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Introduction

VASP is a complex package for performing ab-initio quantun@ehanical molecular dynamics (MD) simulations using pseu
dopotentials or the projector-augmented wave method anldre pvave basis set. The approach implemented in VASP
is based on the (finite-temperature) local-density appnakbn with the free energy as variational quantity and aacex
evaluation of the instantaneous electronic ground stataelh MD time step. VASP uses efficient matrix diagonalisatio
schemes and an efficient Pulay/Broyden charge density quifihese techniques avoid all problems possibly occurring i
the original Car-Parrinello method, which is based on theuianeous integration of electronic and ionic equatidn®o-
tion. The interaction between ions and electrons is desdrly ultra-soft Vanderbilt pseudopotentials (US-PP) othzy
projector-augmented wave (PAW) method. US-PP (and the PAYdadgallow for a considerable reduction of the number
of plane-waves per atom for transition metals and first rements. Forces and the full stress tensor can be calculéted w
VASP and used to relax atoms into their instantaneous grstatd.

The VASP guide is written for experienced user, althougméeginners might find it useful to read. The book is mainly
a reference guide and explains most files and control flagemgnted in the code. The book also tries to give an impressio
how VASP works. However, a more complete description of theéeulying algorithms can be found elsewhere. The guide
continues to grow as new features are added to the code.Heiisfore always possible that the version you hold in your
hands is outdated. Therefore, users might find it useful ézklhe online version of the VASP guide from time to time, to
learn about new features added to the code.

Here is a short summary of some highlights of the VASP code:

e VASP uses the PAW method or ultra-soft pseudopotentialeréfbre the size of the basis-set can be kept very small
even for transition metals and first row elements like C an@€nerally not more than 100 plane waves (PW) per atom
are required to describe bulk materials, in most cases é¥&Wb per atom will be sufficient for a reliable description.

e In any plane wave program, the execution time scalesNikdor some parts of the code, whekeis the number of
valence electrons in the system. In the VASP, the pre-fadtarthe cubic parts are almost negligible leading to an
efficient scaling with respect to system size. This is pdesily evaluating the non local contributions to the potdstia
in real space and by keeping the number of orthogonalisatorall. For systems with roughly 2000 electronic bands,
theN? part becomes comparable to other parts. Hence we expect A®&Ruseful for systems with up to 4000 valence
electrons.

e VASP uses a rather “traditional” and “old fashioned” sedfasistency cycle to calculate the electronic ground-state
combination of this scheme with efficient numerical methledsls to an efficient, robust and fast scheme for evaluating
the self-consistent solution of the Kohn-Sham functioféle implemented iterative matrix diagonalisation schemes
(RMM-DISS, and blocked Davidson) are probably among theefschemes currently available.

e VASP includes a full featured symmetry code which determithe symmetry of arbitrary configurations automatically.

e The symmetry code is also used to set up the Monkhorst Packaspeints allowing an efficient calculation of bulk
materials, symmetric clusters. The integration of the bstndcture energy over the Brillouin zone is performed with
smearing or tetrahedron methods. For the tetrahedron helidchl’'s corrections, which remove the quadratic error
of the linear tetrahedron method, can be used resultingastabnvergence speed with respect to the number of special
points.

e VASP runs equally well on super-scalar processors, veaimpeiters and parallel computers. Presently support for the
following platforms is offered:
— Pentium Duo, Intel(R) Core(TM)2, Intel(R), i-7(TM).
— Athlon64(TM) and Opteron(TM) based PC’s under LINUX.
— Presently, only the Intel(R) Fortran compilers are supbrt
— MPI bases parallelization, with excellent scaling on nwglte machines (Nehalem(TM), Opteron(TM), Intel
Core(TM)2 Quad core, INTEL i-7(TM)).
(for a performance profile of these machines have a look ebéuntion 3.8).

In addition, makefiles for the following platforms are supgl Since we do not have access to most of these machines,
support for these platforms is usuahpt available (the value in brackets indicates whether is yikbat VASP runs
without problems: ++ no problems excellent performancesually no problems; 0 presently unknown; - unlikely):

— IBM-SP2, SP3, SP4, Blue Gene (++)



— SGI Power Challenge, Origin 2000, Origin 200 (+)
— Cray T3D and T3E (+)

— Cray vector machines (+)

— NEC vector machines (+)

— Fujitsu vector machines (0)

— HP (PA-RISC), and other models (0)

For these platforms makefiles are distributed, but we caroffiet help, if the compilations fails or if the executable
crashes during execution.
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1 NEW FEATURES ADDED 9

1 New features added

This section highlights new and important features of th&WAcode. If you upgrade VASP to a new release you might find
this section useful. However, a new user can usually skgpgbction.

1.1 VASP 4.6

VASP.4.6 is stable and upgrades are only minute, often ompyaving stability of solving known compiler issues.

1.2 VASP 5.2.2: Release note

We are happy to announce the release of the new version ofi¢éi@ad/ab-initio simulation package VASP — VASP.5.2. The
new release contains many additional features which emhtirecfunctionality of the program package - we emphasize in
particular the ability to perform calculations using exach-local exchange or hybrid functionals and of many-boekp-
bation (GW) calculations. A list of all new features, inclndireferences to the pertinent publications is given below.

New features in VASP5.2

e Less memory demanding on massively parallel machines
(support by the IBM Blue Gene team is gratefully acknowletjge

e New gradient corrected functionals

- AMOS5 [49, 50, 51]

- PBEsol [52]

- new functionals can be applied using standard PBE POTCAR fil
(improved one-center treatment)

e Finite differences with respect to changes in the

- ionic positions

- lattice vectors

This allows the automated determination of second deviegatyielding

- inter-atomic force constants and phonons (requires arseibapproach)
- elastic constants

Symmetry is automatically considered and lowered duriregctidculations.

e Linear response with respect to changes in the

- ionic positions

- electrostatic fields[82]

This allows the calculation of second derivatives yielding

- inter-atomic force constants and phonons (requires arcefbapproach)
- Born effective charge tensor

- static dielectric tensor (electronic and ionic contribo}

- internal strain tensors

- piezoelectric tensors (electronic and ionic contribuitio

Linear response is only available for local and semi-loaatfionals.

e Exact non-local exchange and hybrid functionals

- Hartree-Fock method

- hybrid functionals, specifically PBEO and HSEO6 [66, 73, 74

- screened exchange

- Experimentalsimple model GW-COHSEX (applies empirically screened erge kernels)
- Experimentalhybrid functional B3LYP

e Frequency dependent dielectric tensor by summation over eigenstates

- in the independent particle approximation

- in the random phase approximation (RPA) via GW routines

- available for local, semi-local, hybrid functionals, sened exchange and Hartree-Fock

o Fully frequency dependent GW at the speed of the plasmon pole model [85, 86]
- single shot GWy
- iteration of eigenvalues in G and W until selfconsisterxyeiached[88]
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- Experimentalself-consistent GW by iterating the eigenstates in G (ariwoally W)

- Experimentaltotal energies from GW using the RPA approximation to theedation energy[89]

- vertex corrections (local field effects) in G and W in the L@#vailable only non-spin polarized)[88]
- Experimentalmany-body vertex corrections in W (available only non-gpaterized)

e Experimental:

- TD-HF and TD-hybrid functionals by solving the Cassida a&ipn (non-spin polarized only, Tamm-Dancoff
approximation)[80]

- Bethe-Salpeter on top of GW

(non-spinpolarized only using Tamm-Dancoff approximilfio

For all features marked "Experimental”, no support is presly available. These features are supplied "as is”, theg ax-
pected to be stable, but they have not been widely appliedesteld. Eventually these features might become fully stggpo

IMPORTANT: The present version of the code has been tested only usirgtéid-ortran compiler (ifc.10.X, ifc.11.X).
Support for other compilers is presently not available.

IMPORTANT: Certain features implemented in the new version of VASP derachange, hybrid functionals, and GW
calculations) are computationally very demanding. We selall VASP users interested in using these functionaltbes
consult the publications listed above.

Users interested in an upgrade of their licenses or a new YASRcense should contact

vasp.Materialphysik@univie.ac.at
Dr. Doris Vogtenhuber
Computational Materials Science
Universitt Wien

Sensengasse 8/12

A-1090 WIEN, AUSTRIA

1.3 VASP 5.2: Manual updates

Manual for HF (Section 6.64), dielectric and optical prdsrand density functional perturbation theory (Sectid@bh and
GW (Section 6.66) and MP2 (Section 6.67) are available {fafbesome more advanced features the manual is still under
construction).

The section on the pseudopotential data base has been dif8atetion, 10 new PAW potential data sets supporting
relaxed core, will be released soon). The new potentiahatenger real space optimized and require to user to dortkide
vasp (REAL = Auto).

Since VASP.5.2, VASP supports non-spherical contribigtivom the gradient corrections inside the PAW spheres.& hes
contributions are only included in the total energy for VAGR. The flag ASPH = .TRUE. must be set in the INCAR file to
select this feature (see Sec. 6.41).

VASP.5.2 supports symmetry adapated finite differenced,ishVASP is able to determine for super-cells, which atoms
need to be displaced, displaces them, lowers the symmaetingahe displacement if required, and determines all attanic
force constants (see Sec. 6.21.6). Furthermore, lineponsg calculations with respect to ionic displacementsapported
(see Sec. 6.21.7).
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2 VASP an introduction

2.1 History of VASP
A brief history of the development of VASP:

e VASP is based on a program initially written by Mike Paynets MIT. Hence, VASP has the same roots as the
CASTEP/CETEP code, but branched from this root at a very esidlge. At the time, the VASP development was
started the name CASTEP was not yet established. The CAS&Eir upon which VASP is based only supported
local pseudopotentials and a Car-Parrinello type steej@ssient algorithm.

e July 1989: dirgen Hafner brought the code to Vienna after half a yeariat@ambridge.

e Sep. 1991: work on the VASP code was started. At this timegéh the CASTEP code, was already further developed,
but VASP development was based on the old 1989 CASTEP version

e Oct. 1992: ultra-soft pseudopotentials were included & ¢bde, the self-consistency loop was introduced to treat
metals efficiently.

e Jan 1993: J. Furthidler joined the group. He wrote the first version of the PIBagyden charge density mixer and
contributed — among other things — the symmetry code, thedlRigeader and a fast 3D-FFT.

e Feb 1995: J. Furthiiller left Vienna. In the time due, VASP has got it's final ngraed had become a stable and
versatile tool forab initio calculations.

e Sep. 1996: conversion to Fortran 90 (VASP.4.1). The MPI @ags passing) parallelisation of the code was started
at this time. J.M. Holender, who initially worked on the ghalisation, “unfortunately” copied the communication
kernels from CETEP to VASP. This was the second time devedopsnoriginating from CASTEP were included in
VASP, which subsequently caused quite some understandatér and uproar.

e Most of the work on the parallelisation was done in KeeleffStdshire, UK by Georg Kresse. MPI parallelisation was
finished around January 1997. Around July 1998, the comnatiait kernel was completely rewritten (even 3D-FFT)
in order to remove any CETEP remainders. Unfortunately,ithplied giving up special support for T3D/T3E shmem
communication. Since than, VASP is no longer particulafficient on the T3D/T3E.

e July 1997-Dec. 1999: the projector augmented wave (PAW) atktvas implemented.

e 2004: The development on the vasp.5.X branch started dimgjisupport for Hartree-FockgW, linear response theory.
Despite the initial announcement, vasp.5.X is only a “milgigrade of vasp.4.6. Internal data structures are largely
unchanged.

In addition, the following people have contributed to thdeoT he tetrahedron integration method was copied from aQMT
program (original author unknown, but it might be Jepsen l@cBl). The communication kernels were initially developed
by Peter Lockey at Daresbury (CETEP), but they have beeregubstly modified completely. The kernel for the parallel
FFT was initially written by D. White and M. Payne, but it hasheewritten from scratch around July 1998. Several parts
of VASP were co-developed by A. Eichler, and other memberhefgroup in Vienna. David Hobbs worked on the non
collinear version. Martijn Marsman has written the rousifier calculating the polarisation using the Berry phase@ggh,
spin spirals and Wannier functions. He also rewrote the LDAeutines initially written by O. Bengone, and extended the
spin-orbit coupling tof electrons. Robin Hirschl implemented the Meta-GGA, andiisently working on the Hartree-Fock
support (together with Martijn Marsman and Adrian Rohrhach

2.2 Outline of the structure of the program

VASP.4.X is a Fortran 90 program. This allows for dynamic meyrallocation and a single executable which can be used
for any type of calculation.
Generally the source code and the pseudo potentials shesitterin the following directories:

VASP/srcivasp.4.lib
VASP/src/vasp.4.X

VASP/pot/..
VASP/pot_GGA/..
VASP/potpaw/..
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VASP/potpaw_GGA/..

The directoryvasp.4.lib contains source code which rarely changes and this diseatsnally does not require re-
installation upon updates. However, significant changegasp.4.lib might be required, when adopting the code to new
platforms. The directory vasp.4.X contains the main For@@ code. The directorigmt/ pot _GGA/ (and possiblyotpaw/
potpaw _GGA/) hold the (ultrasoft) pseudopotentials and the projeatanzented wave potentials respectively. LDA versions
are supplied in the directori@st andpotpaw , whereas GGA versions (Perdew, Wang 1991) are distribatdekidirectories
pot _GGAandpotpaw _GGA The source files and the pseudopotentials are availabldilensarver (see section 3.2).

Most calculations will be done in a work directory, and befetarting a calculation, several files must be created & thi
directory. The most important input files are:

INCAR POTCAR POSCAR  KPOINTS

2.3 Tutorial, first steps

If you have not installed VASP yet, please read section 3\ fidne files necessary for the calculations discussed in the
tutorial can be found on the VASP file server {itor/... ). The VASP executable must be available on your local machin
(ideally placed somewhere in your search path). If the tezarch path is unknown to you, you should stop reading this
section, and you should get a UNIX guide to learn more abausktell enviroment of UNIX.

2.3.1 diamond
Copy all files from the tutor/diamond directory to a work dir@ry, and proceed step by step:

1. The following four files are the central input files, and st in the work directory before VASP can be exceuted.
Please, check each of these files using an editor.

e INCARfile
TheINCARfile is the central input file of VASP. It determines 'what to a@od how to do it'. It is a tagged format
free-ASCII file: Each line consists of a tag (i.e. a string) #guation sign '=" and one or several values. Defaults
are supplied for most parameters. Please checlNwR file supplied in the tutorial. It is longer than it must be.
A default for the energy cutoff is for instance given in P@TCARile, and therefore usually not required in the
INCAR file. For this simple example however, the energy cutoff igpdied in thelNCAR file (and it is probably
wise to do this in most cases).

e POSCAR
ThePOSCARile contains the positions of the ions. For the diamond exantpePOSCARile contains the follow-
ing lines:
cubic diamond comment line
3.7 universal scaling factor
05 05 0.0 first Bravais lattice vector
0.0 0.5 05 second Bravais lattice vector
05 0.0 05 third Bravais lattice vector
2 number of atoms per species
direct direct or cart (only first letter is significant)
0.0 0.0 0.0 positions
0.25 0.25 0.25

The positions can be given in direct (fractional) or Cagesioordinates. In the second case, positions will be
scaled by the universal scaling factor supplied in the sedime. The lattice vectors are always scaled by the
universal scaling factor.

e KPOINTS
TheKPOINTSfiles determines the k-points setting

4x4x4 Comment

0 0 = automatic generation of k-points
Monkhorst M use Monkhorst Pack

4 44 grid 4x4x4

000 shift (usually 0 0 0)
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The first line is a comment. If the second line equals zeropiktp are generated automatically using the
Monkhorst-Pack’s technique (first character in third liggas “M”). With the supplieKPOINTSfile a 4x 4 x 4
Monkhorst-Pack grid is used for the calculation.

e POTCAR
The POTCARile contains the pseudopotentials (for more then one speaaeply con-caPOTCAKiles using the
UNIX commandcat ). ThePOTCAKile also contains information about the atoms (i.e. theissn¢heir valence,
the energy of the atomic reference configuration for whiehpgbeudopotential was created etc.).

2. Run VASP by typing
> vasp

Again this command will work properly only, if the vasp exatable is located somewhere in the search path. The
search path is usually supplied in th&THvariable of your UNIX shell. For more details, the user isrefl to a UNIX
manual.

After starting VASP, you will get a output similar to

VASP.4.4.3 10Jun99

POSCAR found : 1 types and 2 ions

LDA part: xc-table for CA standard interpolation
file io ok, starting setup

WARNING: wrap around errors must be expected
entering main loop

N E dE d eps ncg rms rms(c)
CG: 1 0.1209934E+02 0.120E+02 -0.175E+03 165  0.475E+02
CG : 2 -0.1644093E+02 -0.285E+02 -0.661E+01 181  0.741E+01
CG : 3 -0.2047323E+02 -0.403E+01 -0.192E+00 173 0.992E+00 O A16E+00
CG: 4 -0.2002923E+02 0.444E+00 -0.915E-01 175 0.854E+00 O. 601E-01
CG : 5 -0.2002815E+02 0.107E-02 -0.268E-03 178 0.475E-01 O. 955E-02
CG: 6 -0.2002815E+02 0.116E-05 -0.307E-05 119  0.728E-02

1 F= -.20028156E+02 EO= -.20028156E+02 d E =0.000000E+00
writing wavefunctions

VASP uses a self-consistency cycle with a Pulay mixer andemative matrix diagonalisation scheme to calculate the
Kohn Sham (KS) ground-state. Each line corresponds to awtrehic step, and in each step the wavefunctions are
iteratively improved a little bit, and the charge densityéfined once. A copy of stdout (that's what you see on the
screen) is also written to the fi@SZICAR

The columns have the following meaning: Coluiiis counter for the the electronic iteration st&ps the current
free energydE the change of the free energy between two stepsdaegs the change of the band-structure energy.
The colummcg indicates how often the Hamilton operator is applied to tiwefunctions. The columms gives the
initial norm of the residual vectoR= (H —€S)|@)) summed over all occupied bands, and is an indication howthes|
wavefunctions are converged. Finally the colums(c) indicates the difference between the input and output eharg
density. During the first five steps, the density and the gi@tisnare not updated to pre-converge the wavefunctions
(thereforerms(c) is not shown). After the first five iterations, the update @& tihharge density starts. For the diamond
example, only three updates are required to obtain a suffigiaccurate ground-state. The final line shows the free
electronic energ¥ after convergence has been reached.

More information (for instance the forces and the stressagrcan be found in thOUTCARile. Please check this file
in order to get an impression which information can be foundh@ OUTCARile.

Another important file is th&/AVECARIe which stores the final wave functions. To speed up calaria, VASP usually
tries to read this file upon startup. At the end of calculajdhe file is written (or if it exists overwritten).

3. To calculate the equilibrium lattice constant try to tyjpe . The shell scriptun is a simple shell script, which runs
vasp for different lattice parameters. You can check theesua of this script with an editor.

4. Determine the equilibrium volume (for instance using adratic fit of the energy). The equilibrium lattice constant
should be close to 3.526.

5. Now set the equilibrium lattice constant in tP@SCARile and move the ion located at 0.25 0.25 0.25t0 0.24 0.24,0.24
and relax it back to the equilibrium position usiigSP. You have to add the lines
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NSW =10 ! allow 10 steps
ISIF =2 | relax ions only
IBRION =2 ! use CG algorithm

to the INCAR file. (At this point you might find it helpful to relasection 6.21).

In order to find the minimum, VASP performs a line minimisasmf the energy along the direction of the forces (see
6.21). The line minimisation, requires VASP to take a "sthalhl step into the direction of the force, then the total
energy is re-evaluated. From the energy change and thaliaitd final forces, VASP calculates the position of the
minimum. For carbon, the automatically chosen trial stapuigh too large, and VASP can run more efficiently, if the
parametePOTIMis set in thdNCAR file:

POTIM = 0.1"! reduce trial step

Do that and start once again from a more exited structure((26,0.20,0.20).

At the end of any job, VASP writes the final positions to the @ileNTCARThis file has the same format as t@SCAR
file, and it is possible to continue a run, by copyld@NTCARo POSCARand running VASP again.

6. As a final exercise, change the lattice constant iP@CAHile to 3.40, and chang&IF in theINCARfile to

ISIF =3 ! relax ions + volume
POTIM = 0.1 ! you need to specify POTIM as well

and start once again. IBIF is set to 3, VASP relaxes the ionic positicasdthe cell volume.
Do not forget to check theUTCARile from time to time.

7. The final lattice constant will be quite accurate (arourid8A). The small difference to the lattice constant obtained
by fitting the energy volume curve is due to the Pulay stress égction 7.6): the stress tensor is only correct if the
calculations are fully converged with respect to the bastisEhere are several possibilities to solve this problem:

8. Increase the plane wave cutoff by 30% with respect to tedstrd value in thiNCAR file (ENMAX=55(. Now the basis
set is almost converged, and more accurate results for tteel@onstant can be obtained. Try this for carbon, and
increase the accuracy of the electronic ground-state ledilon by setting

EDIFF = 1E-7 ! very high accuracy required 10°-7 eV

in the INCAR file. Start from th€ ONTCARile of the last calculation (i.e. cogyONTCARo POSCAR

9. The Pulay error is independent of the structure, so it eeevaluated once and for ever using first a large basis-set and
than a small one. Start at tlequilibriumstructure, with a high cutoffNCUT=55Q. The stress tensor should be zero.

Then use the default cutoff. The stress is now -43 kBar. Tieikly an estimation of the possible errors caused by the
basis set incompleteness. (You might correct the relax#tyosetting

PSTRESS = -43 ! Pulay stress = -43 kB

in the INCAR file, but it is usually preferable to increa=é¢CU?Y.

Hopefully this small example has given you an idea how VASPkaioMore details tutorials can be found in the minutes of
the VASP workshop (we strongly urge all newbies to run thiotigse tutorials, step by step, takes maybe a couple of days,
but should pay off).

http://cms.mpi.univie.ac.at/vasp-workshop/slides/do cumentation.htm
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3 The installation of VASP
3.1 How to obtain the VASP package

VASP is not public-domain or share-ware, and will be distributed orftgraa license contract has been signed. Enquiries
must be send tolllgen Hafner Juergen.Hafner@univie.ac.at ). The enquiry should contain a short description of the
short term research aims (less than half a page).

3.2 Installation of VASP

To install VASP, basic UNIX knowledge is required. The udendd be acquainted with the tar, gzip, and ideally with the
make command of the UNIX environment.

VASP requires that the BLAS package is installed on the cderplThis package can be retrieved from many public
domain servers, for instanddp://math-atlas.sourceforge.net , but if possible one should use an optimised BLAS
package from the machine supplier (see section. 3.7).

To install VASP, create a directory for VASP to reside in. Weoammend to use the directory

"IVASP/src
Then, retrieve the following files from the server:

vasp.4.X.X.tar.gz or vasp.4.X.X.tar.Z
vasp.4.lib.tar.gz or vasp.4.lib.tar.Z
benchmark.tar.gz

bench.Hg.tar.gz

The ftp server is located at:

server cms.mpi.univie.ac.at

login vasp

password is sent by email after the license contract has been signed
directory src

The *.gz (gzip) files are generally smaller, but gzip is natatled on all machines.

At the same location (cms.mpi.univie.ac.at), pseudopiatsnfor all s-, p- and d-elements can be found in the files
(pot/potcar.date.tar and pot _GGA/potcar.date.tar ). The tar file pot/potcar.date.tar contains ultrasoft pseu-
dopotentials for the local density approximation (LDA).iF file should be untared in a seperated directory, e.g. ubiag
commands

cd “/VASP

mkdir pot

cd pot

tar -xvf directory_of downloaded_file/potcar.date.tar

About 80 directories, all containing a fiROTCAR.Z are generated. The elements for which the potential file ges®r-
ated can be recognised by the name of the directory (e.g.iARK€ etc). For more detail, we refer to section 10. The
pot _GGA/potcar.date.tar file contains the pseudopotentials for gradient correcRatdew Wang 91) calculations and
should be untared in a different directory, e.g. using themands

cd “/VASP

mkdir pot_GGA

cd pot_GAA

tar -xvf directory_of downloaded_file/potcar.date.tar

Potential files for the projector-augmented wave (PAW) metlaoe located in a seperate account on the same ftp server:

server cms.mpi.univie.ac.at
login paw
password is sent by email after the paw-license contract has been signed

directories potpaw and potpaw_GGA
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To untar these files, a similar procedure as described albhmddsbe used.
Documentations on VASP (for instance this file) might be fibimthedoc/ directory.

After the filesvasp.4.X.X.tar.gz andvasp.4.lib.tar.gz have been retrieved from the file server, the installation
proceeds along the following lines: First, uncompress*theor *.gz files usinguncompress or gunzip . Then untar the
vasp.*tar  files using e.qg.:

gunzip vasp.4.X.X.tar.gz (or uncompress vasp.4.X.X.tar. 2)
tar -xvf vasp.4.X.X.tar
gunzip vasp.4.lib.tar.gz (or uncompress vasp.4.lib.tar. Z)

tar -xvf 4.4.lib.tar
Two directories are created:

vasp.4.lib/
vasp.4.X.X/

Goto thevasp.4.lib  directory, and copy the appropriatakefile.machine  to Makefile

cd vasp.4.lib
cp makefile.machine Makefile

You might choosenakefile.machine  from the following list:

makefile.cray makefile.dec makefile.hp makefile.linux_ abs
makefile.linux_alpha makefile.linux_ifc_P4 makefile.l inux_ifc_ath  makefile.linux_pg
makefile.nec makefile.rs6000 makefile.sgi makefile.sp2
makefile.sun makefile.t3d makefile.t3e makefile.vpp

cray CRAY C90, J90, T90 (++)

dec DEC ALPHA, True 64 Unix (++)

hp HP PA (0)

linux_abs Linux, Absoft compiler (0)

linux_alpha Linux, Alpha processors fort compiler (++)

linux_ifc_P4 Linux, Intel fortran compiler (ifc), P4 optim isation (++)
linux_ifc_P4 Linux, Intel fortran compiler (ifc), Athlon o ptimisation (++)
linux_pg Linux, Portland group compiler (++)

nec NEC vector computer (+)

rs6000 IBM AIX, xIf90 compiler (++)

Sgi SGI, Origin 200/ 2000/ 3000, Power Challenge, O2 etc. (+)

sp2 IBM SP2, possibly also usefull for RS6000 (++)

sun SUN, Ultrasparc (-)

tad Cray/SGI T3D (+)

t3e Cray/SGI T3E (+)

vpp fujitsu VPP, VPX (0)

The value in brackets indicates whether is likely that VASP eempile and execute without problems: ++ no problems; +
usually no problems; 0 presently unknown; - unlikely. Type

make

The compilation should finish without errors, although wags are possible. Go to thvasp.4.x  directory. Copy the appro-
priatedmakefile.machine  toMakefile . Now check the first 10-20 lines in tidakefile  for additional hints. It is absolutely
required to follow these guidelines, since the executabtghtmot work properly otherwise. If thilakefile suggests that
certain routines must be compiled with a lower optimisatipou can usually do this by inserting lines at the end of the
makefile. For instance

radial.o : radial.F
$(CPP)
$(F77) $(FFLAGS) -01 $(INCS) -c $*$(SUFFIX)

Finally, type

make
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again. It should be possible to finish again without errolth¢agh numerous warnings are possible). If problems aceusm
tered during the compilation, please make first shure thathave followed exactly the guidelines in thiakefile . If you
have done so, generate a bug report by typing the followimgnesands (bash or ksh):

make clean
make >bugreport 2>&1

If you use the csh or tcsh, type:

make clean
make >& bugreport

Send, us the fileblakefile , bugreport , the exact operating system version, and the exact conygtsion (see Sec. 3.6).
Presently, we can solve problems only for the following folahs, since we do not have access to other operating systems

makefile.dec makefile.linux_alpha  makefile.linux_ifc_ P4 makefile.linux_ifc_ath
makefile.linux_pg makefile.rs6000 makefile.sp2

Bug reports for the sun platform are rather useless. We khatwasp fails to work reliably on Sun machines, but this is
related to an utterly bad Fortran 90 compiler. Any suggestiwow to solve this problem are appriciated.

Mind: The VASP makefiles assume that optimised BLAS packages ata&led on the machine. The following BLAS li-
braries are linked in, if the standard makefiles are used:

libessl.a IBM RS6000, SP2, SP3 and SP4
libcxml.a True 64 Unix, and Alpha Linux
libblas.a SGI

libveclib.a HP

libsci.a CRAY C90

libmkl_p4 Intel P4, mkl performance library

Usually these packages are speficied in the line startirg wit
BLAS=

or in the line starting with

LIB=

If you do not have access to these optimized BLAS libraries) gan download the ATLAS based BLAS from
http://math-atlas.sourceforge.net . In this case (and for most linux makefiles), BIEAS line in theMakefile  must
be costumized manually. Additional BLAS related hints a@sedssed in section 3.7 and in some of the makefiles.

Next step: Create a work directory, copy the bench*.tarlgs fo this directory and untar the benchmark.tar file.

gunzip <benchmark.tar.gz | tar -xvf -
Then type
directory_where_VASP_resides/vasp
One should get the following results prompted to the scr&&$P.4.5 and newer versions):

VASP.4.4.4 24.Feb 2000

POSCAR found : 1 types and 8 ions

WARNING: mass on POTCAR and INCAR are incompatible

typ 1 Mass  63.5500000000000 63.5460000000000
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VASP found 21 degrees of freedom

the temperature will equal 2*E(kin)/ (degrees of freedom)
this differs from previous releases, where T was 2*E(kin)/
The new definition is more consistent

(3 NIONS). |

file io ok, starting setup

WARNING: wrap around errors must be expected
prediction of wavefunctions initialized

entering main loop

N E dE d eps ncg
CG : 1 -0.88871893E+04 -0.88872E+04 -0.15902E+04 96 0.914E
CG : 2 -0.90140943E+04 -0.12691E+03 -0.93377E+02 126 0.142
CG : 3 -0.90288324E+04 -0.14738E+02 -0.49449E+01 112 0.293
CG : 4 -0.90228639E+04 0.59686E+01 -0.28031E+01 100 0.264E
CG : 5 -0.00228253E+04 0.38602E-01 -0.64323E-01 100 0.337E
CG : 6 -0.90227973E+04 0.28000E-01 -0.90047E-02 99 0.131E+
CG : 7 -0.90227865E+04 0.10730E-01 -0.31225E-02 98 0.677E-
CG : 8 -0.90227861E+04 0.43257E-03 -0.13932E-03 98 0.169E-
CG : 9 -0.90227859E+04 0.23479E-03 -0.47878E-04 62 0.814E-
CG : 10 -0.90227858E+04 0.41776E-04 -0.10154E-04 51 0.514E
1 T= 2080. E= -.90209042E+04 F= -.90227859E+04 EO= -.902203

EK= 0.18817E+01 SP= 0.00E+00 SK= 0.57E-05
bond charge predicted

N E dE d eps ncy
CG : 1 -0.90226970E+04 -0.90227E+04 -0.32511E+00 96 0.935E
CG : 2 -0.90226997E+04 -0.27335E-02 -0.26667E-02 109 0.957
CG : 3 -0.90226998E+04 -0.23857E-04 -0.23704E-04 57 0.741E
CG : 4 -0.90226994E+04 0.34907E-03 -0.15696E-03 97 0.150E-
CG : 5 -0.90226992E+04 0.22898E-03 -0.54745E-04 75 0.915E-
CG: 6 -0.90226992E+04 0.13733E-04 -0.50646E-05 49 0.395E-
2 T= 1984. E= -.90209039E+04 F= -.90226992E+04 EO= -.902194

EK= 0.17948E+01 SP= 0.42E-03 SK= 0.37E-04

The full output can be found in the file OSZICAR.réf4.3.
If the output is correct, you might move bench.Hg.tar
machine).

gunzip <bench.Hg.tar.gz | tar -xvf -
directory_where_VASP_resides/vasp # this command will ta
grep LOOP+ OUTCAR

rms rms(c)
+02
E+02
E+01 0.175E+01
+01 0.373E+00
+00 0.141E+00
00 0.643E-01
01 0.180E-01
01 0.800E-02
02 0.362E-02
-02
37E+04

rms rms(c)
+00

E-01

-02  0.455E-01
01 0.121E-01
02 0.327E-02
02

55E+04

(this is a small benchmark indicating the performance of the

ke 4-60 minutes

The benchmark requires 50 MBytes, and takes between 4-a@tesirit is best if the machine is idle, but generally resarés
also useful if this is not the case. Mind that the last Typiedlies for LOOP+ are shown indicated in Section 3.8. Theuwutp
produced by this run can be found in the OSZICAR.ref file (MaTr8/ASP.4.4.3) in the tar file.

3.3 Compiling and maintaining VASP

There are two directories in which VASP residessp.4.lib
changes for supporting new machinessp.4.x

> makeparam

holds files which change rarely, but might require consiolera
contains the VASP code, and changes with every update.
There are also several utility and maintenance progranig#imebe found in theasp.4.x

directory for instance the

utility. These files ar@ot automatically created and must be compiled by hand, foantst typing

> make makeparam

in thevasp.4.X directory.
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3.4 Updating VASP

Connect to the server and get the latessip.4.X. X tar.gz

file. Uncompress the *.Z of *.gz files using uncompress or

gunzip. Untar theasp.*.tar  file using

tar -xvf vasp.X.X.X.tar

Mind: Make sure that you have removed or renamed the old 4asplirectory. Unpacking the latest version into an exigtin
vasp.4.x directory will usually cause problems during coatipn. Then proceed as described above.

3.5 Pre-compiler flags overview, parallel version and Gammaoint only version

To support different machines and different version VASRseéheavily on the C-pre-compiler (cpp). The cpp is usedeaie
* ffiles from the *.F files. Several flags can be passed to tipetomenerate different versions of the *.f files: Followinagé

are currently supported:

single_BLAS
vector

essl

NGXhalf
NGZhalf
wNGXhalf
wNGZhalf
NOZTRMM
REAL to DBLE

VASP.4 only:

debug
noSTOPCAR
F90_T3D
scaLAPACK
T3D_SMA
MY_TINY
USE_ERF
CACHE_SIZE
MPI
MPI_CHAIN
pro_loop
use_collective
MPI_BLOCK

WAVECAR_double

single precision BLAS/LAPACK calls
compile vector version
use ESSL call sequence for DSYGV
charge density  reduced in X direction
charge density  reduced in Z direction
gamma point only reduced in X direction
gamma point only reduced in Z direction
do not use ZTRMM
change REAL(X) to DBLE(X)

gives more information during run

do not re-read STOPCAR file

compile for T3D

use scaLAPACK (parallel version only)

use shmem communication on T3D instead of MPI

required accuracy in symmetry package

use intrinsic error function of cray mathlib

cache size used to optimise FFT's

compile parallel version

serial version with nudged chain support (not sup ported)
uses DO loops instead of DGEMV

use collective MPI calls (VASP.4.5)

block the MPI calls (VASP.4.5)
use double precision WAVECAR files (VASP.4 .5)

These flags are usually defined in the makefile incfipeline with

-Dflag

Most of these flags are set properly in the platform depenueRkefiles, and therefore most users do not need to modify.them
To generate the parallel version however, modification efrttakefiles are required. Most makefiles have a sectionrgjarti

with

#

#MPIl VERSION

#

T

If the the comment sigr#’ is removed from the following lines, the parallel versidivasp is generated. Please mind, that if
you want to compile the parallel version, you should eithi@rtgrom scratch (by unpacking VASP from the tar file) or type

> touch *.F
> make vasp

Finally, there are two flags that are of importance for theigdirs. IfwNGXhalf is set in the makefile, a version of VASP
is compiled that works at thie-point only. This version is 30-50% faster than the stand@ardion. For the compilation of a
parallel -point only version, the flagNGZhalf instead ofwNGXhalf must be set. Again it must be stressed, that if one of
these flags is set in the makefile, all Fortran files must bemeded. This can be done by unpacking the tar file or typing
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touch *.F
make vasp

In the following section all pre-compiler flags are brieflysdabed.

3.5.1 singleBLAS

This flag is required, if the code is compiled for a single @O machine. In this case, the single precision version of
BLAS/LAPACK calls are used. Use this flag only on CRAY vectonguters.

3.5.2 vector

This flag should be set, if a vector machine is used. In this,aartain constructions which are not vectorisable aread
resulting a code which is usually faster on vector machines.

3.5.3 essl

Use this flag only if you are linking with ESSheforelinking with LAPACK. ESSL uses a different calling sequerfoe
DSYGV than LAPACK. (At the moment the makefile for the RS 600tk$ LAPACK before ESSL, so this flag is not
required).

3.5.4 NOZTRMM

If the LAPACK is not well optimised, the call to ZTRMM shoulcekavoided, and replaced by ZGEMM. This is done by
specifying NOZTRMM in the makefile.

3.5.5 REAL_to_DBLE (VASP.3.X only)

This flag results in a change of all REAL(X) calls to DBLE(X)llsaand is only required on SGI machines. On SGI machines
the REAL call isnot automatically augmented to the DBLE call if the auto-dowdmpiler flag (-r8) is used. This flag is no
longer required in VASP.4.

3.5.6 NGXhalf, NGZhalf
For charge densities and potentials, half the storage caavesl if one of these flags is used, since
Ag=A", and A =A. (3.1)

To use a real to complex FFT you must specify -DNGXhalf forgbdal version and -DNGZhalf for the parallel version. If
-DNGXhalf is specified for the serial version the real to céewd-FT is "simulated” by a complex to complex FFT.
Mind: If this flag is changed in the makefile, recompile all files. This can be done typing

touch *.F
make vasp

3.5.7 wNGXhalf, WNGZhalf
At the I -point half the storage for the wavefunctions can be savedsdfof these flags is used because
Cq=Cy and G =C/ (3.2)

To use a real to complex FFT you must specify -DwWNGXhalf fa sierial version and -DwNGZhalf for the parallel version.
If -DwWNGXhalf is specified for the serial version the real taplex FFT is "simulated” by a complex to complex FFT.
Mind: If this flag is changed in the makefile, recompile all files. This can be done using

touch *.F
make vasp

It is a good idea to compile the-point only version in a separate directory (for instancepgamma). Copy all files from
vasp to vasggamma, copy makefile.machine to makefile, and edit the makéfidd the wNGXhalf (or wNGZhalf) flag to
the cpp line.

CPP = .. cpp ... -DNGXhalf -DwNGXhalf ...

Usually thel™-point only version is 2 times faster than the conventiomation.
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3.5.8 debug

Defining debug gives more information during a run. The addil information is written to stderr and might help to figur
out where the program crashes. Mind, that the use of a debigyggually much faster for finding errors, but on some patall
machines, debuggers are not fully supported.

3.5.9 noSTOPCAR

Specifying this flag avoids that the STOPCAR file is read ahesdectronic iteration. This step is too expensive on vesy fa
machines with slow 10-subsystems (like T3D, T3E or FujitdePy. Mind that LSTOP = .TRUE. is still supported (i.e. it is
possible to break after electronic minimisation).

3.5.10 F9QT3D

Compile for the T3D, this has only minor effects, for instarsome compiler directives like
IDIR$ IVDEP

are changed to

IDIR$

The first directive is required on a Cray vector machines @oract vectorisation, but it gives a warning on the T3D.

In addition the STOPCAR file will not be read on the T3D in eaeldtion (see previous subsection) because re-reading
the STOPCAR file is too expensive (0.5-1 sec) on a T3D. The 8D flag must also be specified if the scaLAPACK flag is
used on the T3D, since the T3D requires that some arrayslacaid in a special way (shmem-allocation).

3.5.11 MY_TINY

In VASP, the symmetry is determined from the POSCAR file. InS¥.4, the accuracy to which the positions must be
correctly specified in the POSCAR can be customised onlyndurompile time using the variable MYINY. Per default

MY _TINY is 106 implying that the positions must be correct to within ard#rdigits. If positions are not entered with the
required accuracy VASP will be unable to determine the symnggoup of the basis.

3.5.12 avoidalloc

If -Davoidalloc  is set in the makefile, ALLOCATE and DEALLOCATE sequencies avoided in some performance sensi-
tive areas. Notably under LINUX ALLOCATE and DEALLOCATE itosv, and hence avoiding it improves the performance
of some routines by roughly 10%.

3.5.13 praloop

If -Dpro _loop is set in the makefile, some DGEMV and DGEMM calles are replame DO loops. This improves the
performance of the non local projector functions on the Bther machines do not benefit.

3.5.14 WAVECAR_double

VASP.4.5 only.
If -DWAVECARIouble is set in the makefile, the WAVECAR files are written with daailgrecision accuracy, in a fully
compatible manner to VASP.4.4. The default in VASP.4.51igl& precision.

3.5.15 MPI

If this flag is set, the parallel version is generated. It isessary to recompile all fileso(ch *.F ). The parallelisation
requires that MPI is installed on the machine and the patheofibraries must be specified in the makefile.

There is one minor “technical” problem: MPI requires an ud# file mpif.h, which is sometimes y not F90 free for-
mat conform-able (CRAY is one exception). Therefore thdude file mpif.h must be copied to the directory VASP.4 and
converted to f90 style and named mpif.h. This can be doneyukimfollowing lines:

> ¢p ..mpi.../[include/mpif.h mpif.h
> Jconvert mpif.h

The convert utility converts a F77 fortran file to a F90 freeriat file and is supplied in the VASP.4 directory. (On mostyCra
T3E this is for instance not required, and mpif.h can be faarmhe of the default include paths).
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3.5.16 MPLCHAIN

Using this flag a version is compiled which supports the nddgastic band method. Thepif.h file must be created in the
same way as explained above. Most files will be compiled irsirae way as in the serial version (for instance no parallel
FFT support is required). In this case each image, must rusnerand only one node, the tag IMAGES must be set to the
number of nodes:

IMAGES = number of nodes

This version is as fast as the serial version (and thus ysizatter than the full MPI version), and can run very efficigion
clusters of workstation.
VASP.4.4 and VASP.4.5 currently do not support this flaggngp

3.5.17 usecollective

In VASP.4.5, the MPI version of VASRvoidscollective communication, since they are very ineffcignthplemented in

the public domain MPI packages, such as LAM or MPICH. On the S@gins and on the T3E, on the other hand the
collective MPI routines are highly optimised. Henee _collective ~ should be specified on these platforms, and whenever
the collective MPI routines were optimised for the arcHitiee.

3.5.18 MPILBLOCK

Presently VASP breaks up immediate MPI send (N#eind) and MPI receive (MBfecv) calls using large data blocks into
smaller ones. We found that large blocks cause a dramatidwidth reduction on LINUX clusters linked by a 100 Mbit
and/or Gbit Ethernet (all Kernels, all mpi versions inchgli2.6.X Linux kernels, lam.7.1.1MPI_BLOCKdetermines the
block size. Ifuse _collective is used,MPI_BLOCKis used only for the fast global sum routine (search fasinfd in
mpi.F).

3.5.19 T3DSMA

Although VASP.4 was initially optimised for the T3D (and T@Ehe support for shmem communication is now only very
rudimentary, and might not even work. To make use of the efficT3D (T3E) shmem communication scheme, specify
T3D_SMA in the makefile. This might speed up communication by up factor of 2. But, mind that this can also cause
problems on the T3E if VASP is used with data-streams:

export SCACHE_D_STREAMS=1

The default makefile on the T3E, therefatees not use the optimised communication routibesause performance im-
provements due to data-streams are usually more impohantdptimised communication (it is thus safe to switch omdat
streaming on the T3E typing i.export SCACHE _D_STREAMS=].

3.5.20 scalLAPACK

If specified, VASP will use scaLAPACK instead of LAPACK fordh.U decomposition (timing ORTHCH) and diagonalisa-
tion (timing SUBROT) of the sub space matriXyindsx Nbandd. These operations are very fast in the serial version (2%6) b
become a bottleneck anassively parallemachine for systems with many electrons. If scaLAPACK isdtied onmassively
parallel machine use this switch (T3E, SGI, IBM SPX). scaLAPACK carubed on the T3E starting from programming
environment 3.0.1.0. (3.0.0.0 does for instance not offerrequired routines). On the T3D (but not T3E) the additiona
switch

-DT3D_SCA

must be specified, at least for the scaLAPACK version we hased (the T3D scaLAPACK is not compatible to standard
scaLAPACK routines).

On slow networks and PC clusters (100 Mbit Ethernet and ev@bifiEthernet), it ismot recommended to use scalLA-
PACK. Performance improvements are small or scaLAPACK &neslower than LAPACK. If you still want to give it a
try, please download the required source files framw.netlib.org/SCALAPACK . Compilation is fairly straightforward, but
requires familiarity with MPI, Fortran, C and UNIX makefiléglways make sure that the underlying BLACS routines are
working correctly !).

ScaLAPACK can be switched of during runtime by specifying

LSCALAPACK = .FALSE.
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in the INCAR file. Use this as a fallback, when you encountebf@ms with scaLAPACK. Furthermore, in some cases, the
LU decomposition (timing ORTHCH) based on scaLAPACKslewerthan the serial LU decomposition. Hence it also is
possible, to switch of the parallel LU decomposition by $fyég

LSCALU = .FALSE.
in the INCAR file (the subspace rotation is still done withls&RACK in this case).

3.5.21 CRAY.MPP

We encountered several problems with the MPI version of VA3Pon the CRAY J90. FirsMPI_double _precision
(MPI_double _complex ) must be changed tdPI_real (MPI_complex ). Second the reading of the INCAR file must be se-
rialised (i.e. only one node can do the reading at a time).nefiCRAY_MPP in the makefile fixes these problems. But
we are not yet sure whether this flag is required on all CRAY Mi&thines or not. Any information on that would be
appriciated.

3.6 Compiling VASP.4.X, f90 compilers

Compilation of VASP.4.X is not always straightforward, base f90 compilers are in general not very reliable yet. Niad
the include file mpif.h must be supplied in f90 style for thenglation of the parallel version (see Section 3.5.15).eHsra
list of compilers and platforms and the kind of problems weehdetected, in some cases more information can be found in
the relevant makefiles:
e CRAY C90/390

No problems, but compilation (especially of main.F) tak&sg time. If there are time-limits the f90 compiler might be
killed during compilation. In that case a corrupt .o file rénsaand must be removed by hand. If the last file compiled
was for instanceonl.F , the user must logout, login again and type

rm nonl.o

before typingnake again.

e IBM RS6000, IBM-SP2

All compiler versions starting from 3.2.5.0 work correcfigcluding xIf90 4.X.X). Compiler version 3.2.0.0 will not
compile the parallel version correctly, but the serial isrshould be fine. One user reported that the version 3.2.3.0
compiles the parallel version correctly if the option -qdds used.

On some systems the file mpif.h is located in the default ohelsearch path. Copying the mpif.h file to the local
directory and converting it to f90 style does not work (besmathe system wide mpif.h file is always included). One
solution is to rename the mpif.h file to mpif90.h. If the newimgutines (parallehew.tar) are used only the line

INCLUDE "mpif.h"
must be changed to
INCLUDE "mpif90.h"

in the filepm.inc .
(use Islpp -L — grep xIf to find out the current compiler vergio

e SGI
On some SGI’s the option -64 must be changed to -n32 in the fitedkef VASP.4.X and VASP.lib (O2 for instance).

Power Fortran 90, 7.2 on irix 6.2 works correctly. Older i@nstend to crash whenompilingmain.F, in particular
compiler version Fortran 90, 6.3 and 7.1 will not work.

(use versions — grep f90 to find out the current compiler wersi

e DEC

The compiler version DIGITAL Fortran 90 V5.0-492 and V5.2wuile VASP.4.X correctly. Older compiler releases
and release V5.1 do not compile VASP, and require a compiarfupgrade.
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e T3D

No problems, but compilation (especially of main.F) tak&sng time. If there are time-limits the f90 compiler might be
killed during compilation. In that case a corrupt .o file rénsaand must be removed by hand. If the last file compiled
was for instanceonl.F , the user must logout, login again and type

rm nonl.o

before typingmake again. Do not forget to upload all required modules befoagtisiy compilation. This is usually
done in the profile, on the U.K. T3D the following modules minstinitialised:

if [ -f /opt/modules/modulesfinit/ksh ] ; then
# Initialize modules
. lopt/modules/modules/init/ksh
module load modules PrgEnv

fi

VASP supports only the newest “alpha” scaLAPACK releasenenli3D (on the T3E PrgEnv 3.0.1.0 must be installed),
and VASP willnotwork correctly with the scaLAPACK version supplied in thiedci.a (libsci.a contains only a down-
scaled scaLAPACK version, supporting very limited funotibity). If you do not have access to this alpha release you
must switch of the scaLAPACK (see Sec. 3.5.20).

e T3E
The compiler versions 3.0.1.0 (and newer) should compéectide correctly and without difficulties.

It might be necessary to change the makefiles slightly: OhDRES-T3E the cpp (C-preprocessor) was located in the
directory /usr/lib/make/ , it might be necessary to change this location (line CPP énntiakefiles) on other T3E
machines.

For best performance one should also allow for hardwaresdegaming on the T3E, this can be done using

export SCACHE_D_STREAMS=1

beforerunning the code. The performance improvements can be up to 30%. Biitawe to point out that the code
crashed from time to time if the switch T3BMA is specified in the makefile. Therefore in the default niidde
T3D_SMA is currently not specified (and the optimised T3D/T3E owmication routines are not used). If the com-
munication performance is very important, THMA can be specified in the makefile, but then it might be rexglio
switch on data streaming explicitly of by typing:

export SCACHE_D_STREAMS=0

e LINUX

Reportedly the NAG compiler NAGWare f90 compiler Versio2(260) can compile the code. We do not have access
to this version, so that we can not help if problems are eepedad with NAG compilers under LINUX. Please also
check the makefiles before attempting the compilation.

At present we support the Portland Group F90/HPF (PGI) sTestthe Absoft f90 compiler have shown that the code
generated by the PGI compiler is 10-30% faster. The makditabe PGI f90 compiler have the extensionix _pg.
Release 1.7 and 3.0.1 have been tested to date, the resaltiadnas the same speed for both releases. For more details
please check the makefile.

3.7 Performance optimisation of VASP

For good performance, VASP requires highly optimised BLAStines. This package can be retrieved from many public
domain servers, for instance ftp.netlib.org. Most macksimgpliers also offer optimised BLAS packages. BLAS rowdiage
for instance part of the following libraries:
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libessl (on IBM)

libcxml (on DEC ALPHA)

libblas (available from SGlI)

libmkl (available from INTEL)

libgoto (P4/Athlon http://www.cs.utexas.edu/users/kgo to/signup_first.ntml)

These packages reach peak performance on most machines u@ftops). Whenever possible one should obtain these
routines from the manufacturer of the machine. As an altemzone can install the public domain versions but thishhig
slow down VASP by a factor of 1.5 to 2 for very large systems.

If possible, an optimised LAPACK should also be installeith@ugh this is less important for good performance. All
required LAPACK routines are also available in the files Viilsfiapack double.f. If optimised LAPACK routines are not
available, it is often possible to improve performancetgligby specifying -DNOZTRMM (see section 3.5.4) in the miillee
The can be determined, using a large test system (for instamaech.Hg.tar) and running with IALGO=-1 specified in the
INCAR file. The only timing influenced is ORTHCH.

Of considerable importance is in addition the performarfcd® FFT routines. VASP is supplied with routines written
and optimised by J. Furthiitler (it is a version of Schwarztrauber’'s multiple sequeR€T, supporting radices 2,3,4,5 and
7). On most machines these routines outperform the manméactupplied routines (for instance CRAY C90, SGI, DEC). It
is possible to optimise these routines by supplying an ewtdit flag to the pre-compiler

-DCACHE_SIZE=XXXXX

The following values resulted in optimal performance:

IBM -DCACHE_SIZE=32768
73D -DCACHE_SIZE=8000
DEC ev5 -DCACHE_SIZE=8000
LINUX -DCACHE_SIZE=16000

CACHE_SIZE=0 has a special meaning. It performs the FFT'’s in x andrgction plane by plane, increasing the cache
consistency on some machines. So it is worthwhile trying sieitting as well. After changing CACHEIZE in the makefile
fft3dfurth must be touched

touch fft3dfurth.F

and vasp recompiled. On vector computers CACHEE should be set to 0. It is also worthwhile increasing thnsisation
level for these routines (but in our tests we have never feusignificant performance improvement).

