.29
LOOP+: WPU time 9.62: CPU time 9.63 83 MEgYl -/ Ugent/VASPles/ COm
LOOP+: WPU time S.31: CPU tLime g5.39
LOOFP+: WPU time T.17: CPU Lime 7.24 Z.00000 -5.312127
LOOF+: WPU time 1.86: CPU time 1.92 i.59900 -17.470791
Danny2@ounH ~/Ugent/VLZPles/ Clmolecule/relax § grep F O3IZICAR
1 F= —-.650911c0E401 EO0= -.65129813E4+01 d E =-.65091ZE+01 0.33600 1866.430615
Z2 F= -.10665642E+02 EO= -.10669508E+02 o E =-.415653E+01 1.59105 —-17.488759
3 F= 0.284228453E403 E0= 0.2284Z2282Zc0E4+03 4 E =0.2907394E4+03
4 F= —-.1076463cE4+02 EO0= -.10763L551E402 d E =-_.425557E+4+01 0.933535 ad.385187
5 F= -.13878135E+02 EO= -.13880068E+02 d E =-.738902E+01 1.40848 —12 . 9357397
& F= —-.13132131E402 EO0= -.13134064E402 d E =—.662302E+01
7 F= —.1535038ZE402 EO0= -.15352314E402 d E =-.38384127E+01 1.20101 —b.2z260605
§ F= -.15480047E+02 EO= -.15431930E+02 d E =-.857093E+01 1.09727 E5.139850
9 F= —-,15567923E+02 EO= -,155659855E+02 4 E =-.905551E+01
10 F= —,15572778E+02 EO= -, 15574710E4+02 d E =-.906366E+01 1.14413 -1.070337
11 F= -.15572844E+02 EO= -,15574777E+02 d E =-.906373E+01 1.13609 -0.131995
12 F= —-,15572845E+02 EO= -, 15574777E+02 d E =-.906373E+01
Danny2@ownH ~/Ugent/VAZPles/Comolecule/relax § 1.1343538 O.001876
1.13500 0.000941

/Dannyzﬁﬂ ~¢ Ugent /VASP les/ Clm

Position 2" atom
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>> Did the lattice parameter change?
To get the initial lattice parameters:
hive3.exe getlattice POSCAR
To get the final lattice parameters:
hive3.exe getlattice CONTCAR

>> How did the atomic positions change, what are the
relative coordinates?

>> |s this a good relaxation if you want to obtain the
optimum lattice parameter?
- What should be changed?
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> cd relax/
>gsub jobscript.sh
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Both DOS and band-structure calculations are 2-step calculations.
1. Do a SC calculation to get a ready converged charge density
2. Do a Non-self consistent Calculation with high K-point density,
using the charge density obtained in the SC calculation.

Make a new directory: DOS and copy POSCAR, POTCAR, INCAR, KPOINTS and
CHGCAR to this folder from your SC calculation.

The files CHGCAR, POTCAR and POSCAR remain unchanged for the DOS
calculation. However, to get a good DOS we would like a denser k-point grid than
the one we used up to now. (Charge density and effective potential converge
rapidly wrt. k-points, so we can use a “small” k-point set to get the charge density)

=>Increase your k-point set in the file KPOINTS to e.g. 41x41x41
(btw this is also the maximum that VASP can handle)
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>cd DOS/
>gsub jobscript.sh
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The only file left to modify is the INCAR file. Set ICHARG=1+10=11
—>1: read the CHGCAR from

£ mc - fgpfs/hO6/tcmsdany/Ugent/VASPles/GeBulk/DOS our SC calc.
THCAR. [————] 45 L:[ 1417 18/ 21] — 10: keep the Charge density
general: fixed during the calculation.

IYITEM = Ge Bulk DO3 (only wave function update)

ISTAET = 0O ' 0 start from scratch, 1 use old

ICHARG = 11 ' 1 use old CHGCAR 104 Fix CHG

IZMEAR = -5 ! -5 Tetra+EBElochl . .

