University of Vienna,
Faculty of Physics and Center for Computational Materials Science,

Vienna, Austria

A 0:
o

Lniversitat
wien

Vg O
& L !
- o ;
4 =
. % :
- T >
it
o

g




VASP requires 4 input files to run a calculation:

* INCAR

* POSCAR
* KPOINTS
* POTCAR



I: The INCAR file

The INCAR file contains the input parameters that steer the calculation:

 The default values set by VASP itself are a clever choice for most
standard calculations

* These standard settings may be modified to specify:

 What kind of calculation you want to do:
SCF calculation, DOS, dielectric properties, ...

e Basic inputs concering the required precision, the requested
level of convergence, ...

For a list of all INCAR-tags have a look at:

* The VASP manual: http://cms.mpi.univie.ac.at/vasp/vasp/vasp.html
Index: http://cms.mpi.univie.ac.at/vasp/vasp/Index.html

e The VASP wiki: http://cms.mpi.univie.ac.at/wiki/index.php/Main_page
INCAR-tags: http://cms.mpi.univie.ac.at/wiki/index.php/Category:INCAR
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In the POSCAR file you specify the structure (Bravais lattice and basis):

fcc: Ni Header (comment)

3.53 Overall scaling constant

0.5 0.5 0.0 Bravais matrix

0.0 0.5 0.5

0.5 0.0 0.5

Ni Name (s) of atomic type(s)

1 Number of atoms (of each type)
Selective Dynamics (optional: selective dynamics)
Cartesian Cartesian or Direct coordinates
000 (T TT positions of the atoms




In the KPOINTS file you specify the points VASP will use to sample the
first Brillouin zone in reciprocal space

Automatic mesh

0
G
4

(M)
4 4
0. 0

Header (comment)

N,=0: automatic mesh generation

-centered (G) mesh or Monkhorst-Pack (M) grid
# of subdivisions N; along Bi

Optionally shift the mesh (s;)



IV: The POTCAR file

The POTCAR file has to contain the PAW datasets for all atomic types you have
specified in your POSCAR file:

VASP comes with a library of PAW datasets, (one or more) for most elements of the
periodic table:

* Eachindividual PAW data set starts with a descriptive section, specifying
amongst other things:
 Parameters that were required to generate the dataset:
* Number of valence electrons
* Atomic mass
e Default energy cutoffs

*  When your unit cell contains more than one type of atom you have to
concatenate the corresponding PAW datasets in the same order as you have
specified the different atomic types in your POSCAR file.

* You should not mix PAW datasets generated with different exchange-correlation
functionals.



OUTPUT files

detailed output of a VASP run, including:

OUTCAR

a summary of the input parameters

information about the individual electronic steps:
total energy, Kohn-Sham eigenvalues, Fermi-energy.
stress tensors

forces in the atoms

local charges, magnetic moments

dielectric properties

... and a great many things more ...

The amount of output written onto OUTCAR can be chosen by
means of the NWRITE-tagin the INCAR file.

OSZICAR & stdout

give a short summary of the self-consistency-cycle

chosen SCF algorithm
convergence of energy and charge density
free energies, total magnetic moment of the cell



CONTCAR & XDATCAR

CONTCAR: updated geometry data at the end of a run
* |attice parameter
* Bravais matrix
* ionic positions
* velocities
the format of the CONTCAR s the same as for POSCAR:
It can be directly be used for a continuation run (copy
CONTCAR to POSCAR)
XDATCAR: updated ionic positions of each ionic step

DOSCAR, CHGCAR & WAVECAR

DOSCAR: total DOS and integrated DOS, (local partial DOS)
CHGCAR: the charge density

WAVECAR: plane wave coefficients of the orbitals.