There are a few other routines which might benefit from higiptimisation: Most important are nonl.F and nonlr.F. Tests
for these routines can be done with bench.Hg.tar and IALAGOEer LREAL=.TRUE. the timings for RPRO and RACC
(nonir.F) are affected, whereas for LREAL=.FALSE. the tigs for VNLACC and PROJ (nonl.F) are affected. In particular
one can try to seDavoidalloc  in the makefile (see Sec. 3.5.12). In this case ALLOCATE andDEDCATE sequencies
are avoided in some performance sensitive areas. NotatritNUX, ALLOCATE and DEALLOCATE is slow, and hence
avoiding it, improves the performance of nonlr.F by roughD#6 (presently this option is selected on all Linux platfeym

3.8 Performance profile of some machines, buyers guide

3.9 Performance of serial code

The benchmark numbers given here have been measured usngtantark designed to mimic the behavior of VASP. Three
separate programs make up the benchmark. The first one rasasatrix-matrix performance (Lincom-TPP), the second one
matrix-vector performance (matrix-vec) and the final oreeggerformance of 3d-FFT’s (fft). The mixture of all three ts&s
supposed to be similar to what one would encounter, whenlatmg a large system (40-100 transition metal atoms). For
the matrixx matrix performance DGEMM is used, for matkxvector DGEMYV, do-loops, or DGEMM results are reported
(depending one where the machine scores highest). Therftthibearks either use an optimized routine supplied by the
manufacturer, or a routine written and optimized by J. Ruiiter

The table also shows the timings for thench.Hg.tar  andbench.PdO benchmarks, which are located on the VASP
server in the src directory (bench.Hg.tar.gz and bench-f2d@z). The shown numbers are those written in the lineOE3”
in the OUTCAR file (typegrep 'LOOP+ OUTCAR).

You can test your own machine by compilifitest ~ anddgemmtest in the VASP.4.X (X>3) directory, and typing

dgemmtest <lincom.table
dgemmtest <rpro.table
ffttest
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This will execute the tests “Lincom-TPP”, “matrix-vec” afifft” in this order (serial version only). Note that the pesg
algorithms make the matrix-vector part less important ttemnsynthetic mix of “Lincom-TPP”, “matrix-vec” and “fft"In
addition for the bench.Hg benchmark, the performance ofih&rix-matrix part plays a more significant role than in the
synthetic benchmark.

Currently, all high performance machines run VASP fairlyllw&€he cheapest option (best value at lowest price) are
presently AMD Athlon-64 based and Intel P4 PC’s. For contgifawe recommend the ifc compiler. Which processor (clock
speed) to buy depends a little bit on the budget and the &laitpace. If you need a high packing density, dual Opteron
machines are a good option. IBM Power 4 based machines,lfatelim (SGI Altix, HP-UX) remain competitive, but at a
somewhat steeper price than PC’s.
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IBM RS6000 IBM RS6000 IBM RS6000 IBM RS6000 IBM RS6000 IBM SP3
590 3CT 595+ 595+ 397 High Node
lincom-TPP(Mflops) 245 237 389 389 580 1220
matrix-vec(Mflops) 110 73/128 110 110 300 300/400
Lincom-TPP 40.6 s 42.7s 25.0s 21.4s 17.8s 8.4s
matrix-vec 323s 404 s 32.3s 19.4s 15.3s 12.1s
fft 31.4s 35.0s 24.0s 17.3s 14.4 s 51s
TOTAL 103 s 117 s 81.3s 58.3s 475s 26.8s
RATING 1 0.9 1.3 1.8 2.2 3.8
bench.Hg 1663 1920 1380 1000 809 356
IBM RS6000 IBM SP4 ITANIUM 2 ITANIUM 2 Altix 350 Altix 3700 Bx2
590 1300 1300 1600 1600
HP-UX LINUX SUSE SLES9 SUSE SLES 9
lincom-TPP(Mflops) 245 3100 5000 4300 5932 6129
matrix-vec(Mflops) 110 600/800 1200/2300 1200/1500 1378/2021 1/2635
Lincom-TPP 40.6s 3.2s 20s 2.3s 1.7s 1.7s
matrix-vec 32.3s 6.0s 2.3s 26s 3.1s 19s
fft 314s 2.8s 1.7s 2.1s 1.1s 1.1s
TOTAL 103 s 12.0s 6.0s 7.2s 59s 4.7s
RATING 1 8.5 16.3 14.8 17.5 21.9
bench.Hg 1663 181/50 127 135 81 76
bench.PdO 4000/1129 2758 2900 1733 1625/450
SGI SGI SUN DEC-SX DEC-LX
Power C. Origin USparc 366 ev5/530 ev5/530
lincom-TPP(Mflops) 300 430 290 439 650
matrix-vec(Mflops) 38 100/150 42/65 74/108 67/100
Lincom-TPP 32.0s 22.0s 19.7s 21.8s 14.3s
matrix-vec 90.2s 31.0s 59s 40.3s 48.8s
fft 41.0s 17.0s 24's 26.1s 17.8s
TOTAL 163 s 70s 111s 90s 81s
RATING 0.64 1.47 0.9 1.12 1.3
bench.Hg 2200/653 1200/330 1660 1424 1140
DS20 DS28 DS20¢ UP2000 UP2009 UP 1000
ev6/500 ev6/500 ev6/666 ev6/666 ev6/666 ev6/600
lincom-TPP(Mflops) 800 1000 1200 1100 1100 800
matrix-vec(Mflops) 135/200 135/200 135/200 170/260 140/200
Lincom-TPP 12.0s 10.6s 8.4s 9.3s 9.0s 11.4s
matrix-vec 19.8 s 20.8s 17.6s 179s 17.1s 30.0s
fft 9.8s 8.6s 6.7s 85s 77s 109s
TOTAL 414s 40.0s 33.7s 35.7s 34s 52s
RATING 2.4 2.6 3.1 2.8 3.0 2.0
bench.Hg 546 536 385 465 453 786
bench.Hd 584 564 395 516 485
bench.PdO 10792 8151
CRAY T3Dt CRAY T3Et CRAY T3E" CRAY CRAY VPP
ev4 evb 1200 C90 J90 500
lincom-TPP(Mflops) 96 400 579 800 188 1500
matrix-vec(Mflops) 28/42 101 101 459 50 600
lincom-tpp 99.5s 25s 16.5s 12.0s 53s 7.1s
matrix-vec 110.0s 33s 33s 8.3s 74s 50s
fft 174.0s 42's 34s 6.9s 43 s 5.4s
TOTAL 400 s 100s 100 s 27.2s 170s 175s
RATING 0.25 1.0 1.2 4.1 0.6 6.5
bench.Hg 639 420+ 220
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LINUX Xeon GX Xeon GX Pl BX Pl BX Pl
based PC’s 450 550/512 450 500 700c
lincom-TPP(Mflops) 268 378 303 324 500
matrix-vec(Mflops) 70/100 90/120 80/105 90/118 90/118
Lincom-TPP 36s 27.3s 34.0s 329s 29.6s
matrix-vec 44 s 37.1s 43.2s 419s 30.0s
fft 27s 22.4s 26.6s 246s 25.1s
TOTAL 107 s 87s 104 s 100 s 84s
RATING 1 1.18 1.0 0.9 0.9
bench.Hg 1631 2000 1866 1789
LINUX ** Athlon Athlon Athlon Athlor¥ AthlonX AthlonX
based PC’s 550 TB 800 TB 850 TB 850 TB 900 1200
lincom-TPP(Mflops) 700 770 800 850 890 1100
matrix-vec(Mflops) 100/142 115/190 115/190 130/210 120/200 200/300
Lincom-TPP 16.8s 12.8s 12.3s 11.6s 11.3s 8.6s
matrix-vec 30.6s 26.3s 25.8s 22.6s 246 s 18.7 s
fft 19.5s 18.7 s 18.0s 17.3s 14.0s 10.9s
TOTAL 67s 57.8s 56s 515s 50s 38.3s
RATING 15 1.8 1.8 2.0 2.1 25
bench.Hg 1350 s 1131s 1124 s 1045 s 959s 818 s
LINUX Athlon’ Athlon' Opteror Opterorf Opteroff Opteror?
based PC’s 1400 XP/190¢ 244 246 250 246
SDRAM DDR 32 bit 32 bit 32 bit 64 bit
lincom-TPP(Mflops) 1200 2200 2900 3300 3800 3300
matrix-vec(Mflops) 200/300 230/370 650/850 700/950 750/1050 700/95
Lincom-TPP 59s 49s 35s 3.1ls 2.7s 3.2s
matrix-vec 17.3s 13.1s 54s 4.3s 4.2s 39s
fft 9.8s 73s 3.3s 30s 26s 26s
TOTAL 39.3s 25.3s 12.2 104s 95s 9.8s
RATING
bench.Hg 644 455 248 203 177 211
bench.PdO 8412 4840 4256 3506 4172
LINUX ** Ath-64
based PC’s 3700+
DDRAM
lincom-TPP(Mflops) 3400
matrix-vec(Mflops) 700/1050
Lincom-TPP 29s
matrix-vec 43s
fft 2.6s
TOTAL 9.8s
RATING
bench.Hg 173
bench.PdO 3550
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LINUX p4! XEON! XEON! XEON! P4 nrthv P4 nrthw
based PC's 1700 2400 2800 2800 3200 3400

RAMBUS RAMBUS RAMBUS DDR FSB 800 FSB 800
lincom-TPP(Mflops) 2000 3030 4100 4200 4700 5400
matrix-vec(Mflops) 422/555 600/750 566/880 650/950 890/1300 1300/1
Lincom-TPP 55s 35s 2.6s 25s 2.3s 20s
matrix-vec 7.6s 5.3s 5.6s 50s 39s 3.8s
fft 75s 49s 3.1s 29s 26s 24s
TOTAL 20.6s 13.7s 11.3s 10.5s 8.8s 82s
RATING 5 7.5 9.4 10 11.7 125
bench.Hg 384 298 226/94 208/85 175 165
bench.PdO 7600 6335 4790/1801  4542/1787 3784 3250
LINUX P4 pre& P4 pres P4 prek P4 9405 P4 9405
based PC’s 3200 3400 3400 2x3200 2x3200

FSB800/DDR1 FSB800/DDR2 FSB800/DDR2 FSB800/DDR2 FSB800/DDR2

lincom-TPP(Mflops) 5200 5200 5200 5500 5500
matrix-vec(Mflops) 1000/1300 1000/1300 1000/1300 1100/1400 /1200
Lincom-TPP 2.0s 20s 19s 19s
matrix-vec 3.1ls 3.1s 2.8s 28s
fft 20s 20s 1.8s 1.7s
TOTAL 71s 71s 71s 6.5s 6.5s
RATING 14.5 14.5 14.5 16.5 16.5
bench.Hg 148/47 144 129 129 111
bench.PdO 3224/939 2850 2580 2270

* VASP.4.4, hardware data streaming enabled; bench.Hg is runnidgodes, all other data per node
++ system equipped with 2 (first) or 4 (second) memory boards.

* second value is for 4 nodes

** all Athlon results use the Atlas based BLAS (http://www.netlib.org/atlas/)
X pgfa0 -tp athlon, Atlas optimised BLAS for TB, 133 MHz memory

1 benchmark executed twice on (dual processor SMP machines)

2 TRUE 64, other Alpha benchmarks were performed under LINUX

" Intel compiler, ifc, mkl performance lib on P4, Atlas on Athlon
AVIA KT 266A, other XP benchmarks performed with VIA KT 266
I Intel compiler, ifc7.1, libgotgp4.512-r0.6.s0 or libgotg4.1024-r0.96.s0 on P4 and libgatpt32-r0.92.s0 on Athlon, fftw.3.0.1

K Intel compiler, ifc7.1, libgotop4.1024-r0.96.50 on P4 or libgatmpt32-r0.92.s0 on Opteron, fftw.3.0.1 and -Disay.ptr

l'ia64, Intel compiler, ifc9.1, libgotprescott4p-r1.00.s0, fftw.3.1.2 and -Dusay.ptr
P pgi IMPORTANT: on ALPHA-LINUX the two options

export MALLOC_MMAP_MAX_=0
export MALLOC_TRIM_THRESHOLD_=-1

improve the performance by 10-20%!! NOTE: sometimes, the tables shoy different timings for similar machines with similar clock
rates. This is often related to an upgrade of the compiler or of the motretbo

3.10 Performance of parallel code on T3D

The table below shows the scaling of VASP.4 code on the T3[@.Shistem is I-Fe with a cell containing 64 atoms, Gamma

point only was used, the number of plane waves is 12500, andumber of included bands is 384.

cpu’s 4 8 16 32 64 128
NPAR 2 4 4 8 8 16
POTLOK: 11.72 596 298 164 084 044
SETDIJ: 452 211 117 061 036 0.24
EDDIAG: 7351 3545 19.04 10.75 584 3.63
RMM-DIIS: 206.09 102.80 52.32 28.43 1387 6.93
ORTHCH: 22.39 8.67 4.52 24 153 0.99
DOS: 0.00 0.00 0.00 0.00 0.00 0.00
LOOP: 319.07 155.42 80.26 44.04 2253 12.39
t/topt 100% 99% 90% 90% 80%
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VASP Scaling on NCSA Origin2000

Speed-Up and Efficiency vs. Number of CPUs
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Figure 2: Scaling obench.PdO on a PC cluster with Gigabit ethernet..

The main problem with the current algorithm is the sub spatation. Sub space rotation requires the diagonalization o
a relatively small matrix (in this case 384384), and this step scales badly on a massively parallel imactiASP currently
uses either scaLAPACK or a fast Jacobi matrix diagonagascheme written by lan Bush (T3D, T3E only). On 64 nodes,
the Jacoby scheme requires around 1 sec to diagonalise thig,hat increasing the number of nodes does not improve the
timing. The scalLAPACK requires at least 2 seconds, and sPAOK reaches this performance already with 16 nodes.

Fig. 2 shows a more representative result on an SGI 2000 fbAR&toms. Up to 32 nodes an efficiency of 0.8 is found.
A similar efficiency can be expected on most current architeavith large communication band-width (Infiniband, Myet,
SGl etc.). On a Gibgabit ethernet based cluster, you carceapeefficiency of 0.75 on 16 nodes, as demonstrated in the las
figure.

4 Parallelization of VASP.4
4.1 Fortan 90 and VASP

VASP was widely rewritten to use the power and flexibility afrffan 90. On passing one must note that performance was
not a high priority during the restructuring (although penfiance of VASP.4.x is usually better than of VASP.3.2). fiteen
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aim was to improve the maintainability of the code. Submaitalls in VASP.3.2 used to have calling sequences of devera
lines:

CALL EDDIAG(IFLAG,NBANDS,NKPTS,NPLWV,MPLWV,NRPLWV,
NINDPW,NPLWKP,WTKPT,SV,CPTWFP,NTYP,NITYP,
NBLK,CBLOCK,A,B,ANORM,BNORM,CELEN,NGPTAR,
LOVERL,LREAL,CPROJ,CDIJ,
CQIJ,IRMAX,NLI,NLIMAX,QPROJ,CQFAK,RPROJ,CRREXP,CRE XP,
DATAKE,CPRTMP,CWORK3,CWORK4,CWORKS,
FERWE,NIOND,NIONS,LMDIM,LMMAX,
NPLINI,CHAM,COVL,CWORK2,R,DWORK1,NWRK1,CPROTM,NWCRncpu)

R0 Ro Ro RO Ro Ro Ro

This was an outcome of not using any COMMON blocks in VASR.Bi2e to the introduction of derived types (or structures)
the same CALL consists now of only 2 lines:

CALL EDDIAG(GRID,LATT_CUR,NONLR_S,NONL_S,WUP,WDES, &
LMDIM,CDIJ,CQIJ, IFLAG,INFO%LOVERL,INFO%LREAL,NBLK,S V)

This adds considerably to the readability and structurihthe code. It is now much easier to introduce and support new
features in VASP. We estimate that the introduction of F¥uced the time required for the parallelization of VASP from
approximately 4 to 2 months.
In VASP.3.2 work arrays were allocated statically and seMeEQUIVALENCE statements existed to save memory. The
introduction of new subroutines requiring work arrays wiasgs extremely tedious. In VASP.4.x all work space is akecl
on the fly using ALLOCATE and DEALLOCATE. This results in a siieacode, and makes the program significantly safer.
Finally VASP.4.x uses MODULES wherever possible. Therefitummy parameters are checked during compilation time,
making further code development easier and safer.

4.2 Most important Structures and types in VASP.4.2

VASP has still a quite flat hierarchy, i.e. the modularityted tode is not extremely high. But increasing the modulavayld
have required too much code restructuring and man powerhwiigs not available (the current code size is approximately
50 000 lines, making a complete rewrite almost impossible).

Each structure in VASP.4 is defined in an include file:

base.inc lattice.inc  nonl.inc pseudo.inc
broyden.inc  mgrid.inc nonlr.inc setexm.inc
constant.inc  mkpoints.inc  symbol.inc mpimy.inc
poscar.inc wave.inc

If one wants to understand VASP one should start with an axatioin of these files.

4.3 Parallelization of VASP.4.x

Once F90 has been introduce it was much easier to do thegienatilon of VASP. One structure at the heart of VASP is for
instance the grid structure (which is required to descritsin®nsional grids). Here is a slightly simplified versidntioe
structure found in the mgrid.inc file:

TYPE grid_3d

lonly GRID
INTEGER NGX,NGY,NGZ I number of grid points in x,y,z
INTEGER NPLWV I total number of grid points
INTEGER MPLWV I allocation in complex words
TYPE(layout) : RC I reciprocal space layout
TYPE(layout) S\ I intermediate layout
TYPE(layout) © RL I real space layout

I mapping for parallel version
TYPE(grid_map) :: RC_IN I recip -> intermeadiate comm.
TYPE(grid_map) : IN_RL I intermeadiate -> real space comm.

(
TYPE(communic), POINTER :: COMM ! opague communicator
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NGX, NGY, NGZ describes the number of grid points in X, y andreation, and NPLWV the total number of points (i.e.
NGX*NGY*NGZ). Most quantities (like charge densities) afefined on these 3-dimensional grids. In the sequentiaiorers
NGX, NGY and NGZ were sufficient to perform a three dimensid#al of quantities defined on these grids. In the parallel
version the distribution of data among the processors nisstiee known. This is achieved with the structures RL and RC,
which describe how data are distributed among processoesiand reciprocal space. In VASP data are distributedhaolu
wise on the nodes, in reciprocal space the fast index is thie(dir xX) index and and columns can be indexed by a pair (y,z).
In real space the fast index is the z index, columns are irdleyéhe pair (z,y). In addition the FFT-routine (which perfs

lots of communication) stores all required setup data inrtvegping-structures called RIG! and IN_RL.

The big advantage of using structures instead of commorksélicthat it is trivial to have more than one grid. For
instance, VASP uses a coarse grid for the representatiomeatiltra soft wavefunctions and a second much finer grid for
the representation of the augmentation charges. Theréfaregrids are defined in VASP one is called GRID (used for
the wavefunctions) and other one is called GRIDC (used feratigmentation charges). Actually a third grid exists which
has in real space a similar distribution as GRID and in redal space a similar distribution as GRIDC. This third grid
(GRID_SOFT) is used to put the soft pseudo charge density onto thediid GRIDC.

VASP currently offers parallelization over bands and galiaation over plane wave coefficients. To get a high efficie
it is strongly recommended to use both at the same time. Tlyeatgorithm which works with the over band distribution is
the RMM-DIIS matrix diagonalizer (IALGO=48). Conjugateagiient band-by-band method (IALGO=8) is only supported
for parallelization over plane wave coefficients.

Parallelization over bands and plane wave coefficientseasgdime time reduces the communication overhead signifjcantl
To reach this aim a 2 dimensional cartesian communicatipolégy is used in VASP:

node-id’'s

0 1 2 3 bands 1,5,9,...
4 5 6 7 bands 2,6,10,...
8 9 10 11 etc.

12 13 14 15

Bands are distributed among a group of nodes in a round radshidn, separate communication universe are set
up for the communication within one band (in-band commuivcaCOMM_INB), and for inter-band communication
(COMM_INTER). Communication within one in-band communicatioogp (for instance 0-1-2-3) does not interfere with
communication done within another group (i.e. 4-5-6-7)sdan be achieved easily with MPI, but we have also implestent
the required communication routines with T3D shmem comgation.

Overall we have found a very good load balancing and an exlsegood scaling in the band-by-band RMM-DIIS
algorithm. For the re-orthogonalization and subspacdiosta— which is required from time to time — the wavefunctions
are redistributed from over bands to a over plane wave caffidistribution. The communication in this part is by thayw
very small in comparison with the communication requirethinFFT’s. Nevertheless subspace rotation on massivedyigiar
computer is currently still problematic, mainly because dingonalization of the NBANDSNBANDS subspace-matrix is
extremely slow.

There are some points which should be noted: Parallelizatier plane waves means that the non local projection oper-
ators must be stored on each in-band-processor groupddesrD-1-2-3 must store all real space projection opelafbings
means relatively high costs in terms of memory, and theegbarallelization over bands should not be done too exadgsiv
Having for instance 64 nodes, we found that it is best to garex 8 by 8 cartesian communicator. Mind also that the hard
augmentation charges are always distributed over ALL naslesn if parallelization over bands is selected. This wasitde
using the previously mentioned third grid GRIBOFT, i.e. this third helper grid allows one to decouple thesentation of
the augmentation and ultra soft part.

4.4 Files in parallel version and serial version

Files in the parallel version and serial version are fullynpatible, and can be exchanged freely. Notably it is posdiil
restart from an existing WAVECAR and/or CHGCAR file even iethumber of nodes in the parallel version has changed.

But also mind, that the WAVECAR file is a binary file, and therefit can be transfered only between machines with a
similar binary floating point format (for instance IEEE sand format).

4.5 Restrictions in VASP.4.X and restrictions due to paraklization

In most respects VASP.4.X should behave like VASP.3.2. Hewe VASP.4.4, IALGO=48 was redesigned to work more
reliable in problematic cases. Therefore the iteratiotohysmight not be directly comparable. VASP.4.X also sutisdahe
atomic energies in each iteration, VASP.3.2 does not. Ogaadhis means that the energies written in eglelctronicstep
are not comparable.
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The parallel version (i.e. if VASP is compiled with the MPId)ahas some further restriction, some of them might be

removed in the future:
Here is a list of features not supported by VASP.4.4 runnimg@ parallel machine:

e VASP.4.4 YASP.4.5 does not posses this restrictignThe most severe restriction is that it is not possible tangfe
the cutoff or the cell size/shape on restart from existingABBAR file. This means that if the cell size/shape and or
the cutoff has been changed the WAVECAR should be removestdstarting the next calculation (actually VASP will
realize if the cutoff or the cell shape have been changed dhdraceed automatically as if the WAVECAR file does
not exist). The reason for this restriction is that the rdepag (i.e. the redistribution of the plane wave coefficgent
on changing the cutoff sphere) would require a sophistitagdistribution of data and the required communication
routines are not implemented at present.

As a matter of fact, it is of course possible to restart witteaisting WAVECAR file even if the number of nodes has
changed. The only point that requires attention is that glmgnthe NPAR parameter might also effect the number of
bands (NBANDS). WAVECAR files can only be read if the numbdrsands is strictly the same on the file and for the
present run. In some cases, it might be required to set théeuai bands explicitly in the INCAR file by specifying
the NBANDS parameter.

Symmetry is fully supported by the parallel version, BUT wavé used a brute force method to implement it. The
charge density is first merged from all nodes, then symnestriacally and finally the result is redistributed onto the
nodes. This means that the symmetrization of the chargetgevili be very slow, this can have serious impact on the
total performance.

In VASP.4.4.3 (and newer version) this problem can be redlbgespecifying ISYM=2 instead of ISYM=L1. In this case
only the soft charge density and the augmentation occupa@ee symmetrized, which results in precisely the same
result as ISYM=1 but requires less memory. ISYM=2 is the diéfar the PAW method.

Partial local DOS is only supported with parallelizatioreoplane wave coefficients baobt with parallelization over
bands. The reason is that some files (like PROCAR) have arratineplicated band-by-band layout, and it would be

complicated to mimic this layout with a data distributioreobands.

5 Files used by VASP

VASP uses a relatively large number of input and output files:

INCAR in **
STOPCAR in

stout out

POTCAR in *
KPOINTS in *x
IBZKPT out
POSCAR in **
CONTCAR out
EXHCAR in (should not be used in VASP.3.2 and VASP.4.x)
CHGCAR infout
CHG out
WAVECAR infout
TMPCAR infout
EIGENVAL out
DOSCAR out
PROCAR out
OSZICAR out

PCDAT out
XDATCAR out
LOCPOT out
ELFCAR out
PROOUT out

A short description of theses files will be given in the nexttsm. Important input files — required for all calculatiorsire
marked with stars in the list, please check description amtdents of these files first.
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5.1 INCARfile

INCAR is the central input file of VASP. It determines 'whatdo and how to do it’, and contains a relatively large number
of parameters. Most of these parameters have conveniestlttefand a user unaware of their meaning should not change
any of the default values. Because of the complexity of th@AR file, we have devoted a section on its own to the INCAR
file (see section 6).

5.2 STOPCAR file

Using the STOPCAR file it is possible to stop VASP during thegpam execution. If the STOPCAR file contains the line
LSTOP = .TRUE.

than VASP stops at the neixnic step. On the other hand, if the STOPCAR file contains the line
LABORT = .TRUE.

VASP stops at the nexlectronicstep, i.e. WAVECAR and CHGCAR might contain non convergesiilts. If possible use
the first option.

5.3 stdout, and OSZICAR-file

Information about convergence speed and about the cutesmisswritten to stdout and to the file OSZICAR. Always keep a
copy of the OSZICAR file, it might give important information
Typically you will get something similar to the followingries:

reading files
WARNING: wrap around errors must be expected
entering main loop
N E dE d eps ncg rms rms(c)

CG: 1 -13238703E+04  -132E+04 -934E+02 56 .28E+02

CG: 2 -13391360E+04  -152E+02 -982E+01 82 .54E+01

CG: 3 -13397892E+04  -653E+00 -553E+00 72 .13E+01 .14E+0 0
CG : 4  -13400939E+04  -304E+00 -.287E+00 84 .48E+00 .39E-0 1
CG: 5 -13401306E+04  -366E-01 -322E-01 69 .35E+00 .17E-0 1
CG : 6 -13401489E+04  -183E-01 -169E-01 75 .74E-01 .66E-0 2
CG : 7 -13401516E+04 -267E-02 -250E-02 68 .47E-01 .37E-0 2
CG : 8 -13401522E+04  -567E-03  -489E-03 53 .15E-01 .90E-0 3

1 F= -13401522E+04 EO= -.13397340E+04 d E = -13402E+04
trial: gam= .00000 g(F)= .153E+01 g(S)=  .000E+00 ort = .000E +00
charge predicted from atoms
charge from overlapping atoms
N E dE d eps ncg  rms rms(c)
CG: 1 -13400357E+04  -134E+04 -926E+01 56 .97E+01

N is the number of electronic stedsthe current free energgk the change in the free energy from the last to the current
step andd eps the change in the bandstructure enemgg the number of evaluations of the Hamiltonian acting onto a
wavefunctionms the norm of the residuunR(= H — eS¢ >) of the trial wavefunctions (i.e. their approximate errand
rms(c) the difference between input and output charge density.

The next line gives information about the total energy adteaining convergence. The first values is the total freeggne
F (at this point the energy of the reference atom has beenasubtt) E0 is the energy fosigma— 0 (see section 7.4), and
E is the change in the total energy between the current anashetkep; for a static rwit is the entropy multiplied bgigma

For a molecular dynamics (IBRION=0 see section 6.21) this il is a little bit different:

1 T= 1873.0 E= -.13382154E+04 F= -.13401522E+04 EO= -.13397 340E+04
EK=  .19368E+01 SP= .00E+00 SK= .00E+00

T corresponds to the current temperatiep the total free energy (including the kinetic energy of ittres and the energy
of the No€ thermostat)F and EO have been explaine@&K is the kinetic energySPis the potential energy of the Nes
thermostat an&K the corresponding kinetic energy.

Additional technical parameters and some status repaetalao written to stdout.
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5.4 POTCAR file

The POTCAR file contains the pseudopotential for each at@mécies used in the calculation. If the number of species is
larger than one simply concats the POTCAR files of the spe€rs UNIX machine you might type the line

> cat "/pot/AIPOTCAR “/pot/C/POTCAR “/pot/H/POTCAR >POT CAR

to concat three POTCAR files. The first file will correspondhe first species on the POSCAR and INCAR file and so on.
Starting from version VASP 3.2, the POTCAR file also contairisrmation about the atoms (i.e. there mass, their valence
the energy of the reference configuration for which the pspaténtial was created etc.). With these new POTCAR file it is
not necessary to specify valence and mass in the INCAR fitagl for the mass and valence exist in the INCAR file they
are checked against the parameters found on the POTCAR dileramr messages are printed.

Mind: Be very careful with the concatenation of the POTCAR filess & frequent error to give the wrong ordering in the
POTCAR file!

The new POTCAR files also contains a default energy cutoffMEAIX and ENMIN line), therefore it is no longer
necessary to specify ENCUT in the INCAR file. Of course theigah the INCAR file overwrites the default in the POTCAR
file. For POTCAR files with more than one species the maximutoftsuENMAX or ENMIN) are used for the calculation
(see Sec. 6.10). For more information about the supplieddmgetentials please refer the section 10.

5.5 KPOINTS file

The file KPOINTS must contain the k-point coordinates andgies or the mesh size for creating the k-point grid. Two
different formats exist:

5.5.1 Entering all k-points explicitly

In this format an explicit listing of all coordinates and bktconnection tables for the tetrahedra — if one wants tohese t
tetrahedron integration methods — is supplied (the latéet gan be omitted for finite temperature—smearing metheeks,
section 7.4). The most general format is:

Example file
4

Cartesian
0.0 0.0 0.0
0.0 00 05
00 05 05
05 05 05
Tetrahedra

1 0.183333333333333
6 1234

N =

The first line is treated as a comment line. In the second kinemust provide the number of k-points and in the third lina yo
have to specify whether the coordinates are given in cariesi reciprocal coordinates. Only the first character otliirel

line is significant. The only key characters recognized by VASP @, 'c’, 'K’ or 'k’ for switching to cartesian coordinates
any other charactewill switch to reciprocal coordinates. Anyway, write recocal’ to switch to reciprocal coordinates to
make clear what you want to use. Next, the three coordinatdsle (symmetry degeneration) weight for each k-points
follow (one line for each k-point). The sum of all weights et be one — VASP will renormalize them internally, only the
relative ratios of all weights have to be correct. In thepeatal mode the k-points are given by

k= X161 + X2E)2 + Xng (5.1)
whereb; 3 are the three reciprocal basis vectors, &ng are the supplied values. In the cartesian input format theikts
are given by

- 2M

k= g(xl;XZ;XB) (5.2)

The following example illustrates how to specify the kpsirithe unit cell of the fcc lattice is spanned by the following
basis vectors:

0 a/2 a/2
A= a/2 0 a/2
a/2 a/2 0
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the reciprocal lattice is defined as :

1 1 1
2piB = AL T
a\l 1 1 -1

The following input is required in order to specify the highmsmetry k-points.

Point  Cartesian coordinates  Reciprocal coordinates

(units of 2pi/a) (units of b1,b2,b3)
G (0 0 0) (0 0 0 )
X (0 0 1) (1212 0 )
w (12 0 1) (12 314 14 )
K (3434 0 ) (3/8 38 34 )
L (1212 12) (1212 112 )

If the tetrahedron method is not used the KPOINTS file may dtet the list of coordinates. The tetrahedron method
requires an additional connection list for the tetrahebirahis case, the next line must start with 'T" or 't’ signadjtthat this
connection list is supplied. On the next line after this wohline’ one must enter the number of tetrahedra and thenael
weight for a single tetrahedron (all tetrahedra must hages@ime volume). The volume weight is simply the ratio betviken
tetrahedron volume and the volume of the (total) Brilloubme. Then a list with the (symmetry degeneration) weightthed
four corner points of each tetrahedron follows (four intsgehich represent the indices to the points in the k-postigiven
above, 1 corresponds to the first entry in the lig¥arning In contrast to the weighting factors for each k-point yousinu
provide thecorrect’'volume weight’ and (symmetry degeneration) weight fortetatrahedron — no internal renormalization
will be done by VASP!

This method is normally used if one has only a small numberpbikts or if one wants to select some specific k-points
which do not form a regular mesh (e.g. for calculating thedsémicture along some special lines within the Brillouimep
section 9.3). Tetrahedron connection tables will rarelgiven 'by hand’. Nevertheless this method for providingkapioint
coordinates and weights (and possibly the connectior) is&lso important if the mesh contains a very large numbdr of
points: VASP (or an external tool called 'k-points’) canaghte regular k-meshes automatically (see next sectemgrgiting
an output file IBZKPT which has a valid KPOINTS-format. Foryéarge meshes it takes a lot of CPU-time to generate the
mesh. Therefore, if you want to use the same k-mesh verydrety do the automatic generation only once and copy the file
IBZKPT to the file KPOINTS. In subsequent runs, VASP can awoitew generation by reading the explicit list given in this
file.

If the tetrahedron method is not used the KPOINTS file may dtet the list of coordinates. The tetrahedron method
requires an additional connection list for the tetrahebiréhis case, the next line must start with 'T’ or 't’ signadithat this
connection list is supplied. On the next line after this ‘wohline’ one must enter the number of tetrahedra and thanael
weight for a single tetrahedron (all tetrahedra must hage#me volume). The volume weight is simply the ratio betwken
tetrahedron volume and the volume of the (total) Brillouime. Then a list with the (symmetry degeneration) weighttaed
four corner points of each tetrahedron follows (four intsgehich represent the indices to the points in the k-posttgiven
above, 1 corresponds to the first entry in the ligarning In contrast to the weighting factors for each k-point yousinu
provide thecorrect’'volume weight’ and (symmetry degeneration) weight fortetetrahedron — no internal renormalization
will be done by VASP!

This method is normally used if one has only a few number obik{s or if one wants to select some specific k-points
which do not form a regular mesh (e.g. for calculating thedsémucture along some special lines within the Brillouimep
section 9.3). Tetrahedron connection tables will rarelgiven 'by hand’. Nevertheless this method for providingkafioint
coordinates and weights (and possibly the connection kstalso important if the mesh contains a very large numbler of
points: VASP (or an external tool called 'k-points’) canaahte regular k-meshes automatically (see next sectemgmting
an output file IBZKPT which has a valid KPOINTS-format. Foryéarge meshes it takes a lot of CPU-time to generate the
mesh. Therefore, if you want to use the same k-mesh very

5.5.2 Strings of k-points for bandstructure calculations

To generated “strings” of k-points connecting specific poif the Brillouin zone, the third line of the KPOINTS file mus
start with an “L" for line-mode:

k-points along high symmetry lines
10 ! 10 intersections
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Line-mode

cart

0 0 0 ! gamma
0 0 1 !X

0o 0 1 I'\X
050 1 'W

050 1 !'w
0 0 1 ! gamma

VASP will generate 10 k-points, between the first and the seésoipplied point, 10 k-points between the third and thetfgur
and another 10 points between the final two points. The coates of the k-points can be supplied in cartesian (4th temtss
with c or k) or in reciprocal coordinates (4th line startshn}:

k-points along high symmetry lines
10 ! 10 intersections

Line-mode

rec
0 0 0 ! gamma
05050 !X
05050 !X

05075025 'W

05075025 'wW
0 0 0 ! gamma

This particular mode is useful for the calculation of batkstures. When band structures are calculated, it is reduir
to perform a fully selfconsistent calculations with a fulpkint grid (see below) first, and to perform a non-selfcsiesit
calculation next (ICHARG=11, see Sec. 6.14, 9.3).

5.5.3 Automatic k-mesh generation

The second method generates k-meshes automatically, guidagonly the input of subdivisions of the Brillouin zomesiach
direction and the origin ('shift’) for the k-mesh. There dineee possible input formats. The simplest one is only stpddy
VASP.4.5 and newer versions:

Automatic mesh

0 I number of k-points = 0 ->automatic generation scheme
Auto I fully automatic
10 I length (1)

As before, the first line is treated as a comment. On the selbam@ number smaller or equal O must be specified. In the
previous section, this value supplied the number of k-poiatzero in this line activates the automatic generatioeraeh
The fully automatic scheme, selected by the first charaotrd third line ('a’), generates centered Monkhorst-Pack grids,
where the numbers of subdivisions along each reciprodiaddatector are given by

N; = max(1,| * |by| +0.5)
N2 = max(1,| * |ba| +0.5)
N3 = max(1,| « |b3| +0.5).
by are the reciprocal lattice vectors, ajfil is their norm. VASP generates a equally spaced k-point gitial tive coordinates:
5 oM - Ny o N
k= blfl _|_b272 +b3j, NnN=0.,N—1 n=0.,No—1 n3g=0...,N3—1
Ny N, N3
Symmetry is used to map equivalent k-points to each othechwdan reduce the total number of k-points significantiyefus

values for the length vary between 10 (large gap insulatnd)100 (d-metals).
A slightly enhanced version, allows to supply the numbersgHe subdivision®\;, N, andNs manually:
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Automatic mesh

0 I number of k-points = 0 ->automatic generation scheme
Gamma I generate a Gamma centered grid

4 4 4 I subdivisions N_1, N_2 and N_3 along recipr. |. vectors
0. 0. 0. I optional shift of the mesh (s_1, s 2, s 3)

In this case, the third line (again, only the first charactesignificant) might start with 'G’ or 'g’ —for generating messh
with their origin at thel™ point (as above)— or "M’ or 'm’, which selects the original Mkhorst-Pack scheme. In the latter
case k-point grids, witkeven(mod(N;, 2) = 0) subdivisions are shifted off:

n1+1/2 - ﬂ2—|-1/2 - n3+1/2

Np +by N + bz Na
The fifth line is optional, and supplies an additional shiftre k-mesh (compared to the origin used in the Gamma cehtere
or Monkhorst-Pack case). Usually the shift is zero, sineettfo most important cases are covered by the flags 'M’ or 'nv’,
'G’ or'g’. The shift must be given in multiples of the lengtlithe reciprocal lattice vectors, and the generated grieisrem
(G’ case):

k=by

-

m+st - n - N
K 1+S1 2+52+ 3+S3_

Ny +by N bs N

and ("M’ case):

by

- o Mm+5+1/2 - np+s+1/2 - n3+s3+1/2
k:bllslNl/+b228l3]2/+b335|3]3/'

The selection "M’ without shift, is obviously equivalent 8’ with a shift of 0.5 0.5 0.5, and vice versa.

If the third line does not start with 'M’, 'm’, ‘G’ or 'g’ an akrnative input mode is selected. this mode is mainly for
experts, and should not be used for casual VASP users. Hereanprovide directly the generating basis vectors for the
k-point mesh (in cartesian or reciprocal coordinates). impat file has the following format:

Automatic generation
0

Cartesian

0.25 0.00 0.00

0.00 0.25 0.00

0.00 0.00 0.25

0.00 0.00 0.00

The entry in the third line switches between cartesian acigracal coordinates (as in the explicit input format déseut first

— key characters 'C’, 'c’, 'K’ or 'k’ switch to cartesian codinates). On the fifth, sixth and seventh line the generdiasis
vectors must be given and the eighth line supplies the shdhe likes to shift the k-mesh off, default is to take the origin
atl, the shift is given in multiples of the generating basis gegtonly (0,0,0) and (1/2,1/2,1/2) and arbitrary comboret
are usually usefull). This method can always be replacednbgppropriate Monkhorst-Pack setting. For instance forca fc
lattice the setting

cart
02500
00250
00025
05 05 05

is equivalent to

Monkhorst-pack
444
000

This input scheme is especially interesting to build mesivbgch are based on the conventional cell (for instance stcto
and bcc), or the primitive cell if a large super cell is usedtHe example above the k-point mesh is based on the scfeell. (
the second input file the tetrahedron method can not be usedige the shift breaks the symmetry (see below), whereas the
first input file can be used together with the tetrahedron othtHor more hints please read section 8.6.

Mind: The division scheme (or the generating basis of the k-mesisj fead to a k-mesh which belongs to the same class
of Bravais lattice as the reciprocal unit cell (Brillouinre). Any symmetry-breaking set-up of the mesh cannot belbdnd
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by VASP. Hence such set-ups are not allowed — if you breakrthésan error message will be displayed. Furthermore the
symmetrisation of the k-mesh can lead to meshes which cabendivided into tetrahedrons (at least not by the tetrahredro
division scheme implemented in VASP) — if one uses meshesiwdo not have their origin &t (for certain lower symmetric
types of Bravais lattices or certain non-symmetry conseyehifts). Therefore only very special shifts are allowéd. shift

is selected which can not be handled you get an error mesSagesasons of safety it might be a good choice to use only
meshes with their origin dt (switch 'G’ or 'g’ on third line or odd divisions) if the tetteedron method is used.

5.5.4 hexagonal lattices

We strongly recommend to use only Gamma centered grids fadumal lattices. Many tests we have performed indicate
that the energy converges significantly faster wthmmacentered grids than with standard Monkhorst Pack gridsd<Gri
generated with the “M” setting in the third line, in fact doti@ve full hexagonal symmerty.

5.6 IBZKPT file

The file IBZKPT is compatible with the KPOINTS file and is geaed if the automatic k-mesh generation is selected in
the file KPOINTS. It contains the k-point coordinates andghés (and if the tetrahedron method was selected additional
tetrahedron connection tables) in the 'Entering all k-poexplicitly’ format used for providing k-points 'by handrhis file

can also be generated with the external tool:

> kpoints

IBZKPT may be copied to the file KPOINTS to save time, if one HRTS set is used several times.

5.7 POSCAR file

This file contains the lattice geometry and the ionic posgjooptionally also starting velocities and predictorreotor
coordinates for a MD-run. The usual format is:

Cubic BN
3.57
0.0 0.5 0.5
0.5 0.0 0.5
0.5 0.5 0.0
11
Selective dynamics
Cartesian
0.00 0.00 000 T T
0.25 025 025 F F
Cartesian
0.01 0.01 0.01
0.00 0.00 0.00
optionally predictor-corrector coordinates
given on file CONTCAR of MD-run

F
F

or

Cubic BN
3.57
0.0 0.5 0.5
0.5 0.0 0.5
05 05 0.0
11
Direct
0.00 0.00 0.00
0.25 0.25 0.25
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The first line is treated as a comment line (you should writerdthe 'name’ of the system). The second line provides a
universal scaling factor (lattice constant’), which isedgo scale all lattice vectors and all atomic coordinatéshis value
is negative it is interpreted as the total volume of the cél) the following three lines the three lattice vectors defjrthe
unit cell of the system are given (first line correspondinthifirst lattice vector, second to the second, and thirdedttind).
The sixth line supplies the number of atoms per atomic spdoige number for each atomic speci@d)e ordering must be
consistent with the POTCAR and the INCAR fllbe seventh line switches to 'Selective dynamics’ (onky finst character
is relevant and must be 'S’ or 's’). This mode allows to praviektra flags for each atom signaling whether the respective
coordinate(s) of this atom will be allowed to change durimg ibnic relaxation. This setting is useful if only certashells’
around a defect or 'layers’ near a surface should reé¥iwrd: The 'Selective dynamics’ input tag is optional: The sevéimé
supplies the switch between cartesian and direct lattitteeifSelective dynamics’ tag is omitted.

The seventh line (or eighth line if 'selective dynamics’watshed on) specifies whether the atomic positions are deali
in cartesian coordinates or in direct coordinates (respygtfractional coordinates). As in the file KPOINTS onlyetfirst
character on théne is significant and the only key characters recognized by VABPC’, 'c’, 'K’ or 'k’ for switching to
the cartesian mode. The next lines give the three coordifiateeach atom. In the direct mode the positions are given by

R' = X181 + Xo8p + X333 (53)

whered; 3 are the three basis vectors, and s are the supplied values. In the cartesian mode the poskienenly scaled
by the factors on the second line of the POSCAR file

R=s| x |. (5.4)
X3

The ordering of these lines must be correct and consistéhttié number of atoms per species on the sixth lingour are

not sure whether you have a correct input please check the@RTfile, which contains both the final components of the
vectorR, and the positions in direct (fractional) coordinatéisselective dynamics are switched on each coordinatdetrip
is followed by three additional logical flags determiningetirer to allow changes of the coordinates or not (in our examp
the 1. coordinate of atom 1 and all coordinates of atom 2 aegl¥iXf the line 'Selective dynamics’ is removed from the file
POSCAR these flag will be ignored (and internally set to .T.).

Mind: The flags refer to the positions of the ionglinect coordinates, no matter whether the positions are entereatiasian

or direct coordinates. Therefore, in the example given albog first ion is allowed to move into the direction of the fastl
second direct lattice vector.

If no initial velocities are provided, the file may end herer Folecular dynamics the velocities are initialised ranfjo
according to a Maxwell-Boltzmann distribution at the iaitiemperature TEBEG (see section 6.28).

Entering velocities by hand is rarely done, except for treedBRION=0 and SMASS=-2 (see section 6.29). In this case
the initial velocities are kept constant allowing to caitelthe energy for a set of different linear dependent mosit{for
instance frozen phonons, section 9.11, dimers with vargimgd-length, section 9.6). As previously the first line digspa
switch between cartesian coordinates and direct cooein&n the next lines the initial velocities are providedey are
given in units é/fs, no multiplication with the scaling factor in this case)(direct lattice vector/timestep).

Mind: For IBRION=0 and SMASS=-2 the actual steps taken are POTésldrvelocities. To avoid ambiguities, set POTIM
to 1. In this case the velocities are simply interpreted asovs, along which the ions are moved. For the "cartesiartcéw
the vector is given in cartesian coordinaﬁas{o multiplication with the scaling factor in this case) fbe "direct” switch the
vector is given in direct coordinates.

The predictor-corrector coordinates are only providedamatinue a molecular dynamic run from a CONTCAR-file of a
previous run, they can not be entered by hand.

5.8 CONTCAR file

After each ionic stepand at the end of each job a file CONTCAR is written. This file hamlid POSCAR format and can
be used for 'continuation’ jobs.

For MD-runs (IBRION=0) CONTCAR contains the actual cooats, velocities and predictor-corrector coordinates
needed as an input for the next MD-job.

For relaxation jobs CONTCAR contains the positions of thet lanic step of the relaxation If the relaxation run has not
yet converged one should copy CONTCAR to POSCAR before wointjj. For static calculations CONTCAR is identical to
POSCAR.

lwhether the file can be read or not depends on the operatitgnsy¥ASP writes, flushes and rewinds the file. If you stop dr\NSP it should be
possible to continue from the CONTCAR file.
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5.9 EXHCARfile

This file is not required in VASP.3.2 and VASP.4.X, becauserdyuired tables are calculated by VASP directly. Use the EX
HCAR file only with caution. If the file exists it must contairiable for the exchange-correlation energy of the homogeneo
electron gas as a function of the charge density in the iat§@&yRHO(2)]. This file can be generated with the program

> setexch
setexch is distributed with the package, but it must be etksgparately, by typing
> make setexch

in the VASP directory.
If you execute setexch you are asked for several parametges, similar values as given below:

Perdew and Zunger, PHYS. REV. B23, 5048 (1982)
Vosko, Wilk and Nusair, CAN. J. PHYS. 58, 1200 (1980)
Gunnarson and Lundgvist

Hedin and Lundqvist, J. PHYS. C4, 2064 (1971)
Barth and Hedin

Wigner-interpolation

1 <<< choose xc-type

Relativistic corrections? (.T. of .F.)

.T. <<< should be .T. for scalar rel. PP

Interpolation type from para- to ferromagnetic corr.

0  exchange-like 'standard interpolation’

1  Vosko-type function (CAN. J. PHYS. 58, 1200 (1980)
0 <<< we recommend 0

maximal small electron density RHO(1) ?

5

number of points N(1) between 0 and RHO(1) ?

2000

maximal electron density RHO(2) ?

50.5

OOk wWwN -

To get a good accuracy in the interpolation, the table igtsgliin two regions, a low density region (0... "maximal smal
electron density RHO(1) ?”) and a high density region (" maaii electron density RHO(2) ?"). This allows an accurate
interpolation for atoms and molecules. As a crude guiddirE(2) should not exceed 200, for transition metals thisieval
was sufficient, and we generally recommend this setting lfanaterials. For 'simple’ elements of the main group a value
around 10 is sufficient. The correlation type selected shbalthe same as used for the pseudopotential generaticallyusu
Ceperley-Alder as parameterized by Perdew and Zunger el@livistic corrections, i.e. switch '1’).

Starting from version 3.2 VASP generates the EXHCAR filerimidly, in this case the parameters (given in the example
session above) are used to create the table, only the fiesthgéer is adopted to the pseudopotential.

5.10 CHGCAR file

This file contains the lattice vectors, atomic coordinaties total charge density multiplied by the volum@) = Ve on the
fine FFT-grid (NG(X,Y,Z)F), and the PAW one-center occupascCHGCAR can be used to restart VASP from an existing
charge density, for visualisation the CHG file should be useate the PAW-one centre occupancies are difficult to pétrse
is possible to avoid that the CHGCAR is written by setting

LCHARG = .FALSE.
in the INCAR file (see section 6.49). In VASP, the density igten using the following commands in Fortran:
WRITE(IU,FORM) (((C(NX,NY,NZ),NX=1,NGXC),NY=1,NGYZ), NZ=1,NGZC)

The x index is the fastest index, and the z index the slowelexinThe file can be read format-free, because at least in new
versions, it is guaranteed that spaces separate each nirtdsse do not forget to divide by the volume before visiradiz
the file!

For spinpolarized calculations, two sets of data can bedanthe CHGCAR file. The first set contains the total charge
density (spin up plus spin down), the second one the magtietizdensity (spin up minus spin down). For non collinear
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calculations the CHGCAR file contains the total charge dgrasid the magnetisation density in the x, y and z direction in
this order.

For dynamic simulation (IBRION=0), the charge density amfie is the predicted charge density for the next step:ti.e. i
is compatible with CONTCAR, but incompatible with the lastsfiions in the OUTCAR file. This allows the CHGCAR and
the CONTCAR file to be used consistently for a molecular dyicaroontinuation job. For static calculations and relaai
(IBRION=-1,1,2) the written charge density is the selfdetent charge density for the last step and might be usedaz.g.
accurate band-structure calculations (see section 9.3).

Mind: Since the charge density written to the file CHGCAR is notssléconsistent chargedensity for the positions on the
CONTCAR file, do not perform a bandstructure calculatiorHKRG=11) directly after a dynamic simulation (IBRIGH0)
(see section 9.3).

5.11 CHGfile

This file contains the lattice vectors, atomic coordinates the total charge density multiplied by the volupie) * Vcel On
the fine FFT-grid (NG(X,Y,Z)F) at every tenth MD step i.e.

MOD(NSTEP,10)==1,

where NSTEP starts from 1. To save disc space less digitsritemto the file CHG than to CHGCAR. The file can be used
to provide data for visualization programs for instance IBMa explorer. (For the IBM data explorer, a tool exists tovest
the CHG file to a valid data explorer file). It is possible toigvihat the CHG file is written out by setting

LCHARG = .FALSE.
in the INCAR file (see section 6.49). The data arrangemertteo@HG file is similar to that of the CHGCAR file (see section

5.10), with the exception of the PAW one centre occupaneibgh are missing on the CHG file.

5.12 WAVECAR file
The WAVECAR file is a binary file containing the following data

NBAND number of bands

ENCUTI ‘initial’ cut-off energy

AX 'initial’ basis vectors defining the supercell
CELEN ('initial’) eigenvalues

FERWE (‘initial’) Fermi-weights

CPTWFP ('initial) wavefunctions

Usually WAVECAR provides excellent starting wavefuncsdior a continuation job. For dynamic simulation (IBRION=0)
the wavefunctions in the file are usually those predictedHernext step: i.e. the file is compatible with CONTCAR. The
WAVECAR, CHGCAR and the CONTCAR file can be used consistefatya molecular dynamics continuation job. For
static calculations and relaxations (IBRION=-1,1,2) thdétten wavefunctions are the solution of the KS-equatiarstifie
last step. It is possible to avoid, that the WAVECAR is writtgut by setting

LWAVE = .FALSE.

in the INCAR file (see section 6.49)

Mind: For dynamic simulations (IBRION=0) the WAVECAR file comaipredicted wavefunctions compatible with CON-
TCAR. If you want to use the wavefunctions for additionaleddtions, first copy CONTCAR to POSCAR and make another
static (ISTART=1; NSW=0) continuation run with ICHARG=L1.

5.13 TMPCAR file

TMPCAR is a binary file which is generated during dynamic datians and relaxation jobs using full wavefunction predi-
cation. It contains the ionic positions and wavefunctionhaf previous two steps. Those are needed for the extrapolati
the wavefunctions. It is possible to use the file TMPCAR for lihtinuation jobs by setting the flag ISTART=3 on the file
INCAR (see description of INCAR, section 6.13, 6.25).