EDIFF = 1.0E-5& ! electrohic convergence criterium In-crease convergence criterion

FPREC = High ! used precision S“ghﬂy

LWAVYE = .FAL3E. ! do not write the WAVECAR file

LCHARG = .TRUE. I write the CHGZCAR file

LVTOT = .FALSE. ' do not write the potetial f£ile

ENCUT = 345 ! kinetic energy cutoff To get a good PDOS, you do
dynamic: not want the spheres of the

IERION = -1 ' =1 fix atom=s, 2 Conjorad for relax

N = O | number of ionic steps atoms to overlap—> chance to
Denzity of States: see states from atom A in the

LOREIT = 1 I DOSCALE+]1m decomposed PEOCLAER, EWIGS needed PDOS Of atom B

EWIGE = 1.22 ! Wigner 5Seit=z radius (L) for each ion-type

NFPAE = 1 ! to get zite projected dnsl .

EMIN = -Zz0O | lower boundary [(eV) for energy plot Optlonal.

EILLE = 15 boupper T oo ) These allow you to specify the

NEDOZS = 3500 I # of gridpoints in dos-plot -> here 10meVW

part of the DOS you are

1Tl :E Mark EeplaclE@copy  EMove interested in, and the resolution

you wish to have.
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£ me - Igpfsih06/tcmsdany/Ugent/YASPles/GeBulk/DOS
Danny2@OwnH ~/ Ugent,/VARPles/GeBulk/D0Z § cat out.dat
ERROR: 0031-652 Error reading S3TDIN

running ohn 4 nodes

distr: one hband on 4 nodes, 1 groups
vasp.4.6.31 083Feb0? complex

POSCAR found : 1 types and 2 ions ICHARG=11, CHGCAR was read from

LLAL part: xc-table for Ceperly-Alder, standard interpolation

POSCAR, INCAR and EPOINTS ok, starting setup the SC Ca|C,

WARNING: wrap around errors must be expected

FFT: planning ... 1

reifi:j;f:::ifj

charge-density read from file: Ge

ente . o

) E dE d eps neo rIs
DAw: 1 0.754100264734E4+01 0.75410E+01 -0.26759E4+03 28354 0. 590E4+02
Daw: 2 -0.100723362603E402 -0.17913E+02 -0.176Z0E+02 42960 0. 7e3E+01
Daw: 3 -0.10350535350907E+02 -0.27555E+00 -0.27555E+00 3401a O.127E+01
Daw: 4 -0.10535126569534E+02 -0.35060E-03 -0.35060E-03 420585 0.505E-01
Daw: 5 -0.1053512655455E+02 -0.15507E-0O6 -0.15507E-06 33645 0. 741E-03
Daw: & -0.103512655455E+02 -0.386107E-O9 -0.36103E-09 41725 0.234E-04
1 F= -.10351269E+02 EO= -.10351262E4+0:2 4 E =0.000000E+00

Dannyz [ ownH ~fUgentf?ASPlesHGe:::::::: § grep "wolume of typ™ OUTCALR .
wolume of typ 1: 33.6 % ) IS thIS a gOOd Va|Ue7

Danny2@0wnH ~/Tgent/VAIF 1les/ Ge § grep -4 5 "# of ion™ OUTCAR

4 of ion - b 4 fot Yes: Packing factor for diamond is
---------------------------------------- (Pi*sqrt(3)/16=~34.0087%)

1 0.991 1.052 0.049 2 .099

2 0.991 1.052 0.049 2 .099

tot 1.95 2.12 0.10 .20
Danny2@0wnH ~/Ugent/VAZFles/ GeEulk/ D02 § I

Spreading in s, p, and d states per ion

NOTE: 4 electrons accounted for...is this correct?
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More advanced: DOS IV: Results

CO DOS

Be very careful with the
smearing width!

- Check the PROCAR

hive3.exe dosgrabber?