Can be used to restart from a previousrun



The VASP manual (http://cms.mpi.univie.ac.at/vasp/vasp/vasp.html)

Index: http://cms.mpi.univie.ac.at/vasp/vasp/Index.html

The VASP wiki (http://cms.mpi.univie.ac.at/wiki/index.php/Main_page)
INCAR-tags: http://cms.mpi.univie.ac.at/wiki/index.php/Category:INCAR



http://cms.mpi.univie.ac.at/vasp/vasp/vasp.html
http://cms.mpi.univie.ac.at/vasp/vasp/Index.html
http://cms.mpi.univie.ac.at/wiki/index.php/Main_page
http://cms.mpi.univie.ac.at/wiki/index.php/Category:INCAR

Examples:

Ni(100):

* surface relaxation

e surface energy

« LDOS

e surface bandstructure

Ni(111)

e clean surface

 CO adsorption

« LDOS

* workfunction (change)
* frequencies

STM of graphite and graphene



Ni(100) surface relaxation (ex.: Ni1lOOclean rel)

POSCAR:
fcc (100) surface Header (comment)
3.53 Ni lattice constant
.50000 .50000 .00000 lattice wvector a(l)
-.50000 .50000 .00000 lattice vector a(2)
.00000 .00000 5.00000 lattice vector a(3)
5 Number of atoms
Selective Dynamics Switch on ”selective dynamics”
Cartesian Positions in cartesian coordinates
.00000 .00000 .000000 F F F positions of the atoms, and the
.00000 .50000 .500000 F F F specfications whether or not they
.00000 .00000 1.00000 F F F are allowed to move during the
.00000 .50000 1.50000 T T T relaxation.
.00000 .00000 2.00000 T T T
* Ap(1Xx1)surfacecell: 1 Niatom per layer POTCAR:
* 5 Nilayers Ni GGA PAW potential

* firsttwo layers (on one side) are relaxed
e 3x3.53=10.59 A vacuum


http://cms.mpi.univie.ac.at/wiki/index.php/Ni_100_surface_relaxation

Ni(100) surface relaxation (ex.: Ni1l0Oclean rel)

SYTEM = clean Ni(100) surface Name of the calculation

ISTART = O initial wave functions: random numbers
ICHARG = 2 initial charge density: overlapping atoms
ENCUT = 270 cutoff energy 270 eV (from POTCAR)

ALGO = Fast use RMM-DIIS for electronic optimization
EDIFF = 1E-6 electronic convergence: energy change < 107°% eV
ISMEAR = 2 274 order Methfessel-Paxton smearing (metall!)
SIGMA = 0.2 smearing width ¢ =0.2 eV

ISPIN = 2 spin-polarized calculation

MAGMOM = 5*1 initial magnetic moment on each Ni = 1 ug
IBRION = 1 ionic relaxation

NSW = 100

POTIM = 0.8

KPOINTS:
K-Points Header (comment)
0 N,=0: automatic mesh generation
Monkhorst-Pack Monkhorst-Pack grid
5 8 4 # of subdivisions N; along Bi(odd: centered on TI)
0. 0. O. Optionally shift the mesh (s;)

* 15 k-points in the IBZ
 1k-point along the z-direction!
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Forcesin the first and last step of the relaxation (in OUTCAR)

POSITION

TOTAL-FORCE

(eV/Angst)

.000000
.000000
.000000
.000000
.000000

.000000
.000000
.000000
.000000
.000000

.391783
.397182
.005392
. 390888
. 390881

total drift:

POSITION

TOTAL-FORCE

.000000

.000000

(eV/Angst)

.016601

.000000
.000000
.000000
.000000
.000000

.000000
.000000
.000000
.000000
.000000

. 396242
.394948
.000021
.000262
.001054

total drift:

.000000

.000000

.000212
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Ni(100) surface relaxation (ex.: Ni1lOOclean rel)

Energy Convergence

* Energychanges during relaxation N

from-25.556 eV to -25.572 eV e & > 3 A

l -25.556 &
— ET€ = —16 meV -25.558
_-25.560
@ -25.562
« Surface energy: 5 ~25.564
5 -25.566
- 25.568
_1 -25.
0 = 3(Esyrf — Natoms X Epylk) e e7
-25.572
-25.574
STEPS