Instead of the TMPCAR file VASP.4.X can also use internaltstréile. This is faster and more efficient but requires of
course more memory (see section 6.25 for more details).
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5.14 EIGENVALUE file

The file EIGENVALUE contains the Kohn-Sham-eigenvalues dthrk-points, at the end of the simulation. For dynamic
simulation (IBRION=0) the eigenvalues on the file are usudilat one predicted for the next step: i.e. the file is contybati
with CONTCAR. For static calculations and relaxations (IBRI=-1,1,2) the eigenvalues are the solution of KS-equatio
for the last step.

Mind: For dynamic simulations (IBRION=0) the EIGENVAL file coima predicted wavefunctions compatible with
CONTCAR. If you want to use the eigenvalues for additiondtw@ations, first copy CONTCAR to POSCAR and make
another static (ISTART=1; NSW=0) continuation run with ICR&=1.

5.15 DOSCAR file

The file DOSCAR contains the DOS and integrated DOS. The angtSnumber of states/unit cell”. For dynamic simulations
and relaxations, an averaged DOS and an averaged inte@@t®ds written to the file. For a description of how the avenggi

is done see 6.20, 6.36). The first few lines of the DOSCAR fiteeraade up by a header which is followed by NDOS lines
holding three data

energy DOS integrated DOS
The density of states (DOS®) is actually determined as the difference of the integr&x®® between two pins, i.e.
n(ei) = (N(&) —N(gi-1)) /D¢,
whereAe is the distance between two pins (energy difference betweemyrid point in the DOSCAR file), andi(g;) is the
integrated DOS

N(g) = /£i n(e)de.

—00

This method conserves the total number of electrons ex&aityspin-polarized calculations each line holds five data
energy DOS(up) DOS(dwn) integrated DOS(up) integrated DOS (dwn)

If RWIGSor LORBIT (Wigner Seitz radii, see section 6.326.33) is set in the IRCile, a Im- and site-projected DOS is
calculated and also written to the file DOSCAR. One set of gataritten for each ion, each set of data holds NDOS lines
with the following data

energy s-DOS p-DOS d-DOS
or
energy s-DOS(up) s-DOS(down) p-DOS(up) p-DOS(dwn) d-DOS( up) d-DOS(dwn)

for the non spin-polarized and spin polarized case resfytiAs before the written densities are understood asiffexehce
of the integrated DOS between two pins.
For non-collinear calculations, the total DOS has the foihg format:

energy DOS(total) integrated-DOS(total)
Information on the individual spin components is availadiy for the site projected density of states, which has thmét:
energy s-DOS(total) s-DOS(mx) s-DOS(my) s-DOS(mz) p-DOS( total) p-DOS(mx) ...

In this case, the (site projected) total density of stam@sitand the (site projected) energy resolved magnetizatensity in
thex (mx), y (my) andz (mz) direction are available.

In all cases, the units of the I- and site projected DOS atesttom/energy.

The site projected DOS is not evaluated in the parallel wariir the following cases:

vasp.4.5NPARAL no site projected DOS
vasp.4.6NPAR£1, LORBIT=0-5 no site projected DOS

In vasp.4.6 the site projected DOS can be evaluated@&BIT=10-12, even if NPAR is not equal 1 (contrary to previous
releases).

Mind: For relaxations, the DOSCAR is usually useless. If you warget an accurate DOS for the final configuration,
first copy CONTCAR to POSCAR and continue with one static ABT=1; NSW=0) calculation.
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5.16 PROCAR file

For static calculations, the file PROCAR contains the spd-site projected wave function character of each band. The wa

function character is calculated by projecting the wavefiams onto spherical harmonics that are non zero withiresgghof

a radius RWIGS around each ion. RWIGS must be specified in th&Rfle in order to obtain the file (see section 6.32).
Mind: that the spd- and site projected character of each Izamok evaluated in the parallel version if NPAR.

5.17 PCDAT file

File PCDAT contains the pair correlation function. For dgne simulations (IBRION-=0) an averaged pair correlation is
written to the file (see sections 6.20, 6.30).

5.18 XDATCAR file
After NBLOCK ionic steps the ionic configuration is writtem the file XDATCAR (see sections 6.20).

5.19 LOCPOT file

Available up from VASP version 2.0.
The LOCPOT file contains the total local potential (in eV).Wote this file, the line

LVTOT = .TRUE.

must exist on the INCAR file (see section 6.49). In the presergion (VASP.4.4.3), the electrostatic part of the pastnt
only is written (exchange correlation is not added). Thigdésirable for the evaluation of the work-function, becatlse
electrostatic potential converges more rapidly to the uatlevel than the total potential. However if the exchangeatation
potential is to be included, change one line in main.F:

I comment out the following line to add exchange correlation
! INFO%LEXCHG=-1
CALL POTLOK(...)

Mind: Older version might have had a different behavior, when thieye retrieved from the server. Please always check
yourself, whether main.F is working in the way you expeanfdy search for LEXCHG=-1 in main.F). If the lin&EXCHG=-1
is commented out, the exchange correlation is added. Itcsmenended to avoid wrap around errors, when evaluating
LOCPOT. This can be done by specifying PREC=High in the INCid?

The data arrangement on the LOCPOT file is similar to that®@QRGCAR file (see section 5.10).

5.20 ELFCARfile
Available up from VASP version 3.2.

The ELFCAR file is created when the LELF flag (see section 6ibIhe INCAR file is set to .TRUE. and contains the
so-called ELF ¢lectron localization function

It has the same format as the CHG file. It is recommended talavap around errors, when evaluating ELFCAR file. This
can be done by specifying PREC=High in the INCAR file.

5.21 PROOUT file

Available up from VASP version 3.2.
This file contains the projection of the wavefunctions orgbesical harmonics that are non zero within spheres of aisadi
RWIGS centered at each io\jmric = (YN | o))

It is written out only if the LORBIT flag (see section 6.33) metINCAR file is set and an appropriate RWIGS (see section
6.32) has been defined.
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Format:

15tline: PROOUT

2" Jine: number of kpoints, bands and ions

3 Jine: twice the number of types followed by the number of ions fateype
4 line: the Fermi weights for each kpoint (inner loop) and band (olaiep)

line 5-...: real and imaginary part of the projecti®mm for every Im-quantum number (inner loop), band, ion per fype
kpoint and ion-type (outer loop)

below : augmentation part

and finally: the corresponding augmentation part of the projectionsvery Im-quantum number (inner loop), ion per type,
ion-type, band and kpoint (outer loop)

This information makes it possible to construct e.g. paBi@Ss projected onto bonding and anti-bonding moleculaitais
or the so-called coop(fystal overlap population functign

5.22 makeparam utility
Themakeparam utility allows to check the required memory amount. The pangis compiled (seriel version only) by typing
make makeparam

in the directory, where VASP is located.
The program is started by typing

makeparam

and it prompts the memory requirement to the screen.

5.23 Memory requirements

The memory requirements of VASP can easily exceed your ctamfacilities. In this case the first step is to estimate wher
the excessive memory requirements derive from. There ar@bssibilities:

o Storage of wave functions: All bands for all k-points mustkegt in memory at the same time. The memory require-
ments for the wave functions are:

NKDIM*NBANDS*NRPLWV*16

The factor 16 arises from the fact that all quantities are GQMX*16.

e Work arrays for the representation of the charge densitgllpotentials, structure factor and large work arrays:tAlto
of approximately 10 arrays is allocated on the second firidr gr

4*(NGXF/2+1)*"NGYF*NGZF*16

Once again all quantities are COMPLEX*16.

Try to reduce the memory requirements by reducing the gooreging parameters. See section 8 for a discussion of the
minimal requirements for these parameters.
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Table 1: The INCAR file for a Copper surface calculation.

SYSTEM = Rhodium surface calculation

Start parameter for this Run:

ISTART = 0 job : O-new 1-cont 2-samecut
ICHARG = 2 charge: 1-file 2-atom 10-const
INIWAV = 1 electr: 0-lowe 1-rand

Electronic Relaxation 1
ENCUT = 200.00 eV

IALGO = 18 algorithm ~ NELM = 60; NELMIN= 0; NELMDL= 3 # of ELM ste  ps m
EDIFF = 1E-04  stopping-criterion for ELM

BMIX = 2.0

TIME = 0.05

lonic Relaxation
EDIFFG = .1E-02  stopping-criterion for IOM

NSW = 9  number of steps for IOM
IBRION = 2
POTIM = 100 time-step for ion-motion

POMASS = 102.91
ZVAL = 110

DOS related values:
SIGMA = 0.4; ISMEAR = 1 broad. in eV, -4-tet -1-fermi 0-gaus

6 The INCAR File

INCAR is the central input file of VASP. It determines 'whatdo and how to do it’, and can contain a relatively large number
of parameters. Most of these parameters have conveniestlttefand a user unaware of their meaning should not change
any of the default values. Be very careful in dealing withHREAR file, it is the main source of errors and false results!

The INCAR file is a tagged format free-ASCII file: Each line stts of a tag (i.e. a string) the equation sign '=" and a
number of values. It is possible to give several paramedkrevpairs ( tag = values ) on a single line, if each of thesespai
are separated by a semicolon ’;'. If a line ends with a backsthe next line is a continuation line. Comments are nogmall
preceded by the number sign '#, but in most cases commentseappend to a parameter-value pair without the '#'. In this
case semicolons should be avoided within the comment.

A typical (relatively complex) INCAR is given in Tab 1. Thellmving sections will describe the parameters given in the
INCAR file.

Especially the initialization of all things might be a létbit complicated, please read the section 6.2 carefullyivis
some hints how the initialization parameters interact, lamad they might be used together.

6.1 All parameters (or at least most)

Here is a short overview of all parameters currently suggbfarameters which are used frequently are emphasized.
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NGX, NGY, NGZ FFT mesh for wavefunctions (Sec. 6.3,6.10)
NGXF,NGYF,NGZF FFT mesh for charges (Sec. 6.3,6.10)
NBANDS number of bands included in the calculation (Sec. 6.4)
NBLK blocking for some BLAS calls (Sec. 6.5)
SYSTEM name of System

NWRITE verbosity write-flag (how much is written)
ISTART startjob: 0-new 1-cont 2-samecut

ICHARG charge: 1-file 2-atom 10-const

ISPIN spin polarized calculation (2-yes 1-no)
MAGMOM initial mag moment / atom

INIWAV initial electr wf. : O-lowe 1-rand

ENCUT energy cutoff in eV

PREC precession: medium, high or low

PREC VASP.4.5 also: normal, accurate

NELM, NELMIN and NELMDL  nr. of electronic steps

EDIFF stopping-criterion for electronic upd.
EDIFFG stopping-criterion for ionic upd.

NSW number of steps for ionic upd.

NBLOCK and KBLOCK inner block; outer block

IBRION ionic relaxation: 0-MD 1-quasi-New 2-CG
ISIF calculate stress and what to relax

IWAVPR prediction of wf.: 0-non 1-charg 2-wave 3-comb
ISYM symmetry: 0-nonsym 1-usesym

SYMPREC precession in symmetry routines

LCORR Harris-correction to forces

POTIM time-step for ion-motion (fs)

TEBEG, TEEND temperature during run

SMASS Nose mass-parameter (am)

NPACO and APACO distance and nr. of slots for P.C.

POMASS mass of ions in am

ZVAL ionic valence

RWIGS Wigner-Seitz radii

NELECT total number of electrons

NUPDOWN fix spin moment to specified value

EMIN, EMAX energy-range for DOSCAR file

ISMEAR part. occupancies: -5 Bthl -4-tet -1-fermi 0-gaus ¢0 MP
SIGMA broadening in eV -4-tet -1-fermi 0-gaus
ALGO algorithm: Normal (Davidson) — Fast — Veffyast (RMM-DIIS)
IALGO algorithm: use only 8 (CG) or 48 (RMM-DIIS)
LREAL non-local projectors in real space

ROPT number of grid points for non-local proj in real space
GGA xc-type: PW PB LM or 91

VOSKOWN use Vosko, Wilk, Nusair interpolation

DIPOL center of cell for dipol

AMIX, BMIX tags for mixing

WEIMIN, EBREAK, DEPER special control tags

TIME special control tag

LWAVE,LCHARG and LVTOT  create WAVECAR/CHGCAR/LOCPOT

LELF create ELFCAR

LORBIT create PROOUT

NPAR parallelization over bands

LSCALAPACK switch off scaLAPACK

LSCALU switch of LU decomposition

LASYNC overlap communcation with calculations
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6.2 Frequently used settings in the INCAR file
6.2.1 Static calculations

Just remove the WAVECAR file and start from scratch, no patarsenust be specified in the INCAR file. The defaults for
some parameters will be:

ISTART = 0 # startjob: no WAVECAR file
ICHARG = 2 # charge: from atoms

INIWAV = 1 # random initialization for wf.
NELM = 40 # maximum of 40 electronic steps
NELMIN = 2 # minimum of two steps

NELMDL = -5 # no update of charge for 3 steps
EDIFF = 10E-4 # accuracy for electronic minimization

6.2.2 Continuation of a calculation

In some cases it makes sense to start from an old WAVECAR f#ieriEtance to continue relaxation or to continue with an
increased energy cutoff ENCUT). In this case just keep th¥lMPAR file and start VASP. Again, an empty INCAR file will
suffice. The defaults are now:

ISTART = 1 # continue from WAVECAR file
ICHARG = 0 # charge from wavefunctions
NELM = 40 # maximum of 40 electronic steps
NELMIN = 2 # minimum of two steps

NELMDL = 0 # immediately update charge

You can setCHARG=1by hand if an old CHGCAR file exists. If the charge sloshingigmgicant this will save a few steps,
compared to the default setting. To continue relaxatiomfeoprevious run copy the CONTCAR file to POSCAR.
6.2.3 Recommended minimum setup

Although the previous calculations can be performed usirgnapty INCAR file it is recommended to specify a few parameter
always manually

PREC = Normal # precision normal

ENCUT = 300 # cutoff used throughout all calculations
LREAL = .FALSE. or Auto # real space projection yes / no

ISMEAR = 0 or 1 or -5 # method to determine partial occupancies

These four parameters should be present in all calculatitimsy completely control the technical accuracy of the ualc
tions in particular the basis setSNCU7J, and wether the real space projection scheme is used ofatel. energies of two
calculations should be only compared and subtracted, ifithethree parameters are set identically in both calcoreti
Ideally the parametdBMEAR should be also identical throughout all calculations (big imight be difficult in some cases).

6.2.4 Efficient relaxation from an unreasonable starting gess

If you want to do an efficient relaxation from a configuratibattis not close to the minimum, set the following values & th
INCAR file (for briefness the recommended setup is lackieg, Sec. 6.2.3):

NELMIN = 5 # do a minimum of four electronic steps
EDIFF = 1E-2 # low accuracy

EDIFFG = -0.3 # accuracy of ions not too high

NSW =10 # 10 ionic steps in ions

IBRION = 2 # use CG algorithm

This way only low accuracy will be required in the first few e but since a minimum of 5 electronic steps is done the
accuracy of the calculated electronic groundstate wiligedly improve. If you are a slightly advanced user you cao alse
the damped MD algorithm, which is usually more efficient tttzen CG one:

IBRION = 1 ; SMASS = 0.4 # damped MD
POTIM =04 # time step needs to chosen with care

In this case, a too largeOTIMwill result in divergence.
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6.2.5 Efficient relaxation from a pre-converged starting gess

Close to a local minimum the variable-metric (RMM-DIIS afiglbm) is most efficient. INCAR file (for briefness the recom-
mended setup is lacking, see Sec. 6.2.3):

NELMIN = 8 # do a minimum of ten electronic steps

EDIFF = 1E-5 # high accuracy for electronic groundstate

EDIFFG = -0.01 # small tolerance for ions

NSW =20 # 20 ionic steps should do

MAXMIX = 80 #  keep dielectric function between ionic movemen ts

IBRION = 1 # use RMM-DIIS algorithm for ions
NFREE = 10 # estimated degrees of freedom of the system

Now very accurate forces are requir&D(FF is small). In addition a minimum of eight electronic stepdagie between each
ionic updated, so that the electronic groundstate is alwajsulated with very high accuracELMIN=8 is only required
for systems with extreme charge sloshing which are very tmobnverge electronically. For most systems values batwee
NELMIN=4 andNELMIN=6 are sufficient.

6.2.6 Molecular dynamics

Please see section 9.7.

6.2.7 Making the calculations faster
Use the following lines in the INCAR file to improve the effinigy of VASP for large systems:

ALGO = Fast # RMM-DIIS algorithm for electrons
LREAL = A # evaluate projection operators in real space
NSIM = 4 # blocked algorithm update, four bands at a time

In additions you might try to set tHéAXMIXtag.

6.3 NGXNGY NGZand NGXE NGYF NGZFtags

NGX NGY NGZcontrols the number of grid-points in the FFT-mesh into tineadion of the thredattice-vectors. X corresponds
to the first, Y to the second and Z to the third lattice-vec¥iv(and Z are not connected with cartesian coordinates,tdan’
fooled by the historical naming conventions).

NGXFE NGYE NGZFcontrols the number of grid-points for a second finer FFTAme&® this mesh the localized augmenta-
tion charges are represented, if ultrasoft (US) Vandepbilentials or the PAW method are used. In addition, locadpiidls
(exchange-correlation, Hartree-potential and ionic piidés) are also calculated on this second finer FFT-mesni only
ify US-pseudopotentials are used.

Mind: There is no need to sBIGXFto a value larger thaNGX if you donotuse US-pseudopotential or the PAW method.
In this case ,neither the charge density nor the local pialerare set on the fine mesh. The only result is a considevaisee
of storage. In this case SEGXE NGYF NGZFsimply to 1.

In VASP.4.X all parameters are determined during runtintbee defaults are used — Sec. 6.10 or 5.22 N@Ketc. are
read from the INCAR file, see Sec. 6.3).

6.4 NBANDStag

NBANDSdetermines the actual number of bands in the calculatioryet@additional information how to s&lBANDSplease
read also section 8.1.

6.5 NBLKtag

This determines the blocking factor in many BLAS level 3 ioes.
In some cases, VASP has to perform a unitary transformatfitimeocurrent wave functions. This is done using a work array
CBLOCK and the following FORTRAN code:
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DO 100 IBLOCK=0,NPL-1,NBLK
ILEN=MIN(NBLK,NPL-IBLOCK)

DO 200 Ni=1,N
DO 200 M=1,ILEN
CBLOCK(M,N1)=C(M+IBLOCK,N1)
C(M+IBLOCK,N1)=0
200 CONTINUE

C C(IBLOCK+I,N)=SUM_(J,K) CH(L,K) CBLOCK(K,N)
CALL ZGEMM (N, 'N’, ILEN, N, N, (1.0.), CBLOCK, NBLK, CH, N ,
& (1.0), C(IBLOCK+1,1), NDIM)
100 CONTINUE

ZGEMM is the matrixx matrix multiplication command of the BLAS package. The tpskformed by this call is indicated
by the comment line written above the ZGEMM call. Gener8lBL K=16 or 32 is large enough for super-scalar machines. A
large value might be necessary on vector machines for opgierformance {BLK=128).

6.6 SYSTEMtag
SYSTEM = string

Default: unknown system.

The system tag is followed by a string which possibly corgdilanks. The 'title’ string is for the user only and shouldphe
the user to identify what he wants to do with this specific irfja. Help yourself and be as verbose as you can. The string is
read in and written to the main output file OUTCAR.

6.7 NWRITE-tag
NWRITE =0 |1]2]3]4

Default: 2

This flag determines how much will be written to the file OUTCARARrbosity flag’).

NWRITE 01
contributions to electronic energy
at each electronic iteration f
convergence information f
eigenvalues f+
DOS + charge density f+
total energy
and their contributions i i
stress i i
basis-vectors f+ i
forces f+ i
timing-information X

N
w

—_— = —h
® D DD

X oo

f+l  first and last ionic step
f first ionic step

[ each ionic step

e each electronic step
X when applicable

For long MD-runs us&lWRITE=0or NWRITE=1 For short runs usdWRITE=2 NWRITE=3might give information if something
goes wrongNWRITE=4is for debugging only.
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6.8 ENCUTtag
ENCUT = kinetic energy cutoff

default taken from POTCAR-file

Cut-off energy for plane wave basis set in eV. All plane-vgawéth a kinetic-energy smaller thdfy,; are included in the
basis set: i.e.
h?
IG+k|<Geyt  with  Egue= zTnegut

The number of plane waves differs for each k-point, leadng superior beahviour for e.g. energy-volume calculatitins
the volume is increased the total number of plane waves @sdfiagrly smoothly. The criteriofG| < Gey: (i.e. same basis set
for each k-point) would lead to a very rough energy-volumezewand, generally, slower energy convergence.

Starting from version VASP 3.2 the POTCAR files contains adkENMAXandENMIN) line, therefore it is in principle
not necessary to speciBNCUTIn the INCAR file. For calculations with more than one specike maximum cutoffENMAX
or ENMIN) value is used for the calculation (see below, Sec. 6.10)céusistency reasons we still recommend to specify the
cutoff manually in the INCAR file and keep in constant throogha set of calculations.

6.9 ENAUG&ag

ENCUT = kinetic energy cutoff for augmentation charges

default from POTCAR file

Cut-off for the augmentation charges. This line determh@XF, NGYFandNGZF(see also section 6.10).

6.10 PREGtag
PREC = Low | Medium | High | Normal | Accurate | Single

Default: Medium for VASP.4.X
Normal for VASP.5.X

The settingdNormal andAccurate are only available in VASP.4.5 and newer versions. Thergg8iingle is only available

in VASP.5.1.

Changing théRECparameter influences the default for four sets of param@8IBUTNGX, NGY, NGZNGXF, NGYF, NGZF
andROPTY), and it is also possible to obtain the same characterigjichanging the corresponding parameters in the INCAR
file (VASP.4.X) directly.

e The PREGflag determines the energy cutdNCUT if (and only if) no value is given foENCUTIin the INCAR
file. For PREC=Low ENCUTwill be set to the maximaENMIN value found in the POTCAR files. F®{REC=Medium
and PREC=Accurate , ENCUTwill be set to maximaENMAXvalue found on the POTCAR file (see 5.4). Finally for
PREC=High, ENCUTis set to the maximaNMAXvalue in the POTCAR file plus 309PREC=High guarantees that the
absoluteenergies are converged to a few meV, and it ensures thatrtes sensor is converged within a few kBar. In
general, an increased energy cutoff is only required fouate evaluation of quantities related to the stress tglesgr
elastic properties).

The following table summarizes hdwRECdetermines other flags in the INCAR file:

PREC ENCUT N& N&F ROPT

Normal maxENMAX 3/12Ggt 2N -bE-4

Single maxENMAX 3/12Geyt N& -5E-4

Accurate maxENMAX 2 Geut 2 N& -2.5E-4

Low maxENMIN) 312Gyt 3 Gaug -1E-2

Med maXENMAX 3/2 cht 4 Gaug '2E'3
2 2

— |Geu? =ENCUT  ——|Gaug? = ENAUG
2me| cutl 2me| augl
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maxENMAX/ENMIN corresponds to the maximuBNMAX/ENMINfound in POTCAR
ENAUQefaults to the maximurBAUGfound in POTCAR

e FFT-grids NGX, NGY, NGZandNGFX, NGFY, NGFZ:

For PREC=High and PREC=Accurate , wrap around errors are avoided (see section 7.23alectors that are twice
as large as the vectors included in the basis set are takemasbunt in the FFT's). FAPREC=Low PREC=Medium
or PREC=Normal, the FFT grids are reduced, and 3/4 of the required valuesised. UsuallyPREC=mediumand
PREC=Normal, are sufficiently accurate with errors less than 1 meV/atom.

In addition, thePRECtag determines the spacing for the grids representing thmantation charges, charge densities
and potentials (NGFX, NGFY, NGFZ). FBREC=Accurate andPREC=Normal, the support grid contains twice as many
points in each direction as the grids for the wavefunctidd@XF= 2 x NGX, NGYF= 2 x NGY, NGZF= 2 x NG3.
PREC=Single is identical toPREC=Normal, execpt that the double grid technique is not applied. Thnvenient of
you need to cut down on storage demands, or want to reducézthefsthe CHG and CHGCAR file (for scanning
tunneling microscopy simulation, it is recommended to RREC=Single ). In all other cases, they are determined by
some rather heuristic formula froBNAUGsee Sec. 6.9).

o If real space projectors are used, ROPT (which controllsiteber of grid points within the integration sphere around
each ion, see Sec. 6.38) is set to

for LREAL=Othe defaults are:

PREC= Low 700 points in the real space spheR®OPT=0.67)
PREC= Med 1000 points in the real space spheR®PT=1.0)
PREC= Normal 1000 points in the real space spheROPT=1.0)
PREC= Accurate 1000 points in the real space spheR®PT=1.0)
PREC= High 1500 points in the real space spheR®PT=1.5)

For LREAL=Athe defaults are:

PREC= Low ROPT=-1E-2
PREC= Med ROPT=-2E-3
PREC= Normal ROPT=-5E-4
PREC= Accurate ~ ROPT=-2.5E-4
PREC= High ROPT=-4E-4

This behaviour can be overwritten by specifying the op®@#PTin the INCAR file. For mixed atomic species we, in
fact, strongly recommend to utBEAL=A(see section 6.38).

We recommend to useREC=Normal for calculations in VASP.4.5 (default in VASP.5.X) aRBEC=Mediumfor VASP.4.4.
PREC=Accurate avoids wrap around errors and uses an augmentation gricstledctly twice as large as the coarse grid

for the representation of the pseudo wavefunctiGffEC=Accurate increases the memory requirements somewhat, but it

should be used, if very accurate forces (phonons and seariiives) are required. The accuracy of forces can badurt

improved by specifyindhDDGRID = .TRUE. (see Sec. 6.56).

New manual entry for PREC=High:

The use ofPREC=High is no longer recommend (and exists only for compatibilitgs@ns). For an accurate stress tensor

the energy cutoff should be increased manually, and if additly very accurate forces are requir€REC=Accurate can

be used in combination with an increase energy cutoff. Nbotg, we nhow recommend to specify the energy cutoff always

manually in the INCAR file, to avoid incompatibilities betarecalculations (see Sec. 6.2.3).

Old manual entry for PREC=High:
PREC=High, should be used if properties like the stress tensor arei@e. IfPREC=High calculations are too expensive,
ENMAXcan also be increased manually in the INCAR file, since thisiglly sufficient to obtain a reliable stress-tensor.

6.11 ISPIN-tag
ISPIN = 1 or 2

default:ISPIN = 1
For ISPIN=1 non spin polarized calculations are performed, whereasSRIN=2 spin polarized calculations are per-
formed.
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6.12 MAGMORhg
Default NIONS1

Specifies the initial magnetic moment for each atom, if anlg GnICHARGs equal 2, or if the CHGCAR file contains
no magnetisation density (ICHARG=1). If one is searchingaf@epin polarised (magnetic or antiferromagnetic) sotytib
is usually safest to start from larger local magnetic momsiesntd in some cases, the default values might not be sufficien
big. A save default is usually the experimental magnetic mnmultiplied by 1.2 or 1.5. It is important to emphasis that
the MAGMORg is usednly, if the CHGCAR file holds no information on the magnetisatitemsity,andif the initial charge
density is not calculated from the wavefunctions suppliethe WAVECAR file. This means that théAGMOBR4g is usefull
for two kind of calculations

e Calculations starting from scratch with no WAVECAR and CH&file.

e Calculations starting from aon magnetiGVAVECAR and CHGCAR file [CHARG= 1). Often such calculations con-
verge more reliably to the desired magnetic configuratian ttalculations of the first kind. Hence, if you have problems
to converge to a desired magnetic solution, try to calcdiedethe non magnetic groundstate, and continue from the
generated WAVECAR and CHGCAR file. For the continuation jain) need to set

ISPIN=2
ICHARG=1

in the INCAR file.

Starting from VASP.4.4.4, VASP also determines, whethemttagnetic moments supplied in tidGMONhe break the
symmetry. If they do, the corresponding symmetry operatiare removed and not applied during the symmetrization of
charges and forces. This means that antiferromagneticletiins can be performed by specifying anti-parallel nedign
moments for the atoms in the cell

MAGMOM =1 -1
As an example considere AF bcc Cr with the POSCAR file:

Cr. AF
2.80000
1.00000 .00000 .00000
.00000 1.00000 .00000
.00000 .00000 1.00000
11
Kartesisch
.00000 .00000  .00000
50000 .50000  .50000

With the MAGMONhe specified above, VASP should converge to the properrgistate. In this example, the total net mag-
netisation is matter of factly zero, but it is possible toedetine the local magnetic moments by using RW&GSor LORBIT
tags (see sections 6.33 6.32).

6.13 ISTART-tag

ISTART=0|1]2
Default:
if WAVECAR exists 1
else 0

This flag determines whether to read the file WAVECAR or not.

0 Start job: begin 'from scratch’. Initialize the wave fuitets according to the flag INIWAV.
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1

6.14

“restart with constant energy cut-off”. Continuation jebread wave functions from file WAVECAR (usage is restricted
in the parallel version, see section 4.5).

The set of plane waves will be redefined and re-padded acgptdithe new cell size/shape (POSCAR) and the new
plane wave cut-off (INCAR). These values might differ frone told values, which are stored in the file WAVECAR. If
the file WAVECAR is missing or if file WAVECAR contains an inampriate number of bands and / or k-points the flag
ISTART will be set to 0 (see above). In this case VASP stadsifscratch and initializes the wave functions according
to the flag INIWAV.

The usage of ISTART=1 is recommended if the size/shape oftipercell (see section 7.6) or the cut-off energy
changed with respect to the last run and if one wishes to rezléfe set of plane waves according to a new setting.

ISTART=1 is the usual setting for convergence tests witlpeesto the cut-off energy and for all jobs where the
volume/cell-shape varies (e.g. to calculate binding gnetgves looping over a set of volumes).

Mind: main.f can be recompiled with new settings for NGX,NGY,NSR| WV ... between different runs, the program
will correctly repad and reorganize the 'storage layout'tfee wavefunction arrays etc. In addition it is also posstbl
change the k-point mesh if the number of k-points remainstzon. This might be of importance if a loop over a set
of k-points (band-structure calculations) is performed.

'restart with constant basis set’: Continuation job — reade functions from the file WAVECAR

The set of plane waves witlot be changed even if the cut-off energy or the cell size/shaan@n files INCAR and
POSCAR are different from the values stored on the file WAVIRCA the file WAVECAR is missing or if the file
WAVECAR contains an inappropriate number of bands and/poikis the flag ISTART will be set to 0 (see above).
In this case VASP starts from scratch and initializes theasfamctions according to the flag INIWAV. If the cell shape
has not changed then ISTART=1 and ISTART=2 lead to the sasudtre

ISTART=2 is usually used if one wishes to restart with the sdmasis set used in the previous run.

Mind: Due to Pullay stresses (section 7.6) there is a differemted®en evaluating the equilibrium volume with a
constant basis set and a constant energy cut-off — unleskitédsonvergence with respect to the basis set is achieved!
If you are looking for the equilibrium volume, calculatiowith a constant energy cut-off are preferable to calcufetio
with a constant basis set, therefore always restart witAFSE1 except if you really know what you are looking for
(see section 7.6).

There is only one exception to this general rule: All voluoedl/ shape relaxation algorithms implemented in VASP
work with a constant basis set, so continuing such jobs regub set ISTART=2 to get a 'consistent restart’ with
respect to the previous runs (see section 7.6)!

full restart including wave function and charge prediati

Same as ISTART=2 but in addition a valid file TMPCAR must exshtaining the positions and wave functions at
time steps t(N-1) and t(N-2), which are needed for the wawetfan and charge prediction scheme (used for MD-runs).

ISTART=3 is generally not recommended unless an operaistes imposes serious restriction on the CPU time
per job: If you continue with ISTART=1 or 2, a relatively l&agumber of electronic iterations might be necessary to
convergence the wave functions in the second and third MPssiSTART=3 therefore saves time and is important if a
MD-run is splitinto very small piecedSW10). Nevertheless, we have found that it is safer to restamvavefunction-
prediction after 100 to 200 steps.NEW-30 ISTART=1 or 2 is strongly recommended.

Mind: If ISTART=3, a non-existing WAVECAR or TMPCAR file or any inosistency of input data will immediately
stop execution.

ICHARG-tag
ICHARG= 0|1/2/4

Default:
if ISTART=0 2

else

This f
0

0

lag determines how to construct the 'initial’ chargasigy.

Calculate charge density from initial wave functions.
Mind: if ISTART is internally resetdue to an invalid WAVECAR-file the paramet@HARGwill be set to ICHARG=2.
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1 Read the charge density from file CHGCAR, and extrapolata fhe old positions (on CHCGAR) to the new positions
using a linear combination of atomic charge densities. &AW method, there is however one important point to keep
in mind. For the on-site densities (that is the densitiebiwithe PAW sphere) only I-decomposed charge densities up
to LMAXMIXare written. Upon restart the energies might thereforeedsfightly from the fully converged energies.
The discrepancies can be large for the L(S)AD+U method. is ¢hse, one might need to incredd¢AXMIXto 4
(d-elements) or even 6 (f-elements) (see Section 6.56).

2 Take superposition of atomic charge densities

4 VASP.5.1 only: read potential from filrROT. The local potential on the filBOTis written by the optimized effective
potential methods (OEP), if the flagTOT=.TRUE. is supplied in the INCAR file.

+10 non-selfconsistent calculation

Adding ten to the value dCHARQe.g. using 11,12 or the less convenient value 10) meanthghaharge density will be kept
constant during thevhole electronic minimization
There are several reasons why to use this flag:

e ICHARG=11: To obtain the eigenvalues (for band structus)lor the DOS for a given charge density read from
CHGCAR. The selfconsistent CHGCAR file must be determinddriedand doing by a fully selfconsistent calculation
with a k-point grid spanning the entire Brillouin zone.9.3.

o ICHARG=12: Non-selfconsistent calculations for a supsition of atomic charge densities. This is in the spirit of
the non-selfconsistent Harris-Foulkes functional. Thiesst and the forces calculated by VASP are correct, and it is
absolutely possible to perform an ab-initio MD for the natfsonsistent Harris-Foulkes functional (see section.7.3

If ICHARGSst set to 11 or 12, it is strongly recommened to set LMAXMIXttace the maximum |-quantum number in the
pseudpotentials. Thus for s and p elemeémaXMIXshould be set to 2, for d elementfdAXMIXshould be set to 2, and for f
elements LMAXMIX should be set to 6 (see section 6.56).

The initial charge density is of importance in the followicases:

e If ICHARG >10 the charge density remains constant during the run.

e For all algorithms except IALGO=5X the initial charge dagss used to set up the initial Hamiltonian which is used
in the first few (NELMDL) non selfconsistent steps.

6.15 INIWAV-tag
INIWAV = 0|1

Default: 1

This flag is only used for start jobs (ISTART=0) and has no nranalse. It specifies how to set up the initial wave functions

0 Take ’jellium wave functions’, this means simply: fill wduaction arrays with plane waves of lowest kinetic energy =
lowest eigenvectors for a constant potential (‘jellium’)

1 Fill wavefunction arrays with random numbers. Use whenpussible.

Mind: This is definitely the safest fool-proof switch, and unless yeally know that other initialization works as well
use this switch.

6.16 NELM,NELMIN and NELMDL-tag
NELM = integer, NELMIN = integer, NELMDL = integer

Default

NELM = 60

NELMIN = 2

NELMDL = -5 if ISTART=0, INIWAV=1, and IALGO=8

NELMDL = -12 if ISTART=0, INIWAV=1, and IALGO=48 (VASP.4.4)

0 else
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NELM gives the maximum number of electronic SC (selfcorsisy) steps which may be performed. Normally, there is no
need to change the default value: if the self-consistenmy tmes not converge within 40 steps, it will probably notewge
at all. In this case you should reconsider the tags IALGO,A®]and the mixing-parameters.

NELMIN gives the minimum number of electronic SC steps. Galiyeyou do not need to change this setting. In some
cases (for instance MD’s, or ionic relaxation) you mightSEL_MIN to a larger value (4 to 8) (see sections 9.9, 9.7).

NELMDL gives the number ohon-selfconsistent steps at the beginning; if one initialitteswave functions randomly
the initial wave functions are far from anything reasonable resulting charge density is also 'nonsense’. Theegfonakes
sense to keep the initial Hamiltonian, which correspondbecsuperposition of atomic charge densities, fixed dutieditst
few steps.

Choosing a 'delay’ for starting the charge density updaiobees essential in all cases where the SC-convergence is
very bad (e.g. surfaces or molecules/clusters chainshddfitsetting a delay VASP will probably not converge or astéhe
convergence speed is slowed down.

NELMDL might be positive or negative. A positive number medinat a delay is applied after each ionic movement —
in general not a convenient option. A negative value resulésdelay only for the start-configuration.

6.17 EDIFF-tag

EDIFF = allowed error in total energy

Default: 104

Specifies the global break condition for the electronic 8@pl The relaxation of the electronic degrees of freedorhhail
stopped if the total (free) energy change and the band steienergy change (‘change of eigenvalues’) between tvps ste
are both smaller than EDIFF. For EDIFF=0, NELM electronic8&€ps will always be performed.

Mind: In most cases the convergence speed is exponential. So Wvgntithe total energy significant to 4 figures set
EDIFF to 104, There is no real reason to use a much smaller number.

6.18 EDIFFG-tag

EDIFFG = break condition for the ionic relaxation loop
Default: EDIFF*10
EDIFFG defines the break condition for the ionic relaxatioap. If the change in the total (free) energy is smaller than
EDIFFG between two ionic steps relaxation will be stopp&&EDIFFG is negative it has a different meaning: In this case
the relaxation will stop if all forces are smaller theBDIFFG|. This is usually a more convenient setting.

EDIFFG might be 0; in this case the ionic relaxation is stappéier NSWsteps. EDIFFG does not apply for MD-
simulations.

6.19 NSWag

NSW = number of ionic steps

Default: 0

NSWdefines the number of ionic steps.
Mind: Within each ionic step NELM electronic-SC loops are perfednExact Hellmann-Feynman forces and stresses are
calculated for each ionic step.

6.20 NBLOCK and KBLOCK-tag
NBLOCK=integer, KBLOCK = integer

Default
NBLOCK = 1
KBLOCK = NSW

After NBLOCK ionic steps the pair correlation function ahetDOS are calculated and the ionic configuration will betemit
to the XDATCAR-file. In addition NBLOCK controls how oftenetkinetic energy is scaled if SMASS=-1 (see section 6.29).
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Mind: The CPU costs for these tasks are quite small so use NBLOCK=1.
After KBLOCK*NBLOCK main loops the averaged pair corretatifunction and DOS are written to the files PCDAT and
DOSCAR.

6.21 IBRION-tag, NFREEtag
IBRION =-1 | 0| 1]2|3|5]|6]|7]8

Default
for NSW=0or NSW=1 -1
else 0

IBRION determines how the ions are updated and movedBRION=0, a molecular dynamics is performed, whereas all other
algorithms are destined for relaxations into a local enengyimum. For difficult relaxation problems it is recommedde

use the conjugate gradient algorithfBRION=2), which presently possesses the most reliable backupnesutDamped
molecular dynamicsiIBRION=3) are often usefull, when starting from very bad initial gees Close to the local minimum
the RMM-DIIS (BRION=1) is usually the best choicéBRION=5 andIBRION=6 are using finite differences to determine
the second derivatives (Hessian matrix and phonon fredgegnavhereasBRION=7 andIBRION=8 use density functional
perturbation theory to calculate the derivatives.

6.21.1 IBRION=-1

No update; ions are not moved, BiB\Wouter loops are performed. In each outer loop the electrdeigees of freedom are
re-optimized (forfNSW0 this obviously does not make much sense, except for tepbpes). If no ionic update is required
useNSWO0 instead.

6.21.2 IBRION=0

Standard ab-initio molecular dynamics. A Verlet algoritiion fourth order predictor corrector if VASP was linked with
stepprecor.o) is used to integrate Newton’s equations 6bmd?OTIM supplies the timestep in femto seconds. Thermatar
SMASS allows additional control (see Sec. 6.29).

Mind: At the moment only constant volume MD’s are possible.

6.21.3 IBRION=1

ForIBRION =1, a quasi-Newton (variable metric) algorithm is used tax¢he ions into their instantaneous groundstate. The
forces and the stress tensor are used to determine the siaciions for finding the equilibrium positions (the totadergy

is not taken into account). This algorithm is very fast arfitieit close to local minima, but fails badly if the initiabgitions

are a bad guess (UERRION =2 in that case). Since the algorithm builds up an approjxonaif the Hessian matrix it requires
very accurate forces, otherwise it will fail to converge. éfficient way to achieve this is to set NELMIN to a value betwee

4 and 8 (for simple bulk materials 4 is usually adequate, eé&B might be required for complex surfaces where the charge
density converges very slowly). This forces a minimum of 8 tectronic steps between each ionic step, and guarahies t
the forces are well converged at each step.

The implemented algorithm is called RMM-DIIS[26]. It impiily calculates an approximation of the inverse Hessian
matrix by taking into account information from previousrggons. On startup, the initial Hessian matrix is diagcesrad
equal to POTIM. Information from old steps (which can leadib@ar dependencies) is automatically removed from the
iteration history, if required. The number of vectors keytHe iterations history (which corresponds to the rank eHlessian
matrix must not exceed the degrees of freedom. Naively timeben of degrees of freedom is BH0ONS-1). But symmetry
arguments, or constraints can reduce this number signifijcdinere are two algorithms build in to remove informatfoom
the iteration history. i) If NFREE is set in the INCAR file, gnlip to NFREE ionic steps are kept in the iteration history
(the rank of the approximate Hessian matrix is not largen tNBEREE). ii) If NFREE is not specified, the criterion whether
information is removed from the iteration history is basedlwe eigenvalue spectrum of the inverse Hessian matrinef o
eigenvalue of the inverse Hessian matrix is larger thanf8gimation from previous steps is discarded. For complekigras
NFREE can usually be set to a rather large value (i.e. 10H20)ever systems of low dimensionality require a carfulisgtt
of NFREE (or preferably an exact counting of the number ofréleg of freedom). To increase NFREE beyond 20 rarely
improves convergence. If NFREE is set to too large, the RMNB@Igorithm might diverge.

The choice of a reasonable POTIM is also important and ca@dspp calculations significantly, we recommend to find
an optimal POTIM usingBRION =2 or performing a few test calculations (see below).
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6.21.4 IBRION=2

A conjugate-gradient algorithm (a simple discussion of @higorithm can be found for instance in [28]) is used to relax
the ions into their instantaneous groundstate. In the fiegt ®ns (and cell shape) are changed along the directioheof t
steepest descent (i.e. the direction of the calculateet$onanid stress tensor). The conjugate gradient method escquiine
minimization, which is performed in several steps: i) firstial step into the search direction (scaled gradientspigegdwith
the length of the trial step controlled by the POTIM paramé&tection 6.22). Then the energy and the forces are reeaécll
ii) The approximate minimum of the total energy is calcutbterm a cubic (or quadratic) interpolation taking into agab
the change of the total energy and the change of the forcae¢8gof information), then a corrector step to the appraxém
minimum is performed. iii) After the corrector step the fesand energy are recalculated and it is checked whethesribesf
contain a significant component parallel to the previouscsedirection. If this is the case, the line minimizationrigaroved
by further corrector steps using a variant of Brent’s aligpon{28].

To summarize: In the first ionic step the forces are calcdl&dethe initial configuration read from POSCAR, the second
step is a trial (or predictor step), the third step is a caaestep. If the line minimization is sufficiently accuratethis step,
the next trial step is performed.

NSTEP:

1 initial positions

2 trial step

3 corrector step, i.e. positions corresponding to antteigpaninimum
4 trial step

5 corrector step

6.21.5 IBRION=3

If a damping factor, is supplied in the INCAR file by means &f 8MASS tag, a damped second order equation of motion is
used for the update of the ionic degrees of freedom:

X = —2*a|f—p'x

where SMASS supplies the damping fagipiand POTIM controlx. In fact, a simple velocity Verlet algorithm is used to
integrate the equation, the discretised equation reads:

Unt12 = (1= W/2)Wn_1/2 — 2% aFn)/(1+1/2)
N1 = XNt1+ V12

It is immediately recognized, that= 2 is equivalent to a simple steepest descent algorithm (ofeowithout line optimiza-
tion). Hencep = 2 corresponds to maximal dampings= O corresponds to no damping. The optimal damping factormtépe
on the Hessian matrix (matrix of the second derivatives efghergy with respect to the atomic positions). A reasonable
first guess foiu is usually 0.4. Mind that our implementation is particulaetfriendly, since changing usually does not
require to re-adjust the time step (POTIM). To chose an ggittime step and damping factor, we recommend the following
two step procedure: First fix (for instance to 1) and adjust POTIM. POTIM should be choselame as possible without
getting divergence in the total energy. Than decrgaard keep POTIM fixed. If POTIM and SMASS are chose correctly,
the damped molecular dynamics mode usually outperformsdhjgigate gradient method by a factor of two.

If SMASS is not set in the INCAR file (respectively SMAS8), a velocity quench algorithm is used. In this case ions are
updated according using the following algorithm: Hérare the current forces, amdcorresponds t@OTIM This equation
implies that, if the forces are antiparallel to the velastithe velocities are quenched to zero. Otherwise theitieare
made parallel to the present forces, and they are increasad &mount that is proportional to the forces.

Mind: For IBRION=3, a reasonable time stepustbe supplied by the POTIM parameter. Too large time stepsrell
sult in divergence, too small ones will slow down the coneare. The stable time step is usually twice sneallestline
minimization step in the conjugate gradient algorithm.

6.21.6 IBRION=5 and IBRION=6

IBRION=5, is only supported starting from VASP.4IBRION=6 , is only supported starting from VASP.5.1. Both flags allow
to determine the Hessian matrix (matrix of the second déwvas of the energy with respect to the atomic positions)taed
vibrational frequencies of a system. Only zone centeffepdint) frequencies are calculated automatically andtpdmfter

Eigenvectors and eigenvalues of the dynamical matrix
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To calculate the Hessian matrix, finite differences are usedeach ion is displaced in the direction of each Cartesian
coordinate, and from the forces the Hessian matrix is detein The two modes differ in the way symmetry is considered.
ForIBRION=5, all atoms are displaced in all three Cartesian directiggylting in a significant computational effort even for
moderately sized high symmetry systems. IBR1ON=6 , however only symmetry inequivalent displacements arsidened,
and the reminder of the Hessian matrix is filled using symynednsiderations.

Selective dynamics are presently only supporteddBION=5 ; in this case, only those components of the Hessian matrix
are calculated for which the selective dynamics tags areos€éRUE. Contrary to the conventional behavior, the selective
dynamics tags now refer to the Cartesian components of tesidfematrix. For the following POSCAR file, for instance,

Cubic BN
3.57
0.0 0.5 0.5
0.5 0.0 0.5
0.5 0.5 0.0
11
selective
Direct
0.00 0.00 0.00 FF F
025025025 TFF

atom 2 is displaced in thedirection only, and only th& Component of the second atom of the Hessian matrix is caémlla

Three parameters influence the determination of the Hegs#rix. The parameteMFREEdetermines how many dis-
placements are used for each direction and ion,R®ILM determines the step size. The step size is defaulted to &p15
if too large values are supplied in the input file. ExpertiBeves that this is a very reasonable compromMeREE=2uses
central differencei.e. each ion is displaced in each direction by a small positivereagative displacement

+ POTIMx X, + POTIM x ¥, & POTIM x 2
For NFREE=4 four displacement are used

+ POTIM x R and= 2 POTIM x R
+ POTIM x y and= 2 POTIM x §

ForNFREE=] only a single displacement is applied (it is strongly reamend to avoidlNFREE=)).

Finally, IBRION=6 andISIF >3 allows to calculate the elastic constants. The elasticotessdetermined by performing
six finite distortions of the lattice and deriving the elastonstants from the strain-stress relationship [4]. Thst&l tensor
is calculated both, for rigid ions, as well, as allowing fetaxation of the ions. The elastic moduli for rigid ions angtten
after the line

SYMMETRIZED ELASTIC MODULI (kBar)

The ionic contributions are determined by inverting thaddthessian matrix and multiplying with the internal stragmsor [5],
and the corresponding contributions are written after itest

ELASTIC MODULI CONTR FROM IONIC RELAXATION (kBar)

The final elastic moduli including both, the contributios fistortions with rigid ions and the contributions fronetionic
relaxations, are summarized at the very end.

TOTAL ELASTIC MODULI (kBar)

There are a few caveats to this approach: most notably time plave cutoff needs to be sufficiently large to converge the
stress tensor. This is usually only achieved if the defautlbff is increased by roughly 30 %, but it is strongly reconmahed
to increase the cutoff systematically (e.g. in steps of 15l full convergence is achieved.

Mind: In some older versiondySW(number of ionic steps) must be set to 1 in the INCAR file, siNn8&/=0resets the
IBRION tag to—1 regardless of the value supplied in the INCAR file.

A final problem concerns the symmetry treatment in VASPMASP determines the symmetry for the displaced config-
urations correctly, but unfortunately VASP does not chatigeset of k-points automatically (often the lower symmetfy
configurations with displaced ions would require one to useark—points). Hence, for accurate calculations, the symmetry
must be switched off, or le—point set which has not been reduced using symmetry cordidies must be applied. VASP.5.1
changes the k-point set on the fly and the previous restnicti®s not apply.
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6.21.7 IBRION=7 and IBRION=8

IBRION=7 andIBRION=8 is only supported starting from VASP.5.1. It determines lthessian matrix (matrix of second
derivatives) using density functional perturbation tlyedxs for IBRION=5, IBRION=7 does not apply symmetry, whereas
IBRION=8 uses symmetry to reduce the number of displacements. Tpetdstsimilar to the previous case, although with
the exception of the ionic relaxation contributions to theestc moduli, elastic moduli are presently not determirgadrn
effective charges and piezoelectric constants can belatdduby specifyind EPSILON=.TRUE. (see also Sec. 6.65.6)

6.21.8 IBRION some general commentd$IF , POTIM)

For IBRION=1,2 and 3, the flag ISIF (see section 6.23) determines whétkeions and/or the cell shape is changed. No
update of the cell shape is supported for molecular dyna@BesON =0).

Within all relaxation algorithmsIBRION=1,2 and 3) the parameter POTIM should be supplied in the IRGike. For
IBRION >0, the forces are scaled internally before calling the minattian routine Therefore for relaxations, POTIM has
no physical meaning and serves only as a scaling factor. oy systems, the optimal POTIM is around 0.5. Because the
Quasi-Newton algorithm and the damped algorithms are them$d the choice of this parameter, UBRION =2, if you are
not sure how large the optimal POTIM is.

In this case, the OUTCAR file and stdout will contain a lineidading a reliable POTIM. FoIBRION =2, the following
lines will be written to stdout after each corrector stepuélly each odd step):

trial: gam=.00000 g(F)= .152E+01 g(S)= .000E+00 ort = .000E +00
(trialstep = .82)

The quantitygam is the conjugation parameter to the previous stgf), andg(S) are the norm of the force respectively
the norm of the stress tensor. The quantity is an indicator whether this search direction is orthogaendhe last search
direction (for an optimal step this quantity should be muctaker than ¢(F) + g(S) ). The quantitytrialstep is the size
of the current trialstep. This value is the average steplsamting to a line minimization in the previous ionic step.dptimal
POTIM can be determined, by multiplying the current POTIMhthe quantitytrialstep

After at the end of a trial step, the following lines are vaittto stdout:

trial-energy change:  -1.153185 l.order -1.133  -1.527 -73 9
step:  1.7275(harm= 2.0557) dis= .12277
next Energy= -1341.57 (dE= -.142E+01)

The quantitytrial-energy change is the change of the energy in the trial step. The first valter &forder is the ex-
pected energy change calculated from the for¢Eéstart + F(trial)) /2x change of positions). The second and third value
corresponds t&(star) x change of positions arfé(trial) x change of positions. The first value in the second line is ites s
of the step leading to a line minimization along the currexarsh direction. It is calculated from a third order intdgpion
formula using data form the start and trial step (forces aradgy changeharm is the optimal step using a second order (or
harmonic) interpolation. Only information on the forcesuged for the harmonic interpolation. Close to the minimurthbo
values should be similadis is the maximum distance moved by the ions in fractional (d)reoordinatesnext Energy
gives an indication how large the next energy should bettieeenergy at the minimum of the line minimizatiodg, is the
estimated energy change.