Ge Bulk DOS

—

" Sigmi=0l

Sigma=0. i

-
|




system Band Gap @302K (eV)

C (diamond)

Si(diamond)

Ge(diamond)

Sn(diamond)
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PROCAR l1lm decomposed
# of k-points:

k—point
hand 1 #
io 3
o.o90
4 0.&507
Loy 0O.597
ha Z H
ion =
1§ 0.19a
2\ 0.139
ot | 0.335
hand 3 H
ion 3
1 jo.oo0
2 jo.oo0
Lot j0O.000
hand 4 #

1

ENEr OV

oy
0.ooo

0.ooo
0.ooo

ENErgy

oy
0.ooo

0.ooo
0.ooo

ENErgy

by
0.045

0.174
o.z219

ENEr OV

# of bands:

=

0.00000000 O.00000000 O.00000000

—Z27.19332501

Pz px
0.064 0O.000
0.04%9 0.000
0.114 0O.000

—-14.07z068592

b b
o.00% 0,000
0.2%3 0.000
0.28%7 0.000

-10.79645775

pz px
0.000 0.082
0.000 0.264
0.000 0.333

-10.79645775

# oco.

dxy
0.ooo
0.ooo
0.ooo

# oco.

dxy
0.ooo
0.ooo
0.ooo

# oco.

=y
o.ooo
o.ooo
o.ooo

# ooco.

&

o o

LOoooooon
dy= dzz
Laoo . o.o07
Looo o.00z2
Laoo - o.o09
LO0oaooon
dyz dzz
Laoo o.o000
LOoo 0.0035
LOoo 0.0035
LOoooooon
dyz= d=z
LO0z  0.000
a0l oO.000
Loz o.000
oooooon

weight = 1.00000000

dxz
o.ooo
o.ooo
o.ooo

dxz
o.ooo
o.ooo
o.ooo

dxz
O.003
o.001
0.004

# of ion=a: 2

dxz
0.oo0
0.oo0
0.oo0

clx
0.oo0
0.oo0
0.oo0

dxz
0,000
0.0o0
0.oo0

Tot
0.161
0.558
o.720

0.206
0.420
0.626

tot
0.118
0.440
0.555

Be very careful with the
smearing width!

- Check the PROCAR file
for more information on the
nature of the spikes

Band 1: O-s

Band 2: C+O s > G?
Band 3,4,5: C+O p>TT?
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>> What happened to the lattice parameter?
hive3.exe getlattice CONTCAR

>> |s it the same as the experimental one?

>> |s it the same as for your neighbour?
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Similar as to the DOS calculation, a band-structure calculation consists of
two parts:
1. Do a SC calculation to get a ready converged charge density
2. Do a Non-self consistent Calculation with high K-point density

along lines of high symmetry, using the charge density obtained in
the SC calculation.

Make a new directory: bands and copy POSCAR, POTCAR, INCAR, KPOINTS and
CHGCAR to this folder from your SC calculation.

The files CHGCAR, POTCAR and POSCAR remain unchanged for the band-
structure calculation. Since we only use K-points along lines of high symmetry, a

SC calculation is out of the question. = all k-points need to be treated
independently.

Danny.Vanpoucke@Ugent.be VASP Tutorial 2010-2014 http://dannyvanpoucke.be



> cd bands/
>gsub jobscript.sh

Danny.Vanpoucke@Ugent.be VASP Tutorial 2010-2014 http://dannyvanpoucke.be



For band-structures we use k-points along certain lines

ﬂ_mc - fgpfsfhOb6ficmsdany/Uge

|K-points L-G-X —> In this calculation we will use 25 k-points per line segment

25

fline mode 2 line segments: L> T and T>X

reciprocal

0.5 0.5 0.5 ) ) ) )

1o o o Total: 50 Irreducible K-points in our calculation
o oo

0.5 0.5 0 _

Al < Do a non-SC calculation

[-1--]