» Surface energy of unrelaxed surface:
= gunrel_1(_25556 — 5 x (—5.458)) = 0.867 eV

. g=cgunrel L grel — 3867 _0.016 = 0.851 eV

N.B.: you will find the setup for the calculation of the “bulk” energy in the
NilOOclean rel/bulksubdirectory.
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- pav.py
St art p 4V as p . File Edit Structure Elactmnit:' Convergence Database MD

e 4

Help

an Ni(100) surface (vasprun.xml)

> pdv [vasprun.xml]

B

Step. 1) Go to:

MaPdETw® ¢ 5

Convergence/Ener
8 / 8y “® Energy convergence
oW Energy (eV) ( clean Ni(100) surface)
ﬁ ) | | | |
Step. 2) “update” graph Control  p555g |
e |
2556
Build I
e -25.562 |
DOS+bands i
25564 |
g -25.566 |
== 253563 |
Commit 5
2557 1
1.0 1.5 2.0 2.5 2.0 3.5 4.0

Step

ﬁ[(ﬂ(
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Ni(100) surface relaxation (ex.: Ni10Oclean

rel)

Final geometry from CONTCAR (or OUTCAR) file:

(100) surface
3.53000000000000

0.5000000000000000
-0.5000000000000000

0.0000000000000000

fcc

0.5000000000000000
0.5000000000000000
0.0000000000000000

0.0000000000000000
0.0000000000000000
5.0000000000000000

N1
5

Selective dynamics

Direct
0.0000000000000000 0.0000000000000000 0.0000000000000000 F F F
0.5000000000000000 0.5000000000000000 0.1000000000000014 F F F
0.0000000000000000 0.0000000000000000 0.2000000000000028 F F F
0.5000000000000000 0.5000000000000000 0.3004245271852446 T T T
0.0000000000000000 -0.0000000000000000 0.3959414474619545 T T T
0.00000000E+00 0.00000000E+00 0.00000000E+00
0.00000000E+00 0.00000000E+00 0.00000000E+00
0.00000000E+00 0.00000000E+00 0.00000000E+00
0.00000000E+00 0.00000000E+00 0.00000000E+00
0.00000000E+00 0.00000000E+00 0.00000000E+00

* Inward/outward relaxation of the surface layers:
Ads, = ((0.3959 —0.3004) — 0.1)/0.1 X 100 = —4.5%

Ad,s = ((0.3004 — 0.2000) — 0.1)/0.1 X 100 = +0.4%
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Ni(100) surface relaxation (ex.: Ni1lOOclean rel)

Start pdvasp:> p4v [vasprun.xml] Possibly
Step 1.) Show structure “replicate” cells

Step 2.) Select “initial” or “final” positions

File [Edit Structure Electronic Convergerjce Database MD Help
+|.] System: | clean Ni(100) surfade (vasprun.xml) .
Ndw Selection: S| 0
ml X v Structure steg
(1) .8l ) ) s A

. Initial positions = Jpeed: 1

Al (e [ > >

'E‘& Isosurface

)

B QAFFF

?

)

a

T Isosurface of: v Update
Control E Subtract: Select
T Level: Min | | Max | | Avg
- Downsample: |2 2 2 1x1x1 | 2x2x2
@' ’ draw as poiglts
DOS+bands
O
?éé - Cell replication Spheres and Arrows
n lo [ 41 3 1.0
STM : . '
dir. 1 Sphere size:
) o 3 Arrows type: None .
Commit dir. 2
1.0
@ Arrows size:
_ 1
? — dir. 3
- EXT.
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Ni(100) LDOS (ex.: Nil0Oclean LDOS)

INCAR:

SYTEM = clean Ni(100) surface [ Name of the calculation

ENCUT = 270 cutoff energy 270 eV (from POTCAR)

ALGO = Normal use block-Davidson for electronic minimization
ISMEAR = -5 Tetrahedron method with Blochl corrections
ISPIN = 2 spin-polarized calculation

MAGMOM = 5*1 initial magnetic moment on each Ni = 1 ug
LORBIT = 11 IM-decomposed site resolved density of states

N.B.: we want to use the optimized structure from NilOOclean_rel:

Normally this would mean copying Ni100clean rel/CONTCARtO
POSCAR in the directory where you want to run Ni1l0Oclean LDOS.