The OUTCAR file will contain the following lines, at the endedich trial step:

trial-energy change:  -1.148928 1l.order -1.126 -1.518 -.73 5
(9-gl).g = .152E+01 gg = .152E+01 gl.gl = .000E+00
g(Force) = .152E+01  g(Stress)= .000E+00 ortho = .000E+00
gamma = .00000

opt step = 1.72745 (harmonic =  2.05575) max dist = .12277085

next E = 1341577507 (d E =  1.42496)

The linetrial-energy change was already discussg(Force) corresponds tg(F) , g(Stress) tog(S) , ortho toort ,
gammato gam. The values after gamma correspond to the second line (shgpreviously described.

6.22 POTIM-tag
POT IM = for IBRION =0, time step in fs

For IBRION=1,2 or 3, POTIM serves as a scaling constant for the forces.
Default
if IBRION=0 (MD) no default, user must supply this value

if IBRION=1,2,3 (relaxation) 0.5



6 THE INCAR FILE 61

POTIM supplies the time step for an ab-initio molecular dyies (BRION=0), and must be entered by the user for all MD
simulations.

In addition POTIM severs as a “scaling constant” in all miization algorithms (quasi-Newton, conjugate gradient, an
damped molecular dynamics). Especially the Quasi-Newlgorighm is sensitive to the choice of this parameter (sed@e
IBRION 6.21).

6.23 ISIF-tag
ISIF = 0[1|2|3/4|5|6
Default
if IBRION=0 (MD) O
else 2

ISIF controls whether the stress tensor is calculated. Blaulation of the stress tensor is relatively time-consignand
therefore by default switched off for ab initio MD’s. Forcaxe always calculated.

In addition ISIF determines which degrees of freedom (ioe#i,volume, cell shape) are allowed to change.

The following table shows the meaning of ISIF. At the momegit changes are only supported for relaxations and nor
fot molecular dynamics simulations.

ISIF | calculate calculate relax change change
force stress tensor ions  cell shape cell volume

0 yes no yes no no

1 yes trace only  yes no no

2 yes yes yes no no

3 yes yes yes  yes yes

4 yes yes yes yes no

5 yes yes no yes no

6 yes yes no yes yes

7 yes yes no no yes

* Trace only means that only the total pressure, i.e. the line
external pressure = ... kB

is correct. The individual components of the stress tensonat reliable in that case. This switch must be used withiaau
Mind: Before you perform relaxations in which the volume or the sképe is allowed to change you must read and under-
stand section 7.6. In general volume changes should be ddyevith a slightly increased energy cutoff (iENCUF1.3 *
default value, oPREC=High in VASP.4.4).

6.24 PSTRESS-tag
If the PSTRESS tag is specified VASP will add this stress tdrss tensor, and an energy

E =V xPSTRESS

to the energy. This allows the user to converge to a specifietreal pressure. Before using this flag please read sectfon

6.25 IWAVPR-tag
IWAV PR=0|1/2|3

Default

if IBRION=0 (MD) 2

if IBRION=1,2 (relaxation) 1
else (static calculation) 0

IWAVPR determines how wave functions and/or charge derai¢yextrapolated from one ionic configuration to the next
configuration. Usually the file TMPCAR is used to store old efawmctions, which are required for the prediction. If IWARP
is larger than 10, the prediction is done without an extefilelf MPCAR (i.e. all required arrays are stored in main memor
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this option works from version VASP.4.1). If the IWAVPR istd¢e 10, the reader will set it to the following default values
if IBRION=0 (MD) 12
if IBRION=1,2 (relaxation) 11

0 no extrapolation, usually less preferable if you want tadab initio MD or an relaxation of the ions into the instan-
taneous groundstate.

1,11 Simple extrapolation of charge density using atomé&rgh densities is done (eq. (9.8) in thesis G. Kresse). Wiisls
is convenient for all kind of geometry optimizations (iomé&daxation and volume/cell shape with conjugate gradient o
Quasi-Newton methods, i.lBRION=1,2)

2,12 A second order extrapolation for the wave functionsthedcharge density is done (equation 9.9 in thesis G. Kresse)
A must for ab-initio MD-runs.

3,13 In this case a second order extrapolation for the wanetifins, and a simple extrapolation of charge density using
atomic charge densities is done. This is some kind of mixbeteveen IWAVPR=1 and 2, but it is definitely not better
than IWAVPR=2.

Mind: We don't encourage this setting at all.

6.26 ISYM-tag and SYMPREC-tag
ISYM=0/1]23

Default 1

switch symmetry on (1, 2 or 3) or off (0). F#8YM=2 a more efficient, memory conserving symmetrisation of thergh
density is used. This reduces memory requirements in péatifor the parallel versioSYM=2 is the default if PAW data
sets are usedSYM=1 is the default if VASP runs with US-PP’s.

For ISYM=3, the forces and the stress tensor only are symmetrized,eafe¢he charge density is left unsymmetrized
(VASP.5.1 only). This option might be useful in special cgsghere charge/orbital ordering lowers the crystal symynet
and the user wants to conserve the symmetry of the positiorisgdrelaxation. However, the flag must be used with great
caution, since a lower symmetry due to charge/orbital andein principle also requires to sample the Brillouin zarsing
a k-point mesh compatible with the lower symmetry causediayge/orbital ordering.

The program determines automatically the point group sytryrand the space group according to the POSCAR file and
the lineMAGMOM the INCAR file. The SYMPREC-tag (VASP.4.4.4 and newer \@Ts only) determines how accurate the
positions in the POSCAR file must be. The default is3,avhich is usually suffiently large even if the POSCAR file has
been generated with a single precision program. Incredbin§YMPREC tag means, that the positions in the POSCAR file
can be less accurate. During the symmetry analysis, VASErdates

o the Bravais lattice type of the supercell,

e the point group symmetry and the space group of the supevitblbasis (static and dynamic) - and prints the names
of the group (space group: only 'family’),

e the type of the generating elementary (primitive) cell & gupercell is a non-primitive cell,

e all 'trivial non-trivial’ translations (= trivial transtons of the generating elementary cell within the supércel
needed for symmetrisation of the charge,

e the symmetry-irreducible set of k-points if automatic kahegeneration was used and additionally the symmetry-
irreducible set of tetrahedra if the tetrahedron method at@sen together with the automatic k-mesh generation and
of course also the corresponding weights ('symmetry degey,

e and tables marking and connecting symmetry equivalent ions
The symmetry analyses is done in four steps:
e First the point group symmetry of the lattice (as suppliedh®yuser) is determined.
e Then tests are performed, whether the basis breaks symmetgrdingly these symmetry operations are removed.

e The initial velocities are checked for symmetry breaking.
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e Finally, itis checked whetelAGMObteaks the symmetry. Correspondingly the magnetic synygedup is determined
(VASP.4.4.4 and newer releases only; if you use older vengiease also see section 6.12).

The program symmetrises automatically:
e The total charge density according to the determined spacgg
e The forces on the ions according to the determined spacegrou
e The stress tensor according to the determined space group

Why is symmetrisation necessavyithin LDA the symmetry of the supercell and the charge dgresie always the same.
This symmetry is broken, because a symmetry-irreducill®fske-points is used for the calculation. To restore the ecirr
charge density and the correct forces it is necessary to syris®mthese quantities.

It must be stressed that VASP doest determine the symmetry elements of the primitive cell. & supercell has a lower
symmetry than the primitive cell only the lower symmetry lo¢ tsupercell is used in the calculation. In this case oneldhou
not expect that forces that should be zero according to syrgml be precisely zero in actual calculations. The syntiye
of the primitive cell is in fact broken in several places inSR:

e local potential:

In reciprocal space, the potentdlG) should be zero, if G is not a reciprocal lattice vector of thenfive cell.

For PREC=Med this is not guaranteed due to "aliasing” or wrap around dredaharge density (and therefore the
Hatree potential) might violate this point. But even RREC=High, small errors are introduced, because the exchange
correlation potentia¥yc is calculated in real space.

e K-points:
In most cases, the automatic k-point grid does not have timengtry of the primitive cell.

6.27 LCORR-tag
LCORR= .FALSE|.TRUE

Default .TRUE.

Based on the ideas of the Harris Foulkes functional (seé$ett3) it is possible to derive a correction to the forcaesfon
fully selfconsistent calculations, we call these cor@utsiHarris corrections. For LCORR=.T. these correctioazalculated
and included in the stress-tensor and the forces. The batitns are explicitly written to the file OUTCAR and help tmosv
how well forces and stress are converged. For surfaces thection term might be relatively large and testing has show
that the corrected forces converge much faster to the esemdd than uncorrected forces.

6.28 TEBEG, TEEND-tag
TEBEG= start temperature; TEEND= final temperature

Default:
TEBEG = 0
TEEND = TEBEG

TEBEG and TEEND control the temperature during an ab-imitidecular dynamics. (see next section). If no initial véies
are supplied on the POSCAR file the velocities are set rangdandording to a Maxwell-Boltzmann distribution at the it
temperature TEBEG. Velocities are only used for molecwawaghics (BRION =0).

Mind that VASP defines the temperature as

B 1
3kg T Nons

But, because the center of mass is conserved there are @fiyis3- 1) degrees of freedom (the sum of all velocities is zero,
if a random initialization is chosen). This means that tte seémulation temperature is

T S Mn|Vn|%. (6.1)
n

T = TEBEG X Nigns/(Nions— 1). (6.2)
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Also the temperature written by VASP (see e.g. OUTCAR fileh&®rrect and has to be corrected accordingly. Usually the
effect is rather small and subtle, but one should correcethar if very precise results are required. This means thawar
teperature should be specified according to

TEBEG: Tso|| X (Nions— l)/Nions, (63)
in the INCAR file.

6.29 SMASS-tag
SMASS= —3|—2|—1|0] Nos-mass

The default has been changed to -3 (i.e. micro canonicahdvisg.
SMASS controls the velocities during an ab-initio molecualgnamics.

-3 For SMASS=-3 a micro canonical ensemble is simulated teort energy molecular dynamics). The calculated
Hellmann-Feynman forces serve as an acceleration actit@ytba ions. The total free energy (i.e. free electronic
energy + Madelung energy of ions + kinetic energy of ionspisserved.

-2 For SMASS=-2 the initial velocities are kept constantisTdllows to calculate the energy for a set of different Imea
dependent positions (for instance frozen phonons, se@tidh dimers with varying bond-length, section 9.6).

Mind: if SMASS=-2 the actual steps taken are POTIM*read velcgifi® avoid ambiguities, set POTIM to 1 (also read
section 5.7 for supplying initial velocities).

-1 In this case the velocities are scaled each NBLOCK steyptifsy) at the first step i.e. MOD(NSTEP,NBLOCK).EQ.1)
to the temperature

TEMP=TEBEG+ (TEEND—TEBEG «* NSTERNSW

where NSTEP is the current step (starting from 1). This adlaveontinuous increase or decrease of the kinetic energy.
In the intermediate period a micro—canonical ensemblensilsited.

>=0 For SMASS-=0 a canonical ensemble is simulated using the algorithm eEN®he Noé mass controls the fre-
quency of the temperature oscillations during the simoitefsee [1, 2, 3]. For SMASS=0 Nesnass corresponding to
period of 40 time steps will be chosen. The Barass should be set so that the induced temperature fioctshow
approximately the same frequencies as the typical ‘phefrequencies for the specific system. For liquids something
like 'phonon’-frequencies might be obtained from the speuat of the velocity auto-correlation function. If the ionic
frequencies differ by an order of magnitude from the freqies of the induced temperature fluctuations, &teer-
mostat and ionic movement might decouple leading to a nonrgeal ensemble. The frequency of the approximate
temperature fluctuations induced by the Bidbermostat is written to the OUTCAR file.

6.30 NPACO and APACO-tag

NPACO = number of slots for pair correlation (PC) function
APACO = maximum distance for the evaluation of PC functioin
Default
NPACO = 256
APACO = 16

VASP evaluates the pair-correlation (PC) function each NBK steps and writes the PC-function after
NBLOCK*KBLOCK steps to the file PCDAT.
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6.31 POMASS, ZVAL

POMASS = mass each atomic species, in a.u.
ZVAL = valence for each atomic species
Default
POMASS = valuesread from POTCARThese two lines determine the valency and the atomic masacbf @omic
ZVAL = valuesread from POTCAR

species, and should be ommited usually since the valuesaddnom the POTCAR file. If incompatibilities exist, VASPIwi
stop.

6.32 RWIGS
The Wigner Seitz radius is optional. It must be supplied fmtespecies in the POSCAR file i.e.

RWIGS = 1.0 15

for a system with 2 species (types of atoms). If the RWIGS &alaesupplied, the spd- and site projected wave function
character of each band is evaluted, and the local partial B@8Iculated (see sections 5.16 and 5.15). For mono-atomic
system RWIGS can be defined unambiguously. The sum of the eobirthe spheres around each atom should be the same
as the total volume of the cell (assuming that you do not hasgeaum region within your cell). This is in the spirit of atmm
sphere calculations. VASP writes a line

Volume of Typ 1. 98.5 %

to the OUTCAR file. You should use a RWIGS value which yields live of approximately 100%.

For binary system there is no unambiguous way to define RWI@Saveral choices are possible. In all cases, the sum
of the volume of the spheres should be close to the total velohthe cell (i.e the sum of the values given by VASP should
be around 100%).

e One possible choice is to set RWIGS so that the overlap betiheespheres is minimized.

e However in most cases, it is simpler to choose the radius af sphere so that they are close to the covalent radius
as tabulated in most periodic tables. This simple critedan be used in most cases, and it relies at least on some
“physical intuition”.

Please keep in mind that results are qualitative — i.e. tiseme unambiguous way to determine the location of an elactro
With the current implementation, it is for instance hardbggible to determine charge transfer. What can be derivettie
partial DOS is the typical character of a peak in a DOS. Qtativté results can be obtained only by carefull comparisith w
a reference system (e.g. bulk versus surface).

6.33 LORBIT

Available up from VASP version 3.2. In VASP.3.2 ORBIT can ligher .TRUE. or .FALSE. In VASP.4.X LORBIT can also
take integer values:

logical integer| RWIGS line in INCAR files written
.FALSE. O line required DOSCAR and PROCAR file
1 line required DOSCAR and extended PROCAR file
.TRUE. 2 line required DOSCAR and PROOUT file
10 not read DOSCAR and PROCAR file
11 not read DOSCAR and PROCAR file with phase factors
12 not supported

VASP.4.6 behaviour:
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integer | RWIGS line in INCAR files written

0 line required DOSCAR and PROCAR file

1 line required DOSCAR and Im decomposed PROCAR file

2 line required DOSCAR and Im decomposed PROCAR file + phaderfac

5 line required PROOUT file

10 not read DOSCAR and PROCAR file

11 not read DOSCAR and Im decomposed PROCAR file

12 not read DOSCAR and Im decomposed PROCAR file + phase factors

The default for LORBIT is .FALSE. (respectively 0).

This flag determines, together with an appropriate RWIGS gsetion 6.32), whether the PROCAR or PROOUT files (see
section 5.21) are written. The file PROCAR contains the spd-site projected wave function character of each band. The
wave function character is calculated, either by projectime wavefunctions onto spherical harmonics that are nom ze
within spheres of a radius RWIGS around each ion (LORIT=192¥sing a quick projection scheme relying that wookséy

for the PAW method (LORBIT=10,11,12, see below). If the LARBag is not equal zero, the site and I-projected density
of states is also calculated.

The PROOUT file (LORBIT=2) contains the projection of the whnctions onto spherical harmonics centered at the
position of the ionsRimk = (Y;N,|¢hk)) and the corresponding augmentation part.

This information can be used to construct e.g. the partiabP&jected onto molecular orbitals or the so-called cooystal
overlap population functign Mind, that in VASP.4.5 (and later releases), two PROOUdsfére generated one for spin up
(PROOUT.1) and one for spin down (PROOUT.2). For a non spiarjged calculation only PROOUT.1 is generated.

If the projector augmented wave method is used, LORBIT cemla¢ set to 10, 11 or 12. This alternative setting selects a
quick method for the determination of the spd- and site ptefwave function character and does not require the speecifi
tion of a Wigner-Seitz radius in the INCAR file (the RWIGS lirgerieglected in this case). The method works only for PAW
POTCAR files and not for ultrasoft or norm conserving pseadentials.

The parallel version has some restrictions: The site ptefeDOS is not evaluated in the parallel version in the foilayv

cases: ) .
VASP.4.5NPAR£1 no site projected DOS

VASP.4.6NPARZ1, LORBIT=0-5 no site projected DOS

6.34 NELECT
NELECT= number of electrons

Usually you should not set this line — the number of electisrdetermined automatically.

If the number of electrons is not compatible with the numberivéd from the valence and the number of atoms a
homogeneous background-charge is assumed.
If the number of ions specified in the POSCAR file is 0 and NELE@,Tthen the energy of a homogeneous LDA-electron
gas is calculated.

6.35 NUPDOWN

NUPDOWN = difference between number of electrons in up and down spitpoment

Allows calculations for a specific spin multiplet, i.e. theetdifference of the number of electrons in the up and down spi
component will be kept fixed to the specified value. There ioedvaf caution required: INRUPDOWIS set in the INCAR file
the initial moment for the charge density should be the sadeerwise convergence can slow down. When starting from
atomic charge density (ICHARG=2), VASP will try to do thistamatically by settindlAGMOM NUPDOWNIONS. The user
can of course overwrite this default by specifying a diffétdAGMOWvhich should still result in the correct total moment). If
one starts from the wavefunctions, the initial moment wallddways correct, because VASP will “push” the required neimb
of electrons from the down to the up component. If startiogfia chargedensity supplied in the CHGCAR file ICHARG=1),
the initial moment is usually incorrect!

If no value is set (o0NUPDOWNL1) a full relaxation will be performed. This is also the alet.

6.36 EMIN, EMAX, NEDOS tag

EMIN = real number (minimum energy for evaluation of DOS)
EMAX = real number (maximum energy for evaluation of DOS)
NEDOS= integer (number of grid points in DOS)
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defaults:EMIN and EMAXdefault to sensible values given by the minium and maximumdbenergiesNEDOSdefaults to
NEDOS= 300

The first two tags determine the energy-range in eV, for wiithDOS is calculated. VASP evaluates the DOS each
NBLOCK steps and writes the DOS after NBLOCK*KBLOCK stepsthe file DOSCAR. If you are not sure where the
region of interest lies, set EMIN to a value larger than EMAX.

6.37 ISMEAR SIGMA FERWEFERDCGag

ISMEAR = -5 |-4]|-3|]-2|0]|N
SIGMA = width of the smearing in eV
Default

ISMEAR = 1

SIGMA = 0.2

ISMEAR determines how the partial occupancigg are set for each wavefunction. For the finite temperature IS0Z2MA
determines the width of the smearing in eV.
ISMEAR

—1 Fermi-smearing
0 Gaussian smearing

1.N method of Methfessel-Paxton ordgr
Mind: For the Methfessel-Paxton scheme the partial occupanaiebe negative.

—2 partial occupancies are read in from WAVECAR (or INCAR)d&ept fixed throughout run.
There should be a tag

FERWE = f1 f2 f3 ...
and for spin-polarized calculations
FERDO = f1 f2 f3 ...

in the INCAR file supplying the partial occupancies for alhbda and k-points. The band-index runs fastest. The partial
occupancies must be between 0 and 1 (for spin-polarized amdpin-polarized calculations).

Mind: Partial occupancies are also written to the OUTCAR file, huhis case they are multiplied by 2, i.e. they are
between 0 and 2.

—3 perform a loop over smearing-parameters supplied in ti@AR file. In this case a tag
SMEARINGS= ismearl sigmal ismear2 sigma2

must be present in the INCAR file, supplying different smeguparametersBRION is set to -1 andiSWo the number
of supplied values. The first loop is done using the tetradredrethod with Bbchl corrections.

—4 tetrahedron method without @hl corrections
—5 tetrahedron method with Bthl corrections

For the calculation of théotal energyin bulk materials we recommend the tetrahedron method witich8 corrections
(ISMEAR=-5). This method also gives a good account for the electronisitieof states (DOS). The only drawback is that the
methods is not variational with respect to the partial oezwges. Therefore the calculated forces and the stressrtems be
wrong by up to 5 to 10 % for metals. For the calculation of phofrequencies based on forces we recommend the method
of Methfessel-Paxton§MEAR>0). For semiconductors and insulatotise forces are correct, because partial occupancies do
not vary and are zero or one.

The method of Methfessel-Paxton (MP) also results in a vecyate description of the total energy, nevertheless the
width of the smearingSIGMA must be chosen carefully (see also 7.4). Too large smepdangmeters might result in a
wrong total energy, small smearing parameters requirege leipoint meshSIGMAshould be as large as possible keeping
the difference between the free energy and the total eneegyti{e terméntropy T*S ) in the OUTCAR file negligible (1
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meV/atom). In most caséé = 1 andN = 2 leads to very similar results. The method of MP is also théhotkof choice for
large super cells, since the tetrahedron method is notagtyd, if less than three k-points are used.
Mind: Avoid usingISMEAR>0 for semiconductors and insulators, since this often leadscorrect results (The occupancies
of some states might be larger or smaller than 1). For instdatsd SMEAR=0or ISMEAR=-5.

The Gaussian smearing (GS) method leads in most cases atsstinable results. Within this method it is necessary to
extrapolate from finiteSIGMAresults toSIGMA=0 results. You can find an extra line in the OUTCAR fiémergy( SIGMA
— 0)' giving the extrapolated results. Lar@GMA values lead to a similar error as the MP scheme, but in cdrtrate
MP scheme one can not determine, how large the error due surtharing is with systematically reduciBgzGMA Therefore
the method of MP is more convenient than the GS method. Irtiaddin the GS method forces and the stress tensor are
consistent with the free energy and not the energpféMA— 0. Overall the Methfessel-Paxton is easier to use for nmetall
systems.

For further considerations on the choice for the smearinthatesee sections 7.4,8.6. To summarize, use the following
guidelines:

e For semiconductors or insulators use the tetrahedron métBIIEAR=-5), if the cell is too large (or if you use only a
single or two k-points) usiSMEAR=0in combination with a smaBIGMA=0.05 .

o For relaxationsn metalsalways uséSMEAR=1or ISMEAR=2and an appropriatesilGMAvalue (the entropy term should
be less than 1 meV per atomilind: Avoid to uselSMEAR>0 for semiconductors and insulators, since it might cause
problems.

For metals a sensible value is usu&lgMA= 0.2 (which is the default).

e For the calculations of the DOS and very accutatal energycalculations (no relaxation in metals) use the tetrahedron
method [SMEAR=-5).

6.38 LREAL-tag (and ROPT-tag)
Default for LREAL .FALSE.

.FALSE.  projection done in reciprocal space
.TRUE. projection done in real space, (old, superseddRBAL=0
OnorO projection done in real space,
projection operators are re-optimized
Auto or A projection done in real space,
fully automatic optimization of projection operators
no user interference required

Determines whether the projection operators are evaluategial-space or in reciprocal space: The non local part ef th
pseudopotential requires the evaluation of an expresgioD;j |Bj >< Bilgwk >. The “projected wavefunction character” is
defined as:

Q Q
EZ <Bilr ><r|@nk >= Nerr ZB(r)(Pnk(r)
g <Bilk+G >< k+Glgy >= gé(k+e)cenk.

Cink =< Bi| @k >

This expression can be evaluated in reciprocal or real spraceciprocal space (second line) the number of operasoakes

with the size of the basis set (i.e. number of plane-wavese&l space (first line) the projection-operators are cedfio
spheres around each atom. Therefore the number of operatemessary to evaluate oBgx does not increase with the
system size (usually the number of grid points within theaftisphere is between 500 and 2000). One of the major olestac
of the method working in real space is that the projectiorrafoes must be optimized, i.e. all high frequency compament
must be removed from the projection operators. If this isduste 'aliasing’ can happen (i.e. the high frequency comptmne
of the projection operators are aliased to low frequencypmments and a random noise is introduced).

Currently VASP supports three different schemes to remiee High frequency components from the projectors.
LREAL=.TRUE. is the simplest one. IEREAL=.TRUE. is selected the real space projectors which have been geddm
the pseudopotential generation code are used. This requiraser interference. FbREAL=Onthe real space projectors are
optimized by VASP using an algorithm proposed by King-Sneithal. [47]. FOrLREAL= Auto a new scheme [48] is used
which is considerably better (resulting in more localizpd)jector functions than the King-Smith et al. method. Te finne
the optimization procedure the fl&pPPTcan be used itREAL=Auto or LREAL=Onis used.
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We recommend to use the real-space projection scheme tensygontaining more than 20 atoms. We also recommend
to use onLREAL= Auto (for version VASP.4.4 and newer releases) BREHAL= On(for all other versions). Version 4.4 also
supports the old modeREAL= Oto allow calculations that are fully compatible to VASP.4aBd VASP.3.2). The best perfor-
mance is generally achieved witREAL = Auto, but if performance is not that important you can also LREAL=TRUE.
which generally requires less user interference. You cgnthk rest of the paragraph, if you use obREAL=.TRUE..

For LREAL= OandLREAL= Athe projection operators are optimized by VASP on the fly. 6restartup). Several flags
influence the optimization

e ENCUT(i.e. the energy cutoff), components beyond the energyffcarte 'removed’ from the projection operators.

e PRECtag specifies how precise the real space projectors shouldnbesets the variables ROPT accordingly to the
following values:

PREC= Low 700 points in the real space spheROPT=0.67)
ForLREAL=On  PREC= Med 1000 points in the real space spheR®PT=1.0)
PREC= High 1500 points in the real space spheR®PT=1.5)

PREC= Low accuracy 102 (ROPT=0.01)
PREC= Med accuracy 2 10° (ROPT=0.002)

FOrLREALZAUIO peEc= High  accuracy 2 10* (ROPT=2E-4)

These defaults can be superseded by the line
ROPT = one_number_for_each_species

in the INCAR file. For instance

ROPT = 0.7 15

will set the number of real space points within the cutoffesgfor the first species to approximately 700, and that for
the second species to 1500. In VASP.4.4 alternatively thecipion” of the operators can be specified writing i.e.

ROPT = 1E-3 1E-3

In that case the real space operators will be optimized foacmracy of approximately 1meV/atom (£). The
“precision” mode works both for LREAL=0On and LREAL=Auto (bto maintain compatibility with older VASP
version it is only selected if LREAL= Auto is specified in tHeCAR file). The precision mode is generally switched
on if the value for ROPT is smaller than 0.1. The “precisiordda and the conventional mode can be intermixed, i.e.
it is possible to specify

ROPT = 0.7 1E-3

in that case the number of real space points within the csfditre for the first species will be approximately 700,
whereas the real space projector functions for the secaralespare optimized for an accuracy of approximately 1 meV.
We recommend to use the “precision” mode with a target acyusharound 102 eV/atom if your version supports
this.

If you use the mode in which the number of grid points in thd space projection sphere is specified you have to
select ROPT carefully, especially if a hard species is mixgl a soft species. In that case the following lines in the
OUTCAR file must be checked (here is the outputlfREAL=0n but that one foLREAL=Auto is quite similar)

Optimization of the real space projectors
maximal supplied Q-value 12.85

optimization between [QCUT,QGAM] = [ 4.75, 9.51] = [ 6.33, 25 .32] Ry
Optimized for a Real-space Cutoff 2.30 Angstroem

I X(QCUT)  X(cont)  X(QGAM) max X(q) W(g)/X(q) e(spline)
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0 9.518 9.484 -004  18.582 11E-03 .16E-06
0 -2.149 -2.145 .001 3.059 17E-03 .25E-06

1 8.957 8.942 .003 9.950 14E-03 .34E-06
1 1.870 1.870 .001 1.837 .95E-03 .51E-06
2 3.874 3.866 .000 4.764 .15E-03 .68E-07

The meaning oRCUTand QGAMs explained in Sec. 11.5.6. The most important informatgogiven in the column
W(g)/X(q) (respectively the columW(low)/X(q) for LREAL=Auto). The values in these columnsustbe as small as
possible. If these values are too large, increase the RQPffamn the default value. As a rule of thumb the maximum
allowed value in this column is 1§ for PREC=Med (For PREC=Lowerrors might be around 18 and forPREC=High
errors should be smaller than19). If W(q)/X(q) s larger than 102 the errors introduced by the real space projections
can be substantial. In this caB&PTmustbe specified in the INCAR file to avoid incorrect results. ¥ thew precision
mode is used in VASP.4.K0PK0.1 ) the code automatically selects the real-space cutoffadltle required precision

is reached.

A few comments for non-experts and experts: Real space atiion (REAL=.TRUE., LREAL=On or LREAL=Auto )
always results in a small (not necessarily negligible) refttwe error is usually a constant energy shift for each atdingpu
are interested in energy differences of a few meV use onlyuéations with thesame setuii.e. sameENCUT PREG LREAL
andROPTsetting) for all calculations. For example, if you want tdcedate surface energies recalculate the bulk groundstate
energy with exactly the same setting you are going to usehiistirface. Another possibility is to relax the surface with
real space projection, and to do one final total energy catficul with LREAL=.FALSE. to get exact energies. Anyway, for
PREC=Med the errors introduced by the real space projection arellyspfathe same order magnitude as those introduced
by the wrap around errors. FBREC=High errors are usually less than 1méREC=Lowshould be used only for high speed
MD’s, if computer resources are really a problem.

A few notes for experts: There are three parameters for tispace optimization (see Sec. 11.5.6). First the enautpffc
(equivalent taQCUTin Sec. 11.5.6) then a value which specifies from which enertggff the projection operator should be
zero (equivalent t®QGAMn Sec. 11.5.6) and the maximal radial extend of the realespagjection operator (equivalent to
RMAXn Sec. 11.5.6). The first parame®@CUTis fixed by the energy cutoff, the second one is s€&AM2*QCUTfor PREC=
Low andPREC= Meg and toQGAM3*QCUTfor PREC= High. Finally the maximal radial extend of the projector funosds
determined bYROPT(respectively byPRECif ROPTIs not specified in the INCAR file).

6.39 GGA-tag
Default -

This tag was added to perform GGA calculation with pseudaqils generated with conventional LDA reference con-
figurations. The tag is named GGA. Possible options are

GGA= PW|PB|LM|91PE|RPIPS
with the following meaning:

PB  Perdew -Becke

PW  Perdew -Wang 86

LM  Langreth-Mehl-Hu

91 Perdew -Wang 91

PE  Perdew-Burke-Ernzerhof (only VASP.4.5 and older)

RP  revised Perdew-Burke-Ernzerhof (only VASP.4.5 andrlde
AM  AMO5 (Ref. [49, 50], VASP tests see Ref. [51])

PS  Perdew-Burke-Ernzerhof revised for solids (PBEsolRsfe[52])

The tags AM (AMO05) and PS (PBEsol) are only supported by VASE.The AMO5 functional and the PBEsol functional
are constructed using different principles, but both aira decent description of yellium surface energies. In ptecthey
yield quite similar results for most materials. Both areilade for spin polarized calculations.

6.40 VOSKOWN-tag

Default 0 Usually VASP uses the standard interpolation for the cati@h part of the exchange correlation functional.
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If VOSKOWN is set to 1 the interpolation formula according tosko Wilk and Nusair[53] is used. This usually enhances
the magnetic moments and the magnetic energies. BecauSeske-Wilk-Nusair interpolation is the interpolation w@sly
applied in the context of gradient corrected functionalis, desirable to use this interpolation whenever the PW9étfonal

is applied.

6.41 LASPH-tag
Default .FALSE. Usually VASP calculates only the spherical contributiorthte gradient corrections inside the PAW

spheres (non-sperical contributions for the LDA part ofpibéential and the Hartree potential are always included).
UsingLASPH = .TRUE., VASP also includes non-spherical contributions from thedgent corrections inside the PAW
spheres. For VASP.4.6, these contributions are only iraduid the total energy, after self-consistency has beerheshc
disregarding the aspherical contributions in the gradientections.
For VASP.5.X the aspherical contributions are properlyaoted for in the Kohn-Sham potential as well. This is esaknt
for accurate total energies and band structure calcukafanf-elements (e.g. ceria), all 3d-elements (transiti@tal oxides),
and magnetic atoms in the 2nd row (B-F atom).

6.42 DIPOL-tag (VASP.3.2 only)

For VASP.4.X behavior please refer to section 6.57.
Default — Itis possible to calculate the total dipole-moment in thié esing the option

DIPOL = center of cell (in direct coordinates)

Mind: the calculation of the dipole requires a definitiontod tenter of the cell, and results might differ for differpositions.
You should use this option only for surfaces and isolatedegudes. In this case use the center of mass for the positon (f
surface only the component normal to the surface is meauingf

The main problem is that the definition of the dipole ‘des&’diie translational symmetry, i.e. the dipole is defined as

/(r — Rcenter)pions+valench3r~ (6.4)

Now this makes only sense@ons:valencedrops to zero at some distance fr&tqnes If this is not the case, than the values
are extremely sensible with respect to changd#er

6.43 ALGO-tag
ALGO = Normal | VeryFast | Fast | All | Damped

Default: ALGO = Normal

only the first letter in the flag decides, which algorithm isdis

The ALGO tag is a convenient way to specify the electronicimisation algorithm in VASP.4.5 and later versions.

ALGO = Normal will select, IALGO=38 (blocked Davidson block iteration scheme), wher8a€0 = Very_Fast will
selectiALGO=48 (RMM-DIIS). A faily robust mixture of both algorithm is sateed forALGO = Fast. In this caséALGO=38
is used for the initial phase, and then VASP switchelét&0=48. For ionic step, onéALGO=38 sweep is performed.

The all band simultaneous update of wavefunctions can leeteel usin(ALGO = All (IALGO=58). A damped velocity
friction algorithm is selected witALGO = DampedIALGO=53). See next sections for details.

6.44 IALGO, and LDIAG-tag
IALGO = integer selecting algorithm

LDIAG = .TRUE. or .FALSE. (perform sub space rotation)

Default
IALGO = 8or38for VASP.4.5
LDIAG = .TRUE.
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Please mind, that the VASP.4.5 defaultAtGO=38 (a Davidson block iteration schemé)LGO=8 is not supported for
copyright reasons in VASP.4.5, bi#. GO=38 is roughly 2 times faster for large systems thalnGO=8 and at least as stable.
You can select the algorithm also by settld5G- Normal — Fast — Very _Fast in the INCAR file (see Sec. 6.43).

IALGO selects the main algorithm, andIAG determines whether a subspace—diagonalization is pezthrior not.We
strongly urge the users to set the algorithms &l&Q Algorithms other than those available #AGO are subject to in-
stabilities.

Generally the first digit ofALGO specifies the main algorithm, the second digit controls tttaa settings within the
algorithm. For instance 4X will always call the same routioethe electronic minimization the second digit X contrtie
details of the electronic minimization (preconditionirig.g

Mind: All implemented algorithms will result in the same answe, they will correctly calculate the KS groundstate,
they convergeThis is guaranteed because all minimization routines issame set of subroutines to calculate the residual
(correction) vectoril — €S)|@) for the current wavefunctiong and they are considered to be converged if this correction
vector becomes smaller than some specified threshold. Theliffierence between the algorithms is the way this corosct
vector is added to the trial wavefunction and therefore grégpomance of the routines might be quite different.

The most extensive tests has been donéAict0=38 (IALGO=8 before VASP.4.5)If random vectors (INIWAV=1) are used
for the initialization of the wavefunctions, this algonthalways gives the correct KS groundstate. Therefore, ifhete
problems witHALGO=48 (ALGO=Fast) switch tolALGO=38.

List of possible settings for IALGO.

-1 Performance test.

VASP does not perform an actual calculations — only some mapb parts of the program will be executed and the
timing for each part is printed out at the end.

5-8 Conjugate gradient algorithm (section 7.1.5)

Optimize each band iteratively using a conjugate gradigarahm. Subspace-diagonalization before conjugatdigra
ent algorithm. The conjugate gradient algorithm is usedotinize the eigenvalue of each band.

Sub-switches:
5 steepest descent
6 conjugated gradient
7 preconditioned steepest descent
8 preconditioned conjugated gradient

IALGO=8 is always fastestALGO=5-7 are only implemented for test purpose.

Please mind, thdALGO=8 is not supported by VASP.4.5, since M. Teter, Corning and &rie hold a patent on this
algorithm.

38 (ALGO=N Kosugi algorithm (special Davidson block iteration sclegrfsee section 7.1.6)

This algorithm is the default in VASP.4.6 and VASP.5.X. Itiogzes a subset dfiSIM bands simultaneously (Sec.
6.45). The optimized bands are kept orthogonal to all othedb. If problems are encountered with the algorithm, try
to decreas@ISIM. Such problems are encountered, if linear dependenciesagein the search space and by reducing
NSIM the rank of the search space is decreased.

44-48 ALGO=H Residual minimization method direct inversion in theatdre subspace (RMM-DIIS see section 7.1.4 and
7.1.7)

The RMM-DIIS algorithm reduces the number of orthonornatian steps (d{2)) considerably and is therefore much
faster tharlALGO=8 andIALGO=38, at least for large systems and for workstations with a smalinory band width.
For optimal performance, we recommend to use this switcéthmy withLREAL= Auto (Section 6.38). The algorithm
works in a blocked mode in which several bands are optimizédeasame time. This can improve the performance
even further on systems with a low memory band width (see, 6ldfault is presentli}NSIM=4).

The following sub-switches exist:

44  steepest descent eigenvalue minimization
46 residuum-minimization + preconditioning
48 preconditioned residuum-minimizatioll GO=H

IALGO=48 is usually most reliabled ALGO=44 and46 are mainly for test purposes).
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ForIALGO=4X, a subspace-diagonalization is performed before theuabigctor minimization, and a Gram-Schmidt
orthogonalization is employed after the RMM-DIIS step.he RMM-DIIS step, each band is optimized individually
(without the orthogonality constraint); a maximumNiDAViterative steps per band are performed for each band. The
default forNDAVis NDAV=4 and we we recommend to leave this value unchanged.

Please mind, that the RMM-DIIS algorithm can fail in rareesgsvhereatALGO=38 did not fail for any system tested
up to date. Therefore, if you have problems wiahGO=48 try first to switch tolALGO=38.

However, in some cases the performance gains did¢BD=48 are so significant thahLGO=38 might not be a feasible
option. In the following we try to explain what to dol&LGO=48 does not work reliable:

In general two major problems can be encountered when Usi@P=48. First, the optimization of unoccupied bands
might fail for molecular dynamics and relaxations. This éc@use our implementation of the RMM-DIIS algorithm
treats unoccupied bands more “sloppy” then occupied bamdssection 6.47) during MD’s. The problem can be solved
rather easily by specifyind/EIMIN=0 in the INCAR file. In that case all bands are treated accuyratel

The other major problem — which occurs also for static caliboihs — is the initialization of the wavefunctions. Be@us
the RMM-DIIS algorithm tends to find eigenvectors which atese the the initial set of trial vectors there is no
guarantee to converge to the correct ground state! Thiatgituis usually very easy to recognize; whenever one
eigenvector is missing in the final solution, the convergdmecomes slow at the end (mind, that it is possible that one
state with a small fractional occupancy above the Fernetle/missing). If you suspect that this is the case switch
to ICHARG=12 (i.e. no update of charge and Hamiltonian) and try to cateutflae wavefunctions with high accuracy
(1079). If the convergence is fairly slow or stucks at some precisthe RMM-DIIS algorithm has problems with the
initial set of wavefunctions (as a rule of thumb not more tarelectronic iterations should be required to determine
the wavefunction for the default precision I@HARG=12). The first thing to do in that case is to increase the number
of bands KBAND$ in the INCAR file. This is usually the simplest and most e#fiti fix, but it does not work in all
cases. This solution is also undesirable for MD’s and lohaxetions because it increases the computational demand
somewhat. A simple alternative — which worked in all testades — is to usiALGO=48 (Davidson) for a few non
selfconsistent iterations and to switch then to the RMM&D#lgorithm. This setup is automatically selected when
ALGO= Fast is specified in the INCAR file (IALGO must not specified in theGAR file in this case).

The final option is somewhat complicated and requires anrstateling of how the initialization algorithm of the
RMM-DIIS algorithm works: after the random initializatiosf the wavefunctions, the initial wavefunctions for the
RMM-DIIS algorithm are determined during a non selfcoresissteepest descent phase (the number of steepest descent
sweeps is given by NELMDL, default SELMDL=-12 for RMM-DIIS, section 6.16). During this initial phase inda
sweep, one steepest descent step per wavefunction is peddsetween each sub space rotation. This "automatic”
simple steepest descent approach during the delay is fatded vather ill-conditioned minimization problem and can
fail to produce reasonable trial wavefunctions for the RNDMS algorithm. In this case the quantity in the column
"rms” will not decrease during the initial phase (12 steps)d you must improve the conditioning of the problem by
setting theENINI parameter in the INCAR fileENINI controls the cutoff during the initial (steepest descehige

for IALGO=48. Default forENINI is ENINI=ENCUT. If convergence problems are observed, start with a sigintialler
ENINI ; reduceENINI in steps of 20 %, till the norm of the residual vector (colunim$”) decreases continuously
during the first 12 steps.

A final note concerns the mixingALGO=48 dislikes too abrupt mixing. Since the RMM-DIIS algorithnwalys stays
in the space spanned by the initial wavefunctions, and t@mgtmixing (largeAMIX, small BMIX) might require to
change the Hilbert space, the initial mixing must not be toorg) forlALGO=48. Try to reducéAMIX and increas8MIX
if you suspect such a situation. IncreasNBANDSalso helps in this situation.

53-58 Treat total free energy as variational quantity angimmize the functional completely selfconsistently.

This algorithm is based on an idea first proposed in Refs.d@931]. The algorithm has been carefully optimized and
should be selected for Hartree-Fock type calculations.prasent version is rather stable and robust even for netalli
systems. Important sub-switches:

53 damped MD with damping term automatically determinedhgydiven time-stepALGO=D
54 damped MD (velocity quench or quickmin)
58 preconditioned conjugated gradieAtGO=A

Furthermord.DIAG determines, whether the subspace rotation matrix (rotatiatrix in the space spanned by the occu-
pied and unoccupied orbitals) is optimized. The currentidéisLDIAG=.TRUE. selecting the algorithm presented in
Ref. [32]. This allows for efficient groundstate calculatoof metals and small gap semiconductoP3AG=.FALSE.
selects Loewdin perturbation theory for the subspaceiootahatrix[14] which is much faster but generally signifi-
cantly less stable for metallic and small gap systems.
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15-18

28

The preconditioned conjugate gradie.GO = 58, ALGO = A) algorithm is recommended for insulators. The best
stability is usually obtained if the number of bands equall the number of electrons (non spin polarized case). In
this case, the algorithm is fairly robust and fool proof ariglmheven outperform the mixing algorithm.

For small gap systems and for metals, it is however usuatjyired (metals) or desirable (semiconductors) to use a
larger value foNBANDSIn this case, we recommend to use the damped MD algorithitQ = 53, ALGO = Dampedl
instead of the conjugate gradient one.

The stability of the all bands simultaneously algorithmgetels strongly on the setting ®ME. For the conjugate
gradient caselIME controls the step size in the trial step, which is requiredrifer to perform a line minimization

of the energy along the gradient (or conjugated gradieetssetion 6.21 for details). Too small steps make the line
minimization less accurate, whereas too large steps cae ¢astabilities. The step size is usually automaticalifest

by the actual step size minimizing the total energy alonggtlaglient (values can range from 1.0 for insulators to 0.01
for metals with a large density of states at the Fermi-level)

For the damped MD algorithmALGO = 53, ALGO = Dampe}, a sensibl&IME step is even more important. In this
caseTIME is not automatically adjusted, and the user is entirelyorsible to chose an appropriate value. Too small
time-steps slow the convergence significantly, whereatarge values will always lead to divergence. It is sensible t
optimize this value, in particular, if many different configtions are considered for a particular system. It is recom
mended to start with a small step siB®E, and to increas@IME by a factor 1.2 until the calculations diverge. The
largest stable ste@ME should then be used for all calculations.

The final algorithmALGO = 54 also uses a damped molecular dynamics algorithm and quettolgelocities to zero
if they are antiparallel to the present forces (quick-mit)s usually not as efficient a#LGO=53, but it is also less
sensitive to theTIME parameter. (for detail please also read section 6.21).

Note: it is very important to set thEME tag for these algorithms (see section 6.48)

ALL REMAINING ALGORITHMS ARE ONLY FOR EXPERTS AND THOSE THAT CA N NOT KEEP
THEIR FINGERS FROM GAMBLING

wavefunctions are kept fixed, perform only recalculatibband structure energy (mainly testing)
wavefunctions are kept fixed, perform only sub space midthainly testing)

Conjugate gradient algorithm

Subspace-diagonalization after iterative refinement efdigenvectors using the conjugate gradient algorithms Thi
switch is for compatibility reasons only and should not beduany longer. GenerallALGO=5-8 is preferable, but was
not implemented previous to VAMP 1.1.

Sub-switches as above.

Conjugate gradient algorithm (section 7.1.5)

Subspace-diagonalization before conjugate gradientitigo

No explicit orthonormalization of the gradients to theltvi@ve functions is done.

This setting saves time, but does fail in most cases — maialyded for test purpose. THLGO=4X instead.

6.45 NSIM -tag

If NSIM is specified in VASP.4.4 and newer versions, the RMM-DIISdthm (IALGO=48) works in a blocked mode. In
this caseNSIM bands are optimized at the same time. This allows to use xwatirix operations instead of matrix-vector
operation for the evaluations of the non local projectiorrapors in real space, and might speed up calculations oa som
machines. There should be no difference in the total enerdytee convergence behavior betwd&SiM=1 andNSIM>1, only

the performance should improve.
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6.46 Mixing-tags

IMIX = type of mixing

AMIX = linear mixing parameter

AMIN = minimal mixing parameter

BMIX = cutoff wave vector for Kerker mixing scheme
AMIX_MAG = linear mixing parameter for magnetization

BMIX.MAG = cutoff wave vector for Kerker mixing scheme for mag.
WwC = weight factor for each step in Broyden mixing scheme
INIMIX = type of initial mixing in Broyden mixing scheme
MIXPRE = type of preconditioning in Broyden mixing scheme
MAXMIX = maximum number steps stored in Broyden mixer

Default (please rely on these defaults)

US-PP  PAW
IMIX = 4 4
AMIX = 08 0.4
BMIX = 10 1.0
WC = 1000. 1000.
INIMIX = 1 1
MIXPRE = 1 1
MAXMIX = -45 -45

MAXMIXis only available in VASP.4.4 and newer versions, and itlisrggly recommended to use this option for molecular
dynamics and relaxations.

With the default setting, a Pulay mixer[26] with an initigl@oximation for the charge dielectric function accordioglerker,
Ref. [41]

2
G2 4+ BMIX?’

is used. This is a very safe setting resulting in good corarerg for most systems. In VASP.4.X for magnetic systems, the
initial setup for the mixing parameters for the magnetmatiensity can be supplied seperately in the INCAR file. The de
faults forAMIX, BMIX, AMIX_MAGandBMIX_MAGare different from non magnetic calculations:

AMIX x min( AMIN) (6.5)

US-PP PAW
AMIX = 04 0.4
AMIN = 01 0.1
BMIX = 10 1.0
AMIXMAG = 1.6 1.6
BMIX-MAG = 1.0 1.0

The above setting is equivalent to an (initial) spin enhame factor of 4, which is usually a reasonable approxinmmatio
There are only a few other parameter combinitions which @atmnied, if convergence turns out to be very slow. In particul
for slabs, magnetic systems and insulating systems (elgcoies and clusters), an initial “linear mixing” can rdsulfaster
convergence than the Kerker model function. One can thexéfp to use the following setting

AMIX = 0.2
BMIX = 0.0001 ! almost zero, but 0 will crash some versions
AMIX.MAG = 0.8
BMIX.MAG = 0.0001 ! almost zero, but O will crash some versions

In VASP.4.x the eigenvalue spectrum of the charge dieleotatrix is calculated and written to the OUTCAR file at each
electronic step. This allows a rather easy optimizatiorhefrhixing parameters, if required. Search in the OUTCAR file f

eigenvalues of (default mixing * dielectric matrix)

The parameters for the mixing are optimal if the mean eigerva 1, and if the width of the eigenvalue spectrum is mitima
For an initial linear mixing BMIX~0) an optimal setting foA (AMIX) can be found easily by settinpt = Acurrent* ' mean
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For the Kerker scheme eith&ror qg (i.e. AMIX or BMIX) can be optimized, but we recommend to change BMX and keep
AMIX fixed (you must decrea®MIX if the mean eigenvalue is larger than one, and incr8d8¥ if the mean eigenvalue is
smaller than one).

One important option which might help to reduce the numbetesétions for MD’s and ionic relaxations is the option
MAXMIX which is only available in VASP.4.MAXMIXspecifies the maximum number of vectors stored in the Brojriday
mixer, in other words it corresponds to the maximal rank ef éipproximation of the charge dielectric function build up
by the mixer.MAXMIXcan be either negative or positive. If a negative value icifipd for MAXMIXthe mixer is reset after
each ionic step or if the number of electronic steps excebdeVXMIY (this is the default and similar to the behavior of
VASP.4.3 and VASP.3.2). MAXMIXis positive, the charge density mixer is only reset if theesje capabilities are exceeded.
The reset is done “smoothly” by removing the five oldest viecfoom the iteration history. Therefore,MAXMIXis positive
the approximation for the charge dielectric function whigms obtained in previous ionic steps is “reused” in the curinic
step, and this in turn can reduce the number of electronisstering relaxations and MD's. Especially for relaxatiarisch
start from a good ionic starting guess and for systems withomg charge sloshing behavior the speedup can be sigrifican
We found that for a 12 A long box containing 16 Fe atoms the remobelectronic iterations decreased from 8 to 2-3 when
MAXMIXwas set to 40. For a carbon surface the number of iteratiooieased from 7 to 3. At the same time the energy
stability increased significantly. But be careful — thisioptincreases the memory requirements for the mixer coreditlg
and thus the option is not recommended for systems were elsfwghing is negligible anyway (like bulk simple metals).
The optimal setting foMAXMIXis usually around three times the number of electronic stepsired in the first iteration. Too
large values foMAXMIXmight cause the code to crash (because linear dependeertigsan input vectors might develop).
Please go to the next section if you are not interested in & ahetailed dicussion of the flags that influence the mixer.

IMIX determines the type of mixing

0 no mixing Pmixed = Pout)
1 Kerker mixing, the mixed output density is given by

2

pmix(G) = pin(G) + AMIXm

(Pout(G) — Pin(G)) (6.6)
If BMIX is very small i.e BMIX=0.0001 , a simple straight mixing is obtained. Please mind, B¥MIiX=0 might cause
floating point exceptions on some platforms.

2 A variant of the popular Tchebycheff mixing scheme is ug&H[In our implementation a second order equation of
motion is used, that reads:

GZ

Bin(G) = 2% AMIX ——
Pin(G) =2 G2 + BMIX?

(Pout(G) — Pin(G)) — UPin(G),

W is supplied by the paramet&MIN in the INCAR file. A simple velocity Verlet algorithm is used integrate this
equation, and the discretized equation reads (the indexWNr@f@rs to the electronic iteratioh, is the force acting on
the charge):

Bnirjz = (L= W2y _1/2+2+F)/(1+W/2)

2

lf(G) = AMIX (Pout(G) — pin(G))

G2 4 BMIX?
PNi1=Pni1+ f_jN+1/2

For BMIX = 0, no model for the dielectric matrix is used. It is easy to, $kat for = 2 a simple straight mixing

is obtained. Thereforp = 2, corresponds to maximal damping, and obvioyskt 0 implies no damping. Optimal
parameters for theandAMIX can be determined by converging first with the Pulay mixstX =4) to the groundstate.
Then the eigenvalues of the charge dielectric matrix asngivehe OUTCAR file must be inspected. Search for the
last orrurance of

eigenvalues of (default mixing * dielectric matrix)
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in the OUTCAR file. The optimal parameters are then given by:

AMIX AMIX(as used in Pulay run)* smallest eigenvalue
AMIN=p  2*SQRT(smallest eigenvalue/ largest eigenvalue)

4 Broyden’s 2. method[24, 25], or Pulay’s mixing method [f¢pending on the choice ¥fQ

A reasonable choice f@MIN is usually 0.4AMIX depends very much on the system, for metals this parametatyibas to
be rather small i.eAMIX=0.02 .

The parameter@/CINIMIX andMIXPREare meaningful only for the Broyden scheme:

WCdetermines the weight factors for each iteration

> 0 set all weights identical te/C(resulting in Pulay’s mixing method), up to now Pulay’s stieewas always superior to
Broyden’s 2nd method.