O L:[ 1+l 17/ 17] *(431 / Since the k-points form lines, it is

general: 1 1
i = oo Bands |mp035|b_le to ma_lke tetrahedr_a, so a
ISTART = O different integration scheme is necessatry.
ICHARGZ = 11 ' 1 uze old CHGCAR, 10+ Fix CHG
ISMELE = 1 ! -5 Tetra+Elochl, 0 Gaussian, >=1 HMF . .
SIGMA = 0.1 The PROCAR file is always useful to
EDLIFF = 1.0E-7 . . .
PREC = High have if you are interested in the
LWAVE = .FALLSE. | do not write the WAVECLR file Character Of your bands (Cf CO DOS)
LCHAEG = . TEUE. ' write the CHGZCAERE file
LVTOT = .FALLSE.
ENCUT = 345
LOEEIT = 11 I wg want the PROCAERE file
dynamic:
IERICH = -1
N=W = 0
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More advanced: BANDS lll: Result

The energy values for all bands at each k-
point can be found in the EIGENVAL-file >
this can be used to generate a band-
structure (as seen on the left)

hive3.exe bandgrabber?

#* mc - ~-ftemp_huygensitemp/bands

File: EIGENWVLL Line 1 Col O 10935 bhytes
2 Z 1 1
0.2263517E4+02 0.400045YE-02 0.4000457E-092 0O.,4000457E-09
0. 100000000000000005E-03
CAR
72 Bands
= L=1n] =1

sl L e el O OO OE+00 0L SO000000E+00) 0. 2000000E-01
—-6.9535
—-3.5686
£.362E
£.362E
3.3525
T.47589
7
]

. 4758
. 7Os5

(m R I w I Iy QY R X o R S

K-point

g

0.4721667E+00 0.4791667E+00 0O0.4791667E+00 0O.Z2000000E-01
-6.9731
-3.8351
£.3859
£.3859
J.856E
T.ATTE

bands

[ Ty QY - R S Y



Between molecules and bulk we find surfaces. These systems can also be studied
with VASP. Periodic boundary conditions make sure your system extends infinitely in
both x and y direction. In the z-direction we will have copies of the same slab (just
like we had for the molecule), and a vacuum region thick enough to negate
interaction needs to be added. As a consequence you should not try to perform cell-
optimizations, in which you allow the volume to change (your vacuum will implode).

How do you set up a slab calculation?
1 Make a POSCAR and POTCAR file just as before
—> try to center your slab around a zero-plane
—> watch out for the symmetry (sometimes lextra layer might halve
the number of IBZKPTYS)
—> fix layers that should represent bulk
2 Make a KPOINTS file with 1 k-point in the direction perpendicular to the
surface (e.g. 8x8x1, for a slab in the xy-plane)
3 Setup an INCAR file just as before

Next to DOS and band-structure calculations you can also do a Partial Charge Density
calculation. The results of such a calculation could then be used to simulate STM
images.
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A Partial Charge Density calculation is the shortest calculation you can run, it doesn’t

even perform a single electronic step.
You need:

WAVECAR-file (LWAVE=.TRUE. - INCAR SC calc.)
Keep everything the same as for your SC calculation only modify the INCAR file like this:

(use a new folder, if something goes wrong or your want to do multiple runs you can simply copy the WAVECAR file again)

ﬁ mc - ~fcalc_vasp/nanowire2/bdas_ptl3_p2c025_nmwge 4xdcell/STMrun

[-M--] O L:[ 1422 23/ 24] *(913 / 914h)= .

general:

S¥ITEM = surface system

ICHARG = 0O ! use old WAVECAR to generate the CHGCAR. . .

ISMEAR = 1 ! MP since we hawve to few k-points ThlS te”S VASP to JUSt read the

SIGMA = 0.1 1 1+

e = OB 1 fece reles WAVECAR flle_s and then start writing

PREC = High ' to make ROPT = 2.0E-4 with LREAL = Auto the PARCHG files

LRELL = kuto ! huge cell

ENCUT = 345 L
dynamic: lstatic calculation

IERICH = -1 I fix atoms :

R O B ey e Sue How the Partial charge needs to
Banddecomposed Chargedensity: be generated

LPARDI = .TERUE. I caleculate Band decomposed chargecars

NEMCOD = -3 ' Caleulate partial charges for.