In this case, however, that has already been taken care of, and the
POSCAR file in NilOOclean LDOS is the correct one.
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total charge

# of ion
1 0
2 0
3 0
4 0
5 0
tot 2
magnetization
# of ion
1 -0.
2 -0.
3 -0
4 -0.
5 -0.
tot -0

At the end of the OUTCAR file
information on local charge and
magnetization is given.

Instead of LORBIT=11, one might
use LORBIT=1 and set RWIGS
appropriately.

As is clearly shown, the local
magnetic moments at the surface
are enhanced.

The central layers behave
“bulk”-like.
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Projection onto surface
and bulk layers.

Each spin componentis
plotted separately.

Band narrowing at the
surface.

Exchange splitting is
larger at the surface.

Local Density of States

suIfoce L
‘Bl L
Ll Sowr

sLITGCE Sowr
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Ni(100) LDOS (ex.: Nil0Oclean LDOS)

Select spin channel

Select: “Electronic/Local DOS+Bands control”

Atom selection:| 5

escription:

Select atom,
and orbital character

Line: S spin down (dxy)

4 ap»

Symbol: default default

Symbol size: 1.0

File Edit Structure Electronic Convergence Database MD Help

N System: | clean (100) Ni surface (vasprun.xml) = Aid Dew Bs Remoy Chanas ko

-

New Selection: |5 S|cC Spin: up (O) down [ ) both L) invert y-axis

- Graph Show First band: Last band: -1

Ll

m r ﬁ —. l i f -,,v_ Orbital selectio

e {/\’l E ) % Ag‘. E Select all| | Deseln¢t all
= . . Inver y-axis (optional)
o Electronic Density of States Select p | | Deselect o Opy Ope

Sh A .

° Density (states/eV) clean (100) Ni surface Select d Deselect d | |td| dwy dyz dwz dz2 dw2

)
-._/r, 12.0 I L L | Select f Deselect f fl f2 f3 f4 fs
Control I | — 5513'12 dowmn f6 7
e -
i
Build n
- 7 Place pointer over
DOS+bands atom, and press
L - space to
e §
STM select/deselect.
& ]
Commit - The selection
. N I B should appearin
-10.0 -5.0 0.0 5.0 10.0 15.0 .
Energw e the E|eCtr0nIC
0K
Control applet
above

Press “Show” to show structure
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Ni(100) surface bandstructure (ex.: Ni1l0Oclean band)

INCAR:

SYTEM =
ENCUT =

ALGO =

ISMEAR
SIGMA =

ISPIN =
MAGMOM

LORBIT
ICHARG

clean Ni (100)
270

Normal

= 2
0.2
2

= 5*1

surface

Name of the calculation
cutoff energy 270 eV (from POTCAR)

use block-Davidson for electronic minimization

2" order Methfessel-Paxton smearing (metal!)
smearing width o = 0.2 eV

spin-polarized calculation

initial magnetic moment on each Ni = 1 ug

ILM-decomposed site resolved density of states

Read initial charge from CHGCAR
keep it fixed (ICHARG=ICHARG+10)
subsequent calculation

(ICHARG=1),
during the

and

N.B.: You need to copy the self-consistent charge density (CHGCAR) from
Ni100clean_LDQOS to the directory where you want to run Nil0Oclean_band.