= 0 switch to Broyden’s 2nd method, i.e. set the weight for dst $tep equal to 1000 and all other weights equal to 0.

< 0 try some automatic setting of the weights accordingVigr = 0.01x |WC|/||Pout — Pin||precond in order to set small
weights for the first steps and increasing weights for thedteps (not recommended — this was only implemented
during the test period).

INIMIX determines the functional form of the initial mixing matiixe. G° for the Broyden scheme). The initial mixing
matrix might influence the convergence speed for completins (especially surfaces and magnetic systems), theless
INIMIX must not be changed from the default setting: anything wb@hbe done wittNIMIX can also be done withMIX
andBMIX, and changing\MIX andBMIX is definitely preferable.

Anyway, possible choices fdNIMIX are:

0 linear mixing according to the setting AKIX

1 Kerker mixing according to the settingsAflIX andBMIX

2 no mixing (equal taNIMIX=2 andAMIX=1, not recommended)
MIXPREdetermines the metric for the Broyden scheme

0 no preconditioning, metric=1

1 "inverse Kerker” metric with automatically determinBMIX (determined in such a way that the variation of the pre-
conditioning weights covers a range of a factor 20)

2 "inverse Kerker” metric with automatically determinB#IIX (determined in such a way that the variation of the pre-
conditioning weights covers a range of a factor 200)

3 "inverse Kerker” metric wittBMIX from INCAR, for G > 0 the weights for the metric are given by

BMIX?

P(G) =1+ -5

(6.7)

(implemented during test period, do not use this setting)

The preconditioning is donenly on the total charge density (i.e. up+down component) andndhe magnetization charge
density (i.e. up-down component). Up to now we have foundititeoduction of a metric always improves the convergence
speed. The best choice is therefohXPRE=1 (i.e. the default).

6.47 WEIMIN, EBREAKDEPER-tags

These tags allow fine tuning of the iterative matrix diagaion and should not be changed. They are optimized faige la
variety of systems, and changing one of the parameterslysiedreases performance or can even screw up the iterative
matrix diagonalization totally.

WEIMIN = maximum weight for a band to be considered empty

EBREAK= absolute stopping criterion for optimization of eigemel

DEPER-= relative stopping criterion for optimization of eigerwal



6 THE INCAR FILE 78

Defaults
WEIMIN = 0.001 for dynamic calculatioflBRION >= 0
= 0 for static calculatiomBRION= —1
EBREAK = EDIFF/N-BANDS/4
DEPER = 0.3

In general, these tags control when the optimization of glsiband is stopped within the iterative matrix diagondita
schemes:

Within all implemented iterative schemes a distinctiorm@sn empty and occupied bands is made to speed up calcu-
lations. Unoccupied bands are optimized only twice, whe@aupied bands are optimized up to four times till another
break criterion is met. Eigenvalue/eigenvector pairs fhicl the partial occupancies are smaller ti&EIMIN are treated as
unoccupied states (and are thus only optimized twice).

EBREAKdetermines whether a band is fully converged or not. Opttion of an eigenvalue/eigenvectors pair is stopped
if the change in the eigenenergy is smaller tRBREAK

DEPERIs a relative break-criterion. The optimization of a bandtigpped after the energy change becomes smaller than
DEPERmultiplied with the energy change in the first iterative aptiation step. The maximum number of optimization steps
is always 4.

6.48 TIME-tag

TIME = trial time step for IALGO=5X
Default
TIME = 04

Controls the trial time step for IALGO=5X, for the initialtéspest descent) phase of IALGO=4X.

6.49 LWAVE,LCHARG
Available up from VASP/VAMP version 2.0.

Default
LWAVE = .TRUE.
LCHARG = .TRUE.

These tags determine whether the wavefunctions (file WAVRYE; Ahe charge densities (file CHGCAR and CHG) are
written.

6.50 LVTOT-tag, and core level shifts

Default
LVTOT = .FALSE.

This tag determines whether the total local potential (fl@QPOT) is written. Starting from version VASP 4.4.4, VASP
also calculates the average electrostatic potential &t ieac This is done, by placing a test charge with the norm gaah
ion and calculating

Vi, = /V(r)ptesl(\r —Ry|)d%r

The spatial extend of the test charge is determine@M4UG(see Sec. 6.9), so that calculations can be compared only if
ENAUGSs kept fixed. The change of the core level shiftbetween to models can be calculated by the simple formula

/1 1 /72 2
Ac= Vn — EFermi— (Vn - EFermi)a

whereV,! andV? are the electrostatic potentials at the core of an ion fofitseand second calculations, respectively, and

€t orm ANAEZ,,,; are the Fermi levels in these calculations. Clearly, the tavrel shift is the same for all core electrons in this

simple approximation. In addition, screening effects aretaken into account.
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6.51 LELF

Available up from VASP version 3.2.
Default .FALSE.

The LELF flag determines whether to create an ELFCAR (seéoses120) file or not. This file contains the so-called ELF
(electron localization functign
For further information see e.g. Nature 371 (1994) 683-@8B®in-line documentation of the file elf.F.

6.52 Parallelisation: NPAR switch, and LPLANE switch

VASP currently offers parallelization (and data distriba) over bands and parallelization (and data distrib)tarer plane
wave coefficients (see also Section 4). To get a high effigi@enanassively parallebystems it is strongly recommended to
use both at the same time. The only algorithm which works tighover band distribution is the RMM-DIIS iterative matrix
diagonalization (IALGO=48). The conjugate gradient béayeband method (IALGO=8) is only supported for parallefiaa
over plane wave coefficients.

NPAR tells VASP to switch on parallelization (and data digttion) over bands. NPAR=1 implies distribution over an
wave coefficients only (IALGO=8 and IALGO=48 both work), Albdes will work on each band. We suggest to use this
default setting only when running on a small number of nodes.

In VASP.4.5, the default for NPAR is equal to the (total numbenodes). For NPAR=(total number of nodes), each band
will be treated by only one node. This can improve the perforae for platforms with a small communication bandwidth,
however it also increases the memory requirements comrditjebecause the non local projector functions must bedtior
that case on each node. In addition a lot of communicatioaedsired to orthogonalize the bands. If NPAR is neither 1, nor
equal to the number of nodes, the number of nodes working erband is given by

total number nodedNPAR

The second switch which influences the data distributionHEANE. If LPLANE is set to .TRUE. in the INCAR file,
the data distribution in real space is done plane wise. Amglination of NPAR and LPLANE can be used. Generally,
LPLANE=.TRUE. reduces the communication band width dutimg FFT’s, but at the same time it unfortunately worsens
the load balancing on massively parallel machines. LPLANRLJE. should only be used if NGZ is at least 3*(number of
nodes)/NPAR, and optimal load balancing is achieved if NGZHAR, where n is an arbitrary integer. If LPLANE=.TRUE.
and if the real space projector functions (LREAL=.TRUE. &t @ AUTO) are used, it might be necessary to check the lines
following

real space projector functions
total allocation
max/ min on nodes

Themax/ min values should not differ too much, otherwise the load batenmight worsen as well.
The optimum setting of NPAR and LPLANE depends very much ertype of machine you are running. Here are a few
guidelines

e SGI power challenge:

Usually one is running on a relatively small number of nodesthat load balancing is no problem. Also the commu-
nication band width is reasonably good on SGI power chalangchines. Best performance is often achived with

LPLANE = .TRUE.
NPAR 1
NSIM 1

Increasing NPAR usually worsens performance. For NPAR=nhawe in fact observed a superlinear scaling w.r.t. the
number of nodes in many cases. This is due to the fact thabttteecon the SGI power challenge machines is relatively
large (4 Mbytes); if the number of nodes is increased theggate projectors (or reciprocal projectors) can be kept in
the cache and therefore cache misses decrease significdh&dyhnumber of nodes are increased.

e SGI Origin: The SGI Origin behaves quite differently fronetBGl Power Challenge. Mainly because the memory
bandwidth is a factor of three better than on the SGI Powell@ige. The following setting seems to be optimal when
running on 4-16 nodes:
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LPLANE = .TRUE.
NPAR =4
NSIM =4

Contrary to the SGI Power Challenge superlinear scalinddcoot be observed, obviously because data locality and

cache reusage is only of minor importance on the Origin 2000.

e LINUX cluster linked by 100 Mbit Ethernet: On a LINUX clustiénked by a relatively slow network, LPLANE must
be setto .TRUE., and the NPAR flag should be equal to the nuoftrerdes:

LPLANE = .TRUE.

NPAR = number of nodes.
LSCALU = .FALSE.

NSIM =4

Mind that you need at least a 100 Mbit full duplex network,hnatfast switch offering at least 2 Gbit switch capacity.

e T3D, T3E On many T3D, T3E platforms one is forced to use a hugeher of nodes. In that case load balancing
problems and problems with the communication bandwidtHileeéy to be experienced. In addition the cache is fairly
small on T3E and T3D machines so that it is impossible to kkepdal space projectors in the cache with any setting.
Therefore, we recommend to set NPAR on these machingstiomber of nodes (explicit timing can be helpful to find
the optimum value). The use bPLANE = .TRUE. is only recommend if the number of nodes is significantly $enal
than NGX, NGY and NGZ.

In summary the following setting is recommended

LPLANE = .FALSE.
NPAR = sgrt(number of nodes)
NSIM =1

6.53 LASYNC
If
LASYNC = .TRUE.

is setin the INCAR file, VASP will try to overlap communicatiavith calculations. This switch is only supported in VASB.4
and newer releases, its use is however not recommended [ 8iB¢NC =.TRUE. has not been tested carefully.

Overlapping communication and calculations, might impr@erformance a little bit, but it is also possible that the
performance drops significantly. Please try yourself, amtls brief report to Georg.Kresse@univie.ac.at.

6.54 LscalLAPACK, LscalLU
If this flag is set to false
LSCALAPACK = .FALSE.

scaLAPACK will not be used by VASP.4.X. This switch is regdron the T3D/T3E if VASP was compiled with the scal A-
PACK and several images are run at the same time by settinggll¥8<X in the INCAR file (see next section). If scaLAPACK
is not switched of in the nudged elastic band mode on the T3B/VASP will crash.

In some cases, the LU decomposition (timing ORTHCH) basestah APACK isslowerthan the serial LU decomposi-
tion. Hence it also is possible, to switch of the parallel Létdmposition by specifying

LSCALU = .FALSE.

in the INCAR file (the subspace rotation is still done withIs8RACK in this case).

MIND: in the Gamma point only T3D version, the parallel subspdiagonalisation (LscaLAPACK= True) is performed
with a Jacobi algorithm instead of scaLAPACK. This routinasmwritten by lan Bush. The Jacobi routine is faster than
scaLAPACK.
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6.55 Elastic band method

If the elastic band method is used on the T3D scalLAPACK has swiiched of (see 6.54).

VASP.4.X supports the elastic band method to calculateggniearriers. The INCAR, KPOINTS, and POTCAR files
must be located in the directory in which VASP is started.ddition, a set of subdirectories (numbered 00,01,02..3trbe
created, and each subdirectory must contain one POSCAR ffiketag

IMAGES= number of images

(specified in the INCAR file) forces VASP to run the elastic hanethod. The number of nhodes must be dividable by the
number of images (the NPAR switch can still be used as destabove). VASP divides the nodes in groups, and each group
then works on one “image”. The first group of nodes reads thB®A&R file from the directory 01, the second group from 02
etc. In the elastic band method, the endpoints are kept fadithe position of the end points must be supplied in the files
00/POSCAR and XX/POSCAR, where XX is

XX=number of images+1.

All output (OUTCAR, WAVECAR, CHGCAR etc.) is written to theubdirectories. Since no nodes are executing for the
positions supplied in the directories 00 and XX, no outpesfilvill be created in these sub directories. The usual stafout
the images 02,03,...,number of images is redirected to e GR/stdout, 03/stdout etc. (only image 01 writes to thealis
stdout). In addition to the IMAGES tag, a spring constantloasupplied in the SPRING tag. The default is

SPRING=-5

For SPRING=0, each image is only allowed to move into the direction pedi=ular to the current hyper-tangent, which
is calculated as the normal vector between two neighbormages. This algorithm keeps the distance between the images
constant tdirst order. It is therefore possible to start with a dense image spa@ingnd the saddle point to obtain a finer
resolution around this point.

The nudged elastic band method[59, 60] is applied when SBRéNet to a negative value e.g.

SPRING=-5

This is also the recommended setting. Compared to the pregiase, additional tangential springs are introducedep kee
images equidistant during the relaxation (remember thetcaint is only conserved to first order otherwise). Do nat to®
large values, because this can slow down convergence. Taeltdelue usually works quite reliably.

One problem of the nudged elastic band method is that thera@mis(i.e movements only in the hyper-plane perpen-
dicular to the current tangent) is non linear. Therefore, @t algorithm usually fails to converge, and we recommended
use the RMM-DIIS algorithmIBRION=1) or the quick-min algorithmIBRION =3). Additionally, the non-linear constraint
(equidistant images) tends to be violated significantlyirduthe first few steps (it is only enforced to first order). Hist
problem is encountered, a very low dimensionality param{@&&ION =1, NFREE=2) should be applied in the first we steps,
or a steepest descent minimization without line optim@aiiBRION=3, SMASS=2). should be used, to pre-converge the
images.

If all degrees of freedom are allowed to relax (isolated muales, no surface, etc.), make sure that the sum of all paositi
is the same for each cell. In other words,

-% R (6.8)

must be equal for all images. Otherwise “fake” forces armiticed, and the images “drift” against each other (thiswat
introduce problems during the VASP calculations, but itviskaard to visualize the final results). Often an initial lany
interpolated starting guess is appropriated, this can be ddth a small script called

interpolatePOS

found in vamp/scripts/. The script also removes as an opiercenter of “mass motion”.

Finally, we strongly recommend to keep the number of imagestabsolute minimum. The fewer images are used the
faster to convergence to the groundstate is. Often, it issablle to start with a single image between the two endpcamis
to increase the number of images, once this first run has cgede
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6.56 PAW control tags

In principle, the PAW method can be used in the same mannéreadd$-PP method. Only special PAW POTCAR files are
required. In principle, also no additional user interfeeis required. However there are a few flags that control éhavtior
of the PAW implementation. The first onelisSIAXPAW

LMAXPAW = |

This flag controls the maximumquantum number for the evaluation of the on-site terms onmab&l support grids in the
PAW method. The default fAIMAXPAVIE 2 | nay, Wherelmaxis the maximum angular quantum number of the partial waves.
Useful settings fot MAXPAV&re for instance:

LMAXPAW = 0

In this case, only spherical terms are evaluated on thelrgdih This does not mean that a-spherical terms are totally
neglected, because the compensation charges are alwaysdexbup to 2 |,ax 0n the plane wave grid.

Finally, LMAXPAW=-1has a special meaning. FOMAXPAW=-1 no on-site correction terms are evaluated on the radial
support grid, which effectively means that the behavior 8fPP’s is recovered with PAW input datasets. Usually thosed
very efficient and fast calculations, and this switch mighbbinterest for relaxations and molecular dynamics rungr@ies
should be evaluated with the default setting fBIAXPAW

An additional flag controls up to which | quantum number thsitnPAW charge densities are passed through the charge
density mixer and written to the CHGCAR file:

LMAXMIX = |

The default iLMAXMIX=2 Higher I-quantum numbers are usualigt handled by the mixer, i.e. a straight mixing is applied
for them (the PAW on-site charge density for higher | quantummbers is reset precisely to the value corresponding to the
present wavefunctions). Usually, it is not required to @aseL MAXMIX but the following two cases are exceptions:

e L(S)DA+U calculations require in many cases an increasdVidiXMIXto 4 (or 6 for f-elements) in order to obtain fast
convergence to the groundstate.

e The CHGCAR file also contains only information upltdAXMIXfor the on-site PAW occupancy matrices. When the
CHGCAR file is read and kept fixed in the course of the caloniteti(CHARG=11), the results will be necessarily
not identical to a selfconsistent run. The deviations carfdpeactuallyare) large for L(S)DA+U calculations. For
the calculation of band structures within the L(S)DA+U aggwh it is strictly required to increasAXMIXto 4 (d
elements) and 6 (f elements).

The second switch, that is useful in the context of the PAWhoe{and US-PP) is8DDGRID The default for ADDGRID
is .FALSE. If

ADDGRID = .TRUE.

is written in the INCAR file, an additional (third) supportigiis used for the evaluation of the augmentation chargeis. Th
third grid contains 8 times more points than the fine grid NGKEYF, NGZF. Whenever terms involving augmentation
charges are evaluated, this third grid is used. For instareaugmentation charge is evaluated first in real spadceisfirie
grid, FFT-transformed to reciprocal space and then add#uettotal charge density on the grid NGXF, NGYF, NGZF. The
additional grid helps to reduce the noise in the forces figanitly. In many cases, it even allows to perform calcutaion
which NGXF=NGX etc. This can be achieved by setting

ENAUG =1 ; ADDGRID = .TRUE.

in the INCAR file. The flag can also be used for US-PPs, in paleicto reduce the noise in the forces.

6.57 Monopole, Dipole and Quadrupole corrections

For charged cells or for calculations of molecules and sedavith a large dipole moment, the energy converges venhslo
with respect to the sizk of the supercell. Using methods discussed in Ref. [55, 563WAs able to correct for the leading
errors, but one should stress, that in many details, we lakemta more general approach than that one outlined in Rf. [5
The following flags control the behavior of VASP.
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e NELECT charged systems

NELECT determines the total number of electrons in the sygtee Sec. 6.34). For charged systems this value has to
be supplied by hand and a neutralizing background chargsiswaed by VASP. For these systems the energy converges
very slowly with respect to the size of the super cell. Theunegyl first order energy correction is given by

€q’a/L /e

whereq is the net charge of the system,the Madelung constant of a point chargeplaced in a homogeneous
background charge g, ande the dielectric constant of the system. For atoms or molacsigrounded by vacuum,
€ takes the vacuum value= 1. In that case VASP.4.X can correct for the leading erronéf tDIPOL tag is set (see
below).

e Dipol and quadrupole corrections

For systems with a net dipole moment the energy also conseigerly with respect to the size of the super cell. The
dipole corrections (and quadrupole corrections for ctéugyestems) fall of like 1L3. Both corrections (quadrupole
only for charged systems) will be calculated and added tédtad energy if the IDIPOL flag is set.

e IDIPOL tag

If setin the INCAR file monopole/dipole and quadrupole coti@ns will be calculated. There are four possible settings
for IDIPOL

IDIPOL = 14

For 1 to 3, the dipole moment will be calculated only into thwection of the first, second or third lattice vector. The
corrections for the total energy are calculated as the gndifference between a monopole/dipole and quadrupole
in the current supercell and the same dipole placed in a sughewith the corresponding lattice vector approaching
infinity. This flag should be used for slab calculations.

For IDIPOL=4 the full dipole moment in all directions will bealculated, and the corrections to the total energy
are calculated as the energy difference between a mondjmméd/quadrupole in the current supercell and the same
monopole/dipole/quadrupole placed in a vacuum, use thlgsdlacalculations for isolated molecules.

e DIPOL tag
DIPOL = center of cell (in direct, fractional coordinates)

This tag determines as in VASP.3.2 the center of the net etdiggribution. The dipol is defined as

/(I’ — Recente Pions+valencd d3r7 (6.9)

whereRcenteriS position as defined by the DIPOL tag. If the flag is not set FA&termines the points where the charge
density averaged over one plane drops to a minimum and detheeenter of the charge distribution by adding half of
the lattice vector perpendicular to the plane where thegehdensity has a minimum (this is a rather reliable approach
for orthorhombic cells).

e LDIPOL tag

This tag switches on the potential correction mode: Due éqotriodic boundary conditions not only the total energy
converges slowly with respect to the size of the supercall,aiso the potential and the forces are “wrong”. This
effect can be counterbalanced by settifidPOL=.TRUE. in the INCAR file. In that case a linear and (in the case of
a charged system) a quadratic electrostatic potentialdedtb the local potential correcting the errors introducgd
the periodic boundary conditions. This is in the spirit off 86] (but more general and the total energy has been
correctly implemented). The biggest advantage of this miedeat the leading errors in the forces are corrected, and
that the workfunction can be evaluated for asymetric sl@he.disadvantage is that the convergence to the electronic
groundstate might slow down considerably (i.e. more ebsitriterations might be required to obtain the required
precision). It is recommended to use this mode only aftercpreverging the wavefunctions without thBIPOL flag,

and the center of charge should be set by hand (DIPOL = cefieass). The user must also make sure that the cell is
sufficiently large to determine the dipol moment with goodwecy. If the cell is too small, it is usually very difficuti t

tell whether charge is located on the “left” or “right” sidétbe slab, causing very slow convergence (often convergenc
improves with the size of the supercell).
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For the current implementation, there are several restnicplease be careful:

e Charged systems:

Quadrupole corrections are only correct for cubic supkr¢tis means that the calculated £ corrections arevrong

for charged supercells if the supercell is not cubic). Initaid we have found empirically that for charged systems
with excess electrons (NELECINELECT,eutra) Mmore reliable results can be obtained if the energy afteection of
the linear error (1IL) is plotted against AL® to extrapolate results manually for— . This is due to the uncertainties
in extracting the quadrupole moment of systems with excessrens.

e Potential corrections are only possible for orthorhomlgiéso(at least the direction in which the potential is coreec
must be orthogonal to the other two directions).

6.58 Dipole corrections for defects in solids

Similar to the case of charged atoms and molecules in a largie box also charged defects in semiconductors impose the
problem of potentially slow convergence of the results witbpect to the supercell size due to spurious electrogtdticac-

tion between defects in neighboring supercells. Genelthldyerrors are less dramatic than for charged atoms or oiekec
since the charged defect is embedded in a dielectric mediuik)(and all spurious interactions between neighborints ce
are scaled down by the bulk dielectric constanence, the total error might remain small (order of 0.1 eMJ ane has

not to worry too much about spurious electrostatic intéoastbetween neighboring cells. However, there exist thritieal
cases where one should definitely start to worry (and to agliplyle corrections):

e semiconductors containing first—row elements since thegeess rather small lattice constants and hence the distance
between two neighboring defects is smaller than in mostrat@miconductor materials (though one should note that
the smaller lattice constant alone must not yet increasertioes dramatically since the leading scaling j& lonly the
contributions scaling AL may become dangerous for small cells),

e semiconductors with a rather small dielectric constaaind

¢ high-charge states like 3+, 4+, 3- or 4- since the spuriotgsations scale (approximately) proportional to sheare
of the total cell charge, e.qg., for a 4+ state the error is abh6dimes larger than for a 1+ state!

The worst case one can ever think of is that all three conditinentioned above are fulfilled simultaneously. In thisdhe
corrections can amount to the order of several eV (instedldeoftherwise typical order of few 0.1 eV)!

In principle it is possible to apply the same procedure akércase of charged atoms and molecules in vacuum. However,
with the current implementation one has to care about fatigwhings and following restrictions apply:

o Unfortunately &ull correction is only possible for cubic cells, the only cdomtition which can always be corrected for
any arbitrary cell shape, is the monopole-monopole intemacHowever, for intermediate cell sizes the quadrupole-
monopole interaction is not always negligible (it can re#teh order of minus 30-40 % of the monopole-monopole
term!). Therefore, whenever possible the use of cubic celscommended. Otherwise one should try to use as large
as possible cells (the dipole-dipole and monopole-quadetipteractions scale like/L3 and therefore, for larger cells
a monopole-monopole correction alone becomes more andnel@ble).

e The corrections are only reasonable if the defect-induestlibation of the charge density is strictly localizedusrd
the defect, i.e., if only the occupation of localized defdates is changed. Whenever the problem occurs that (pgrtial
wrong bands (e.g. delocalized conduction band or valencd btates instead of defect states) are occupied the calcu-
lated corrections become meaningless (the correctionuiaisrare not valid for overlapping charges)! Therefore one
should first calculate thdifferencebetween the charge densities of the charged defect cellhanidi¢al unperturbed
bulk cell and check the localization of this difference gjeafin between the defects the difference must vanish within
the numerical error bars for the charge densities)!

e Don't forget to scale down all results by the bulk dielectiamstant! Yet, there is no possibility to enter any dielectric
constant, all corrections are calculated and printed fof.. Therefore, the corrected total energies printed afesfittal
electronic iteration are meaningless! Hence, you shoudtl ¢alculate the energi@gthoutany corrections and later
you have to add the corrections “by hand” using the outputted in OUTCAR (you must search for a line “DIPCOR;:
dipole corrections for dipole” and following lines, therewfind the dipole moment, the quadrupole moment and the
energy corrections). One should note that strictly one bidake the dielectric constant calculatedflygt-principles
methods. Since VASP does not yet allow a simple calculatfodiedectric constants, however, you have to use the
experimental value (or values taken from other calculalioifhis empirism introduces slight uncertainties in your
energy corrections. However, one can expect that the wobrishould rarely exceed 5-10% since dielectric constant
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taken from experiment and those obtained frinst-principlescalculations usually agree very well (often within the
order of 1-3%).

e The dipole-dipole plus quadrupole-monopole correctiamst@d in OUTCAR are meaningless in their original form!
We have to calculate a correction for tHefect-induceanultipoles, but since we have also included the surrounding
bulk a quadrupole moment associated with the corresporatiagye (extending over the whole cell!) is also included
in the printed quadrupole moment (and in the correspondiegyy corrections). Since in systems with cubic symmetry
dipoles are forbidden by symmetry a dipole moment can onlgdfect induced (and only if the cubic symmetry is
broken by atomic relaxations). In order to obtain the cdrfasually quadrupole-monopole interaction only) energy
correction, one has to proceed as follows: One has to céécthila quadrupole moment for an ideal bulk cell (neutral!)
by setting IDIPOL=4 and DIPOL=same position as in defect (ggarch for the line containing Tr[quadrupol] ... in
file OUTCAR). The corresponding quadrupole moment has taib&racted from the quadrupole moment printed for
the charged defect cell. The difference corresponds tdefiect-inducegart of the quadrupole moment. If no dipole-
dipole interaction is present you can now simply scale ddvenenergy printed on the line "dipol+quadrupol energy
correction ...” of file OUTCAR by the ratio "defect-inducedagrupole/total cell quadrupole” since this interactien i
proportional to the quadrupole moment. After this scaling ghould end up with reasonable numbers (usually smaller
than the monopole-monopole correction printed on the lo@aining "energy correction for charged system ..." in
file OUTCAR). Add now the corrected value for the quadrupmienopole interaction to the calculated monopole-
monopole interaction energy (and finally scale the sum with The whole procedure is even more complicated if a
dipole moment occurs also, since then only the quadrupoleempole term has to be corrected but the dipole-dipole
term is already correct! But you can easily help yourselkeTsimply a cell of the same dimension and calculate a free
ion (does not matter which onedf the same charge stafd this causes trouble try the opposite state, e.g. 4+ auste
of 4- — but don't forget then to take the opposite sign for thatpd monopole quadrupole energy since this energy is
proportional to the cell charge!). The calculation will pice a quadrupole moment and a certain quadrupole-monopole
interaction energy. Since this energy is proportional éoxghadrupole moment (times total cell charge) you can etima
the proportionality constant with which one has to multifiig quadrupole moment in order to obtain the corresponding
monople-quadrupole interaction for the given cell size lydihg the energy by the quadrupole moment. Multiplying
this constant by the quadrupole moment ofdieéect cellyou can now calculate the quadrupole-monopole contributio
alone and hence, the dipole-dipole contribution is themkntowo. The dipole-dipole contribution will be kept and the
defect-inducedjuadrupole-monopole contribution has to be added to th& (nultiply the proportionality constant
with the thedefect-inducedjuadrupole moment). Then you finally end up with the corraedties for all interactions
(which have to be summed again and rescaled wih lt’s currently a clumsy procedure but it works satisfaityo

e Any potential correctionlDIPOL=.TRUE. ) is currentlyimpossiblé Hence you can only useDIPOL=.FALSE. ! The
reasons are: first the downscaling witts missing and second the correction is not calculated frerdéfect-induced
multipoles but from the total monopoles of the defect cetitaming at least a meaningless quadrupole contribution
(one had to subtract the quadrupole moment of the ideal efdré calculating any correction potential, but this is not
yet implemented in routine dipol.F!). However, one has toest that the potential corrections do not change the mesult
dramatically ... .

Besides charged defects there’s another critical typefettiewhich may cause serious trouble (and for which oneldhou
also apply dipole corrections): neutral defects or defeatglexes of low symmetry. For such defects a dipole momegt ma
occur leading to considerable dipole-dipole interactidfisough they fall off like L2 they might not be negligible (even
for somewhat larger cells!) if the induced dipole momentither large. The worst case that can happen is a defect comple
with two (or more) rather distant defects (separated byadists of the order of nearest-neighbor bond lengths omlangn
a strong charge transfer between the defects forming theleanfe.g., one defect might possess the charge state 2+ and
the other one the charge state 2-). This can easily happeatefect complexes representiagceptor-donor pairsThe most
critical cases are again given for semiconductors witheragmall lattice constants, rather small dielectric camtstaf for any
defect complex causing strong charge transfers. Againaghmsestrictions and comments hold as stated above foragharg
cells: you may currently only use cubic cell®IPOL=.FALSE. and you have to rescale the correction printed in OUTCAR
by the bulk dielectric constast(i.e., the printed energies are again meaningless and baeedorrected “by hand”). There is
only one point which might help: since in cubic cells any dgpmoment can only bdefect-inducedio additional corrections
are necessary (in contrast to the monopole-quadrupolgiesesf charged cells). However, the other bad news is: foin su
defect complexes it may sometimes be hard to find the coroecttér of mass” (input DIPOL=... in INCAR!) for thdefect
inducedcharge perturbation (it's usually more easy for single pdefects since usually DIPOL=position of the point defect
is the correct choice). This introduces some uncertai@tesone might try different values for DIPOL (the one giviheg t
minimum correction should be the correct one). But also :nBteOL is internally aligned to the position of the closest
FFT-grid point in real space. Hence, the position DIPOL iy @tetermined within distances corresponding to the FRd-gr
spacing (controlled by NG*F). As an additional note this htiglso play a certain role if for charged single point defebe
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position of the defect is not chosen to be (0,0,0)! In thissda#POL might correspond to a position lying slightly off the
position of the defect what may also introduces inaccusaicighe calculation of the electrostatic interactions (epparent
dipole moments may occur which should be zero if the corresttipn DIPOL would have been chosen). In this case you
should whenever possible try to adjust your FFT-grid in sachay that the position of the defect matches exactly some
FFT-grid point in real space or otherwise never use any dqfiwnt) defect position than (0,0,0) ... .

A final note has to be made: besides the electrostatic irttenacthere exist also spuriogasticinteractions between
neighboring cells which (according to a simple “elasticaliéplattice model”) should scale like/LL* (leading order). There-
fore, the corrected values may still show a certain vanatiith respect to the supercell size. One can check the tadaxa
energies (elastic energies) separately by calculatimdj¢arrecting) also unrelaxed cells (defect plus remaintoga in their
ideal bulk positions). If thé&-point sampling is sufficient to obtain well-converged fes(with respect to the BZ-integration)
one might even try to extrapolate the elastic interactioergies empirically by plotting the relaxation energiessusry/L3
(hopefully a linear function — if not try to plot it againsfl1® and look whether it matches a linear function) and taking the
value for /L — O (i.e. the axis offset). However, usually the remainingesrdue to spurious elastic interactions can be
expected to be small (rarely larger than about 0.1 eV) anéxtrapolation towards — co may also be rather unreliable if
the results are not perfectly converged with respect tktpeint sampling (though one should note that this may thdd ho
for the electrostatic corrections too!).

6.59 Band decomposed chargedensitpdrametery

VASP.4.4 can calculate the partial (band decomposed) etdegsity according to parameters specified in the file INCAR.
Mind that the partial charge density can be calculaiely if a preconverged WAVECAR file exists, VASP enters the
evaluation routine very quickly and stops immediately rafealuating the partial charge density. This implemeatatias
chosen to allow a fast (almost interactive) recalculatibtihe charge density for particular bands and kpoints.
The following parameters control the behavior of VASP.

e LPARD Evaluate partial (band and/or k-point) decomposed chdagesity. We want to stress again, that the wave-
functions read from WAVECARnustbe converged in a separate prior run. If obBARDis set (and none of the tags
discussed below), the total charge density is evaluated fn@ wavefunctions and written to CHGCAR.

e There are several ways how to specify for which bands thegeh@ensity is evaluated: In general the input lines with
IBAND, EINT andNBMO[ontrol this respect of the routine:

e IBAND: Calculate the partial charge density for all bands spetifiethe arraylBAND. If IBAND is specified in the
INCAR file andNBMODs not given NBMODs set automatically to the size of the arraylBAND is for instance

IBAND= 20 21 22 23

the charge density will be calculated for bands 20 to 23.

e EINT: Specifies the energy range of the bands that are usatidavaluation of the partial charge density. Two real
values should be given, if only one value is specified, thesgone is set t@;. If EINT is given andNBMODs not
specified NBMODs set automatically to -2.

o NBMODThis integer variable can take the following values

> 0 Number of values in the arrdBAND. If IBAND is specifiedNBMODs set automatically to the correct value (in that
caseNBMOBhould not be set manually in the INCAR file)
0 Takeall bands to calculate the charge density, even unoccupiedlzaadaken into account.
-1 Calculate the total charge density as usual. This is tfeuttevalue if nothing else is given.
-2 Calculate the partial charge density for electrons withreé eigenvalues in the range specified by EINT.
-3 The same as before, but the energy range is given vs. tha Erergy.

o KPUSE KPUSEspecifies which k-points are used in the evaluation of thegdalos.KPUSEis an array of integer values.
KPUSE=1 2 3 4

means that the charge density is evaluated and summed fiinstfeur k-points. Be careful: VASP changes the kpoint
weights ifKPUSEis specified.
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e LSEPB Specifies whether the charge density is calculated forydyand separately and written to a file PARCHGxb.
(TRUE) or whether charge density is merged for all selectedib and write to the file PARCHG.ALLBor PARCHG.
Default is FALSE.

e LSEPK Specifies whether the charge density of every k-point isawd the files PARCHG.nk (TRUE) or whether it
is merged (FALSE) to a single file. If the merged file is writtdren the weight of each k-point is determined from the
KPOINTS file, otherwise the kpoints weights of one are chosen

6.60 Berry phase calculations

Evaluation of the usual Berry phase expression for the releict polarization of an insulating groundstate systeni,[6%
modified for the application of USPP’s and PAW datasets [¢2f implemented in the VASP code by Martijn Marsman.
We would greatly appreciate, if you would include a statetnacknowledging Martijn Marsman, in any publication based
on this part of VASP.

6.60.1 LBERRY IGPAR, NPPSTRDIPOL tags

SettingLBERRY= .TRUE. in the INCAR file switches on the evaluation of the usual Begimgse expression for the electronic
polarization of an insulating groundstate system, as nestiffir the application of USPP’s and PAW datasets (see R&fk. [
[62] and [63]). In addition, the following keywords must heesified in order to generate the mestkgdoints:

e IGPAR = 1)23
This tag specifies the socalledrallel or G| direction in the integration over the reciprocal space ceit

e NPPSTR = number of points on the strings in the IGPAR directio n
This tag specifies the numberlofpoints on the stringkj =k + jG|/NPPSTR (withj =0,..,NPPSTR- 1).

e DIPOL = center of cell (fractional coordinates)

This tag specifies the origin with respect to which the iomintdbution to the dipole moment in the cell is calculated.
When comparing changes in this contribution due to the digphent of an ion, this center should be chosen in such
a way that the ions in the distorted and the undistorted &treacemain on the same side of DIPOL (in terms of a
minimum image convention).

6.60.2 An example: The fluorine displacement dipole (Born &ctive charge) in NaF

First we determine the electronic polarization of the utmtted NaF (which, since it is cubic, should be zero).

Calculation 1
We begin by calculating the self-consistent Kohn-Sham mi@kof the undistorted structure, using a symmetry reduce
(4x4x4) Monkhorst-Pack sampling of the Brillouin zone.

KPOINTS file:

4x4x4
0
Monkhorst
444
000

POSCAR file:

NaF

45102

0.0 0.5 05

0.5 0.0 05

0.5 05 0.0

11

Direct
0.0000000000000000 0.0000000000000000 0.0000000000000 000
0.5000000000000000 0.5000000000000000 0.5000000000000 000
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Calculation 2
To calculate the electronic contribution to the polariaatialong thes4, add the following lines to the INCAR file:

LBERRY = .TRUE.
IGPAR = 2

NPPSTR = 6

DIPOL = 0.25 0.25 0.25

Setting LBERRY=.TRUE. automatically sets ICHARG=11, sirvee mean to use the charge density obtained in Calculation
1. The reason for this is that the numberkgboints, used to evaluate the Berry phase expression cauniteelgrge, large
enough for it to be computationally advantageous to uselthege density obatined with the smaller grid used in theiptesy
calculation.

The OUTCAR will now contain something similar to the follavg lines (grep on<& R >"):

Expectation value term: <R>ev

<R>x = ( -0.00001, 0.00000 )

<R>y = ( 0.00000, 0.00000 )

<R>z = ( 0.00001, 0.00000 )

Berry-Phase term: <R>bp

<R> = ( 0.00000, 0.00000, 0.00000 ) electrons Angst
ionic term: <R>ion

<R> = ( 20.29590, 20.29590, 20.29590 ) electrons Angst

Calculations 3 and 4
The procedure mentioned under Calculation 2 now has to Emateg with IGPAR=2 and IGPAR=3 (again using the charge
density obtained from Calculation 1), to obtain the conititns of the electronic polarization alo@p andGs, respectively.

Calculations 5-8
To calculate the—change in the—electronic polarization df Nae to the displacement of the fluorine sublattice, onelghou
repeat Calculations 1-4, using the following POSCAR file:

NaF

45102

0.0 0.5 05

0.5 0.0 05

0.5 0.5 0.0

11

Direct
0.0000000000000000 0.0000000000000000 0.0000000000000 000
0.5100000000000000 0.5100000000000000 0.4900000000000 000

The output of the Berry phase calculation using IGPAR=1 khonaw be something like this:

Expectation value term: <R>ev

<R>x = ( 0.00000, 0.00000 )

<R>y = ( 0.00000, 0.00000 )

<R>z = ( 0.00116, 0.00000 )

Berry-Phase term: <R>bp

<R> = ( 0.00000, 0.17982, 0.17982 ) electrons Angst
ionic term: <R>ion

<R> = ( 20.29590, 20.29590, 19.98019 ) electrons Angst

And finally collecting the results
The change in the electronic contribution to the polararatilue to the F-sublattice displacement should be calaclkete
follows:

o Take the average of the R >, terms obtained in Calculations 2—4. Lets call thif > ey undist
¢ Add the< R >y, terms obtained in Calculations 2—4. Lets call thi® >pp undist

e The electronic polarization of the undistorted structgréhen given by:

<R >elundist=< R >ev,undist+ <R >bp,undist
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e Repeat the above three steps for the results obtained uwndigtorted structure (Calculations 6-8), to evaluate
R >evdistt < R >ppdist and< R >¢j dist

e The change in the electronic contribution to the polararatiue to the F-sublattice displacemebits R >, is then
simply found as< R >¢ dist — < R >elundist

To calculate the total change in polarizatigdh< R >, one should take account of the ionic contribution to thiarge.
This can be simply calculated from tkeR >0, as written in for instance Calculations 2 and¥< R > is then given by
A < R >jon +A < R >¢. In this example we findh < R >= 0.04393 electrond. Considering we moved the F-sublattice by
0.045102A, this calculation yields a Born effective charge for flumiin NaF ofZ* = —0.9740.

N.B.(I) One should take care of the fact that the calculatgerty phase” termg R >y, alongG;, is in principle obtained
modulo a certain period, determined by the lattice veRidor which R; - G; = 2, the spin multiplicity of the wave functions,
the volume of the unit cell, the numberlepoint in the “perpendicular” grid, and some aspects of {fmeraetry of the system.
More information on this particular aspect of the Berry ghealculations can be found in Refs. [61], and [63].

N.B.(I1) In case of spinpolarized calculations (ISPIN=2¢ Berry phase of the wavefunctions is evaluated separfatetyach
spin direction. This means a grep oa R >" will yield two sets of < R >¢, and < R >pp terms, which have to added to
oneanother to obtain the total electronic polarizatiorhefgystem.

6.61 Non-collinear calculations and spin orbit coupling

Spinors were included by Georg Kresse in the VASP code. THe cequired for the treatment of non-collinear magnetic
structures was written by David Hobbs, and spin-orbit cimgpivas implemented by Olivier Lebacq and Georg Kresse.
Spinors are only supported by VASP.4.5.

6.61.1 LNONCOLLINEARag
Supported only by VASP.4.5 and on. THIS FEATURE IS IN LATE BESTAGE (BUGS ARE POSSIBLE).

SettingLNONCOLLINEAR= .TRUE.in the INCAR file allows to perform fully non-collinear magiestructure calcula-
tions. VASP is capable of reading WAVECAR and CHGCAR filesiirprevious non-magnetic or collinear calculations, it is
however not possible to rotate the magnetic field locallyelacted atoms.

Hence, in practice, we recommend to perform non collinelutations in two steps:

e First, calculate the non magnetic groundstate and genei/ECAR and CHGCAR file.

e Second, read the WAVECAR and CHGCAR file, and supply initi@lgmetic moments by means of tMAGMOkg
(compare Sec. 6.12). For a non collinear setup, three vatussbe supplied for each ion in tMAGMONhe. The three
entries correspond to the initial local magnetic momengfeh ion in x, y and z direction respectively. The line

MAGMOM =100 010

initialises the magnetic moment on the first atom in the xedtion, and on the second atom in the y direction. Mind,
that theMAGMONhe supplies initial magnetic moments onlyl@HARGSs set to 2, or if the CHGCAR file contains only
charge but no magnetisation density.

6.61.2 LSORBITtag
Supported only by VASP.4.5 and on. THIS FEATURE IS IN LATE BESTAGE (BUGS ARE POSSIBLE).

LSORBIT = .TRUE. switches on spin-orbit coupling and automatically $8&8NCOLLINEAR= .TRUE. This option works
only for PAW potentials and is not supported by ultrasoftyskgpotentials. If spin-orbit coupling is not included, grgergy
does not depend on the direction of the magnetic momentotatingall magnetic moments by the same angle results in
principle exactly in the same energy. Hence there is no neddfine the spin quantization axis, as long as spin-orbploog
is not included. Spin-orbit coupling however couples thie $p the crystal structure. Spin orbit coupling is switctwdby
selecting

LSORBIT = .TRUE.
SAXIS = s x s_y s_z (quantisation axis for spin)
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where the default for SAXIS®+,0,1) (the notation 8 implies an infinitesimal small positive numberxrdirection). All
magnetic moments are now given with respect to the @xisy, s;), where we have adopted the conventibat all magnetic
moments and spinor-like quantities written or read by VASPgven with respect to this axighis includes theAGMOM
line in the INCAR file, the total and local magnetizations lre tOUTCAR and PROCAR file, the spinor-like orbitals in
the WAVECAR file, and the magnetization density in the CHGCRB. With respect to the cartesian lattice vectors the
components of the magnetization are (internally) given by

me = cogP)coso)mEXs — sin(a) S+ sin(B) x cog ar)mg*s
m, = cos)sin(a)m+coga)mES+ sin(B) sin(a) meX’
m, = —sin(B)mEX®+ cogB)mE

Wheren?' is the externally visible magnetic moment. Heseis the angle between the SAXIS vects,s,,s;) and the
cartesian vectax, andp is the angle between the vector SAXIS and the cartesian v&cto

a = atan§
Sx
+
B = atan@%

The inverse transformation is given by
xis cogB) cog a)my 4 cos(B) sin(a)my + sin(B)m,
rrf,ms = —sin(a)my+ coga)my
meS = sin(B)coga)my + sin(B) sin(a)m, + cog B)m,

It is easy to see that for the defa(d, s;,s;) = (0+,0,1), both angles are zerbg. 3 = 0 anda = 0. In this case, the internal
representation is simply equivalent to the external reprigion:

m, = nﬁx?s
rr.v — r.rGXIS
m, = rrgxis

The second important case g = 0 andmg* = 0. In this case
M = sin()«cosa)mpX® = mEX®s,/ |/ + 5+ (6.10)
m = sinB)Sin(o)mE = s/ [+ 5+ (6.11)
m, = cofB)mP®=nPCs,/\ /g ++ (6.12)

Hence now the magnetic moment is parallel to the vector SAXHsIs there are two ways to rotate the spins in an arbitrary
direction, either by changing the initial magnetic momew&MOBY by changing SAXIS.

To initialise calculations with the magnetic moment palalb a chosen vectdix,y, ), it is therefore possible to either
specify (assuming a single atom in the cell)

MAGMOM = x y z ! local magnetic moment in Xx,y,z

SAXIS = 001 ! guantisation axis parallel to z

or

MAGMOM = 0 0 total magnetic moment ! local magnetic moment p arallel to SAXIS
SAXIS = x y z | quantisation axis parallel to vector (x,y,z)

Both setups should in principle yield exactly the same endrgt for implementation reasons the second method is lysual
more precise. The second method also allows to read a pliegdFAVECAR file (from a collinear or non collinear run),
and to continue the calculation with a different spin or&iain. When a non collinear WAVECAR file is read, the spin is
assumed to be parallel to SAXIS (hence VASP will initiallpogt a magnetic moment in the z-direction only).

The recommended procedure for the calculation of magneisoaopies is therefore (please check the section on LMAXM
6.56):

e Start with a collinear calculation and calculate a WAVECARI&LHGCAR file.
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e Add the tags

LSORBIT = .TRUE.

ICHARG = 11 ! non selfconsistent run, read CHGCAR
LMAXMIX = 4 ! for d elements increase LMAXMIX to 4, f. LMAXMIX = 6
! you need to set LMAXMIX already in the collinear calculatio n

SAXIS = x y z | direction of the magnetic field
NBANDS = 2 * number of bands of collinear run

VASP reads in the WAVECAR and CHGCAR files, aligns the spinrdization axis parallel to SAXIS, which implies
that the magnetic field is now parallel to SAXIS, and perfoem®n selfconsistent calculation. By comparing the ener-
gies for different orientations the magnetic anisotropy loa determined. Please mind, that a completely selfcamsist
calculation (CHARG= 1J) is in principle also possible with VASP, but this would allthe the spinor wavefunctions to
rotate from their initial orientation parallel to SAXIS iinte correct groundstate is obtained, i.e. until the mégne
moment is parallel to the easy axis. In practice this rotetwdl be slow, however, since reorientation of the spin gain
little energy. Therefore if the convergence criterion i towm tight, sensible results might be obtained even for/full
selfconsistent calculations (in the few cases we have thisdvorked beautifully).

e Be very careful with symmetry. We recommend to switch off syatry (SYM=0) altogether, when spin orbit coupling
is selected. Often the k-point set changes from one to ther giiin orientation, worsening the transferability of the
results (also the WAVECAR file can not be reread properlyéf tlumber of k-points changes). Additionally VASP.4.6
(and all older versions) had a bug in the symmetrisation ajmeéc fields (fixed only VASP.4.6.23).

e Generally be extremely careful, when using spin orbit cmgplenergy differences are tiny, k-point convergence is
tedious and slow, and the computer time you require mightnfiaite. Additionally, this feature— although long
implemented in VASP— is still in éate beta stageas you might deduce from the frequent updates. No prontiag, t
your results will be useful!!! Here a small summary from thEADME file:

— 20.11.2003: The present GGA routine breaks the symmegftslifor non orthorhombic cells. A spherical cutoff
is now imposed on the gradients and all intermediate resultsciprocal space. This changes the GGA results
slightly (usually by 0.1 meV per atom), but is important foagmetic anisotropies.

— 05.12.2003: continue... Now VASP.4.6 defaults to the oldbvéor GGACOMPAT = .TRUE, the new behavior can
be obtained by settinQGACOMPAT = .FALSE.in the INCAR file.

— 12.08.2003: MAJOR BUG FIX in symmetry.F and paw.F: for natlinear calculations the symmetry routines
did not work properly

o If you have read the previous lines, you will realize thasirécommended to S8 GACOMPAT = .FALSE. for non
collinear calculations in VASP.4.6, since this improves tlumerical precision of GGA calculations.

6.62 Constraining the direction of magnetic moments
Supported only by VASP.4.6 and on. THIS FEATURE IS IN LATE BESTAGE (BUGS ARE POSSIBLE).

VASP offers the possibility to add a penalty contributionthe@ total energy expression (and consequently a penalty
functional the Hamiltonian) which drives the local momeintéggral of the magnetization in a site centered sphere)ant
direction specified by the user. This feature is controllsidgi the following tags:

e | _CONSTRAINEDM = 1 Switch on constraints on magnetic moments

e LAMBDA = r Wherer is a (real) number which specifies the weight with which thegty terms enter into the total
energy expression and the Hamiltonian

¢ MCONSTR = a b ¢ ... The desired direction(s) of the integrated local moment{#) respect to cartesian coordi-
nates (3 coordinates must be specified for each ion). The abtiis vector is meaningless since it will normalized by
VASP anyway. SettinglCONSTR = 0 0 Ofor an ion is equivalent to imposing no constraints.

In addition onanustset theRWIGStag to specify the radius of integration around the atoritéssvhich determines the local
moments.

When one uses the constrained moment approach, additidoahition pertaining to the effect of the constraints is
written into the OSZICAR file.
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E_p = 0.27445E-02 lambda = 0.100E+02

ion MW._int M_int

1 0.001 0012 1577 0.001 0.017 2.708

2 0001 1081 109 -0.001 1.858 1.873

DAV: 18 -0.896435394829E+01 0.97129E-02  -0.11105E-02 68 0 .101E+00 0.802E-01

E_p is the contribution to the total energy arising from the pggrfanctional. UndeM.int VASP lists the integrated magnetic
moment at each atomic site. The column labdéiddnt shows the result of the integration of magnetization dgnsftich

has been smoothed towards the boundary of the sphere. tuglgdhis integrated moment which enters in the penalmge
(the smoothing makes the procedure more stable). One shamMidt the latter numbers to check whether enough of the
magnetization denstity around each atomic site is condawithin the integration sphere and incred&IGSaccordingly.
What exactly constitutes “enough” in this context is hardag. ¢t is best to seRWIGSin such a manner that the integration

spheres do not overlap and are otherwise as large as possible
At the end of the run the OSZICAR file contains some extra imfation:

DAV: 35 -0.905322335169E+01 0.58398E-04  -0.60872E-04 60 0 .734E-02
1 F= -90532234E+01 EO= -.90355617E+01 d E =-529849E-01 ma g= -0.0005 2.1161 5.1088

E_p = 0.35424E-02 lambda = 0.100E+02

ion lambda*MW_perp
1 0.12293E-03  0.13309E+00  0.00000E+00
2 0.11962E-03 -0.94102E-01  0.94102E-01

Underlambda*MW_perp the constraining “magnetic field” at each atomic site i®listit shows which magnetic field is added
to the LSDA Hamiltonian to stabilize the magnetic configimat
As is probably clear from the above, applying constraintai@ans of a penalty functional contributes to the total gnerg

This contribution, however, decreases with increadiAbiBAand can in principle be made vanishingly small. Increasing
LAMBDAstepwise, from one run to another (slowly so the solutionaiesistable) one thus approaches the LSDA total energy
for a given magnetic configuration (compare the lines belath ¥he preceeding output from the OSZICAR; the effect of
increasing- AMBDArom 10 to 50).

E p = 0.22591E-03 lambda = 0.500E+02

ion MW_int M_int

1 0.000 0002 1545  0.001 -0.005 2.654

2 0000 108 1087 0001 1871 1862

DAV: 33 -0.907152551238E+01 0.48186E-04  -0.33125E-04 60 0 .163E-01
1 F= -90715255E+01 EO= -.90541505E+01 d E =-521251E-01 ma g= 0.0042 2.0902 5.0659

6.63 On site Coulomb interaction: L(S)DA+U
Supported only by VASP.4.6 and on. THIS FEATURE IS IN LATE BESTAGE (BUGS ARE POSSIBLE).

The L(S)DA often fails to describe systems with localizetiqisgly correlatedy and f electrons (this manifests itself
primarily in the form of unrealistic one-electron energdida some cases this can be remedied by introducing a striray i
atomic interaction in a (screened) Hartree-Fock like mana® an on site replacement of the L(S)DA. This approach is

commonly known as the L(S)DA+U method.
VASP allows one to choose between two different approachké3)DA+U:
e The rotationally invariant version introduced by Liectgtsinet al.[64], which is of the form

1 A oA
Enr = 2 %(UV1V3V2V4 - UV1V3V4V2)nV1V2 Nyay,
Y

and is determined by the PAW on site occupancies
fyy, = (W2 [ mp)(my | W)

and the (unscreened) on site electron-electron interactio

1
Uyayayays = (Mumg | = | Momy) 8,5, Oz,

(Im) are the spherical harmonics)
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The unscreened e-e interactiof,y,y, can be written in terms of Slater’s integrd@$, F2, F4, andF® (f-electrons).
Using values for the Slater integrals calculated from atowave functions, however, would lead to a large overesti-
mation of the true e-e interaction, since in solids the Calddnteraction is screened (especids).