' 2= with eigenvalues in interwal EINT->E

EINT = ~1.50 | VASP tend to generate a new random
Moral support to keep VASP on the right track .

ISTART = 1 ! explicitly tell to use old one WAVECAR at every possible chance.

NEAMDS = 554 I different asmount of cpus. H

L ieman O e So be very careful and mind the
| = VASP refuses to use WAVECAR #bands, #CPU,...

i
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VASP will now generate files called PARCHG, which have the same formatting as a
normal CHGCAR file...in combination with some programming you can now generate
STM images of your surface under study.
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Of course you wish your calculations to reflect reality to perfection, however, infinite
precision and numerical never fit in the same sentence in the absence of a negation.

1) ENCUT: energy cutoff for the kinetic energy (any contribution above is
assumed negligible (and hoped zero))

2) (finite) k-point grids =» continuous functions are approximated by
points on a discrete grid. This grid is then made as coarse as possible
to reduce the number of points to evaluate (while trying to maintain as
much accuracy as possible)

3) Functionals: each flavor will give you quantitatively different results
(qualitative results can also differ (e.g.: CO-adsorption site on Pt(111))
), and their value can only be assessed by comparison to reality.

(e.g.: Metallic Ge bulk)

4) Convergence criteria

I]IJ:> Convergence tests are needed (for each new system)

Danny.Vanpoucke@Ugent.be VASP Tutorial 2010-2014 http://dannyvanpoucke.be



It’s all true ... k-points and ENCUT

First time VASP usage, first time study, or new study:

The ground-state energy of a system is connected to both K-points and kinetic
energy cutoff =» spend some CPU-time on a 2D grid (k-points-ENCUT), to get a

feel for the behavior of VASP

"7
A ‘JA"'l."l"l"l"l'ZI'H'II'Y]'H'H'H;

30 = K-point vs ENCUT convergence
-33F 3 CeO,. LDA, a=5.36A

ag [
30 Mmoo wo o
400E 500 600 700

-28.86

28.8611F

28.8612 |

-28.8613 —!

28.8614

450 500 550
ENCUT (eV)




First time VASP usage, first time study, or new study:

The ground-state energy of a system is connected to both K-points and kinetic
energy cutoff = spend some CPU-time on a 2D grid (k-points-ENCUT), to get a

feel for the behavior of VASP
AN —

DannyZ@0wnH ~/Ugent/CeC2 bulk/LDA/EcutKEpoint § grep "kinetic energy error™ ENCUT*/EPT41/0UTCAR
ENCUTZE50/KPT41/ OUTCAR:
ENCUTZ 50/ KPT41/ OUTCAR:
ENCUT3?5/EPT41/0UTCAR:
EMNCUTZ?5/KPT41/ OUTCAR:
ENCUT400/KPT41/ OUTCAR:
ENCUT400/KPT41/ OUTCAR:
ENCUT4Z5/KPT41/ OUTCAR:
ENCUT4Z5/EPT41/0UTCAR:
ENCUT450/KPT41/ OUTCAR:
ENCUT450/KPT41/ OUTCAR:
ENCUT47?5/EPT41/0UTCAR:
ENCUT475/KPT41/ OUTCAR:
ENCUTS00/KPT41/ OUTCAR:
ENCUTS00/EPT41/0UTCAR:
ENCUTS50/KPT41/ OUTCAR:
ENCUTSEE50/KPT41/ OUTCAR:
ENCUT&00/KPT41/ OUTTCAR:
ENCUTa00/ KPT41/ OUTCAR:
ENCUTTOO/EPT41/0UTCAR:
ENCUTTOO/EKPT41/ OUTCAR:

| R L I S P TT e

kinetic
kKinetic
kEinetic
kinetic
kEinetic
kEinetic
kinetic
kEinetic
kinetic
kKinetic
kEinetic
kinetic
kKinetic
kEinetic
kinetic
kEinetic
kinetic
kKinetic
kEinetic
kinetic
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Energy
ENErY
ENErdY
Energy
ENErY
ENErOY
ENnErgy
ENErY
Energy
ENErY
ENErdY
Energy
ENErY
ENErdY
ENnErgy
ENErY
Energy
ENErgy
ENErdY
Energy

Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error

for
for
for
for
for
for
for
for
for
for
for
for
for
for
for
for
for
for
for
for

“NU

atom=
artom=
atom=
atom=
atom=
atom=
atom=
atom=
atom=
artom=
atom=
atom=
atom=
atom=
atom=
atom=
atom=
atom=
atom=
atom=

(ev)

a.
3BT
L0553
L2030
L0356
1130
LO3a7
L0821
L0301
O350
L0250
LOzZe
LHE13
LO220
L0163
L0191
L0146
L0165
L0104
LOass

oo oo oo oo ooooooooo0

oea?

500
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Although you might get a nice, high precision value for the lattice parameters of your
system from experiment, this will probably not be the energy minimum for your
calculation. Even more, the lattice parameters vary from functional to functional (and

also depend on the accuracy of your k-pointset!).
There are several ways to obtain the optimum lattice parameters

1) Lazy: just use the experimental value and ignore the above, or get if from a
colleague working on the same system and same setup.

2) Quick (and sometimes dirty): a volume scan
- do a set of SC calculations with varying scale factor (line 2 in POSCAR)
and find the minimum ground-state energy. ldeally at this point also the
external pressure given by VASP should become zero.
= Works good for Ge

If you have more than one internal parameter (e.g. lattice vectors with different length) or the

external pressure and the minimum energy don’t coincide (i.e. they differ a lot) then you will need
something more complex.

3) Fitto an equation of state: Do a set of fixed volume relaxations and fit these to the
Equation of state of your choice. (cf .exercise)

—> advantage: no problem handling multiple internal parameters

—> disadvantage: expensive compared to (2) + need to implement a fitting
algorithm. (or use:hive3.exe EOSfit on E(V) data)
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In the examples of this tutorial, the systems were small and it was possible to run a
calculation on a single CPU within a few minutes. However, for a reasonable
system of 100 atoms (you get there quickly) a relaxation can easily take half a
week on 32 CPU’s ...or even more.

= VASP also exists in a parallel version

=>» Next to a good parallel compilation, you might be able to speed up

calculations by
« clever sequences of calculations (e.g. do a relaxation in multiple

steps with increasing accuracy)

» use the CHGCAR and WAVECAR from a previous calculation to
reduce the length of the first new ionic step. (can be a factor of 3)

« optimize some parallelization parameters in the INCAR file for your
specific system(-size): NPAR, KPAR, LPLANE, NSIM (can give a global
speedup of 20%)

=>» Although such checks can be expensive at first, you can gain a lot in
future calculations.
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* VASP manual: (make sure you have the latest newest version, older versions are
still available online, but might contain ‘wrong’ information w.r.t. the function of INCAR-
parameters of your VASP version (cf. NPAR))

- Official VASP Tutorials

* VASP forum: (if you have special questions, and time to wait for an answer...and for
the site to load)

* VESTA: ((free) program (OPENGL + C++) to visualize crystal structures, CHGCARS,
etc... short learning curve, export in images in most used formats (Win, Linux, Mac))

* P4AVasp: (a second visualization program (python+??), specifically aimed at
VASP...however | would urge you to try VESTA ;)

* Hive STM-plotter: (if you are interested in generating STM images from your VASP
data, this program (Delphi=pascal+GUI) will do the trick. Export images as bmp)

* Hive3-tools: Set of command-line tools available at the Ughent HP for post-
processing your VASP data

Up-to-date links:
http://dannyvanpoucke.be/ vasp-en/
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