You need to do this: if VASP can not read the CHGCAR file, the run will terminate.
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Ni(100) surface bandstructure (ex.: Ni1l0Oclean band)

KPOINTS:

kpoints for band-structure G-X-M-G

13
reziprok
.00000
.12500
.25000
.37500
.50000

.50000
.50000
.50000
.50000

. 37500
.25000
.12500
.00000

.00000
.00000
.00000
.00000
.00000

.12500
.25000
.37500
.50000

.37500
.25000
.12500
.00000

.00000
.00000
.00000
.00000
.00000

.00000
.00000
.00000
.00000

.00000
.00000
.00000
.00000

N e =R

e e

13 k-points alongT =X —M —T
Explicitly specfied, in reciprocal
coordinates

All points with weight 1
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Ni(100) surface bandstructure (ex.: Ni1l0Oclean band)

Static calculation

charge density remains constant during run
spin polarized calculation

Bandstructure (projected)

status message in OUTCAR
on actual job:
= non-selfconsistent calc.

Bandstructure consist mainly
of bulk-like bands.

Dots mark localization at
surface layer.
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Ni(100) surface bandstructure (ex.: Ni1l0Oclean band)

Select: “Electronic/Local DOS+Bands control”

Select atom,

and orbital character 5 spin down -
default + || default .
File Edit Structure Electronic Convergence Database MD Help 2.0
'j System: | clean (100) nickel surface (vasprun.xml) - | ANd new line Remove line Change line
+
New Selection: - Spin: up © down ) both invert y-axis
ij Graph  Show First band: \0 Last band: |-1
Open m |/\'i @ N ~ r Orbital select§n:
- Select all| |D lect all| |t s
® Bandstructure il sl
Sho Energy (&V) clean (100) nickel surface Select p | | Deselectp | [l px (Ll py [l p2
By Select d | | Deselectd | |E] duy [E] dyz || de [ dz2 &) dx2
Y 2.5
c Select f Deselect f | [ f1 & f2 i f3 [ f4a (B fs
ontrol 20
e 1.5 ol fe [l f7
-
Build 1.0
0.5

© i

Place pointer over

DOS+bands

atom, and press

?;Eﬁ? Space to
[ select/deselect.

Commit

The selection

should appearin
the Electronic
Control applet

Select “Bands above

Press “Show” to show structure
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INCAR:

SYTEM = clean Ni (100)

ISTART
ICHARG

=0
= 2

ENCUT = 270

ALGO = Fast
EDIFF = 1E-6
ISMEAR = 2
SIGMA = 0.2
IBRION = 1
NSW = 100

POTIM = 0.8

surface

Name of the calculation

initial wave functions: random numbers
initial charge density: overlapping atoms

cutoff energy 270 eV (from POTCAR)

use RMM-DIIS for electronic optimization
electronic convergence: energy change < 107° eV

2rd order Methfessel-Paxton smearing (metal!)
smearing width o =0.2 eV

ionic relaxation

* Essentially the same INCAR file as used in Nil0Oclean rel.
e Spin polarization neglected.
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Ni(111) surface relaxation (ex.: Nilllclean rel)

POSCAR:

Ni - (111)
3.53

.70710678
-0.35355339
.000000

5

.0000000
0.6123724
.000000

selective dynamics

direct

.00000000
.33333333
.66666667
.00000000
.33333333

Similar setup as for (100) surface:

.00000000
.66666667
. 33333333
.00000000
.66666667

.000000
.000000
5.196152

.00000000
L11111111
W 22222222
. 33333333
.44444444

e again 5 layers, 2 relaxed
e (1-.444)%5.196 x 3.53 =~ 10.2 A of vacuum

H =3 = e

Mo R

H 3 = o

Header (comment)
Ni lattice constant

lattice wvector a(l)
lattice vector a(2)
lattice vector a(3)

Number of atoms
Switch on ”“selective dynamics”
Positions in cartesian coordinates

positions of the atoms, and the
specfications whether or not they
are allowed to move during the
relaxation.
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Ni(111) surface relaxation (ex.: Nilllclean rel)

Geometry and surface energy:

POSITION TOTAL-FORCE (eV/Angst)
0.00000 0.00000 0.00000 0.000000 -0.000000 0.179780
-0.00000 1.44112 2.03805 0.000000 -0.000000 -0.064012
1.24804 0.72056 4.07609 -0.000000 0.000000 -0.116688
0.00000 -0.00000 6.09140 0.000000 0.000000 0.000253
-0.00000 1.44112 8.09550 -0.000000 0.000000 0.000667
total drift: -0.000032 0.000002 -0.018784

* Forcesat the beginning already rather small
= small relaxations for compact surfaces

* Forsurface energy we need non-spin-polarized bulk nickel as reference:
the setup for the calculation of the “bulk” energy you’ll find in the
Nilllclean rel/bulk subdirectory.

gunrel = 1(_25737 5 x (—5.407))=0.649

 (111) surface more stable than the (100) surface
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CO@Ni(111) (ex.: COonNil1l rel)

POSCAR:
Ni - (111)
3.53
.70710678 .0000000 .000000
-0.35355339 0.6123724 .000000
.000000 .000000 5.1961524
51 1
selective dynamics
direct
.00000000 .00000000 .0000000Q0 F
.33333333 .66666667 .11111111 F
.66666667 .33333333 .22222222 F
.00000000 .00000000 .33333333 T
.33333333 .66666667 .44444444 T
.33333333 .66666667 .54029062 T
.33333333 .66666667 .60298866 T

CO molecule put above surface atom = “on-top”:

e z.=(.540 —.444) x 5.196 x 3.53 ~ 1.76 A
« z;0 = (.603—.540) x 5.196 x 3.53 ~ 1.16 A

H =3 3 3 = /M a

H =3 3 3 = [ a

Compared to previous examples,
we now have two additional atomic
types (C & O) = change POTCAR!

Concatenate nickel, carbon,
and oxygen PAW datasets.
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Geometry

(eV/Angst)

.000000
.000000
.000000
.000000
.000000
.000000
.000000

.174586
.107681
.073588
.000361
.002450
.014846
.005352

POSITION TOTAL-FORCE

0.00000 0.00000 0.00000 0.000000
-0.00000 1.44112 2.03805 0.000000
1.24804 0.72056 4.07609 -0.000000
-0.00000 0.00000 6.10111 0.000000
-0.00000 1.44112 8.15449 -0.000000
-0.00000 1.44112 9.91089 0.000000
-0.00000 1.44112 11.06589 -0.000000
total drift: -0.000177

.000361

* Small outward relaxation of the surface due to adsorption:
Ad,, = (8.154 —6.101)/2.038 X 100 — 100 = 0.74%

* COgeometry:
deo = 11.066 —9.911 = 1.155 A
Zeni = 9.911 — 8.154 = 1.757 A

.013511
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Ni(111) with higher cutoff (ex.: Nilllclean 400eV)

* the PAW datasets for carbon and oxygen used in example COonNil1l11l rel
require a plane wave energy cutoff of 400 eV (see C and O POTCAR files).
 The previous calculation of the Ni(111) clean surface was done with an

energy cutoff of 270 eV

— To be able to calculate the adsorption energy we need to run a single point
calculation for the Ni(111) clean surface at a higher cutoff (400eV).

SYTEM = clean Ni(111)

0
2

ISTART
ICHARG

ENMAX = 400

ALGO = Fast
EDIFF = 1E-6

ISMEAR = 2
SIGMA = 0.2

LVHAR = .TRUE.
# LVTOT = .TRUE.

 Changein cutoff lowers total energy:

surface

Name of the calculation

initial wave functions: random numbers
initial charge density: overlapping atoms

cutoff energy 400 eV

use RMM-DIIS for electronic optimization
electronic convergence: energy change < 107% eV

274 order Methfessel-Paxton smearing (metall!)
smearing width =02 eV

Write electrostatic potential to LOCPOT file, needed
to calculate the work function

N.B.: the setup for the calculation

ENCUT=270eV: E(c —» 0) = —25.737 of “Eco”, you will find in the

ENCUT=400 eV: E(O‘ N 0) — —25 742 Nilllclean_400eV/CO subdirectory
* Adsorptionenergy: E,qs = Etotal — Eclean — ECO

E,qs = —40.829+ 25.742+ 14.835 = —0.252 eV
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* Use p4vasp to show the planar
average of the potential (LOCPOT).