In practice these integrals are therefore often treatecasneters, i.e., adjusted to reach agreement with expetrime
in some sense: equilibrium volume, magnetic moment, bapd gaucture. They are normally specified in terms of
the effective on site Coulomb- and exchange paramdfieasndJ. (U andJ are sometimes extracted from constrained-
LSDA calculations.)

These translate into values for the Slater integrals indheviing way (as implemented in VASP at the moment):
— p-electronsF%=U,F2=5]
— d-electronsF?=U, F2 = 214 andF* = 0.625-2

— 1+0.625
— f-electronsF0 = J,F4=0.668F2, andF® = 0.494F2

U F2 _ 6435
' ~ 286+1950.668+2500.494

The essence of the L(S)DA+U method consists of the assumiitad one may now write the total energy as:
Etot(N, A) = Eprr(N) + Exr () — Edc(A)

where the Hartree-Fock like interaction replaces the L£S)D site due to the fact that one subtracts a double counting
energy Egc) which supposedly equals the on site L(S)DA contributiothetotal energy.

Currently VASP allows for the choice between two differeefiditions for the double counting energy:
LSDA+U  Eqo(f) = Shor(for— 1) — 3 3o Ay(Aifh — 1)

LDA+U  Eqc(f) = S tot(fitot — 1) — 3ftot(frot — 2)

e The simplified (rotationally invariant) approach to the L/SEJ , due to Dudareet al. [65], is of the following form:

U-J)

Eispatu =Eispa+ — DD My ) = D A me e my
m mg,mp

o

This can be understood as adding a penalty functional to 8i@A total energy expression that forces the on site
occupancy matrix in the direction of idempotency, iref,,= A°A°. (Real matrices are only idempotent when their
eigenvalues are either 1 or 0, which for an occupancy matiixstates to either fully occupied or fully unoccupied
levels.)

Note: in Dudarev’s approach the parametér@ndJ do not enter seperately, only the differerjte— J) is meaningfull.

The L(S)DA+U in VASP is switched on by means of the followirag$

e LDAU = .TRUE. Switches on the L(S)DA+U.
e LDAUTYPE = 1|2]4 Type of L(S)DA+U (DefaultLDAUTYPE = 3}

1 Rotationally invariant LSDA+U according to Liechtensteinal.
4 ldem 1., but LDA+U instead of LSDA+U (i.e. no LSDA exchangditsing)
2 Dudarev’s approach to LSDA+U (Default)

e LDAUL = L .. I-quantum number for which the on site interaction is added
(-1: no on site terms added, 1: p, 2: d, 3: f, DefauDAUL = 2

e LDAUU = U .. Effective on site Coulomb interaction parameter
e LDAUJ = J ..  Effective on site Exchange interaction parameter

e LDAUPRINT = 0[|1]2  Controls verbosity of the L(S)DA+U module
(0: silent, 1: Write occupancy matrix to OUTCAR, 2: idem 1l.uplpotential matrix dumped to stdout, Default:
LDAUPRINT = 0
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NB: LDAUL LDAUY andLDAUJmust be specified faall atomic species!

Itis important to be aware of the fact that when using the DE&S)U, in general the total energy will depend on the paramnsete
U andJ. It is therefore not meaningful to compare the total enargésulting from calculations with differett and/orJ
[c.g. (U —J) in case of Dudarev’s approach].

Note on bandstructure calculation: The CHGCAR file also amst only information up tdMAXMIXfor the on-site
PAW occupancy matrices. When the CHGCAR file is read and kepd fiix the course of the calculation€IARG=11), the
results will be necessarily not identical to a selfconsisten. The deviations can be (or actuadlse) large for L(S)DA+U
calculations. For the calculation of band structures withie L(S)DA+U approach, it is hence strictly required torease
LMAXMIXto 4 (d elements) and 6 (f elements). (see Sec. 6.56).

6.64 HF type calculations
Available only in VASP.5.X.

6.64.1 Introduction: HF functional

The non-local Fock exchange energy, (in real space) can be written as

E= =S 3 fnlanx [ [[atray Bl L) ol0) () (6.13)

2 kn,gm \r—r |

with {@n(r)} being the set of one-electron Bloch states of the systemy &ndl the corresponding set of (possibly fractional)
occupational numbers. The sums okeaindq run over allk-points chosen to sample the Brillouin zone (BZ), whereas th
sums ovemandn run over all bands at thegepoints.

The corresponding non-local Fock potential is given by

ez (p(*qm ’uqm(r )qu(l’) ig-
whereugm(r) is the cell periodic part of the Bloch statmn(r), atk-point, g, with band indexm.
Using the decomposition of the Bloch stat@gy, in plane waves,
O (1) \F Y Cing(G)g 4+ (6.15)
Equ. (6.14) can be rewritten as
Vi (r,r") Z y kO (6,6 e ke (6.16)
ferel
where
C* (G/ _ G//)Cn_q(G _ G//)
Y/ k+G\Wlk+G') = — f ™ 17
k(G’G) < +G| X| +G Q z qu \k—q+G”|2 (6 )

is the representation of the Fock potential in reciprocatsp
Note: For a comprehensive description of the implementatidhe Fock-exchange operator within the PAW formalism see
Ref. [66]

6.64.2 LHFCALC
LHFCALC = .TRUE. or .FALSE.

Default:.FALSE.

The flag specifies, whether HF type calculations are perfdridethe moment, it is recommended to select an all bands
simultaneous algorithm, i.ALGO=DampedIALGO=53) or ALGO=All (IALGO=58) in the INCAR file (see Sec. 6.43 6.44).

The blocked Davidson algorithrALGO=Normal is, with certain caveat, also supported, whereas calonlatfor the
other algorithms ALGO=Fast) are not properly supported (note: no warning is printedie Blocked Davidson algorithm
ALGO=Normal is generally rather slow, and in many cases the Pulay mixibeiunable to determine the proper ground-
state. We hence recommend to select the blocked Davidsorithlg only in combination with straight mixing or a Kerker
like mixing. The following combination have been succelgfapplied for small and medium sized systems
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LHFCALC = .TRUE. ; ALGO = Normal ; IMIX = 1 ; AMIX = a

Decrease the parameteuntil convergence is reached.
In most cases, however, it is recommended to use the damgedtlain with suitably chosen timestep. The following
setup for the electronic optimization works reliably in rhoases:

LHFCALC = .TRUE. ; ALGO = Damped ; TIME = 0.5

If convergence is not obtained, it is recommended to reduedimestep TIME.

6.64.3 Amount of exact/DFT exchange and correlation AEXX AGGAXAGGAGnNnd ALDAC

AEXX = real number (fraction of exact exchange)

ALDAC= real number (fraction of LDA correlation energy)

AGGAX= real number (fraction of gradient correction to exch ange)
AGGAC= real number (fraction of gradient correction to corr elation)

Default: AEXX = 0.25 for LHFCALC = .TRUE., andAEXX = 0.0 for LHFCALC = .FALSE..
AGGAX = 1.0-AEXX,
AGGAC = 1.0
ALDAC = 1.0.

Specifies the amount of exact exchange and various otheaegehand correlation settings. The sum of the fraction of
the exact exchange and LDA exchange is always 1.0, and i¢ jgassible to set the amount of LDA exchange indepently.
Examples: ifAEXX=0.25, 1/4 of the exact exchange is used, and 3/4 of the LDA exchangeéded. FOAEXX=0.5, half of
the exact exchange is used, and one half of the LDA excharagpiisd.

The amount of GGA exchange, and the correlation contribstiman be set indepently, however (some popular hybride
functionals for instance use only 0.8 of the gradient cbittan to the exchange). The GGA flag&GAXandAGGAGre only
used if GGA is already selected (for LDA type calculationggnadient correction will be added regardless of valuesésius
for AGGAXandAGGAT.

Note: The defaults are chosen such that the hybride PBEQifuat is selected for PBE pseudopotentials (the PBEO func-
tional contains 25 % of the exact exchange, and 75 % of the RBEa@ge, and 100 % of the PBE correlation energy). The
resulting expression for the exchange-correlation entirgy takes the following simple form:

1 3
EPBEO_ A= Ey°E+ Eg°F (6.18)

Other sensible values are of coureXX = 1.0 (full Hartree Fock type calculations). In this case, onehhigant to set
ALDAC=0.0 andAGGAC=0.0, in order to avoid the addition of correlation energy.
A comprehensive evaluation of the performance of the PBB6tfanal, as compared to PBE, can be found in Ref. [66].

6.64.4 ENCUTFOCKFFT grid in the HF related routines
ENCUTFOCK = real number (energy cutoff determining the FFT g rids in the HF related routines)

default: none

The ENCUTFOCKparameter controls the FFT grid for the HF routines. The m#nsible value foENCUTFOCHKs
ENCUTFOCK=0This implies that the smallest possible FFT grid, whicht prscloses the cutoff sphere corresponding to the
plane wave cutoff, is used. This accelerates the calcustiy roughly a factor two to three, but causes slight chamgéne
total energies and a small noise in the calculated forces FHT grid used internally in the Hartree Fock routines igtemi
to the OUTCAR file. Simply search for lines starting with

FFT grid for exact exchange (Hartree Fock)

In many cases, a sensible approach is to determine theaglecand ionic groundstate usifg\CUTFOCK = Qand to
make one final total energy calculation without the #ENfUTFOCK

6.64.5 LMAXFOCK (or old HFLMAXF)

LMAXFOCK = integer  (maximum L quantum number for charge augm entation in HF routines)
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default:LMAXFOCK=4

VASP also reads the flagFLMAXto be compatible to old releases.

Maximum angular quantum numbkfor the augmentation of charge densities in Hartree-Fopk tputines. This flags
determines the treatment on the plane wave grid only (psewade functions). To compensate resulting errors, the sontr
butions from the one-center terms are evaluated for thedosesve functions also only up lo=LMAXFOCKwhereas the
one-center terms for the exact all-electron wave functemesevaluated up to the maximum requite(dwice the angular
guantum number of the partial wave with the higHgsThe default is 4, and it might be required to increase thimmeter,
if the system contains f-electrons. Since this increasesdmputational load considerably (factor 2), it is recomdes to
perform tests, whether the results are already reasonabyemyed using the defallMAXFOCK=4

6.64.6 LMAXFOCKAE

LMAXFOCKAE = integer  (maximum L quantum number for accurate charge augmentation in HF routines)

default:LMAXFOCKAE=-1

Maximum angular quantum numbkfor the “accurate” augmentation of charge densities in tdarEock type routines.
Usually VASP restores only thmomentof the all electron charge density on the plane wave grid gseeious flag) up to
a certain radial quantum number. It is, however, also possible to restorsttapeof the charge density accurately on the
plane wave grid, using the fladlAXFOCKAE

This flag usually hardly changes the total energy or onetrelestates, since the one-center-terms are calculatedyexa
for most Hamiltonians (the one-center-terms are defineldeagifference between the pseudized one-center-term$iaradi
electron one-center-terms). However for the followingetyd Hamiltonians, one-center-terms are currently not @mpnted,
or only approximately implemented.

e Thomas Fermi type screeningTHOMAS=.TRUE)
e GW type calculations

In these cases, it is recommended tol 48AXFOCKAED twice the maximum radial quantum numbdound in the POTCAR
file.

6.64.7 HFSCREEMNind LTHOMAS
HFSCREEN = real (truncate the long range Fock potential)

In combination with PBE potentials, attributing a value H6SCREENwill switch from the PBEO functional (in case
LHFCALC=.TRUE.) to the closely related HSEO3 or HSEO06 functional [67, 68, 69
The HSEO03 and HSEOQ6 functional replaces the slowly decalging-ranged part of the Fock exchange, by the corre-
sponding density functional counterpart. The resultingregsion for the exchange-correlation energy is given by:
1 3
2 B0+ 5 BXPESR + EXPER (W) + SRR (6.19)
As can be seen above, the separation of the electron-aldoteraction into a short- and long-ranged part, labelechB&R
LR respectively, is realized only in the exchange intemangi Electronic correlation is represented by the cormedipg part
of the PBE density functional.
The decomposition of the Coulomb kernel is obtained usiedgdahHowing construction{ =HFSCREEN

HSE _
EXC -

1 S0+ Lu(r) = erfcr(ur) N erf(rur)

r_

(6.20)

wherer = |r —r'|, andp is the parameter that defines the range-separation, anldtied¢o a characteristic distance/ |,
at which the short-range interactions become negligible.

Note: It has been shown [67] that the optimuntontrolling the range separation is approximateR~00.3 A-1. To conform
with the HSEO6 functional you need to seledEECREEN=0.9 [67, 68, 69].

Using the decomposed Coulomb kernel and Equ. (6.13), oaiglstforwardly obtains:

EXSR(U-) — _§ Z fknfqm//d3rd3r/w % (p;n(r)(pam(r/)(ﬂ(n(r/)(ﬂqm(r)- (6.21)

kn,gm |r —I”|
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The representation of the corresponding short-ranged poigitial in reciprocal space is given by

VeR(G,G') = (k+GVRIk+G')

4T Ciy(G' = G")Crg(G — G "2 a2
TN f mq 1— g [k—a+G"|7/4u 22
Q an “’“GZ K—q+ G X( © ) (6.22)

Clearly, the only difference to the reciprocal space regmtgtion of the complete (undecomposed) Fock exchangetaite
given by Equ. (6.17), is the second factor in the summand in E&22), representing the complementary error function i
reciprocal space.

The short-ranged PBE exchange energy and potential, airdlahg-ranged counterparts, are arrived at using the same
decomposition [Equ. (6.20)], in accordance with Hepdl [67] It is easily seen from Equ. (6.20) that the long-rargyent
becomes zero fqu = 0, and the short-range contribution then equals the fulll@uh operator, whereas for— it is the
other way around. Consequently, the two limiting cases eHBEO3/HSEOQ6 functional [see Equ. (6.19)] are a true PBEO
functional forp = 0, and a pure PBE calculation fpr— co.

Note: A comprehensive study of the performance of the HSEBB06 functional compared to the PBE and PBEO functionals
can be found in Ref. [73]. The B3LYP functional was investighin Ref. [74]. Further applications of hybrid functiosab
selected materials can be found in the following referenCesia (Ref. [75]), lead chalcogenides (Ref. [76]), CO agdson

on metals (Refs. [77, 78]), defects in ZnO (Ref. [79]), exait properties (Ref. [80]), SrTivand BaTiQ (Ref. [81]).

LTHOMAS

If the flagLTHOMASSs set, a similar decomposition of the exchange functiamal @ long range and a short range part is used.
This time, it is more convenient to write the decompositiomeciprocal space:

ATIE? 4ATie? (4ne2 ATie? >

&7 = 80)+Le) = o+ (5~ mrre

(6.23)

wherekr is the Thomas-Fermi screening lengtfRSCREENS used to specify the paramekegi-. For typical semi-conductors,
the Thomas-Fermi screening length is aboutA:g, and settingdFSCREENo this value yields reasonable band gaps for
most materials. In principle, however, the Thomas-Fermeaging length depends on the valence electron densityPVAS
determines this parameter from the number of valence elestfPOTCAR) and the volume and writes the corresponding
value to the OUTCAR file:

Thomas-Fermi vector in A = 2.00000

Since, VASP counts the semi-core states drglates as valence electrons, although these states demiobate to the
screening, the values reported by VASP are, however, afimriiect. Details can be found in literature [70, 71, 72]otker
important detail concerns that implementation of the dgifishctional part in the screened exchange case. Litasuggests
that a global enhancement factofsee Equ. (3.15) in Ref. [72]) should be used, whereas VAS#eiments a local density
dependent enhancement factet ktg /k, wherek is the Fermi wave vector corresponding to the local densityl (not the
average density as suggested in Ref. [72]). The VASP impi¢atien is in the spirit of théocal density approximation.

6.64.8 NKREDNKREDXNKREDYNKREDZand EVENONLYODDONLY

NKRED = integer
NKREDX=integer
NKREDY= integer
NKREDZ= integer
EVENONLY = logical
ODDONLY logical

Under certain circumstances it is possible to evaluate fh&eétnel (see Equ. 6.13) on a sub gridogpoints, without much
loss of accuracy (see Ref. [73]). Whether this is possiblpedds on the range of the exchange interactions in the camdpou
of choice. This can be understood along the following lines:

Consider the description of a certain bulk system, usingpeell made up oN primitive cells, in such a way tha{A;},
the lattice vectors of the supercell are givenAjy= njA; (i = 1,2,3), where{A;} are the lattice vectors of the primitive cell.
Let Rmax= 2/ be the distance for which

erfe(r — ')

"7 ~0, for |r—r'| > Rnax (6.24)
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When the nearest neighbour distance between the perigdiepkated images of the superd@l\ > 2Rmax (i-e. Run > 4/1),
the short-ranged Fock potenti®SR[], can be represented exactly, sampling the BZ af tpeint only, i.e.,

& , erfo(yr —r'))
VW (r,r") = ) ; frmUrm(r/)Urm(r)W (6.25)
This is equivalent to a representation of the bulk systemgusie primitive cell and a; x n; x ng sampling of the BZ,
e i iqr  erfe(yr —r’|)

where the set of] vectors is given by
{gq} ={iG1+ jG2+ kG3}, (6.27)

fori=1,..,n1, j=1,..,np, andk = 1,..,n3, with G1 2 3 being the reciprocal lattice vectors of the supercell.

In light of the above it is clear that the numbergppoints needed to represent the short-ranged Fock pdtdatieeases with
decreasindRnax (i.€., with increasing). Furthermore, one should realize that the maximal randglesoéxchange interactions

is not only limited by the erf@r —r’|) /|r —r’| kernel, but depends on the extend of the spatial overlapoftvefunctions as
well [this can easily be shown for the Fock exchange energgrvadme adopts a Wannier representation of the wavefunctions
in Egs. (6.13) or (6.21)]Rmax as defined in Equ. (6.24), therefore, provides an uppet fionithe range of the exchange
interactions, consistent with maximal spatial overlaphef wavefunctions.

It is thus well conceivable that the situation arises whieeeshort-ranged Fock potential may be represented on adeonsi
erably coarser mesh of points in the BZ than the other carttabs to the Hamiltonian. To take advantage of this siamati
one may, for instance, restrict the sum ogen Equ. (6.22) to a subsefqy }, of the full (N1 x Nz x N3) k-point set,{k}, for
which the following holds

qk:blﬁfﬁ+m”i?+bJﬁ?,
whereb » 3 are the reciprocal lattice vectors of the primitive celld&h is the integer grid reduction factor along reciprocal
lattice directionb;. This leads to a reduction in the computational workload to:

1
C1CCs

The integer grid reduction factor are either set separ#tebyughC; =NKREDXC,=NKREDYandCs;=NKREDZor simultaneously
throughC; = C; = C3=NKRED The flagEVENONLYchooses a subset &f-points withC; = C, =C3 =1, andn; +nz2+np
even. It reduces the computational work load for HF typewdattons by a factor two, but is only sensible for high synuyet
cases (such as sc, fcc or bece cells).

Note: From occurrence of the range-separation paranpgtethe equation above, one should not get the impressionhbat
grid reduction can only be used/useful in conjunction with HSE03/HSEO06 functional (see Sec. 6.64.7). It can beeapli
in the PBEO and pure HF cases as well, although from the abavight be clear that the HSEOQ3, in general, will allow for a
larger reduction of the grid than the before-mentioned tionals (see Ref. [73]).

(M =0,..,N—1) (6.28)

(6.29)

6.64.9 WhenNKREDshould not be applied

In metallic systemsNKREDmust be used with great care, and results might be wrongKREDis applied. Problematic
cases include electron or hole doped semiconductors diaboss. If two electrons are added to a bulk Fi€ell containing
72 atoms, and calculations are performed using2x 2 k-points, the following results are obtained for the oteston
energies and occupancies with and withBKRED=2(AEXX=0.2 ; HFSCREEN = 0.2):

k-point  1: 0.0000 0.0000 0.0000

DOPED NKRED = 2 DOPED NKRED = 1 UNDOPED CASE
band No. band energies occupation  band energies occupation band energies occupation
valence bands
262 2.4107 2.00000 2.4339 2.00000 2.4082 2.00000
263 2.4107 2.00000 2.4339 2.00000 2.4082 2.00000
264 2.8522 2.00000 2.8597 2.00000 2.8566 2.00000
conduction bands
265 5.4046 2.00000 5.8240 1.87262 5.8126 0.00000

266 5.4908 2.00000 5.8695 1.62151 5.8424 0.00000
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267 5.4894 2.00000 5.8695 1.62192 5.8424 0.00000
k-point  2: 0.5000 0.0000 0.0000
DOPED NKRED = 2 DOPED NKRED = 1 UNDOPED CASE
band No. band energies occupation  band energies occupation band energies occupation
valence bands
262 2.0015 2.00000 2.0144 2.00000 2.0160 2.00000
263 2.5961 2.00000 2.6072 2.00000 2.6046 2.00000
264 2.5961 2.00000 2.6072 2.00000 2.6045 2.00000
conduction bands
265 6.1904 0.00000 6.1335 0.00435 6.0300 0.00000
266 6.1904 0.00000 6.1335 0.00435 6.0300 0.00000
267 6.1907 0.00000 6.1340 0.00426 6.0305 0.00000
k-point 3 : 0.5000 0.5000 0.0000
DOPED NKRED = 2 DOPED NKRED = 1 UNDOPED CASE
band No. band energies occupation  band energies occupation band energies occupation
valence bands
262 2.4237 2.00000 2.4433 2.00000 2.4287 2.00000
263 2.4238 2.00000 2.4432 2.00000 2.4287 2.00000
264 2.4239 2.00000 2.4433 2.00000 2.4287 2.00000
conduction bands
265 5.8966 0.42674 5.9100 1.24121 5.8817 0.00000
266 5.8780 0.54128 5.9100 1.24143 5.8817 0.00000
267 5.8826 0.50661 5.9100 1.24261 5.8817 0.00000

Without NKRED the one electron energies are pretty similar to the ondrele@nergies in the undoped system (last two
columns), whereas usingKREDa strong reduction of the “gap” between the valence and adimiuband is observed, in
particular, close to the conduction band minimum (in thisecthel” point). This result is an artefact of the approximation
used forNKRED=2 The non-local exchange operator cancels the self-interapresent in the Hartree-potential. R¢RED

= 2 and 2x 2 x 2 k-points, the non-local exchange operator at each k-oawvaluated using the one-electron orbitals at this
k-point only, e.g.:

4re? (G —G")C (G—-G")

Vk (G,G') = (k+G|Wlk+G) :,Tfkm; e (6.30)

The sum oveny, which is present in Equ. (6.30), is replaced by the singpmit k. This reduces the self-interaction for
states that have originally an occupancy larger one, coitaotty pulling those states to lower energies. Initialiggty states
(occupancy smaller one) are pushed up slightly. Since shitearly an artefachNKREDmust be used with uttermost care for
large supercells with coarse k-point sampling. Pleaseyawheck whether occupancies are similar at all k-pointisfis
not the case, the calculations should be double checkeduwtittKRED

Since HF type calculations using<2 x 2 k-points withoutNKRED are roughly 64 times more expensive than those using
thel point only, it might seem impossible to do anything bupoint only calculations. However, VASP allows to generate
special k-points using generating lattices (see Sec.)5.Bdticularly usefull for HF type calculations, are thdldaing
k-point sets

k-point set generating a bcc like lattice in the BZ -> 2 k-poin ts in BZ
0

direct

0.5 05 05

-5-505

05 -5 -5

000

This KPOINTS file generates two 2 k-points, one at Fhpoint and one along the space diagonal at the BZ boundrary (
point).

The second KPOINTS file generates 4 k-points, one &t theint and three at th&points (the latter ones might be symmetry
equivalent for cubic cells).
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k-point set generating an fcc lattice -> 4 k-points in BZ
0

direct

0.5 05 0.0

0.0 0.5 0.5

0.5 0.0 05

000

Using such grids, sensible and fairly rapidly convergirgutes are obtained e.g. for electron and hole doped mateaatn
if the conduction or valence band is partially occupied qyleieed. For instance for Tigxhe following energies are obained:

Gamma only TOTEN = -837.759900 eV
2 k-points TOTEN -838.039157 eV
4 k-points TOTEN -838.129712 eV
2x2x2 TOTEN = -838.104787 eV
2x2x2 NKRED=2 TOTEN = -838.418681 eV

Note that results usingKREDnot improved compared 10 only calculations.

6.64.10 Typical HF type calculations

It is strongly recommended to perform standard DFT calmdatfirst, and to start HF type calculations from a precogwer
WAVECAR file.

A typical INCAR file for a HF or hybrid HF/DFT calculation fomainsulator or semiconductor has the following input
lines:

ISTART = 1

LHFCALC = .TRUE. ; HFSCREEN = 0.2

NBANDS = number of occupied bands

ALGO = All ; TIME = 0.4

ENCUTFOCK = 0 ! omit flag for high quality calculations
NKRED =2 ! omit flag for high quality calculations

For metals and small gap semiconductors it is recommendeaskto

ISTART =1

LHFCALC = .TRUE. ; HFSCREEN = 0.2

ALGO = Damped ; TIME = 0.4

ENCUTFOCK = 0 ! omit flag for high quality calculations
NKRED = 2 ! omit flag for high quality calculations

These input files select the HSEO06 functional, which tendseial very similar thermochemistry as the PBEO functiobal,
converges more rapidly with respect to the number of k-jgdifi8]. We thus recommend to apply and use this functional
instead of the more demanding PBEO functional. NK&REDflag is applicable, if and only if the number of k-points is
dividable by 2 (see Sec. 6.64.8NCUTFOCKselects a small FFT grid for the fast-Fourier-transforne® (Sec. 6.64.4). For
high accuracyNKREDand in particulaENCUTFOCIHnight be ommited, but we recommend to do this only after preeming
the wavefunctions and atomic positions with these flagsiSpec

Mind, that the parameterIME defaults to 0.4, and for the present algorithm this hardigr eveeds to be changed. If
divergence is observed, simply decre@¥E until the damped or conjugate gradient algorithm beconasdes(see Sec. 6.44
and 6.48).

6.65 Optical properties and density functional perturbation theory (PT)
Available only in VASP.5.X.

6.65.1 LOPTICS: frequency dependent dielectric matrix
LOPTICS = .TRUE. or .FALSE.
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Default: .FALSE.
If LOPTICS = .TRUE., VASP calculates the frequency dependent dielectric mafter the electronic ground state has
been determined. The imaginary part is determined by a stimmaver empty states using the equation:

4ree? 1 .
s((JZB)(w) =g Ilmqﬂo@ ZkZWka(eCk — Evi — ) X (Uck-+eqq|Uvic) (Uck+exq|Uvic) (6.31)
cV,

where the indices andv refer to conduction and valence band states respectivatyia is the cell periodic part of the
wavefunctions at the k-poiht The real part of the dielectric tensg®) is obtained by the usual Kramers-Kronig transforma-
tion

2
2_ 1o Eqp(0)w

whereP denotes the principle value. The method is explained inildat&ef. [82] (Equ. (15), (29) and (30) in Ref. [82]).
The complex shift) is determined by the paramet@sHIFT (Sec. 6.65.2).

Note that local field effects, i.e. changes of the cell padpart of the potential are neglected in this approximatidrese
can be evaluated using either the implemented densityiuradtperturbation theory (see Sec. 6.65.4) or the GW rest{see
Sec. 6.66). Furthermore the method selected USDRJICS = .TRUE. requires an appreciable number of empty conduction
band states. Reasonable results are usually only obtdfitieel parameteNBANDSs roughly doubled or tripled in the INCAR
file with respect to the VASP default. Furthermore it is engibed that the routine works properly even for HF and scréene
exchange type calculations and hybrid functionals. In¢hise, finite differences are used to determine the derdst¥the
Hamiltonian with respect tk.

Note that the number of frequency grid points is determingthb parameteNEDOYsee Sec. 6.36). In many cases it is
desirable to increase this parameter significantly frordéfault value. Values around 2000 are strongly recommended

6.65.2 CSHIFT: complex shift in Kramers-Kronig transformation

CSHIFT = real number (complex shift)

default:CSHIFT = 0.1

The implemented Kramers-Kronig transformation uses alsooahplex shiftn = CSHIFT in Equ. (6.32). The default
for this shift is 0.1, which is perfectly acceptable for masiculations and causes a slight smoothening of the real par
of the dielectric function. If the gap is very small (i.e. apaching two timesCSHIFT), slight inaccuracies in the static
dielectric constant are possible, which can be remediecebyedsindCSHIFT. If CSHIFT is further decreased, it is strongly
recommended to increase the paramBEDOS0 values around 2000 (see Sec. 6.36).

6.65.3 LNABLA transversal gauge
LNABLA = .TRUE. or .FALSE.

Default:.FALSE.

Usually VASP uses the longitudinal expression for the feegry dependent dielectric matrix as described in the pdecee
ing section (see. 6.65.1). It is however possible to switcthe computationally somewhat simpler transversal espas
by selecting.NABLA = .TRUE. (in this case Equ. (17) and (20) in Ref. [82]). In this simpldiion the imaginary part of the

macroscopic dielectric functiogt? is given by

4ree’ . . .
s((fg(w) = mhmq_,ocgk 2Wi O(Eck +q — Evk — W) X (Uek |ida — Ko |Uvk) (Uek [i D — kBIka) ) (6.33)

Except for the purpose of testing, there is however hardr evreason to use the transversal expression, since itsis les
accurate.[82]

6.65.4 LEPSILON: static dielectric matrix, ion-clamped piezoelectric tersor and the Born effective charges using den-
sity functional perturbation theory

LEPSILON = .TRUE. or .FALSE.
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Default:.FALSE.

Determines the static ion-clamped dielectric matrix ugilegsity functional perturbation theory. The dielectrictrixa
is calculated with and without local field effects. Usualbgal field effects are determined on the Hartree level, hgud-
ing changes of the Hartree potential. To include microscepanges of the exchange correlation potential the R =
FALSE. must be set (see Sec. 6.65.5). The method is explained iih ideRef. [82], and follows closely the original work
of Baroni and Resta.[83] A summation over empty conductiandostates is not required, as opposed to the method selected
by settingLOPTICS=.TRUE. (see Sec. 6.65.1). Instead, the usual expressions in lpatitun theory

|Grpic) (T | LK EnkSED) 17

|0k Unk) = Z .

nZn €nk — 8I’1'k

(6.34)

are rewritten as linear Sternheimer equations:

0(H(k) —enkS(K)) -
ok Orc)-

The solution of this equation involves similar iterativeliaiques as the conventional selfconsistency cycles. éjéoceach

element of the dielectric matrix several lines will be waittto the stdout and OSZICAR. These possess a similar steussu

for conventional selfconsistent or non-selfconsisteitutations (a residual minimization scheme is used to stiledinear

equation, other schemes such as Davidson do not apply tear iguation):

(H(k) - nkS(K)) |OkOne) = —

N E dE d eps ncy rms rms(c)
RMM: 1 -0.14800E+01  -0.85101E-01  -0.72835E+00 220  0.907E+ 00 0.146E+00
RMM: 2 -0.14248E+01 0.55195E-01  -0.27994E-01 221  0.449E+0 0 0.719E-01
RMM: 3 -0.13949E+01 0.29864E-01  -0.10673E-01 240  0.322E+0 0 0.131E-01
RMM: 4 -0.13949E+01 0.13883E-04  -0.31511E-03 242  0.600E-0 1 0.336E-02
RMM: 5 -0.13949E+01 0.28357E-04  -0.25757E-04 228 0.177E-0 1 0.126E-02

It is important to note that exact values for the dielectratnx are obtained even if only valence band states are ledzl
Hence this method does not require to increaseNBNDSparameter. The final values for the static dielectric matax be
found in the OUTCAR file after the lines

MACROSCOPIC STATIC DIELECTRIC TENSOR (excluding local fie
and
MACROSCOPIC STATIC DIELECTRIC TENSOR (including local fie  Id effects in DFT)

The values found afteMACROSCOPIC STATIC DIELECTRIC TENSOR (excluding local fie Id effects) should match
exactly to the zero frequency values— 0 determined by the method selected udiB§TICS=.TRUE. (see Sec. 6.65.1). This
offers a convenient way to determine how many empty bandsgrered folLOPTICS=.TRUE. . Simply execute VASP using
LEPSILON = .TRUE. in order to determine the exact values for the dielectricstamts. Next, switch tbOPTICS=.TRUE. and
increase the number of conduction bands until the same salgeobtained as using density functional perturbatioorthe
Note that the routine also parses and uses the value supptieel NABLAtag (see Sec. 6.65.3). Furthermore, the routine

calculates the Born effective charge tensor (dynamicalggds) and electronic contribution to the the piezoeledérisor ,
and prints them after

BORN EFFECTIVE CHARGES (in e, cummulative output)
and
PIEZOELECTRIC TENSOR (CIm2)

if LRPA=.FALSE. is set (the calculated tensors are not sensible in the raptiase approximatiobtRPA=.TRUE. ).
Pros compared tbOPTICS=.TRUE. (see Sec. 6.65.1):

e no conduction bands required.

ld effects)

for field in x, y, z

o |ocal field effects included on the RPA and DFT level (see 865.5).
Cons compared tbOPTICS=.TRUE. (see Sec. 6.65.1):
e presently only static properties available.

e requires a relatively timeconsuming iterative process.

e does not support HF or hybride functionals, whelgaBTICS=.TRUE. and the GW routines do.

It is not sensible to seledtOPTICS=.TRUE. andLEPSILON=.TRUE. in a single run (most likely it does work however).
Density functional perturbation theokfPSILON=.TRUE. does not require to increaBBANDSanNd is, in fact, much slower if
NBANDSs increased, whereas the summation over emtpy conduction $tates requires a large number of such states.
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6.65.5 LRPA local field effects on the Hartree level (RPA)
LRPA = .TRUE. or .FALSE.

Default:.FALSE.

Usually local field effect are included on the Hartree lev@ydLRPA=.TRUE.). This means that cell periodic microscopic
changes of the local potential related to the change of thré¢apotential are included. fRPA = .FALSE., however,
changes of the Hartree potential and thehange correlation potentiare included. This usually increases the dielectric
constants. The final values for the dielectric matrix candamél in the OUTCAR file after the lines.

MACROSCOPIC STATIC DIELECTRIC TENSOR (including local fie  Id effects in RPA (Hartree))
ForLRPA=.FALSE. the dielectric matrix is written after the lines:
MACROSCOPIC STATIC DIELECTRIC TENSOR (including local fie  Id effects in DFT)

The dielectric constants without local field effects is afgrdetermined (irregardless IbRPA). The piezoelectric tensors and
the Born effective charges as well as the ionic contribithe to dielectric tensor are only calculated fBPA=.FALSE.

6.65.6 Vibrational frequencies, relaxed-ion static dieletric tensor and relaxed-ion piezoelectric tensor

SettinglBRION=8 or IBRION=7 selects the calculation of the interatomic force constasitsg density functional perturbation
theory. ForIBRION=8, symmetry is taken into account, wherdBRION=7 neglects symmetry considerations and is thus
usually significantly more expensive.|BRION=7 (or IBRION=8) andLEPSILON=.TRUE. is selected, the relaxed-ion static
dielectric tensor, or low frequency dielectric tensor, #melrelaxed-ion piezoelectric tensors are determined @#yalues

are collected and printed at the end of the OUTCAR file (see &kx. 6.21.7). Specifically the ionic contribution to the
piezoelectric tensor is printed after

PIEZOELECTRIC TENSOR IONIC CONTR for field in x, vy, z (CIm2)
and the ionic contributions to the dielectric tensor areted after:
MACROSCOPIC STATIC DIELECTRIC TENSOR IONIC CONTRIBUTION

Note thatLRPA=.FALSE. must be selected to obtain these values.

6.66 Frequency dependent GW calculations

Available only in VASP.5.X. For details on the implementatiand use of the GW routines we recommend the following
references: Ref. [85, 86, 87, 88].

6.66.1 ALGO for response functions and GW calculations
ALGO = CHI | GWO | GW | scGW | scGWO

Default: none. The input string is parsed case insensitive.

ALGO = CHicalculates the response functions only. BEb6O = GVMndALGO = GWehe wavefunctions of the previous
groundstate calculations are maintained, aptiV calculations are performed. NELMis set, several interations are per-
formed, and the eigenvalues are updated in the calculafi@(@LGO = GW0oor W and G ALGO = G A full update of
the wavefunctions can be performed by specifyaO = SCGWndALGO = SCGWO0n the former case, the wavefunctions
and eigenvalues are updated for the calculations of G andi@tems in the latter case the wavefunctions and eigenvataes
only updated in G.

6.66.2 LMAXFOCKAE
LMAXFOCKAE = integer  (maximum L quantum number for accurate charge augmentation in HF routines)

default:LMAXFOCKAE=-1

For accurate QP eigenvalues of systems with localizedrelestthe flad MAXFOCKABuSt be set. Usually VASP restores
only the momentsof the all electron charge density on the plane wave grid ua t@rtain radial quantum number. If
LMAXFOCKAEs set, theshapeof the charge density is restored accurately on the plane was up to a typical plane wave
energy of 100 eV. Beyond that cutoff the polarizability isally very small & 0.01), necessitating no accurate treatment.

Restoring the charge density on the plane wave grid with pigitision allows to obtain accurate QP energies, even
though the one-center-terms are not implemented in VASEh®GW case. The flag must be selected for GW calculations
involving transition metalsL(MAXFOCKAE=Hand/or first row elementd MIAXFOCKAE=R See also Sec. 6.64.5.
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6.66.3 NOMEGANOMEGARumber of frequency points

NOMEGA = integer (number of frequency points)
NOMEGAR-= integer (number of frequency points along real axi S)

default:NOMEGA 50, NOMEGAR NOMEG#or GW calculations
NOMEGA 12,NOMEGAR 0 for AC-FDT calculations.

NOMEG#Apecifies the number of frequency grid points. UsulIBMEGARhumber of frequency points along real axis)
equalsNOMEGAIf NOMEGA#R smaller tharNOMEGAfor instance 0), frequencies along the imaginary time axésincluded
(this feature is currently not fully supported).

Typically NOMEGAhould be chosen around 50-100 (for the parallel verdioMEGAhould be dividable by the number of
compute nodes to obtain maximum efficiency). For quick ancthorg conserving calculations, it is sufficient to BS&MEG#o
values aroundlOMEGA= 20-3Q but then you must expect errors of the order of 20-50 meVHergap, and 100-200 meV for
the bottom of the conduction band. We furthermore recomntemtcreaseNOMEGANot beyond 100 for a k-point sampling
of 4 x 4 x 4 points/atom: the joint DOS and the self-energy tend togmspurious fine structure related to the finite k-point
grid. This fine structure is smoothed, when smaller valuesi@MEGAare used, or if more k-points are used. For 6x 6
k-points/atomNOMEGAan be usually increased to 200-300 without noticing prmoklassociated with this kind of noise.

Note that the spectral methoddSPECTRAL see Sec. 6.66.4) scales very favourable with respect twitimder of frequency
points, henc&lOMEGA= 30s usually only slightly faster thaROMEGA = 100

6.66.4 LSPECTRAL use the spectral method
LSPECTRAL = .FALSE. or .TRUE.

default:LSPECTRAL=.TRUE. if NOMEGA- 2.

If LSPECTRAL=.TRUE. is set, the imaginary part of the independent particle jpaility xg(G,G’,oo) is calculated first,
and afterwards the full independent particle polarizabifi determined using a Kramers-Kronig (or Hilbert) traorsf. This
reduces the computational work load by almost a faBEGA/2. The downside of the coin is that the response function
must be kept in memory for all considered frequencies, whan cause excessive memory requirements. VASP therefore
distributes the dielectric functions among the availalolepute nodes.

A similar trick is used when the QP-shifts are calculatedydneral it is strongly recommended to s8PECTRAL=.TRUE,,
except if memory requirements are too excessive.

6.66.5 OMEGAMAXMEGATIand CSHIFT

OMEGAMAX = real number (maximum frequency for dense part of f requency grid)
OMEGATL = real number (maximum frequency for coarse part of f requency grid)
CSHIFT = complex shift

defaults:OMEGAMAX -outermost node in dielectric functi@fw)/1.3

OMEGAMAX =energy difference between conduction and valence bandmimi1.3

OMEGATL =10 x outermost node in dielectric functian

CSHIFT = OMEGAMAX1.3 / max(NOMEGA 40)
For the frequency grid along the real and imaginary axis sbighted schemes are used that are based on simple model
functions for the macroscopic dielectric function. Thedgpacing is dense up to roughly DBIEGAMAXnd becomes coarser
for larger frequencies. The default value RIVEGAMADS either determined by the outermost node in the dielefriction
(corresponding to a singularity in the inverse of the digledunction) or the energy difference between the valenaed
minimum and the conduction band minimum. The larger of thegevalues is used. Except for pseudopotentials with deep
lying core statesQMEGAMAIS usually determined by the node in the dielectric function

The defaults have been carefully tested, and it is recometktmlleave them unmodified whenever possible. The grid
should be solely controlled bMOMEGAsee Sec. 6.66.3). The only other value that can be modifitttei€omplex shift
CSHIFT. In principle,CSHIFT should not be chosen independenthtNGMMEGANdOMEGAMAX.g. for less dense grids (smaller
NOMEGAthe shift must be accordingly increased. The defaultdBHIFT has been chosen such that the calculations are
converged to 10 meV with respect MOMEGA.e. if CSHIFT is kept constant anNOMEG#s increased, the QP shifts should
not change by more than 10 meV; at leastfSPECTRAL=.TRUE. and the considered test materials this was the case. For
LSPECTRAL=.FALSE. this does not apply, and it is recommended taC8HIFT manually and to perform careful convergence
tests in this case.
For LSPECTRAL=.TRUE. independent convergence tests with respeMBWEGANdCSHIFT are usually not required, and

it should suffice to control the technical parameters viadingle parameteNOMEGAAIso note that too large values for
NOMEGM combination with coarse k-point grids can cause a deerigggrecision (see Sec. 6.66.3).
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6.66.6 ENCUTGWnergy cutoff for response function

ENCUTGW = real number (energy cutoff for response function)

default:ENCUTGW ENCUT
The parameteENCUTGWontrols the basis set for the response functions in exttstysame manner &NCUTdoes for
the wave functions. In the GW case, updates of the responséida dominate the computational work load:

1 <lIJnk|e7i(q+G>r |wn’k+q><lpn’k+q|ei(q+el>r/|lpnk>
=Y 2W(fvkgg — fi) % : —~ 6.35
1) ank k( n'k-+q nk) 8n'k+q e — i ( )

The ENCUTGWontrols how manys vectors are included in the the response funcm'g)@G, G, w).

Tests have shown that choosiBYCUTGW ENCUTyields essentially exact results. In principle, howeviee tesponse
function contains contributions up to twice the plane wawtoff G (see Sec. 7.2). Since the diagonal of the dielectric
matrix converges rapidly to one, such a large cutoff is naatually required (the present release has only been tésted
ENCUTGW. ENCUT and might crash iIENCUTGW ENCUTJ. Furthermore, in most cases, it is even possible tESeITGW to
a value between 150 to 200 eV, and even 100 eV gives usuallbhiiB that are accurate to within a few hundreds of an eV
(0.01-0.02 eV). This can help to speed up the calculatigrafstantly and reduces the memory requirements subskigntia

The flagENCUTFOCKSec. 6.64.4), determines the FFT grid in all Hartree-Faek@W routines. It therefore, influences
the behavior and performance of the GW routines (see Set49.®But because FFT’s do not dominating the computational
work load for GW calculations, savings are smalENNICUTFOCKs set. On the other hand, settif)) CUTFOCK=thardly
influences the QP-shifts, it does not do any harm t&B&UTFOCK=@outinely in GW calculations.

6.66.7 ENCUTGWSORDft cutoff for Coulomb kernel
ENCUTGWSOFT = real number (energy cutoff for response funct ion)

default:ENCUTGWSORTENCUTGW 0.8 for ACFDT, otherwiseeENCUTGWSORTENCUTGW

The flag allows to truncate the Coulomb kernel slowly betwiberthe energy specified IBNCUTGWSORINdENCUTGW
This usually leads to much smoother energy-volume curvA€iFDT and MP2 calculations. The modified Coulomb kernel
is in this case:

2 2
ATe? 1 "2k — ENCUTGWSOFT R2|G|2
Ve =-—5= | 14+cos|m for > ENCUTGWSOFT
G2 2 ENCUTGW — ENCUTGWSOFT 2me

6.66.8 ODDONLYG#hd EVENONLYGWeducing the k-grid for the response functions

EVENONLYGW
ODDONLYGW

logical
logical

ODDONLYG#!lows toavoidthe inclusion of the -point in the evaluation of response functions. The indepenparticle
polarizabilityxg(G,G’,w) is given by:

—i(q+G)r , , ei(q+G’)r’
(6,60 = & > 2hlfq ) (Wnicle [Wrvkrq) (rviegl [ (6.36)

Nk Enk+q — Enk —W—iN

If the I" point is included in the summation ovier convergence is very slow for some materials (e.g. GaAs).
To deal with this problem the flaQDDONLYGHAS been included. In the automatic mode,kiwgid is given by (see Sec.
5.5.3):

-

oM - N - n
k=Bt +Pp 2 +B3>, m=0.,Ng—1 mp=0..,Np—1 ng=0..,Ng—1.
N. 2N | °Ng

If the three integersy; sum to an odd value, thk-point is included in the previous summation in the GW roatin
(ODDONLYGW=.TRUE. Note that other routines (linear optical properties)sprely do not recognize this flaGVENONLYGW
=TRUE. is only of limited use and restricts the summatiorktpoints withn; + n, + n3 being even{-point and from there
on ever second k-point included).

Accelerations are also possible by evaluating the respiomsgion itself at a restricted number gfpoints. Note that the
GW loop, involves a sum ovek, and a second one ovgr(the index in the response function). To some extend both can
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be varied independently. The former one by usii@PONLYGWINd the latter one using the HF related flAYRED NKREDX
NKREDYNKREDZandEVENONLYODDONLYAs explained in Sec. 6.64.8 the indgxan be restricted to the values

> MmCy - mC - n3Cs
=b b b
o] 1N1+2N2+3N3’
The integer grid reduction factors are either set sepgréttedbughC;=NKREDXC,=NKREDY andC3;=NKREDZ or simultane-
ously throughC; = C, = C3=NKRED

(n=0,..,N,—1) (6.37)

6.66.9 LSELFENERGYthe frequency dependent self energy
LSELFENERGY = .FALSE. or .TRUE.

default: LSELFENERGY=.FALSE.

If LSELFENERGY=.FALSE, QP shifts are evaluated. This is the default behavior.

If LSELFENERGY=.TRUE.the frequency dependent self-energyk |Z(w)|@w«) is evaluated. Evaluation of QP shifts is by-
passed in this case.

6.66.10 LWAVE selfconsistent GW

If LWAVE=.TRUE.is set explicitly in the INCAR file, the WAVECAR file is updatedter the GW calculations, and the updated
QP-energies are written to the file. This allows to perfortficeasistent GW instead of §8Vg calculations. Note that only
the energies are updated, whereas wavefunctions are kegthod on the DFT level.

6.66.11 Recipy for QW calculations

GW calculations always require the calculation of a stathd¥ T WAVECAR file in an initial step, using for instance the
following INCAR file:

System = Si
NBANDS = 96
ISMEAR = 0 ; SIGMA = 0.05 ! small sigma is required to avoid part ial occupancies

LOPTICS = .TRUE.

Note, that the a significant number of empty bands is requicedGW calculations. Furthermore note that the flag
LOPTICS=.TRUE. is required in order to write the file WAVEDER, which contaihe derivative of the wavefunctions with
respect to k. The actual GW calculations are performed icargkstep, using an INCAR file such as (it is convenient to add
a single line):

System = Si

NBANDS = 96

ISMEAR = 0 ; SIGMA = 0.05
LOPTICS = .TRUE.

ALGO = GWO ; NOMEGA = 50

The head and wings of the dielectric matrix are construcsatk.p perturbation theory (this requires that the file VERER
exists). In the present release the interaction betweecoifeeand the valence electrons is always treated on thedddrock
level.

For hybride functionals, the two step procedure will acawgty involve the following INCAR files. In the first step,
converged HSEO3 wave functions are determined (usuallyG3%&lculations should be preceeded by standard DFT calcu-
lations, we have not documented this step here, see Secl®64

System = Si

NBANDS = 96

ISMEAR = 0 ; SIGMA = 0.05

ALGO = Damped ; TIME = 0.5

LHFCALC = .TRUE. ; AEXX = 0.25 ; HFSCREEN = 0.3
LOPTICS = .TRUE.

In the GW step, the head and the wings of the response magrooarectly determined by reading the required data from the
WAVEDER file.
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System = Si

NBANDS = 96

ISMEAR = 0 ; SIGMA = 0.05
ALGO = GWO ; NOMEGA = 50

Convergence with respect to the number of empty balBdd\DSand with respect to the number of frequen®E€3VEGAust
be checked carfully.

6.66.12 Recipy for selfconsistent GW calculations

Presently only selfconsistent GW calculations within a Q&upe are supported, in the sense that the eigenvalues (and
possibly eigenfunctions) are updated, but satellite pésthake ups and shake downs) can not be accounted for in the sel
consistency cycle. Selfconsistent GW calculations carithereperformed by simply repeatedly calling VASP using:

System = Si

NBANDS = 96

ISMEAR = 0 ; SIGMA = 0.05
ALGO = GW # or ALGO = scGW
LWAVE = .TRUE.

Results are identical foALGO = GW@ndALGO = GWFor scGW0or scGWnon diagonal terms in the Hamiltonian are also
accounted for, and the linearized QP equation is diagaliAlternatively specify an electronic iteration countsing
NELM

System = Si

NBANDS = 96

ISMEAR = 0 ; SIGMA = 0.05

ALGO = GW # or ALGO = scGW

NELM = 4

LWAVE = .TRUE. ! depends on whether you want to have final upda ted
I eigenvalues on WAVECAR

In this case the QP energies are updated 4 times (startingthe DFT eigenvalues) in both G and W.

6.66.13 Recipy for partially selfconsistent GW calculations

In most cases, the “best” results (i.e. closest to experihaea obtained by iterating only G, but keeping W fixed to thigal

DFT Wj. This can be achieved in two manners. If the spectral methodtiselected, the QP shifts are iterated automatically
four times, and you will find four sets of QP shifts in the OUTR Aile. The first one corresponds to thgW, case, the final
one to the GW results. The INCAR file is simply:

System = Si

NBANDS = 96

ISMEAR = 0 ; SIGMA = 0.05
ALGO = GWO ; NOMEGA = 50

For technical reasons, it is not possible to iterate G in thahner, ifLSPECTRAL=.TRUE. is set in the INCAR file. In this
case, an iteration number must be supplied in the INCAR filegutheNELMtag. Usually three to four iterations are sufficient
for accurate QP shifts.

System = Si

NBANDS = 96

ISMEAR = 0 ; SIGMA = 0.05
ALGO = GWO ; NOMEGA = 50
NELM = 4

If the spectral method is not used, the specificatiohBfMis not sensible. If non diagonal components of the selfgnerg
should be included us&.GO = scGWD
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6.66.14 Using the GW routines for the determination of freqency dependent dielectric matrix

The GW routine also determines the frequency dependereatiiied matrix without local field effects and with local field
effects in the random phase approximation (RERRA=.TRUE.), or the DFT approximatiorLRPA=.FALSE, see Sec. 6.65.5).
The calculated microscopic frequency dependent dieteftiriction, must match exactly those determined using thieap
routine LOPTICS =.TRUE. see Sec. 6.65.1), and, in the static limit, the density fonel perturbation routined EPSILON
=TRUE. see Sec. 6.65.4). In fact, it is guaranteed that the resdtglantical to those determined using a summation over
conduction band states (Sec. 6.65.1). Differencet$BECTRAL=.FALSE. must be negligible, and can be solely related to a
different complex shif€SHIFT (defaults forCSHIFT are different in both routines). Setti@FHIFT manually in the INCAR
file will remedy this issue. If differences prevail, it migbé required to increag¢EDOS(in this case théOPTICS routine
was suffering from an inaccurate frequency sampling, ard3W routine was most likely performing perfectly well). For
LSPECTRAL=.TRUE. differences can arise, because (i) the GW routine usesrEpsdncy points and different frequency grids
than the optics routine or again (ii) from a different conxaaift. IncreasindlOMEGAhould remove all discrepancies. Finally,
the GW routine is the only routine capable to include locatifedfects for the frequency dependent dielectric function

The imaginary and real part of frequency dependent diéteitinction is always determined by the GW routine. It can
be conveniently grepped from the file using the command (wateblanks between the two words)

grep " dielectric constant" OUTCAR

The first value is the frequency (in eV) and the other two aeeréfal and imaginary part of the trace of the dielectric matri
Note that two sets can be found on the OUTCAR file. The first @mreesponds to the head of the microscopic dielectric
matrix (and therefore does not include local field effectd)ereas the second one is theerseof the dielectric matrix with
local field effects included in the random phase approxiomabir density functional approximation (dependingL®®PA).

If full GW calculations are not required, it is possible tegtly accelerate the calculations, by calculating theaese
functions only at thé -point. This can be achieved by setting (see Sec. 6.66.8):

NKREDX = number of k-points in direction of first lattice vec tor
NKREDY = number of k-points in direction of second lattice ve ctor
NKREDZ = number of k-points in direction of third lattice vec tor

The calculation of the QP shifts can be bypassed by sefi®D = CHI(see Sec. 6.66.1). Furthermore, if only the static
response function is required the number of frequency painduld be set tNOMEGA=AndLSPECTRAL=.FALSE

6.66.15 scGWO caveats

The scGWO0 must be used with great caution, in particular, mination with symmetry. Symmetry is handled in a rather
sophisticated manner, specifically, only the minimal nunddgequired combination off andk point is considered. In this
case, symmetry must be applied to restore the full stag dhis is done by determining degenerate eigenvalue/e@gtor
pairs and restoring their symmetry according to their n@hle representation. Although the procedure is generather
reliable, it fails to work properly if the degenerate statesot posses eigenvalues that are sufficiently close, dosuéicient
convergence in the preceding DFT calculations. Stateseatet as degenerate if, and only if, their eigenenergeew/ihin
0.0l eV.

For large supercells with low symmetry, we strongly recomchto switch off symmetry.

6.67 MP2 calculations

Available only in VASP.5.X. MP2 is currently experimentdgcumentation under construction and for internal use!only
SpecifyingALGO = MP2VASP calculates MP2 correlation energies. It is strongoremended to calculatl virtual
states spanned by the basis set before calling the MP2 esutin
Thus any MP2 calculation should proceed in three steps. Ttestep is the determination of the occupied orbitals of the
Hartree-Fock Hamiltonian:

LHFCALC = .TRUE.
AEXX = 1.0 ; ALDAC = 0.0 ; AGGAC = 0.0
ALGO = D ; EDIFF = 1E-7

Note that MP2 requires to calculate the HF groundstate, apdlBA or GGA correlation should be switched off. Next search
for maximum number of plane-waves: in the OUTCAR file and execute VASP again using the followiNECAR file:

NBANDS = maximum number of plane-waves
LHFCALC = .TRUE.

AEXX = 1.0 ; ALDAC = 0.0 ; AGGAC = 0.0
ALGO = S ; NELM = 1 ; LOPTICS = .TRUE.



7 THEORETICAL BACKGROUND 109

Finally calculate the MP2 correlation energy:

NBANDS = maximum number of plane-waves
LHFCALC = .TRUE. ; AEXX = 1.0 ; ALDAC = 0.0
LMAXMP2 = 2

The flag LMAXMP2 specifies the maximuinquantum number for the treatment of the one-center termis. sfiould be
set to twice the maximum non local component in the pseudopial (see also 6.64.5 and 6.64.6. Note that alternatively
LMAXFOCKAEan be set in the INCAR file, but this is exepected to be skgks accurate, and combinib AXFOCKARNd
LMAXFOCKMPi3 also allowed (this, however, makes hardly a lot of sense).

6.68 Not enough memory, what to do

First of all, the memory requirements of the serial versian be estimated using tikeparam utility (see Sec. 5.23). At
present, there is however no way to estimate the memoryrergents of the parallel version.

In fact, it might be difficult to run huge jobs on "thin” T3E oP2 nodes. Most tables (pseudopotentials etc.) and the
executable must be held on all nodes (10-20 Mbytes). In iaddine complex array of the Siddyangsx NpandsiS allocated
on each node; during dynamic simulation even up to three aueys are allocated. Upon reading and writing the charge
density, a complex array that can healll data points of the charge density is allocat@NGXF*NGYF*NGZH. Finally, three
such arrays are allocated (and deallocated) during thgelimsity symmetrisation (the charge density symmetistakes
usually the hugest amount of memory.) All other data areitiged among all nodes.

The following things can be tried to reduce the memory resfaants on each node.

e Possibly the executable becomes smaller if the options TBE)Y and -g are removed from the lin@ELAGandDEBUG
in the makefile.

e Switch of symmetrisationl§YM=0). Symmetrisation is done locally on each node requiringgghhuge arrays.
VASP.4.4.2 (and newer versions) have a switch to run a momaneconserving symmetrization. This can be se-
lected by specifyingSYM=2. Results might however differ somewhat fra&YM=1 (usually only 1/100th of an meV).
Also avoid writing or reading the file CHGCARCHARG=F.

o Use NPAR=1.

It should be mentioned that VASP relies heavily on dynamiomey allocation (ALLOCATE and DEALLOCATE). As far
as we know there is no memory leakage (ALLOCATE without DEACATE), however unfortunately it is impossible to
be entirely sure that no leakage exists. It should be meadidimat some users have observed that the code is growirmgduri
dynamic simulations on the T3E. This is however most likakg do a “problematic” dynamic memory management of the
f90 runtime system and not due to programming error in VASHotlunately the dynamic memory subsystems of most f90
compilers are still rather inefficient. As a result it miglatgpen, that the memory becomes more and more fragmentedyduri
the run, so that large pieces of memory can not be allocatedcal only hope for improvements in the dynamic memory
management (for instance the introduction of garbage colts).

7 Theoretical Background

The following sections contain some background infornmaba the algorithms used in VASP. They do not contain a com-
plete reference to all the things implemented in VASP butdrgive hints on the most important topics. You should really
understand at least the ideas touched here — but it mightlbecsisible to get good results without understanding &it.o

For a basic outline of pseudopotential plane wave programsefer to [6, 7]. Ultrasoft pseudopotentials are explained
in [8, 9, 10, 18]. An excellent introduction to PP plane waeeles — albeit in German — can be found in the thesis of J.
Furthmilller [11]. The best explanation of the algorithms found &SP can be found in Ref. [13, 14], these two papers give
much more information than can be found in the following Eext. And last but not least, you want might read the thesis
of G. Kresse [12] (in German too) — it contains a general dismn of PP including ultrasoft PP, and a discussion of the
KS-functional and algorithms to calculate the KS-grouatist

7.1 Algorithms used in VASP to calculate the electronic grondstate

The following section discusses the minimization algarghimplemented in VASP. We generally have one outer loop in
which the charge density is optimized, and one inner loophitivthe wavefunctions are optimized. Have at least a look at
the flowchart.
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Most of the algorithms implemented in VASP use an iterativarir-diagonalization scheme: the used algorithms are
based on the conjugate gradient scheme [20, 21], block Bamidcheme [22, 23], or a residual minimization scheme €fdire
inversion in the iterative subspace (RMM-DIIS) [19, 26]prEhe mixing of the charge density an efficient Broyden/®ula
mixing scheme[24, 25, 26] is used. Fig. 3 shows a typical fdnart of VASP. Input charge density and wavefunctions are
independent quantities (at start-up these quantitiesedr@csording to INIWAV and ICHARG). Within each selfconsisty
loop the charge density is used to set up the Hamiltoniam, the wavefunctions are optimized iteratively so that they g
closer to the exact wavefunctions of this Hamiltonian. Ftbmoptimized wavefunctions a new charge density is catied|a
which is then mixed with the old input-charge density. A bfiew chart is given in Fig. 3.

The conjugate gradient and the residual minimization seh@omot recalculate the exact Kohn-Sham eigenfunctions but
an arbitrary linear combination of the NBANDS lowest eigamdtions. Therefore itis in addition necessary to diagaadhe
Hamiltonian in the subspace spanned by the trial-waveinimgtand to transform the wavefunctions accordingly ezform
a unitary transformation of the wavefunctions, so that tlaenittonian is diagonal in the subspace spanned by transfibrm
wavefunctions). This step is usually called sub-spaceatialization (although a more appropriate name would baguie
Rayleigh Ritz variational scheme in a sub space spannedshyakiefunctions):

(9 [Hl@) = Hj
HijUx = &Ui
¢ — Ujk

The sub-space diagonalization can be performed beforéasithé conjugate gradient or residual minimization schélasts

we have done indicate that the first choice is preferablenduslfconsistent calculations.
In general all iterative algorithms work very similar: There quantity is the residual vector

|IRy) = (H—E)|@g) with E= (nlH]on) (7.1)

(@n|@n)

This residual vector is added to the wavefunctignthe algorithms differ in the way this is exactly done.

7.1.1 Preconditioning

The idea is to find a matrix which multiplied with the residueattor gives the exact error in the wavefunction. Formdilg t
matrix (the Greens function) can be written down and is glygn

1
H—¢gy’
whereg,, is the exact eigenvalue for the band in interest. Actualyavaluation of this matrix is not possible, recognizing tha
. . . . . - E 2 . . . .
the kinetic energy dominates the Hamiltonian for la@eectors (i.eHg & — 0 ¢ 57,G°), it is @ good idea to approximate

the matrix by a diagonal function which converges£8; for large G vectors, and possess a constant value for small G
vectors. We actually use the preconditioning function psgal by Teter et. al.[20]

27+ 18+ 12¢° + 8x° h? G2
= dgg' und X=————,
27+ 18X+ 1232+ 8x3+ 16x* 2m 1.5EXN(R)

(GIK|G)

with EX"(R) being the kinetic energy of the residual vector. The preitimmed residual vector is then simply

|pn) = K|Rn).

7.1.2 Simple Davidson iteration scheme

The preconditioned residual vector is calculated for eanidlresulting in a 2 Npangsbasis-set
Bii=1,24Npangs = {®n/ Pn|N = 1, Nband} -

Within this subspace the NBANDS lowest eigenfunctions atewdated solving the eigenvalue problem
(bi|H —¢g;S|bj) =0.

The NBANDS lowest eigenfunctions are used in the next step.
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/ trial-chargepi, and trial-wavevectore, /

Hartree- and XC-potential and d.c.

set up Hamiltonian

subspace-diagonalizatiagy < Uyn@®

iterative diagonalization, optimizg,

subspace-diagonalizatigqgy < Uyn@h

new partial occupancief,

new (free) energf = 3 ,&nfn— d.c.—0S

new charge densitout(r) = 3 f|on(r)|?

mixing of charge densitpi,, Pout = NEW Pin

no
AE < Epreak

Figure 3: calculation of KS-ground-state
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7.1.3 Single band, steepest descent scheme

The Davidson iteration scheme optimizes all bands simetiasly. Optimizing a single band at a time would save thegtor
necessary for the NBANDS gradients. In a simple steepesedéscheme the preconditioned residual veptas orthonor-
malized to the current set of wavefunctions i.e.

gn:(1*Z|%'><%/IS)\pn>~ (7.2)

Then the linear combination of this 'search directigr’and the current wavefunctiap, is calculated which minimizes the
expectation value of the Hamiltonian. This requires to sthe 2x 2 eigenvalue problem

(bj|H —€S|bj> =0,
with the basis set
bii=1.2 = {®h/0n}.

7.1.4 Efficient single band eigenvalue-minimization

A very efficient scheme for the calculation of the lowest aigdues, might be obtained by increasing the basis set oredi
in the previous section in each iteration step, i.e.: At tiep & solve the eigenvalue problem

(bi|H —eSlb;) =0
with the basis set
bii—1n-1 = {@n/G5/GR/On/ -}
The lowest eigenvector of the eigenvalue problem is usedltutate a new (possibly preconditioned) search vegior

7.1.5 Conjugate gradient optimization

Instead of the previous iteration scheme, which is just skimeé of Quasi-Newton scheme, it also possible to optimize th
expectation value of the Hamiltonian using a successivebeuraf conjugate gradient steps. The first step is equal to the
steepest descent step in section 7.1.3. In all followingsstae preconditioned gradieg} is conjugated to the previous
search direction. The resulting conjugate gradient allgwris almost as efficient as the algorithm given in sectidr4z For
further reading see [20, 21, 28].

7.1.6 Implemented Davidson-block iteration scheme
e selects a subset of all bands frdigh|n =1, .., Npanag = {(gﬂk =1.,n}

— Optimize this subset by adding the orthogonalized predmmgid residual vectors to the presently considered
subspace

Nbands
{‘P&/g& = (1 Zl |(Pn><‘PnS> K (H — &appS) Gic| k= 17~-,ﬂ1}

— apply Raighly Ritz optimization in the space spanned byahestors (“sub-space” rotation in a;2dim. space)
to determinen lowest vectorg@g|k = 1,m}

— Add additional preconditioned residuals calculated fromyet optimized bands

Nbands

{it/6t/= (15 o ) (4 - sl 2.

and “sub-space” rotation in a3 dim. space

— Continue iteration by adding a fourth set of preconditiomedtors if required. If the iteration is finished, store
the optimized wavefunction back in the q&k|k = 1,.., Npandg -

— Continue with next sub-blockgt|k = ny +1,..,2m}
— After each band has been optimized a Raighly Ritz optinorait the spacé¢g|k = 1,..,Npandg is performed

e Approximately a factor of 1.5-2 slower than RMM-DIIS, butvalys stable.

e Available in parallel for any data distribution.
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7.1.7 Residual minimization scheme, direct inversion in th iterative subspace (RMM-DIIS)

The schemes 7.1.3-7.1.5 try to optimize the expectatiamevaf the Hamiltonian for each wavefunction using an indreas
trial basis-set. Instead of minimizing the expectatiorueat is also possible to minimize the norm of the residuatmed his
leads to a similar iteration scheme as described in sectlbd, but a different eigenvalue problem has to be solves Red.
[19, 26]).

There is a significant difference between optimizing theeiglue and the norm of the residual vector. The norm of the
residual vector is given by

(R[Rn) = (@nl(H —&) " (H — &) [gn),

and possessesauadratic unrestrictedninimum at the each eigenfunctiag. If you have a good starting guess for the
eigenfunction it is possible to use this algorithm withdut knowledge of other wavefunctions, and therefore withbet
explicit orthogonalization of the preconditioned resikduector (eq. 7.2). In this case after a sweep over all bandsam&
Schmidt orthogonalization is necessary to obtain a newogrhal trial-basis set. Without the explicit orthogonatian to

the current set of trial wavefunctions all other algorithiasd to converge to the lowest band, no matter from which band
they are start.

7.2 Wrap-around errors — convolutions

In this section we will discuss wrap around errors. Wrap ardwerrors arise if the FFT meshes are not sufficiently large. |
can be shown that no errors exist if the FFT meshes contai@ akctors up t@Gcyt.

It can be shown that the charge density contains components 25, Wwhere Z5¢; is the 'longest plane’ wave in the
basis set:
The wavefunction is defined as

|Pric) = gCGnk|k+G>a
in real space it is given by
<r|¢hk>=g< k+G)(K+Glen) = Ql/zgelkJrG "Cenk-
Using Fast Fourier transformations one can define
iGr 1 —iGr
Crnk = gCGnké Cork = m zcrnke . (7.3)
r
Therefore the wavefunction can be written in real space as

<r|(|)nk> :%k( ) Ql/chnkelkr (74)

The charge density is simply given by
pro= (rlp™r) = ZWk > i@ (1) G (1)
n

in the reciprocal mesh it can be written as

1
ps _ ps —iGr PS —|Gr
Pc=g /<r|p rje dr—>7§ pr (7.5)

InsertingpPs from equation (7.4) an@; n from (7.3) itis very easy to show thaf® contains Fourier-components up 62t.
Generally it can be shown that a the convolutipr= f1f2 of two *functions’ f with Fourier-components up 8; and
f2 with Fourier-components up 8, contains Fourier-components up®a + G.
The property of the convolution comes once again into pldaemthe action of the Hamiltonian onto a wavefunction is
calculated. The action of the local-potential is given by

ar = ViCrnk

Only the componentag with |G| < Gg are taken into account (see section ad.is added to the wavefunction during the
iterative refinement of the wavefunctio@g .k, andCgnk contains only components up®y,;). From the previous theorem we
see thal, contains components up t@&3,; (V; contains components up t@&g,y). If the FFT-mesh contains all components
up to &5¢; the resulting wrap-around error is once again 0. This carabiyeseen in Fig. 4.
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Figure 4: The small sphere contains all plane waves inclinl¢be basis seG < Ggy. The charge density contains com-
ponents up to B¢ (second sphere), and the acceleraioromponents up toQq;, which are reflected in (third sphere)
because of the finite size of the FFT-mesh. Neverthelessoti@anentss with |G| < Gyt are correct i.e. the small sphere
does not intersect with the third large sphere
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7.3 Non-selfconsistent Harris-Foulkes functional

Recently there was an increased interest in the so calledsHaulkes (HF) functional. This functional is non selfsistent:
The potential is constructed for some 'input’ charge dgnsiten the band-structure term is calculated for this fixed n
selfconsistent potential. Double counting correctiorss ealculated from the input charge density: the functiorsad be
written as

Enelpin,p] = band- structure fqWy, + Vi)
+ Tr{(=Vir' /2= Vi) pin] + E**[pin + pel-

It is interesting that the functional gives a good desaipif the binding-energies, equilibrium lattice constaatsd bulk-

modulus even for covalently bonded systems like Ge. In ectdstilation we have found that the pair-correlation functf
[-Sb calculated with the HF-function and the full Kohn-Shaamctional differs only slightly. Nevertheless, we mustrg@ut
that the computational gain in comparison to a selfconsigtalculation is in many cases very small (for Sb less tha?%20
The main reason why to use the HF functional is therefore tescand establish the accuracy of the HF-functional, & topi
which is currently widely discussed within the communitysofid state physicists. To our knowledge VASP is one of the fe
pseudopotential codes, which can access the validity oHtdunctional at a very basic level, i.e. without any adutitl
restrictions like local basis-sets etc.

Within VASP the band-structure energy is exactly evaluaigidg the same plane-wave basis-set and the same accuracy
which is used for the selfconsistent calculation. The feraad the stress tensor are correct, insofar as they are ah exa
derivative of theHarris-Foulkesfunctional. During a MD or an ionic relaxation the charge slgnis correctly updated at
each ionic step.

7.4 Partial occupancies, different methods

In this section we discuss partial occupancies. A must fimealders.

First there is the question why to use partial occupancied.athe answer is: partial occupancies help to decrease the
number of k-points necessary to calculate an accurate stanckure energy. This answer might be strange at first.sfghat
we want to calculate is, the integral over the filled partshefthands

1
Z 97/ Enk O(Enk — 1) dK,
- ~<BZ JQpz

where®(x) is the Dirac step function. Due to our finite computer resesithis integral has to be evaluated using a discrete
set of k-points[37]:

1
S 7.6
Qpz /QBZ Z “ (7.9

Keeping the step function we get a sum

Zwksnk O(enk — 1),

which converges exceedingly slow with the number of k-pintluded. This slow convergence speed arises only from the
fact that the occupancies jump form 1 to O at the Fermi-leé¥el.band is completely filled the integral can be calculated
accurately using a low number of k-points (this is the cassémiconductors and insulators).

For metals the trick is now to replace the step funct®f8 — 1) by a (smooth) functiorf ({en}) resulting in a much
faster convergence speed without destroying the accurattyecsum. Several methods have been proposed to solve this
dazzling problem.

7.4.1 Linear tetrahedron method

Within the linear tetrahedron method, the tegqa is interpolated linearly between two k-points. Bloechd][Bas recently
revised the tetrahedron method to give effective weidli{g. }) for each band and k-point. In addition Bloechel was able
to derive a correction formula which removes the quadratarénherent in the linear tetrahedron method (lineaatetdron
method with Bloechel corrections). The linear tetrahedsamore or less fool proof and requires a minimal interfeechg
the user.

The main drawback is that the Bloechels method is not vanatiwith respect to the partial occupancies if the coroecti
terms are included, therefore the calculated forces mightvibng by a few percent. If accurate forces are required we
recommend a finite temperature method.
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Table 2: Typical convenient settings feigmafor different metals: Aluminium possesses an extremelyp&mOS, Lithium
and Tellurium are also simple nearly free electron methksgforesigmamight be large. For Coppeigmais restricted by
the fact that the d-band lies approximately 0.5 eV beneath-trmi-level. Rhodium and Vanadium posses a fairly complex
structure in the DOS at the Fermi-leveigmamust be small.

Sigma (eV)
Aluminium 1.0
Lithium 0.4
Tellurium 0.8
Copper, Palladium 0.4
Vanadium 0.2
Rhodium 0.2
Potassium 0.3

7.4.2 Finite temperature approaches — smearing methods
In this case the step function is simply replaced by a smagthtfon, for example the Fermi-Dirac function[33]
E—U 1
f( 5 )= = .
exp(~5") +1

or a Gauss like function[34]

f(s_u):;<1—erf r;uD (7.7)

o

is one used quite frequently in the context of solid statewations. Nevertheless, it turns out that the total enésgyo
longer variational (or minimal) in this case. It is necegdarreplace the total energy by some generalized free energy

F=E- ZWKOS(fnk).
n

The calculated forces are now the derivatives of this freegrt (see section 7.5). In conjunction with Fermi-Dirac statsst
the free energy might be interpreted as the free energy dadléitrons at some finite temperature- kg T, but the physical
significance remains unclear in the case of Gaussian smged@spite this problem, it is possible to obtain an accurate
extrapolation foro — 0 from results at finitey using the formula

E(OHO):EO:%(FJrE).

In this way we get a 'physical’ quantity from a finite tempewrat calculation, and the Gaussian smearing method serves as
an mathematical tool to obtain faster convergence withaetsjp the number of k-points. For Al this method convergesev
faster than the linear tetrahedron method with Bloechekobions.

7.4.3 Improved functional form for f — method of Methfessel and Paxton

The method described in the last section has two shortcaning

e The forces calculated by VASP are a derivative of the freetedaic energy F (see section 7.5). Therefore the forces can
not be used to obtain the equilibrium groundstate, whichesmonds to an energy-minimumBfo — 0). Nonetheless
the error in the forces is generally small and acceptable.

e The parametes must be chosen with great careolfs too large the energsi(o — 0) will converge to the wrong value
even for an infinite k-point mesh, d is too small the convergence speed with the number of k-peiiit deteriorate.
An optimal choice foro for several cases is given in table 2. The only way to get a goisdby performing several
calculations with different k-point meshes and differeatgmeters foo.

These problems can be solved by adopting a slightly diftefemctional form for f ({en}). This is possible by expanding
the step function in a complete orthonormal set of functignsthod of Methfessel and Paxton [36]). The Gaussian fancti
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is only the first approximation (N=0) to the step functiomrtiier successive approximations (N=1,2,...) are easitginéd.
In similarity to the Gaussian method, the energy has to bacef by a generalized free energy functional

F=E- ZWKO'S(fnk).
n

In contrast to the Gaussian method the entropy tgfaw0S( fnk ) will be very small for reasonable values®ffor instance
for the values given in table 2). ThHgy wikoS(fnk) is a simple error estimation for the difference between the énergyr
and the 'physical’ energi (o — 0). o can be increased till this error estimation gets too large.

7.5 Forces

Within the finite temperature LDA forces are defined as thévdgve of the generalizeftee energy This quantity can be
evaluated easily. The function&l depends on the wavefunctiopsthe partial occupancief and the positions of the ions
R. In this section we will shortly discuss the variational pedies of the free energy and we will explain why we calailat
the forces as a derivative of the free energy. The formulasngare very symbolic and we do not take into account any
constraints on the occupation numbers or the wavefunctiMesdenote the whole set of wavefunctionspeend the set of
partial occupancies as

The electronic groundstate is determined by the variatioroperty of the free energy i.e.

0=0F(p f,R)
for arbitrary variations ofpand f. We can rewrite the right hand side of this equation as

oF oF
— 0@+ ——of.
30>% " a7
For arbitrary variations this quantity is zero onIy%% =0 andg—'? =0, leading to a system of equations which determipes
andf at the electronic groundstate. We define the forces as digasaf the free energy with respect to the ionic positions
ie.

dF(g.f,R) OF dp OF of _oF

f = =— ——t .
Orce="4r 99oR " af R | 9R
At the groundstate the first two terms are zero and we can write
_ dF(e,f,R) oF
force= —4drR "R

i.e. we can keegandf fixed at their respective groundstate values and we havddolate the partial derivative of the free
energy with respect to the ionic positions only. This istietdy easy task.

Previously we have mentioned that the only physical quaigtihe energy foo — 0. Itis in principle possible to evaluate
the derivatives of Ef — 0) with respect to the ionic coordinates but this is not easlraquires additional computer time.

7.6 Volume vs. energy, volume relaxations, Pulay Stress

If you are doing energy—volume calculations or cell shape awlume relaxations you must understand the Pulay stresk, a
related problems.

The Pulay stress arises from the fact that the plane wavs basis not complete with respect to changes of the volume.
Thus, unless absolute convergence with respect to the etsiss been achieved — the diagonal components of the stress
tensor are incorrect. This error is often called “PulaysstteThe error is almost isotropic (i.e. the same for eachatial
component), and for a finite basis set it tends to decreasenetompared to fully converged calculations (or calcofei
with a constant energy cutoff).

The Pulay stress and related problems affect the behavigABP and any plane wave code in several ways: First it
evidently affects the stress tensor calculated by VASPtheediagonal components of the stress tensor are incouaeiss
the energy cutoff is very large (ENMAX=1.3 *default is usyad safe setting to obtain a reliable stress tensor). Intiehdit
should be noted that all volume/cell shape relaxation élyos implemented in VASP work with a constant basis sethén t
way all energy changes are strictly consistent with theutated stress tensor, and this in turn results in an underatsbn
of the equilibrium volume unless a large plane wave cutofised. Keeping the basis set constant during relaxations has
also some strange effect on the basis set. Initially all @ens within a sphere are included in the basis. If the cealpgh
relaxation starts the direct and reciprocal lattice vesctitange. This means that althoughmniienberof reciprocal G-vectors
in the basis is kept fixed, the length of the G-vectors chargenging indirectly the energy cutoff. Or to be more precis



7 THEORETICAL BACKGROUND 118

the shape of cutoff region becomes an elipsoide. Restavh®P after a volume relaxation causes VASP to adopt a new
“spherical” cutoff sphere and thus the energy changes disamusly (see section 6.13).

One thing which is important to understand, is that probldoesto the Pulay stress can often be neglected if only volume
conserving relaxations are performed. This is because uhay Btress is usually almost uniform and it therefore cleang
the diagonal elements of the stress tensor only by a certaistant amount (see below). In addition many calculati@ve h
shown that Pulay stress related problems can also be reyqastforming calculations at different volumes using tame
energy cutoff for each calculation (this is what VASP doegbfault, see section 6.13), and fitting the firakrgiesto an
equation of state. This of course implies that the numbelasfdvectors is different at each volume. But calculatioiih w
many plane wave codes have shown that such calculationsvgiyereliable results for the lattice constant and the bulk
modulus and other elastic properties even at relativelyiisem@rgy cutoffs. Constant energy cut-off calculations kss
prone to errors cause by the basis set incompleteness thatanbbasis set calculations. But it should be kept in mnad t
volume changes and cell shape changes must be rather lasg#einto obtain reliable results from this method, becanse i
the limit of very small distortions the energy changes ot#diwith this method are equivalent with that obtained from t
stress tensor and are therefore affected by the Pulay s®efsvolume changes of the order of 5-10 % guarantee that the
errors introduced by the basis set incompleteness aregactrait.

7.6.1 How to calculate the Pulay stress

The Pulay stress shows only a weak dependency on volume andrtlt configuration. It is mainly determined by the
composition. The simplest way to estimate the Pulay stestgsrelax the structure with a large basis-set (4 @efault cutoff

is usually sufficient, or PREC=High in VASP.4.4). Then r&-MASP for the final relaxed positions and cell parameterh wit
the default cutoff or the desired cutoff. Look for the lingternal pressure’ in the OUTCAR file:

external pressure = -100.29567 kB

The corresponding (negative) pressure gives a good egimatthe Pulay stress.

7.6.2 Accurate bulk relaxations with internal parameters one)

The general message is: whenever possibted volume relaxation with the default energy cutiither increase the basis set
by setting ENCUT manually in the INCAR file, or use method twggested below, which avoids doing volume relaxations
at all. If volume relaxations are the only possible and felasbption please use the following step by step proceduléctw
minimizes errors to a minimum):

1. Relax from starting structure (ISMEAR should be 0 or 1, sssion 6.37).
2. Start a second relaxation from previous CONTCAR file @levxation).

3. As a final step perform one more energy calculation witht¢fk@hedron method switched on (i.e. ISMEAR=-5), to
get very accurate and unambiguous energies (no relaxatidhd final run). The final calculation should be done with
PREC=High, to get very accurate energies.

A few things should be remarked heféevertake the energy obtained at the end of a relaxation run, ifajtmw for cell
shape relaxations (the final basis set might not be isofropistead perform one additional static run at the end.

The relaxation will give a structure which is correct to fiostler, the final error in the energy of step 3 is of second order
(with respect to the structural errors). If you take the gpetirectly from the relaxation run, errors are usually gigantly
larger. Another important point is that the most accurasailte for the relaxation will be obtained if the startingl gram-
eters are very close to the final cell parameters. If differans yield different results, then the run which starteahfrthe
configuration which was closest to the relaxed structuréndsnost reliable one.

We strongly recommend to do any volume (and to lesser extelh@ltape) relaxation with an increased basis set. EN-
CUT=1.3 x default cutoff is reasonable accurate in most cases. PRigDxdbdes also increase the energy cutoff by a factor
1.25. At an increased cutoff the Pulay stress correctiomswally not required.

However, if the default cutoff is used for the relaxatiore \STRESS line should be set in the INCAR file: Evaluate the
Pulay stress along the guidelines given in the previousaseand add an input-line to the INCAR file which reads (usuall
a negative number):

PSTRESS: Pulay stress

From now on all STRESS output of VASP is corrected by simplytsacting PSTRESS. In addition, all volume relaxations
will take PSTRESS into account (see sec. 6.24). Again toistigue (PSTRESS line in the INCAR file) is not really recom-
mended. However one is often saved by the fact that first artlectural errors will only cause a second order error in the
energy (at least if the procedure outlined above is used).
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7.6.3 Accurate bulk relaxations with internal parameters fwo)

It is possible to avoid volume relaxation in many cases: Ththod we have used quite often in the past, is to relax the
structure (cell shape and internal parameters) for a seked fvolumes (ISIF=4). The final equilibrium volume and the
groundstate energy can be obtained by a fit to an equatioratd. sSthe reason why this method is better than volume
relaxation is that the Pulay stress is almost isotropic thud adds only a constant value to the diagonal elementg sttéss
tensor. Therefore, the relaxation for a fixed volume willegan almost correct structure.

The outline for such a calculation is almost the same as irpteeious section. But in this case, one has to do the
calculations for a set of fixed volumes. At first sight thisreseo be much more expensive than method number one (outlined
in the previous section). But in many cases the additionstiscare only small, because the internal parameters do angeh
very much from volume to volume.

1. Select one volume and relax from starting structure keptie volume fixed (ISIF=4 see sec. 6.23; ISMEAR=0 or 1,
see section 6.37).

2. Start a second relaxation from previous CONTCAR file @ithtial cell shape was reasonable this step can be skipped,
if the cell shape is kept fixed, you never have run VASP twice).

3. As a final step perform one more energy calculation witht¢ti@hedron method switched on (ISMEAR=-5), to get
very accurate unambiguous energies (no relaxation for tiaerin).

The method has also other advantages, for instance the mdklos is readily available. We have found in the past that
this method can be used safely with the default cutoff. ($&®section 9.2).

7.6.4 FAQ: Why is my energy vs. volume plot jagged

This is a very common questions from people who start to doutations with plane wave codes. There are two reasons why
the energy vs. volume plot looks jagged:

1. Basis set incompleteness. The basis set is discrete aahjiete, and when the volume changes, additional plane
waves are added. That causes small discontinuous chantesdnergy.
Solutions:

e use a larger plane wave cutoff:
This is usually the preferred and cheapest solution.

e use more k-points :
This solves the problem, because the criterion for inclg@iplane wave in the basis set is:

‘G+k| < cht.

That means, at each k-point a different basis set is usedadditonal plane waves are added at each k-point at
different volumes. In turn, the energy vs. volume curve lpees smoother.

2. However the most probable reason for the jagged E(V) dgraaother one: FAPREC=High the FFT grids are chosen
so thatH|@ > is exactly evaluated. F®'REC=Medhe FFT grids are set to 3/4 of the value that is in principtpined
for an exact evaluation dfi|@ >. This introduces small errors, because when the volumegesatine FFT grids do
change discontinuously. In other words, at each volumefardiit FFT-grid is used, causing the energy to jump dis-
continuously.
Solutions:

e Setyour FFT grids manually. Choose that one that is usedgfault for the largest volume

e use PREC=High. In the new version (starting from VASP.4.th& also increases the plane wave cutoff by 30
%. If this is undesirable, the plane wave cutoff can be fixedunadly by specifyingeENMAX=... in the INCAR file

8 The most important parameters, source of errors

In the last two sections all input parameters were explainedertheless it is not easy to set all parameters corréatthis
section we will try to concentrate on those parameters waielmost important.
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8.1 Number of bands NBANDS

One should chose NBANDS so that a considerable number ofyeoayids is included in the calculation. As a minimum we
require one empty band. VASP will give a warning, if this ig tie case.

NBANDS is also important from a technical point of view: |eiiative matrix-diagonalization schemes eigenvectoiseclo
to the top of the calculated number of vectors converge mimkes than the lowest eigenvectors. This might result in a
significant performance loss if not enough empty bands arleided in the calculation. Therefore we recommend to set
NBANDS to NELECT/2 + NIONS/2, this is also the default saftiof themakeparam utility and of VASP.4.X. This setting is
safe in most cases. In some cases, it is also possible tcedediee number of additional bands to NIONS/4 for large syste
without performance loss, but on the other hand transitietaia do require a much larger number of empty bands (up to
2*NIONS).

To check this parameter perform several calculations ficxead potential ICHARG=12) with an increasing number of
bands (e.g. starting from NELECT/2 + NIONS/2). An accuratg® © should be obtained in 10-15 iterations. Mind that the
RMM-DIIS scheme (IALGO=48) is more sensible to the numbebarids than the default CG algorithm (IALGO=8).

8.2 High quality quantitative versus qualitative calculatons

Before going into further details, we want to distinguishvieen “high quality quantitative” (PREC should bigh ) and
“qualitative” calculations (PREC can bedium or evenlow ).

A “high quality” calculation is necessary if very small engrdifferences <10 meV) between two competing “phases”,
which can not be described with the same supercell, have taloalated.

The term “same supercell” corresponds here to cells cantaithe same number of atoms and no dramatic changes in
the cell-geometry (i.e. lattice vectors should be almostdame for both cells). For the calculation of energy-diffrses
between two competing bulk-phases it is in many cases intges® find a supercell, which meets this criterion. If one
wants to calculate small energy-differences it is necggsaronverge with respect to all parameters (k-points, FfeéBhes,
and sometimes energy cut-off). In most cases these threenpters are independent, so that convergence can be checked
independently.

For surfaces, things are quite complicated. The calculaifahe surface energy is clearly a “high quality quantitti
calculation. In this case you have to subtract from the gnefdghe slab the energy of the bulk phase. Both energies must
be calculated with high accuracy. If the slab contains 2@natan error of 5 meV per bulk atom will result in an error of
100 meV per surface atom. The situation is not as bad if ongesasted in the adsorption energy of molecules. In this cas
accurate results (with errors of a few meV) can be obtaingd RREC=med, if the reference energy of the slab, and the
reference energy of the adsorbate are calculated in the sgmeecell as that one used to describe adsorbate and skibeag

Ab initio molecular dynamics clearly do not fall into the higuality category because the cell shape and the number of
atoms remains constant during the calculation, and mostiib MD’s can be done with PREC=Low. We will give some
exception to this general rule when the influence of the kipmiesh is discussed.

8.3 What kind of “technical” errors do exist, overview
Technical errors fall into four categories

e Errors due to k-points sampling. This will be discussed ictise 8.6. Mind that the errors due to the k-points mesh
are not transferable i.e. @99 x 9 k-points grid leads to a completely different error for,focc and sc. It is therefore
absolutely essential to be very careful with respect to tpeikts sampling.

e Errors due to the cut-off ENCUT. This error is highly transfele, i.e. the default cutoff ENCUT (read from the
POTCAR file) is in most cases safe, and one can expect thajyediferences will be accurate within a few meV (see
section 8.4). An exception is the stress tensor which cgegnotoriously slow with respect to the size of the plane
wave basis set (see section 7.6).

e Wrap around errors (see section algo-wrap). These erroduar®d an insufficient FFT mesh and they are not as well
behaved as the errors due to the energy cutoff (see sectlpnBRit once again, if one uses the default cutoff (read
from the POTCAR file) the wrap around errors are usually vemgls(a few meV per atom) even if the FFT mesh is
not sufficient. The reason is that the default cutoffs in VAB® rather large, and therefore the charge density and the
potentials contain only small components in the region wlilee wrap around error occurs.

e Errors due to the real space projection. Real space projeativays introduces additional (small) errors. These er-
rors are also quite well behaved i.e. if one uses the samespeak projection operators all the time, the errors are
almost constants. Anyway, one should try to avoid the evimnaof energy differences between calculations with
LREAL=.FALSE. and LREAL=0On/.TRUE (see section 6.38). Miticht for LREAL=0n (the recommended setting)
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the real space operators are optimized by VASP accordin@loUE and PREC and ROPT i.e. one gets different real
space projection operators if ENCUT or PREC is changed (@&t@s 6.38).

In conclusion, to minimize errors one should use the santiegéor ENCUT, ENAUG, PREC, LREAL and ROPT throughout
all calculations, and these flags should be specified elplici the INCAR file. In addition it is also preferable to udeet
same supercell for all calculations whenever possible.

8.4 Energy cut-off ENCUT, and FFT-mesh

In general, the energy-cut-off must be chosen accordinge@seudopotential. All POTCAR files contain a default eperg
cutoff. Use this energy cut-off — but please also perform esdmalk calculations with different energy cut-off to find out
whether the recommended setting is correct. The cut-oftkvis specified in the POTCAR file will usually result in an erro
in the cohesive energy which is less than 10 meV.

You should be aware of the difference between absolute datieeconvergence. The absolute convergence with respect
to the energy cut-off ENCUT is the convergence speed ofdte energy whereas relative convergence is the convergence
speed ofenergy differencebetween different phases (e.g. energy of fcc minus energpgobtructure). Energy differences
converge much faster than the total energy. This is espetiaé if both situations are rather similar (e.g. hcp — fdo)this
case the error due to the finite cut-off is 'transferablehirone situation to the other situation. If two configuratiaiiféer
strongly from each other (different distribution of s p anelectrons, different hybridization) absolute convergegets more
and more critical.

There are some rules of thumb, which you should check whemeaking a calculation: For bulk materials the number of
plane waves per atom should be between 50-100. A smalles etsinight result in serious errors. A larger basis set @yrar
necessary, and is a hint for a badly optimized pseudopatetita large vacuum is included the number of plane wavek wil
be larger (i.e. 50% of your supercell vacuumnumber of plane waves increases by a factor of 2).

More problematic than ENCUT is the choice of the FFT-mesltabse this error isot easily transferable from one
situation to the next. For an exact calculation the FFT-nmasht contain all wave vectors up t&g,; if Ecut = %Ggut, Ecut
being the used energy-cut-off. Increasing the FFT-mesh fhis value does not change the results, except for a pgsabf
small change due to the changed exchange-correlationtjadtdine reasons for this behavior are explained in secti@n

Nevertheless it is not always possible and necessary taubeadarge FFT-mesh. In general only 'high quality’ caleula
tions (as defined in the previous section) require a meshhadvoids all wrap around errors. For most calculations — and i
particular for the supplied pseudopotentials with the défeutoff — it is sufficient to set NGX,NGY and NGZ to/& of the
required values (set PREC=Medium or PREC=Low in the INCAR biéfore running thenakeparam utility or VASP.4.X).
The values which strictly avoid any wrap-around errors ¢&e @aritten to the OUTCAR file:

WARNING: wrap around error must be expected
set NGX to 22

WARNING: wrap around error must be expected
set NGY to 22

WARNING: wrap around error must be expected
set NGZ to 22

Just search for the string 'wrap’. As a rule of thumb tHd @ill result in FFT-mesh, which contain approximately 888256
FFT-points per atom (assuming that there is no vacuum).
One hint, that the FFT mesh is sufficient, is given by the lines

soft charge-density along one line

0 1 2 3 4 5 6 7 8
X 32.0000 -.7711 1.9743 .0141 .3397 -.0569 -.0162 -.0006 .00 00
32.0000 6.7863 .0205 .2353 .1237 -.1729 -.0269 -.0006 .000 0
z 32.0000 -.7057 -.7680 -.0557 .1610 -.2262 -.0042 -.0069 .0 000

also written to the file OUTCAR (search for the string 'alon@’hese lines contain the charge density in reciprocalespac
the positions

G=2mg¥, G=2mmg¥, G=2mm,g?.

The last number will always be 0O (it is set explicitly by VASBt as a rule of thumb the previous value divided by the total
number of electrons should be smaller than“.0ro be more precise: Because of the wrap-around errors,jiegrarts of the
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charge density are wrapped to the other side of the grid,lendize of the “wrapped” charge density divided by the number
of electrons should be less than£0- 107%.

Another important hint that the wrap around errors are togelas given by the forces. If there is a considerable drift
in the forces, increase the FFT-mesh. Search for the strinigl 'drift’ in the OUTCAR file, it is located beneath the line
TOTAL-FORCE:

total drift: -.00273 -.01048 .03856

The drift should definitely not exceed the magnitude of theds, in general it should be smaller than the size of theeforc
you are interested in (usually 0.1 e&)/

For the representation of the augmentation charges a secorelaccurate FFT-mesh is used. Generally the time spent
for the calculation on this mesh is relatively small, therefthere is no need to worry too much about the size of the mesh
and relying on the defaults of thmakeparam utility is in most cases safe. In some rare cases like CLpwF@ith extremely
'hard’ augmentation charges, it might be necessary to &sa&GXF in comparison to the default setting. This can bedon
either by hand (setting NGXF in the param.inc file) or by givavalue for ENAUG in the INCAR file 6.9.

As for the soft part of the charge density the total chargesithe(which is the sum of augmentation charges and soft part)
is also written to the file OUTCAR:

total charge-density along one line

0 1 2 3 4 5 6 7 8
X 32.0000 -.7711 1.9743 .0141 .3397 -.0569 -.0162 -.0006 .00 00
y 32.0000 6.7863 .0205 .2353 .1237 -.1729 -.0269 -.0006 .000 0
z 32.0000 -.7057 -.7680 -.0557 .1610 -.2262 -.0042 -.0069 .0 000

The same criterion which holds for the soft part should holdtiie total charge density. If the second mesh is too small th
forces might also be wrong (leading to a 'total drift’ in trerdes).

Mind: The second mesh is only used in conjunction with US-pseugofials. For normconserving pseudopotentials neither
the charge density nor the local potentials are set on tharfe®h. In this case set NG(X,Y,Z)F to NGX,Y,Z or simply to 1.
Both settings result in the same storage allocation.

Mind: If very hard non-linear/partial core corrections are ildd the convergence of the exchange-correlation potevitial
respect to the FFT grid might cause problems. All suppliesigspotentials have been tested in this respect and are safe

8.5 Whento set ENCUT (and ENAUG) by hand

In most cases once can safely use the default values for ENEBIATENAUG, which are read from the POTCAR file. But
there are some cases where this can results in small, easitiahle inaccuracies.

For instance, if you are interested in the energy differdrateveen bulk phases with different compositions (i.e. Co —
CoSi — Si). In this case the default ENCUT will be different tbe calculations of pure Co and pure Si, but it is preferable
to use the same cutoff for all calculations. In this caserddtes the maximal ENCUT and ENAUG from the POTCAR files
and use this value for all calculations.

Another example is the calculation of adsorption energfesi@lecules on surfaces. To minimize (for instance) non-
transferable wrap errors one should calculate the energgnaéolated molecule, of the surface only, and of the adsor-
bate/surface complex in the same supercell, using the sato#. d his usually requires to fix ENCUT and ENAUG by hand
in the INCAR file. If one also wants to use real space optinizafl REAL=0n), it is recommended to use LREAL=0On for
all three calculations as well (the ROPT flag should also lmélat for all calculations, section 6.38).

8.6 Number of k-points, and method for smearing

Read and understand section 7.4 before reading this section
The number of k-points necessary for a calculation deperitisatly on the necessary precision and on the fact whether
the system is metallic. Metallic systems require an ordemagnitude more k-points than semiconducting and inswatin
systems. The number of k-points also depends on the smeasgtigpd in use; not all methods converge with similar speed.
In addition the error is not transferable at all i.e..a9x 9 leads to a completely different error for fcc, bcc and seréfore
absolute convergence with respect to the number of k-pmmscessary. The only exception are commensurable sufer ce
If it is possible to use the same super cell for two calcutetiib is definitely a good idea to use the same k-point set fur bo
calculations.

k-point mesh and smearing are closely connected. We repeatthe guidelines for ISMEAR already given in section
6.37:

e For semiconductors or insulators always use tetrahedrdmotd €l SMEAR=-5), if the cell is too large to use tetrahedron
method use ISMEAR=0.
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e For relaxationsn metalsalways use ISMEAR=1 and an appropriated SIGMA value (sotti@entropy term is less
than 1 meV per atomMind: Avoid to use ISMEAR>0 for semiconductors and insulators, it might result in peois.

e For the DOS and very accuratetal energycalculations (no relaxation in metals) use the tetrahedrmthod
(ISMEAR=-5).

Once again, if possible we recommend the tetrahedron mettibdldchl corrections (ISMEAR=-5), this method is fool
proof and does not require any empirical parameters likether methods. Especially for bulk materials we were abtgeto
highly accurate results using this method.

Even with this scheme the number of k-points remains redbtilarge. For insulators 100 k-points/per atom in thié
Brillouin zone are generally sufficient to reduce the enegyr to less than 10 meV. Metals require approximately 1000
k-points/per atom for the same accuracy. For problemasesd#transition metals with a steep DOS at the Fermi-level) i
might be necessary to increase the number of k-points up@6/pér atom, which usually reduces the error to less than 1
meV per atom.

Mind: The number of k-points in the irreducible part of the Brilloaone (IRBZ) might be much smaller. For fcc/bcc and
sc a 1llx 11x 11 containing 1331 k-points is reduced to 56 k-points in RBZ. This is a relatively modest value compared
with the values used in conjunction with LMTO packages udiimgar tetrahedron method.

Not in all cases itis possible to use the tetrahedron mefiooihstance if the number of k-points falls beneath 3, oci a
curate forces are required. In this case use the method dffédsiel-Paxton with N=1 for metals and N=0 for semicondcto
SIGMA should be as large as possible, but the differencedmmtvthe free energy and the total energy (i.e. the term

entropy T*S

in the OUTCAR file) must be small (i.ec 1-2 meV/per atom). In this case the free energy and the erwmrgyis really
interested irE (o — 0) are almost the same. The forces are also consistenBf@h- 0).

Mind: A good check whether the entropy term causes any problems@pare the entropy term for different situations.
The entropy must be the same for all situations. One has dgwnoif the entropy is 100 meV per atom at the surface but
10 meV per atom for the bulk.

Comparing different k-points meshes:

It is necessary to be careful comparing different k-poinshes. Not always does the number of k-points in the IRBZ
increase continuously with the mesh-size. This is for imstethe case for fcc, where even grids centered not dt-{haint
(e.g. Monkhorst Pack 8 8 x 8 — 60) result in a larger number of k-points than odd divisioag (9x 9 x 9 — 35). In fact

the difference can be traced back to whether or whether edi4oint is included in the resulting k-point mesh. Meshes
centered al (option 'G’ in KPOINTS file or odd divisions, see Sec. 5.5.&hlave different than meshes withdufoption

'M’ in the KPOINTS file and even divisions). The precision tietmesh is usually directly proportional to thamber of
k-points in the IRBZbut not to the number of divisions. Some ambiguities canvbélad if even meshes (not centered at
are not compared with odd meshes (meshes centeféd at

Some other considerations:

It is recommended to use even meshes (exy88 8) for up ton = 8. From there on odd meshes are more efficient (e.qg.
11x 11x 11). However we have already stressed that the number cfias is often totally unrelated to the total number
of k-points and to the precision of the grid. Therefore a &8x 8 might be more accurate then &® x 9 grid. For fcc a

8 x 8 x 8 grid is approximately as precise as & 8 x 8 mesh. Finally, for hexagonal cells the mesh should beezhgfo that
thel pointis always included i.e. a KPOINTS file

automatic mesh

0

Gamma
8 8 6
0. 0. 0.

is much more efficient than a KPOINTS file with “Gamma” repldty “Monkhorst” (see also Ref. 5.5.3).

9 Examples

9.1 Simple bulk calculations

Bulk calculations are the easiest calculations which capaformed using VASP.
About which files do you have to worry:
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param.inc
INCAR

POSCAR
POTCAR
KPOINTS

A minimal INCAR file is strongly encouraged: the smaller tiMCIAR file the smaller the number of possible errors. In
general the INCAR file might look like:

SYSTEM = Pd: fcc

Electronic minimisation
ENCUT = 200.00 eV ! energy cut-off for the calculation (optio nal)
ENAUG = 350.00 eV ! energy cut-off for the augmentation charg es

DOS related values
ISMEAR = -5; | tetrahedron method with Bloechel corrections

For bulk calculation without internal degrees of freedomresommend the tetrahedron method with Bloechel corregtion
The method converges rapidly with the number of k-points r@agiires only minimal interference of the user. It is a good
practice to specify the energy cutoffs (ENCUT and ENAUG) melly in the INCAR file, but please always check the POT-
CAR file (grep ENMAX POTCARandgrep EAUG POTCARthe maximal ENMAX corresponds to ENCUT, and the maximal
EAUG to ENAUG).

VASP.3.2 only:
If your cell contains only one atomic species the param.inc file will be sinaléuse themakeparam utility to create this file, before running
makeparam be sure that you POSCAR file corresponds tortizest expanded volume

C-----General parameters always needed ...
PARAMETER(NGX=12,NGY=12,NGZ=12,NGXF=16,NGYF=16,NGZE16)
PARAMETER(NTYPD=1,NIOND=1,NBANDS=10,NKDIM=200)
PARAMETER(NRPLWV=257 ,NPLINI=10)
PARAMETER(NRPLWL=1,NBLK=16,MCPU=1)

C-----Parameter for non-local contribution
PARAMETER(LDIM=8,LMDIM=18,LDIM2=LDIM*(LDIM+1)/2,LMY  DIM=10)
PARAMETER(IRECIP=1,IRMAX=1000,IRDMAX=10000)

The NGX,Y,Z setting given above will be sufficient even for relativetg@rate calculations, the augmentation part (NGXF...) will be also
sufficient in most cases. With this file it is possible to use reciprocal ancetiespace projectors (for reasons of efficiency only reciprocal
projectors should be used for such a small cell).

The KPOINTS file might have the following contents:

Monkhorst Pack
0

Monkhorst Pack
11 11 11

0 0O

The number of k-points and therefore the mesh-size depentteemecessary precision. In most cases, 8 11x 11 mesh
(leading to a mesh containing approximately 60 points)fcsent to converge the energy to within 10 meV (see alsosect
8.6), and might be used as some kind of default for bulk catauts. If the system is semiconducting, you can often reduc
the grid to 4x 4 x 4 (also read section 8.6). For very accurate calculatiomerégy differences 1 meV), it might be necessary to
increase the number of k-points continuously, and to chdwdnvithe band-structure energy is converged (for most tiansi
metals a mesh of 15 15x 15 is sufficient).