« vacuum-potential EVa¢ = 5.45 eV

* Fermi-levelep = 0.226 eV
(in OUTCAR)

e d=EYaC_ ¢ =522eV

8.0 |
6.0 | _ o
a0t .

3 00T
-4.0 } ‘
_go VT HTTT

-10.0

0 50 100 1250 200250
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Go to “Electronic/Local potential”

" H H 1
. AA‘”’V m— Select “Z - direction
File Edit Structure Electronic Convergence Database MD Help

0 System: l clean nickel (111) surfaceW
+

New Selection: [ / ] .
5 show 4— g ~ “Measure” point
— | in graph

Open @ i . £ : ==
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INCAR:
SYSTEM =
ENMAX = 400
ISMEAR = -5
ALGO = Fast
LORBIT = 11
IDIPOL = 3
LDIPOL = .TRUE.
LVHAR = .TRUE.
#LVTOT = .TRUE.

CO adsorption on Ni(111)

CO@Ni(111) LDOS&Workfunction
(ex.: COonNil11l LDOS)

Name of the calculation

cutoff energy 400 eV

tetrahedron method with Blochl corrections
use RMM-DIIS for electronic optimization
LM-decomposed site resolved density-of-states

Enable dipole corrections in direction 3

Switch on dipole corrections to potential
(=diplole layer)

Write Hartree part of local potential to LOCPOT
Write total local potential to LOCPOT

N.B.: We want to use the optimized structure of COonNilll rel:

In principle this would mean copying the CONTCAR of COonNil1ll relto
POSCAR in the directory where you want to run COonNil111 LDOS.
This, however, has already been taken care of, and the POSCAR file in
COonNi111 LDOSis already the correct one.
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Im-decomposed DOS helps
analyse the bonding

CO:50,1m, 21"

From comparison with
substrate LDOS:
- hybridisation with Ni-d; 2_..2
- nointeraction with d,,,
= from symmetry

Visualisation: use p4vasp as explained for example Ni10Oclean_LDOS.

[ I}
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CO@Ni(111) LDOS&Workfunction
(ex.: COonNil11l LDOS)

Fermi-level e = 1.68 eV
(in OUTCAR)

vacuum-potential at 8.24/6.77 eV:

P = 8.24 — 1.68 = 6.56 eV
®Joan = 677 — 1.68 = 5.09 eV

From Nilllclean 400eV, however:
() =5.22eV

clean

This discrepancyis due to a
too small vacuum!

8.0 r
6.0 |
4.0
2.0 F
0.0
W _20 }
40 F
60 F
80}

leV]

-10.0

Due to dipole corrections

-

O 50 100 ‘IZSO 200250

Visualisation: use p4vasp as explained for example Nilllclean 400eV.
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INCAR:

SYSTEM

ENMAX =

ISMEAR

SIGMA =

ALGO =

EDIFEF =

MAXMIX

NSw = 100

IBRION

NFREE =

CO on Ni frequencies

cutoff energy 400 eV

2" order Methfessel-Paxton smearing
smearing width o = 0.2 eV

use RMM-DIIS for electronic optimization

tight convergence needed to compute
vibrational properties

(Default: MAXMIX=45) Store more mixing steps,
save time but costs memory

Compute vibrational spectrum using finite
differences (displacements: 0.015 R)

Use two displacements per degree-of-freedom
(i.e., a 2" order finite difference stencil)


http://cms.mpi.univie.ac.at/wiki/index.php/Vibrational_frequencies_of_CO_on_Ni_111_surface

CO@Ni(111) vibrational frequencies
(ex.: COonNil1l1l freq)

POSCAR: Ni - (111) + CO on-top
3.53000000000000

0.7071067800000000

-0.3535533900000000

0.0000000000000000

0.0000000000000000
0.6123724000000000
0.0000000000000000

0.0000000000000000
0.0000000000000000
5.1961523999999999

Ni C @)
5 1 1
Selective dynamics
Direct
0.0000000000000000 0.0000000000000000 0.0000000000000000 F
0.3333333300000021 0.6666666699999979 0.1111111100000031 F
0.6666666699999979 0.3333333300000021 0.2222222199999990 F
-0.0000000000000000 0.0000000000000000 0.3326227833039623 F
0.3333333300000021 0.6666666699999979 0.4445699380869117 F
0.3333333300000021 0.6666666699999979 0.5403264650180125 F
0.3333333300000021 0.6666666699999979 0.6032949698060487 F
0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+0Q
0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E
0.00000000E+00 0.00000000E+00 0.00000000E+00 0.000000Q
0.00000000E+00 0.00000000E+00 0.00000000E+00 O.
0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00£00000E+00
0.00000000E+00 0.00000000E+00 0.00000000E+00 0,80000000E+00
0.00000000E+00 0.00000000E+00 0.00000000E+00 .00000000E+00

* Frequenciesonly for CO molecule, and only in the z-direction
(z and (x,y) are independent).

F
F
F
F
F
F
F

H 3 T E o

Use the POSCAR file in COonNi111 freg, or copy COonNi111 rel/CONTCAR to POSCAR
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CO@Ni(111) vibrational frequencies
(ex.: COonNilll freq)

Additional outputin the OUTCAR file for frequency calculations via finite differences,
e.g.:

Finite differences progress:

Degree of freedom: 1/ 2
Displacement: 1/ 2
Total: 1/ 4

e After the initial calculation for the equilibrium geometry, NFREE displacements
(+PoTIM) are performed for each degree of freedom; from the forces that
are induced by these displacements the dynamical matrix is set up and diagonalized.

At the end of the OUTCARfile the
- forces,
- the dynamical matrix, and finally
- the eigenfrequencies and
- eigenvectors (first normalized and then mass-weighted)
are listed.
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Eigenvectors and eigenvalues of the dynamical matrix

401.163391 2PiTHz 2129.711174 cm-1
dx

X

.000000
.000000
.248043
.000000
.000000
.000000
.000000

= 12

X

.000000
.000000
.248043
.000000
.000000
.000000
.000000

H PP OORK O

.457302 THz
Y
.000000
.441116
. 720558
.000000
.441116
.441116
.441116 1

P PR O OoOR O

63.847137 THz
Y
.000000
.441116
. 720558
.000000
.441116
.441116
.441116 1

= O o o DN O

= O oo DN O

Z
.000000
.038046
.076093
.101106
.154488
.910894
.065888

78.271540 2PiTHz

Z
.000000
.038046
.076093
.101106
.154488
.910894
.065888

O O O O O o O

dx

O O O O O O o

dy
0

O O O O o o

415.530869 cm-1

dy
0

O O O O O o

264 .050627 meV

dz

o oo o

0
-0.781357
0.624084

CO stretch

51.519280 meV

dz

O O O O

0
-0.624084
-0.781357

CO-metal
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STM (ex.: Graphite STM and Graphene STM)

Chose a plane roughly 1 A
above the surface atoms

- " W W W

File Edit Structurej Electronic Convergence Databgse MD ‘ ‘ . ‘
: A\ »
ode: constant he igma - horiz.
v
& A W O W

Step 1.) select “STM”

| Replicate the unit cell a few
o | times in both directions

a M & v % = F ==

invert scale — Show the structure as well
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STM (ex.: Graphite STM and Graphene STM)

AL B I I IR
A R L N
A\ = .
AR I I IR R RN
NERE e

- A s a a -
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