A typical task performed for bulk materials is the calcwdatiof the equilibrium volume. Unless absolute convergence
with respect to the basis set is achieved, volume relaxatiging the stress tensor are not recommended and catmdati
with a constant energy cut-off (CEC) are considered to béepable to calculations with a constant basis set (CBS) (see
section 7.6)Due to the same reason you should not try to obtain the equiiibvolume from calculations which differ in the
lattice constant by a few hundreds of an Angstrdimese calculations tend to be CBS calculation and not a GiiDlation
(for a very small change in the lattice constant the basisvdletemain unchanged). It is preferable to fit the energyrave
certain energy range to a equation of states. A simple loep different bulk parameters might be done using a UNIX shell
script:
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rm WAVECAR
for i in 3.7 3.8 3.9 4.0 4.1
do
cat >POSCAR <«!
fcc:
$i
0.5 0.5 0.0
0.0 0.5 0.5
0.5 0.0 0.5
1
cartesian
000
|
echo "a= $i" ; vasp
E='tail -1 OSZICAR' ; echo $i $E >>SUMMARY.fcc
done
cat SUMMARY fcc

After a run the file SUMMARY.fcc contains the energy for diféat lattice parameters. The total energy can be fitted teesom
equation of states to obtain the equilibrium volume, thekdmbdulus and so on. Using the script and the parameter files
given above a simple energy-volume calculation is possible

Exercise 1Perform a simple calculation using the INCAR file given ahd¥ead the OUTCAR-file carefully. Somewhere
in the OUTCAR file a set of parameters is written beginningwlite line

SYSTEM = Pd: fcc

These lines give a complete parameter setting for the jobaght be cut from the OUTCAR file and used as a new INCAR
file. Go through the lines and figure out, what each paramegans: Using the INCAR and the batch file given above, what
is the default setting of ISTART for the first and for all folng runs? Is this a convenient setting (constant energyffut
— constant basis set) ?

Exercise 2increase the number of KPOINTS till the total energy is coged to 10 meV. Start with a5 x 5 k-points
mesh. Is the equilibrium volume still correct for thexs x 5 k-points mesh? Repeat the calculation for a different simga
(ISMEAR=1). Which choice is reasonable for SIGMA?

Exercise 3 Calculate the equilibrium lattice constant for differentkophases (e.g. fcc, sc, bee) and for different cut-offs
ENCUT. The energy differences between different bulk ph#sey.0E = E;.c — Epcc) Will converge rapidly with the cut-off.

Exercise 4Calculate the Pulay stress for a specific energy cut-offnThtax the configuration by setting the Pulay stress
explicitly (see section 7.6). Such a calculation requicesst the following parameters in the INCAR file:

NSW = number of ionic steps

ISIF = whatto relax
IBRION = which method to use for the relaxation
POTIM = size of trial step for ions

Use the conjugate-gradient algorithm.

9.2 Bulk calculations with internal parameters

Please read section 7.6 and 7.6.2.

A little bit more complex are bulk calculations with intetrtiegrees of freedom. The non ideal hcp phase (i.e. c/a not
ideal) is a simple example for this case. The avoid problecesiwing due to Pulay stress it is the safest to relax at ennst
volume. Add the line

NSW = 5
IBRION = 2
ISIF = 4

optional parameters not required
POTIM = size of trial step for ions (try the default 1.0)

to the INCAR file and use a UNIX batch file to calculate the dfuitim cell shape for different volumes. The batch file might
look similar to
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rm WAVECAR

for i in 3.7 3.8 3.9 4.0 4.1

do

cat >POSCAR <«!

C: hep

$i
1.00000 0.00000000000000 0.00000
-0.50000 0.86602540378444 0.00000
0.00000 0.00000000000000 1.63299

2

direct
0.00000000000000 0.00000000000000 0.000000
0.33333333333333 0.66666666666667 0.500000

|

echo "a= $i" ; vamp

E='tail -1 OSZICAR' ; echo $i $E >>SUMMARY.hcp
done

cat SUMMARY fcc

Exercise 5:If you want to relax the volume as well, always use a large feutdsually 1.3 times the default cutoff is
sufficient. Recreate the param.inc file with thakeparam utility program. Check the ISIF parameter and set it cotyeStart
an relaxation allowin all degrees of freedom to relax siamgously.

9.3 Accurate DOS and Band-structure calculations

Calculating a DOS can be done in two ways: The simple one ietfopn a static (NSW=0, IBRION=-1) selfconsistent
calculation and to take the DOSCAR file from this calculatibhe DOSCAR file can be visualized with

> drawdos

a simple FORTRAN program, which requires erlgraph routihdisd that VASP can calculate partial DOS. Partial DOS are
very powerful for the analysis of the electronic DOS (sedise®.32).

The simple approach discussed above is not applicable itaaéls: A high quality DOS requires usually very fine k-
meshes. You should think at least in orders of 16x16x16 nge&iresmall cells and even for large cells you might need
something like 6x6x6- or 8x8x8-meshes. For larger cells t@ften only possible to do calculations for one or two k-p®in
(due to restrictions in central memory). This problem alscuss for band-structure calculations. In this case ongésested
in the band-structure along certain lines in the BZ and fahdme a division into approximately 10 k-points is reqdire
to get a dense packing of data points allowing visualizat@rtines a smooth and realistic interpolation betweenetidesa
points.

The usual way, to do DOS or band-structure calculationsigddse is the following: the charge density and the effectiv
potential converge rapidly with increasing number of katei So, as a first step one generates a high quality chargéyden
using a few k-points in a static selfconsistent run. The mégp is to perform a non-selfconsistent calculation usheg t
CHGCAR file from this selfconsistent run (i.e. ICHARG is selltl, see section 6.14) . Mind, this is the only way to caleulat
the band structure, because for band-structure calcnfatite supplied k-points form usually no regular three-disienal
grid and therefore a selfconsistent calculation gives poresense !

For ICHARG=11, all k-points can be treated independertite is no coupling between them, because the charge density
and the potential are kept fixed. Therefore there is also ad twetreat the k-points within one single run simultanepukist
split the job into runs including only one single k-point amérge the results for the individual k-points into one sindgta
file. For people being not so familiar with the output formeftshe various files this procedure could produce some héadac
Therefore we provide some tools for doing this (a Bourndtsioeipt for UNIX systems and a set of FORTRAN programs)
and in the following a short description how to use thesdtietlis given:

The first step is to provide a KPOINTS file in the "entering alp&int coordinates explicitly”-format. If you want to
calculate a DOS this file must also contain connection listddtrahedra (the tetrahedron method is the only probdiay t
most usefull approach to calculate a DOS because it is pagatinee). To generate such a file you can use the utility

> kpoints
or

> vamp .
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Both programs read the POSCAR and KPOINTS file and generd®IBHKPT which can be copied to KPOINTS. Having
set up POSCAR and INCAR correctly use a shell-script called

> rundos.

The rundos script is also also useful for band-structuresietast step which is the calculation of the DOS fails in tlise;
but when you have reached this point all required actione leen performed correctly and all necessary files have been
created. For band-structure calculation the utility

> toband

can help to create a set of k-points along certain directidtise IRBZ.

The script rundos calls first a utility called "splitk” whicéplits the original KPOINTS file into many KPOINTS-files
each with a single k-point. Then a loop over these k-poins fledone and the EIGENVAL- and (if projection was switched
on) PROCAR-files are saved. The individual EIGENVAL- and RFXR-files are then merged together by tools called
"mergeeig” and "mergepro”. After this the original KPOINTie etc. is restored and all temporary EIGENVAL-, PROCAR-
and KPOINTS-files are erased. To get the DOS, finally somigyutihlled

> getdos

is called generating a DOSCAR-file according to the datadoom PROCAR or EIGENVAL. (This tool can always be used
if valid EIGENVAL, KPOINTS, INCAR and PROCAR-files exist.)
The obtained data can be visualized with the FORTRAN program

> drawband
> drawdos .

There are also some MATHEMATICA utilities to draw band-stiwre data (though they are not yet very user-friendly beeau
many things have to be customized by hand for each indiviclasg). For drawing band-structures of localized surfaate st
there exists a tool called "sbands” to find out bands with tageidegree of localization at some atom(s) and generating a
output file SBAND which can be used directly as input for the T EMATICA tool "sband.m”. Furthermore there exists a
tool called "bbands” which tries to find minima and maximaloé eigenvalues for all k-points with distinct x-/y-coordias

but different z-coordinates. It creates a file "BBAND” whichn be used as input for the MATHEMATICA tool "bband.m”
which draws "allowed energy regions” for the bulk band stuwe (by shading allowed ranges).

9.4 Atoms
About which files do you have to worry:

INCAR

POSCAR
POTCAR
KPOINTS

Before using a pseudopotential intensively, it is not omguired to test it for various bulk phases, but the pseuduoyial
should also reproduce exactly the eigenvalues and theao&aby of the free atom for which it was created. If the energy
cutoff and the cell size are sufficient, the agreement baiviee atomic reference calculation (EATOM in the POTCAR
file) and a calculation using VASP is normally better than Mnfleut errors can be 10 meV for some transition metals). In
most cases, calculations for an atom are relatively fastuspdoblematic. For the calculation theshould be usede. the
KPOINTS file should have the following contents:

Monkhorst Pack
0

Monkhorst Pack
1 1 1

0 0O

A simple cubic cell is usually recommended; the size of tHedmpends on the element in question. Some values for
reliable results are compiled in Tab. 3. These cells arelatge enough to perform calculations on dimers, explaindtie
next section. The POSCAR file is similar to:
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Table 3: Typical convenient settings for the cell size far tllculation of atoms and dimers are (reoughly 4-5 timeslitner
length):

cell size
Lithium 13A
Aluminium 12A
Potassium 14A
Copper, Rhodium, Palladium .[. 10 A
Nitrogen 7A
C 8 A

atom

10.00000 .00000 .00000
.00000 10.00000 .00000
.00000 .00000 10.00000
1
cart
0 0 0

The INCAR file can be very simple

SYSTEM = Pd: atom

Electronic minimization
ENCUT = 200.00 eV energy cut-off for the calculation (opt)
NELMDL = 5 make five delays till charge mixing

ISMEAR = 0; SIGMA=0.1 use smearing method

The only difference to the bulk calculation is that Gaussamearing should be used. If the atomic orbitals are almost
degenerated, you might have to set SIGMA to a smaller valueli® careful very small values might degrade convergence
significantly). For initial tests, SIGMA=0.1 eV is usuallygaod starting point.

Mind: Extract the correct value for the energy, inist F = E + cSwhich contains a — meaningless — entropy term related to
accidential orbital degeneracy, but the “energy withoutapy” in the OUTCAR file.

In some rare cases, the real LDA/GGA groundstate mightrdiffem the configuration for which the pseudopotential
was generated (most transition metals, see Sec. 10), sieacetupancies have been set manually during the pseudtpbte
generation. For Pd, for instances'a® configuration was chosen to be the reference configuratibichvs not the LDA/GGA
groundstate of the atom. In this case, it is necessary theatdcupancies for VASP manually in order to obtain the same
energy as the one found in the POTCAR file. This can be donadirgy the following lines in the INCAR file: This can be
done including the following lines in the INCAR file:

LDIAG = .FALSE. I keep ordering of eigenstates fixed
ISMEAR = -2 I keep occupancies fixed
FERWE = 5*0.9 0.5 ! set the occupancies manually

(5*0.9 is interpreted as 0.9 0.9 0.9 0.9 0.9). To determimedttdlering of the eigenvalues it might be necessary to paréor
calculation with ICHARG=12 (i.e. fixed atomic charge deysifAfter a successful atomic calculation compare the diffiees
between the eigenvalues with those obtained by the psetettfa generation program. Also check the total energy, th
differences should be smaller than 20 meV.

Here another example: If the energy of an atom with a pagrcobnfiguration has to be calculated, i.e. spin polarized
Fe with a valence configuration of 3d6.2 4s1.8, the calaualias to be performed in two step. First a non selfconsistent
calculation with the following INCAR must be performed:

ISPIN = 2
ICHARG = 12
MAGMOM = 4 I magnetization in Fe is 4

This first step is required in order to determine a set ofahitiavefunctions and the orbital ordering. In the OUTCAR file
one finds the following level ordering:
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k-point 1 : 0.0000 0.0000 0.0000
band No. band energies
-5.0963
-5.0963
-5.0954
-5.0954
-5.0954
-4.6929
-0.7528
-0.7528

O ~NO Ok~ WwN -

Spin component 2

k-point 1 : 0.0000 0.0000 0.0000
band No. band energies
-3.6296
-2.2968
-2.2968
-2.2889
-2.2889
-2.2889
-0.1247
8 -0.1247

In the spin up component, the 5 d states have lower energthieas state, whereas in the down component, the s state has
lower energy than the d states. This ordering is importansdipplying the occupancies in the lines FERWE and FERDO in
the INCAR file in the second calculation. For a spherical attra final calculation is performed with the following INCAR
file:

~No o1k WD

ISTART = 1 I read in the WAVECAR file
ISPIN = 2
MAGMOM = 4
AMIX = 0.2 ; BMIX = 0.0001 ! recommended mixing for magnetic sy stems
LDIAG = .FALSE. I keep ordering of eigenstates fixed
I (Loewdin subspace rotation)
ISMEAR = -2 I keep occupancies fixed
FERWE = 5*1 1*1 3*0 ! d5 sl, 3 other orbitals zero occ.
FERDO = 0.8 5*0.24 3*0 ! s0.8 d1.2 other orbitals zero occ.

The determination of the spin-polarisation broken symyngtoundstate of atoms is discussed in the next section 9.5.
Mind: The size of the cell can be reduced if one special point is irstdad of thd™ point, i.e. if the KPOINTS file has
the following contents:

Monkhorst Pack
0

Monkhorst Pack
2 2 2

0 0O

The reasons for this behavior are: Due to the finite size ot#liea band dispersion exists i.e. the atomic eigenvalulits sp
and form a band with finite width. To first order the center & Hand lies exactly at the position of the atomic eigenvalues
At the I'-point, however the eigenvalues at the bottom of the bandlatia@ned. If the special point (0.25,0.25,0.25)a is
used instead of the-point, the energy of the center of the band is obtained. Nlegkess we recommend this setting only for
experts: in most cases the degeneracy of the p- and d-srlst@@moved and only the mean value of the eigenvalues remain
physically significant. In this cases it is also necessaigdeaseSIGMAor to set the partial occupancies by hand!

9.5 Determining the groundstate energ of atoms

The POTCAR file contains information on the energy of the atorthe reference configuratiomé. the configuration for
which the PP was generated). Cohesive energies calculgitgddp are with respect to this configuration. The reference
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calculation, however, did not allow for spin-polarisatimnbroken symmetry solution. To include these effects prigpit is
required to calculate the lowest energy magnetic groutelsting VASP.

Unfortunately convergence to the symmetry broken spinrfzald groundstate can be relatively slow in VASP. The fol-
lowing INCAR file worked reasonably well for most elements:

ISYM = 0 I no symmetry

ISPIN = 2 I allow for spin polarisation

VOSKOWN = 1 ! this is important, in particular for GGA

ISMEAR = 0 I Gaussian smearing, otherwise negative occupanc ies
SIGMA = 0.1 ! intermid. smearing width

AMIX = 0.2 I mixing set manually

BMIX = 0.0001

NELM = 20 I 20 electronic steps

ICHARG =1

Execute VASP twice, consecutively with this input file to getiverged energies.

9.6 Dimers

Especially for critical cases, dimers are excellent testesys. If a pseudopotential has passed dimer and bulk atitms,

you can be quite confident that the pseudopotential possessellent transferability. For the simulation of the dine@e can

use thd™ point and displace the second atom along the diagonal @ire€enerally bonding length and vibrational frequency
have to be calculated. It is highly recommended to perfomseéttalculations using the constant velocity moleculaadya
mode (i.e. IBRION=0, SMASS=-2). This mode speeds up theutation because the wave functions are extrapolated and
predicted using information of previous steps. Your INCAR fhust contain some additional lines to perform the constan
velocity MD:

jonic relaxation

NSW = 10 number of steps for IOM
SMASS = -2 constant velocity MD
POTIM = 1 time-step for ionic-motion

To avoid complications use POTIM=1 for all constant velpditD’s. In addition to the positions the POSCAR file must also
contain velocities:

dimer
1
10.00000 .00000 .00000
.00000 10.00000 .00000
.00000 .00000 10.00000

2
cart
0 0 0
1.47802 1.47802 1.47802
cart
0 0 0

-.02309 -.02309 -.02309

For thisoPOSCAR file the starting distance is 2/56n each step the distance is reduced by Giowading to a final distance
of 2.20A. The obtained energies can be fitted to a Morse potentiabxa@rnal self explained program called

> morse

exists.

Mind: In some rare cases likeoCthe calculation of the dimer turns out to be problematia. Epthe LUMO (lowest
unoccupied molecular orbital) and the HOMO (highest ocedpnolecular orbital) cross at a certain distance, and analac
degenerated if the total energy is used as variational gudiné. c — 0). Within the finite temperature LDA these difficulties
are avoided, but interpreting the results is not easy beocaifuthe finite entropy (for €see Ref. [54]).
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9.7 Molecular — Dynamics

About which files do you have to worry:

param.inc
INCAR

POSCAR
POTCAR
KPOINTS

Use themakeparam utility to create the param.inc file. For a molecular dynasmREC= Low is definitely sufficient. The
INCAR file might be similar to

SYSTEM = Se
ENCUT = 150 eV ! energy cutoff (opt)
IALGO = 48 I RMM-DIIS algorithm for electrons
LREAL = A I evaluate projection operators in real space
NELMIN = 4 I do a minimum of four electronic steps
BMIX =20 I mixing parameter
MAXMIX = 50 I keep dielectric function between ionic movemen ts

lonic Relaxation
ISYM =0 I switch of symmetry

NSW = 100 ! number of steps for IOM
NBLOCK = 1 ; KBLOCK = 100

SMASS = 2.0 ! Nose mass-parameter (am)
POTIM = 3.00 ! time-step for ion-motion
TEBEG = 573 I temperature

PC-function

APACO = 10.0 I distance for P.C.

Use IALGO=48 (RMM-DIIS for electrons) for large moleculayramic runs. You should also evaluate the projection op-
erators in real space (LREAL=A), and require at least 4 sdeat iterations per ionic step (NELMIN = 4). For surface you
might need to increase this value to NELMIN = 8.

Special consideration require the parameters BMIX and MAXMt is usually desirable to use optimal mixing param-
eters for molecular dynamics simulations. This can be dgngebforming a few static calculations with varying AMIX and
BMIX parameters and do determine the one leading to thedastavergence. However in the latest version of VASP the
dielectric function is reused when the ions are updated pimal AMIX and BMIX is no longer that important). The dielec
tric function is reused after ionic updates, if MAXMIX istts@lAXMIX should be about three times as larger as the number
of iterations required to converge the electronic wavetions in the first iteration.

After doing executing VASP once, it is only necessary to cG@NTCAR to POSCAR and to restart VASP. Usually a
shell script is used for this task. An example shell scriptloa found on the vamp account in the file vamp/scripts/iter.

9.8 Simulated annealing

Simulated annealing runs can be very helpful for an autamiermination of favourable structural models. A few p®in
should be kept in mind.

e Usually a simulated annealing run is more efficient if all sessare equal, since then the energy dissipates more quickly
between different vibrational modes. This can be done byngdihe lines POMASS in the POTCAR file. The partition
functions remains unaffected by a change of the ionic masses

e The timestep can be chosen larger than usual, in partidutae masses have been changed.

e The temperature should be decreased only slowly. This catobe by decreasing the temperature (TEBEG) in the
INCAR file and using the Nose thermostat.
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9.9 Relaxation

9.10 Surface calculations

Surface calculations are definitely very subtle, and yowkhbe rather careful if you want to do such calculations.déef
starting read the section 8 with great care and understandakic outlines of this section. In the following chaptees w
will explain the typical steps involved in a surface caltida. Even if you follow all these steps difficulties mightroe
up. So whenever you get physical meaningless results firdt #bout your possible mistakes (see section 8): i.e. ave yo
FFT-meshes sufficient, have you used enough k-points, isgalaulation converged correctly, are your positions ect;r—

in general — are the parameters in the INCAR, POSCAR, KPOIRN&%nd the param.inc file chosen correctly. Also mind
that an error in an early step of the calculation might reisusterious errors for all successive calculations. Foraimse an
error of 1% in the lattice constant might result in an erroupfto 3% in the calculation of the surface relaxation. So & is
good idea to spend more time in the first few steps (bulk catimn, determining the necessary size of the FFT grids,iktpo
etc.).

9.10.1 1. Step: Bulk calculation

As a first step perform a bulk calculation, use the tetrahedrethod and increase the number of k-points till your caldoih
is converged to the required accuracy. What is the requiredracy: Sorry, no general answer to this question, if youtwan
to calculate surface energies within 10 meV you should grybacrease the k-mesh till your energy is converged to 1 meV
Mind that a slab used to model the bulk usually contains a@@3100 atoms. This means that you need a very accurate bulk
energy to get reliable surface energies. Once again, beefsicas possible. If you generate the param.inc file autmailt
chose "PREC=High” for the bulk calculation.

As a second step switch from the tetrahedron method to a fent@erature method. There are two possible choices at
this moment:

e You can use the Gaussian method (ISMEAR=0) and a small SIGM#eSIGMA=0.1). This method was previously
used quite frequently, nevertheless we prefer the secasidech

e Use the method of Methfessel-Paxton wiNh= 1. SIGMA should be as large as possible but the differencedest
the free energy and the total energy (i.e. the term ” entra{®/)Tin the OUTCAR should be negligible. The entropy
term gives you a good estimation of the possible errors, amt be within the accuracy you want to obtain (taking the
previous example approximately 1 meV).

From now on you should neither change ISMEAR nor SIGMA nor ENCRepeat the bulk-calculations with an increas-
ing set of k-points. The convergence speed with respectamtimber of k-points should be almost the same as with the
tetrahedron method.

Choose a reasonable set of k-points and the energy cut-ofiwamt to use for the surface calculation and calculate the
equilibrium lattice constant. Avoid wrap around errorsREEC=High” for themakeparam utility). The lattice constant you
obtain must be used as the lattice constant in the surfacalatibns. The free energy is the references value for athéu
calculations. Also calculate the entropy (i.e. the term

entropy T*S
in the OUTCAR file) or write down the total energy and the phgkenergy § — 0).

9.10.2 2. Step: FFT-meshes and k-points for surface calculan

The first step involves finding a reasonable FFT mesh. If yontwa avoid wrap around errors at all chose the values
recommended by VASP (or tieakeparam utility for "PREC=High”). As a first test use a supercell caining approximately

5 layers bulk and 5 layers vacuum. Use a reasonable not tge kapoints set (see below). The values for the FFT-mesh
which strictly avoid any wrap-around errors are also wnitie the OUTCAR file:

WARNING: wrap around error must be expected
set NGX to 22

These meshes will result in long computational times, butiyoist afford at least one exact calculation. If you want thuoe
the meshes try to use th¢8rule (makeparam PREC=Med) and compare the results with the exact convesgedts.

As a next step find a reasonable k-point mesh. First hintdisady given by the bulk calculation. For a surface caléoiat
you will have one long lattice vector and two short latticetees. For the long direction one division for the k-pointshés
sufficient, because the band dispersion is due to the vaceuomirz this direction. For the short directions the convaoge
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speed with respect to the number of divisions will be apprately the same as for the bulk. Increase the number of kigoin
till you get a sufficiently converged free energy. Once agawoid large wrap around errors.
Possible cross checks:

e The entropy per atom should be the same as in the bulk cdtmulétthis is not the case decrease SIGMA and repeat
all calculations.

e The total drift in the forces must be small. If this is not tlase your FFT-mesh is not sufficient and must be increased
accordingly.

e Also check the convergence speed of the forces with respéieetk-points mesh and the size of the FFT-mesh.

9.10.3 3. Step: Number of bulk and vacuum layers

From now on keep the number of k-points and the wrap aroumdsfixed (i.e. try to use always the same ratio between the
value which avoids all wrap around errors and the actual iE$h). Test how many bulk and vacuum layers are necessary
to get a reasonable surface energy, and a reasonable cethferge on the first (and possibly second) slab layer.

Mind: Do not change more than one parameter from one calculatitimeetaext calculation. It is almost impossible to
compare two calculations which differ in the number of kfgsiand in the size of the supercell. Be very careful about the
FFT-meshes: If you increase the size of the supercell witimmueasing the size of the FFT mesh the resultactomprove.
Actually results get even worse in this case because the avcamd error increases.

9.11 Lattice dynamics, via the force constant approach

We have a small program to calculate phonon dispersionaekafor bulk materials with arbitrary symmetry, but prethen
we do not plan to release this program, since it is difficuluse and rather complicated. If you want to perform phonon
calculations we hence recommend to use the following packageloped by Krzysztof Parlinski:

Krzysztof Parlinski

E-mail: b8parlin@cyf-kr.edu.pl
Fax: +48-12-637-3073
http://wolf.if|.edu.pl/phonon

The program runs under windows and offers a nice graphi@linterface. Presently the program is not free.
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Table 4: Correction to the energy of the atom for the US-PH this value to the energies determined by VASP.

3d Sc Ti \% Cr Mn Fe Co Ni Cu
exp. 3d4s2 3d24s2 3d34s2 3d54s 3d54s2 3d6s2 3d74s2 3d8 44D 4sd
GS 3d4s2 3d34s 3d44s 3d54s 3d54s2 3d6.2 3d7.7 3d94s 3d104sl

4s1.8 4s1.3
d(E)
GGA 1.78 2.24 3.77 5.87 5.62 3.15 1.43 0.55 0.22
LDA 1.73 1.99 3.38 5.30 5.02 2.82 1.28 0.49 0.18
4d Y Zr Nb Mo Tc Ru Rh Pd

exp. 4d5s2 4d25s2 4d45s  4d55s 4d55s2  4d75s  4d85s  4d10
GS  4d5s2 4d35s 4d45s  4d55s 4d55s2  4d75s  4d85s  4d10
d(E)

GGA 191 191 308 461 3.06 1.96 1.06 151
LDA  1.90 1.66 270 409 273 174 094 1.46

5d Hf Ta W Re Os Ir Pt
exp. 5d2 6s2 503652 504652 5d56s2 5d6 652 5d9  5d9 6s
GS 5d26s2 5d36s2 5d56s 5d56s2 5d66s2 5d86sl  5d9 6s
d(E)

GGA 305 324 453 442 253 087  0.48
LDA 298 310 400 407 233 092 041

10 Pseudopotentials supplied with the VASP package

VASP is supplied with a set of standard pseudopotential¥, @ we urge all VASP users to use this set of PP or the novel
PAW potentials (see Sec. 10.2). The pseudopotentials eateld at our file server: (see also section 3.2):

X
cms.mpi.univie.ac.at."vasp/pot/potcar.date.tar
cms.mpi.univie.ac.at:"vasp/pot_GGA/potcar.date.tar

It was a difficult and time-consuming task to generate thd3s.H he reasoning for their generation is, however, otsiou
PP generation was, and still is, a tricky, cumbersome, gmane and time-consuming task, and only few groups camdaffo
to generate a new PP for every problem at hand. But, if a lasge community applies the same set of pseudopotentials to
widely different problems, ill-behaved PP are easily sgbtind can be replaced by improved potentials.

This philosophy has certainly paid of. The PP’s suppliechWwiASP are among the best pseudopotentials presently
available, but the pseudopotential method has been sujserdgsy better electronic structure methods, such as the PAW
method. Hence, the development of the pseudopotentiatibdied has come to an end, and we strongly recommend to use
the PAW datasets now supplied in the VASP-PAW package (seelBe?).

All supplied PP’s with VASP are of the ultra soft type (withwfexceptions). And for most elements only one LDA and
one GGA PP is supplied. All pseudopotentials are suppligd @éfault cutoffs (lines ENMAX and ENMIN in the POTCAR
files), and information on how the PP was generated. Thisldhmake it easier to determine which version was used, and
user mistakes are easier to correct. The POTCAR files als@iooinformation on the energy of the atom in the reference
configuration i.e. the configuration for which the PP was generated). Cohesigggees calculated by VASP are with respect
to this configuration. Mind that the cohesive energies emitbut by VASP requires a correction for the spin-polaraati
energies of the atoms.

For the transition metals an additional problem exists: Tbkesive energies written out by VASP are with respect
to a "virtual” non spin-polarized pseudo-atom having ondesteon and Nvalence-1 d electrons. This is usually not the
experimental ground state configuration.

The table below gives the required energy corrections jd@E)Xransition metals: i.e. it contains the differencevibetn
the "virtual” non spin-polarized pseudo-atom and a spifepped groundstate (GS) atom calculated with VASP. Thewzal
lations have been done consistently with VASP, using thegatore described in Sec. 9.5.

Mind that LDA/GGA is not able to predict the correct grouratst(line exp.) for all transition metals. This is not a fedu
of VASP but related to deficiencies of the LDA/GGA approxifoat Only configuration interaction (CI) calculations are
presently able to predict the groundstate of all transiti@tals correctly.
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The POTCAR file also contains information about the appraxérerror according to the RRKJ (Rappe, Rabe, Kaxiras
and Joannopoulos) kinetic energy criterion. This appretéerror is taken into account when cohesive energies &ne-ca
lated, and this is the reason why cohesive energies do no¢atese strictly with the energy cutoff. If you do not like this
feature remove the lines after

Error from kinetic energy argument (eV)
till (but not including) the line
END of PSCTR-control parameters

in the POTCAR file. We want to point out, that the RRKJ kinetieryy is usually very accurate and corrects for more than
90% of the error in the cohesive energy, but it works only drthis not a considerable charge transfer from one state to
another state {s-d or s—p).

10.1 Two versions of PP, which one should be used

For H three POTCAR files exist. The H/POTCAR and2B80eV/POTCAR files actually contain the same PP. The only
difference is that H200eV has a lower default energy cutoff of 200 eV (the defawdbff for H is 340 eV). Up to now we
have not found any difference between calculations usirfig&2@l 340 eV, we therefore recommend to use onlf08eV
(differences for thed, dimer are for instance less than 1%). If H is used togethdr hatrd elements like carbon VASP will
anyway adopt the higher default cutoff of C. The third patdritl_soft (generated by J. Furthmueller) should be used in
conjunction with soft elements like Si, Ge, Te etc. As one sa@ from the dathase file H dimer length and vibrational
frequencies are still quite reasonable.

For the first row elements two PP exist, we recommend the atdnersion, which gives very high accuracy. The second
set (Bs,Cs,0s,N s,Es) is significantly softer and should be used only after catekting. We have found that the second
set is safe if a hard species is mixed with a softer one (tHat imstance the case in Si-C, Sp(or even Ti-Q).

For Ga, In, Sn and Pb one should describe the 3d or 4d stateseme®, corresponding PP can be found on the server in
the directories

Ga d, In.d, Sn d, Pb d

If one puts the 3d or 4d states in the core the results depeodgst on the location of the position of the d-reference
energy. The d-reference energy for the conventional Ge&grirand Pb PP (with d in the core) has been adjusted so that the
equilibrium volume is within 1 percent of the equilibriumlume for the Gad, In.d and Snd PP. This is clearly ad hoc
fix, but results in reasonably accurate pseudopotentialtsd Bhat PP including d are currently missing for Ge, and fenyv
accurate calculations such a PP might be required.

The following PP are currently available with p semi-coes

Li_pv

Na_pv Mg_pv

Kpv Capv Sc_pv Tipv V pv Fe_pv
Rb pv Srpv Y_pv Zr_pv Nb_pv Mo_pv
Cs_pv Ba_pv Ta_pv W_pv

For a few elements harder NC-PP exist which can be used inlatitns under pressure, for ionic systems, or for oxides:

Na_h Mg_h AlLh Si_h

10.2 The PAW potentials

PAW potential for all elements in the periodic table are mde. With the exception of the 1st row elements, all PAW
potentials were generated to work reliably and accuratedyhanergy cutoff of roughly 250 eV (the default energy duf
read by VASP from the POTCAR file, tag ENMAX in the POTCAR filff)you use any of the supplied PAW potentials you
should include a reference to the following article:

P.E. Bbchl, Phys. Rev. B0, 17953 (1994).

G. Kresse, and J. Joubert,

"From ultrasoft pseudopotentials to the projector augmeémtave method”,
Phys. Rev. B9, 1758 (1999).
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The distributed PAW potentials have been generated by Gdé€rfollowing the recepies discussed in the second referenc

Generally the PAW potentials are more accurate than the-stift pseudopotentials. There are two reasons for thss; fir
the radial cutoffs (core radii) are smaller than the radédu$or the US pseudopotentials, and second the PAW potential
reconstruct the exact valence wave function with all noddké core region. Since the core radii of the PAW potentieds a
smaller, the required energy cutoffs and basis sets aresafsewhat larger. If such a high precision is not requiregl older
US-PP can be used. In practice, however, the increase iratlig $et size will be anyway small, since the energy cutafie h
not changed appreciably for C, N and O, so that calculationsibdels, which include any of these elements, are not more
expensive with PAW than with US-PP.

For some elements several PAW versions exist. The standasibu has generally no extension. An extenstoimplies
that the potential is harder than the standard potentiahande requires a larger energy cutoff. The extensianeans that
the potential is softer than the standard version. The eidaa_pv and_sv imply that thep ands semi-core states are treated
as valence states.€ for V_pv the 3p states are treated as valence states, andl_for the 3 and 3 states are treated as
valence states). PAW files with an extensidntreat thed semi core states as valence states@fnd the 3 states are treated
as valence states).

In the following sections, the PAW potentials are discuseesbmewhat more detail.

10.2.1 1strow elements

Recommended choice is in bold face:

B.h 700 C.h 700| N.h 700 O.h 700| F.h 700
B 318 | C 400 | N 400 | O 400 | F 400 | Ne 343
Bs 250 Cs 273| Ns 250l Os 250| Fs 250

For the other 1st row elements three pseudopotential versigist. For most purposes the standard versions should
be used. They work for cutoffs between 325 and 400 eV, whe@e4BD eV are required to accurately predict vibrational
properties, but binding geometries and energy differemceswell reproduced at 325 eV. The typical bond length errors
for first row dimers (N, CO, &) are about 1% (compared to more accurate DFT calculatiaisxperiment). The hard
pseudopotentialsh give results that are essentially identical to the best D&I€utations presently available (FLAPW, or
Gaussian with huge basis sets). The soft potentials arenigeidl to work around 250-280 eV. They vyield very reliable
description for most oxides, such ag®, TiO», CeQ, but fail to describe some structural details in zeolites. (¢ell
parameters, and volume).

For HF and hybrid tpye calculations, we strictly recommeraluse of the standard or of the hard potentials. For instance
the0_s potential can cause unacceptably large error even in tiramsnetal oxides, even though the potential works reliable
on the PBE level.

10.2.2 Alkali and alkali-earth elements (simple metals)

For Li (and Be), a standard potential and a potential thatsréne  shell as valence states are availalbie v, Be_sv).
For many applications one should use the potential since their transferability is much improved qared to the standard
potentials.

For the other alkali and alkali-earth elements the semg-saind p states should be treated as valence states as well. For
lighter elements (Na-Ca) it is usually sufficient to trea the 2 and 3 states, respectively, as valence statps)( whereas
for Rb-Sr the 4,4p and 5, 5p states, respectively, must be treated as valence statgsklence the standard potentials are
(default energy cutoffs are specified as well, but energgftatight vary from one release to the other).

H 250
H_h 700
Li 140 | Be 300
Li.sv 500 | Besv 308
Na 100 | Mg 210
Na_pv 260 | Mg_pv 400
Nasv 700
Kpv 120| Capv 120
Ksv 260| Casv 270
Rbpv 120| Srsv 230
Rb_sv 220
Cssv 220 | Basv 190

e Contrary to the common believihese elements are exceedingly difficult to pseudize
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— in particular in combination with strongly electronegatilements (F) errors can be larger then usual.
— the present versions are very precise, and should offerrdytrigliable description.

e for X_pv pseudopotentials the semi core p states are treatedeacggPp in Na and Mg, 3p in K and Ca etc.)
for X_sv pseudopotentials, the semi core s states are treatetbasevéls in Li and Be, 2s in Na etc.)

10.2.3 d-elements

The same applies welements: the semi-copestates and possibly the semi-cargtates should be treated as valence states.
In most cases, reliable results however can be obtainedad\tbe semi core states are kept frozen. As a rule of thumlipthe
states should be treated as valence states, if their eigagyariies above 3 Ry. Generally we recommend to use the following
potentials:

Sc 154| Ti 178 | V 192 | Cr 227 | Mn 269
Tipv 222|V_pv 263| Crpv 265| Mn_pv 269

Scsv 222 | Tissv  274| V.sv 263 | Crsv 395 Mnsv 387
Zr 154 Mo 224 | Tc 228

Ysv 211| Zrsv 229 | Nb_pv 207 | Mo_pv 224 | Tcpv 263
Hf 220 | Ta 223| W 223 | Re 226
Hf pv 220 | Tapv 223 | Wpv 223 | Repv 226

Fe 267 | Co 267 | Ni 269 | Cu 290 | Zn 276

Fepv 293| Copv 271| Nipv 367| Cupv 368

Fesv 390

Ru 213 | Rh 228 | Pd 250 | Ag 249 | Cd 274

Rupv 240| Rhpv 250| Pdpv 250

Os 228 Ir 210 | Pt 230 | Au 229 | Hg 233

Ospv 228 Ptpv 294

Note: this table has been updated April 2009. Since compuater becoming ever more powerfull, we recommend to use
the more accurate potentials whenever possible. Furthrerthe potentials for the following elements have been wpdat
April/May 2009 to improve the scattering properties[90]: Cu, Mo-Ag, Pt, Au.

General comments:

e For X_pv pseudopotentials, the semi cqrstates are treated as valence, whereas fev iseudopotentials, the semi
cores states are treated as valence.

e X_pv potentials are required for early transition metals, dng can freeze the semi-copestates for late transition
metals (in particular noble metals).

e When to switch from Xpv potentials to the X potentials depends on the requiredracg and the row
— for the 3 elements, even the Ti, V and Cr potentials give reasonabldtse but should be used with uttermost
care.
— 4d elements are most problematic, and | advice to use tipg Kotentials up to Tov.
— 5d elements: p states are rather strongly localized (below 3 Ry), sincetthshell becomes filled. One can use
the standard potentials starting from Hf, but we recommenmktform test calculations.

e For some elements, additionals¢ potential are available but not listed in the table (elg.sM, Ma_sv, Hf sv). These
potential usually have very similar cutoffs as th®y potentials, and can be used as well. For HF type and hybrid
functional calculations, we strongly recommend the uséefdv and_pv potentials whenever possible.
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10.2.4 p-elements, including first row

B_h 700 | C.h 700 N.h - 700 O.h 700 | F.h 700
B 318 | C 400 | N 400 | O 400 | F 400 | Ne 343
B_s 250| Cs 273| N.s 250| O.s 250| Fs 250
Al 240 | Si 245 | P 260 | S 260 | CI 260 | Ar 266
P.h  390| Sh 402 | Cl.h 409
Ga 134| Ge 173| As 208 | Se 211 | Br 216 | Kr 185
Gad 282 | Ged 287
Gah 404 | Geh 410

In 95 | Sn 103| Sb 172 | Te 174 | | 175 | Xe 153
Ind 239| Snd 241
T 90 | Pb 97 | Bi 105 | Po 159 At 161 | Rn 152

Tl.d 237| Pbd 237| Bi.d 242 | Pod 264 | At.d 266

Note: this table has been updated April 2009. LDA-potesgtiat the following elements have been update April/May 2009
to allow slightly lower cutoff (softed potential): P-CI.
General comments:

e For mostp-elements presently only one potential is available. Fet fow elements see discussion above.

e For Ga, Ge, In, Sn, TI-At the lower lying states should treated as valence statp@tential). For these elements,
alternative potentials that treat tHestates as core states are available as well, but should bewvitbegreat care.

10.2.5 f-elements

Due to self-interaction errorg-electrons are not handled well by presently available ithefisnctionals. In particular, par-
tially filled f states are often incorrectly described, leading to largareifor Pr-Eu and Th-Yb where the error increases
in the middle (Gd is handled reasonably well, since 7 elestimccupy the majority shell). These errors are DFT and not
VASP related. Particularly problematic is the descriptafrthe transition from an itinerant (band-like) behavioisebved

at the beginning of each period to localized states towdrelend of the period. For thef £lements, this transition occurs
already in La and Ce, whereas the transition sets in for Pufandor the 5f elements. A routine way to cope with the
inabilities of present DFT functionals to describe the laem 4f electrons is tlace the4f electrons in the coreSuch
potentials are available and described below. FurtherniR#é/ potentials in which thé states are treated as valence states
are available, but these potentials are not expected to rebidble when thd electrons are localized. Expertise using hybrid
functionals or an LDA+U like treatment are not particuladyge, but hybrid functionals should improve the desaoiptif

the f electrons are localized, although the most likely fail &f thelectrons for band-like (itinerant) states.

La 219| Ce 273| Pr 272 Nd 253 | Pm 258 Sm 257| Eu 249| Gd 256
Tb 264| Dy 255| Ho 257| Er 298| Tm 257 |Yb 253 | Lu 255
Ac 172 | Th 247 | Pa 252| U 252 | Np 254 | Pu 254 Am 255
Ths 169| Pas 193| Us 209| Np.s 207| Pus 207

For some elements soft versions)(are available, as well. The semi-cqrstates are always treated as valence states, whereas
the semi-cores states are treated as valence states only in the standanctiptst. For most applications (oxides, sulfides),
the standard version should be used, since the soft vensimg result ins ghoststates close to the Fermi-level (e.g.<0a
ceria). For calculations on inter-metallic compounds thfé#ersions are, however, sufficiently accurate.

In addition, special GGA potential are supplied for Ce-Llumihich f-electrons are kept frozen in the core (standard
model for the treatment of localisedelectrons). The number df-electrons in the core equals the total number of valence
electrons minus the formal valency. For instance: accgrtbirthe periodic table Sm has a total of 8 valence electrorfs (6
electrons and 2 electrons). In most compounds Sm, however, adopts a val#ri@yhence 5f electrons are placed in the
core, when the pseudopotential is generated (the corrdsmppotential can be found in the directory S3h The formal
valencyn is indicted by_n, where n is either 3 or 2. C& s for instance a Ce potential for trivalent Ce (for tettama Ce the
standard potential should be used).

Ce3 176| Pr3 181 | Nd3 182| Pm3 176| Sm3 177| Eu3 129| Gd3 154
Euz 99
Tb.3 155| Dy.3 155| Ho.3 154 | Er3 155| Tm.3 149 Lu3 154
Er2 119 Yb_2
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11 The pseudopotential generation package

First of all, the pseudopotential generation package isongér distributed with VASP. We have several reasons to do so
Firstly, it is not particularly user friendly, and we had to@ny queries how to use it and why some features did not work
the way the users expected. Second, it is our aim to generatesastent thoroughly tested data base for all elements in
the periodic table. Centralising the pseudopotential geioa, allows us to build up this basis more efficiently. Mosers

will certainly profit from this strategy. Finally, we want fwrotect our know-how in pseudopotential generation. Pepod
tential generation is a sort of black art, and strange thoags happen during the generation. The present version of the
pseudopotential code has features to detect this problfitisatly.

The pseudopotential generation package consists of twaratepprograms. The first one is called

rhfsps
and generates the | dependent pseudopotentials, the secemdlled
fourpot3

prepares the pseudopotentials for VAMP and creates the R@Tiilz, which can be used by VAMP. Several files are used
by both programs:

PSCTR

V_RHFIN
V_RHFOUT
V_TABIN
V_TABOUT
PSEUDO
WAVE_FUNCTION
DDE

POTCAR

The central input file fobothprograms is PSCTR. It contains all information for the chltion of the pseudopotential. The
input file V_.RHFIN on the other hand describes the atomic reference aoafign and controls the all electron (AE) part
of the pseudopotential generation program. The pseudati@tgeneration program rhfsps creates the files PSEUDO and
WAVE _FUNCTION, which are read and interpreted by the fourpot3pam. The final output file is the POTCAR file, which
can be read by VAMP.

Mind: All programs discussed in this section use a.u., energealarays in Rydberg. This is an important difference to
VAMP (which uses eV and).

11.1 V.RHFIN, V_RHFOUT V _TABIN AND V _TABOUT file

The AE-part of the program rhfsps is controlled by theRWFIN file. This file is strictly formatted, and you must be very
careful, if you change the fil&ypically the file might have the following contents:

Pd : s1 d9, CA
11 46. .002000 106.42000 125. .50E-05 .100 200FCA 36.00000
J 10 0

10 .0 .5-1761.5171 2.0000
20 .0 .5 -257.9015 2.0000
20 1.0 1.5 -231.7505 6.0000
30 .0 .5 -46.6977 2.0000
3.0 10 15 -38.0485 6.0000
30 20 25 -24.196610.0000
40 .0 .5 -6.4877 2.0000
40 10 15 -3.9976 6.0000
50 0 5 -.3403 1.0000
40 20 25 -.5091 9.0000
50 10 5 -1000 .0000

The first line is a comment, which should contain the name efdlement and the reference configuration for the valence
electrons. The second line
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11 46. .002000 106.42000 125. .50E-05 .100 200FCA 36.00000
J Z XION N AM H DELRVR  PHI NC1 CH QCOR

|
GREEN

gives the most important information about the atom. J imilmaber of orbitals, Z the ordering number. XION can be used
to supply a degree of ionization, but normally this valuedsoz N is the number of grid points, usually we use 2000, AM the
atomic mass, which is used to calculate the innermost poirthe logarithmic grid. H determines the spacing between th
grid points. The grid points are given by

[ =Tomai€ H- (11.1)
We normally use H=125. DELRVR is the break condition for teé#consistency loop and PHI the linear mixing parameter
for the charge density. NC1 determines the maximum numbselé€onsistency loops. If a WABIN file exists GREEN
should be FALSE (F), if no VTABIN exists set GREEN to T; in this case an appropriated gtatential will be calculated.
The parameter CH determines the type of the exchange diorelthe following settings are possible:

Slater-XC

HL Hedin Lundquist (1971)

CA Ceperly and Alder parameterized by
J.Perdew and Zunger

WI  Wigner interpolation

PB  Perdew -Becke

PW Perdew -Wang 86

LM Langreth-Mehl-Hu

91  Perdew -Wang 91

Among these, the last four are gradient corrected fundgoiide parameter QCOR determines the number of core efectro
(i.e. non valence electrons). The next line in theRWFIN file supplies less important information. The firstaaeter is
the SLATER parameter used only in conjunction with the $IXi€. The next parameter is no longer used, and the last
one can be used the set up so called latter correction to tfeaege correlation potential. Latter correctianast notbe
applied if pseudopotentials are calculated. The remaiditiges give information about each atomic orbital. The cizde
scalar relativistic, but the inputfile is compatible to at#listic input format. The first value in each line is the mguantum
number, the second one the I-quantum number, and the thértherj-quantum numbej & | +1/2). The j-quantum number
is not used in the program. The next value gives the energlgeofitomic orbital, the last number is the occupancy of the
orbital. The supplied energy is uncritical and only used sis# value for the calculation of the atomic orbitals. Asaating
guess you might insert values obtained from an atom lyingecto the atom of interest.

The program rhfsps writes two files RHFOUT and VTABOUT. The V_.RHFOUT file is compatible to \RHFIN and
can be copied to \RHFIN, if V_TABOUT is copied to VTABIN. In this case rhfsps will start from the fully convedje
AE-potential supplied in VTABIN. This saves time, and generally we recommend thisregtt

11.2 PSCTR

The PSCTR file controls the pseudopotential generationrarogrhfsps) and the calculation of the US pseudopotentials
(fourpot3). A simple PSCTR file might have the following cents:

TITEL = Pd: NC=2.0 US=2.7, real-space 200eV, opt

LULTRA = T use ultrasoft PP ?
RWIGS = 2.600 Wigner-Seitz radius
ICORE = 0 local potential
RMAX = 3.000 core radius for proj-oper
QCUT = 4.000; QGAM = 8.000 optimization parameters
Description

| E TYP RCUT TYP RCUT

0 .000 15 2.100 15 2.100

2 .000 7 2.000 23 2.700

2 -.600 7 2.000 23 2.700

1 .000 7 2700 7 2700
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Different Pseudopotentials can be generated:
e BHS: G.B. Bachelet, M. Schter and C. Chiang PP [38]
¢ VAN: Vanderbilt-pseudopotential [39]
e XNC: E.L. Shirley, D.C. Allan, R.M. Martin J.D. Joannopos|d40]
e TM : Troullier and Martins [42]

¢ RRKJ: A.M. Rappe, K.M. Rabe, E. Kaxiras and J.D. Joannomj48]
and variants [18]

For a short summary with a description of the parameters af saheme see [12] (thesis, G. Kresse in German), if you do
not understand German we refer to the original articles. &¢emmend to use the RRKJ scheme only, if you are using only
this scheme read both references for the RRKJ scheme giose.ab

The PSCTR file is a tagged format free-ASCII file (similar tddAR, section 6): Each line consists of a tag (i.e. a string)
the equation sign '=" and a number of values. It is possiblgite several parameter-value pairs ( tag = values ) on aesingl
line, if each of these pairs are separated by a semicololf §'line ends with a backlash the next line is a continuatina.!
Comments are normally preceded by the number sign '#, butast cases comments can be append to a parameter-value
pair without the '#'. In this case semicolons should be agdidithin the comment.

A lot of information is passed via the POTCAR file from the pdepotential generation package to VASP/VAMP. Among
the most important information is the default energy cutséfe section 11.3.

11.3 Default energy cutoff

The PSEUDO and POTCAR files generated by rhfsps and fourmotzin a default energy cutoff, which might be used for
the calculations with VASP. The default cutoff guarantedible calculations, with errors in the eigenvalues sendghan
1 mRy (i.e. 13 meV, fors elements the error is usually much smaller). This is suffiices long as the stress tensor is not
important, because Pulay contributions are usually ndigibte for this cutoff. (increase the cutoff by a factor abif Pulay
contributions should be avoided).

The default energy cutoff works only for US-PP constructigl the RRKJ schemé&he default cutoff is proportional to
the square of the highest expansion coefficient used in tHeJRRheme[18, 43].

ENMAX = 1.8 Ghigh * Ghigh * 13.6058 (11.2)

(Ghigh is in a.u., whereas ENMAX is in eV, therefore the conversiactér 13.6058). There is also a line ENMIN in the
POTCAR and PSEUDO file, ENMIN corresponds to the minimal gneequired for a reasonable accurate calculation (for
instance ENMIN is sufficient for molecular dynamics), ENMiNcalculated according to

ENMIN = 1.5 % Gigh * Gigh * 13.6058 (11.3)

(Ghigh is in a.u., whereas ENMIN is in eV, therefore the conversametdr 13.6058).

11.4 TAGS for the rhfsps program
11.4.1 TITEL-tag
TITEL=string

Default: 'unknown system’

The title tag is followed by a string, which possibly contlslanks. There should be only one blank between the equation
sign and the string. If the string starts withthe calculation is non relativistic, in all other cases #f&-calculation is scalar
relativistic. The TITEL string should contain a clear shaescription of the PSCTR file.

11.4.2 NWRITE-tag
NWRITE=verbosity  01|2

Default: 1

Determines, how much and what is written out.
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11.4.3 LULTRA-tag
LULT RA= use ultrasoft PP F|T

Default: .FALSE.

Determines, whether US pseudopotentials are created.dlbalation of the US pseudopotentials is not done withisphf

but within fourpot3. Actually for LULTRA=T, simply two setsf pseudo wave functions per I-quantum number are calallate
The first set is used by fourpot3 to set up the augmentatidn grad the second pseudo wave function is used for the actual
pseudopotential description.

11.4.4 RPACOR-tag
RPACOR= partial core radius

Default: 0

If RPACOR is supplied and non zero, partial core correctiares calculated. The partial core correction can improve the
transferability of pseudopotentials significantly, if e@nd valence electrons overlap[46]. If RPACOR is a posiive zero
value the core charge density is truncated at RPARCOR anddiresponding truncated charge density is used for the
unscreening procedure. If RPACOR is negative rhfsps searfir the point where the core charge density is -RPACOR
times larger as the valence charge density. At this radiisdhe charge density is truncated.

11.4.5 IUNSCR-tag

IUNSCR= how to unscreen pseudopotential |1|@

Default :
if RPACOR#£0 1
else 0

Determines how the unscreening is done, and is used in attigarwith RPACOR (section 11.4.4). Usually the user must
no set this flag by hand. It is saver to use RPACOR. If RPACORipked IUNSCR will be set to 1 corresponding to a non

linear unscreening[46]. If RPACOR is not supplied or zetdiNSCR will be set to 0 corresponding to a linear unscreening,
and no partial core correction. IUNSCR = 2 uses Lindharts@aagh for the core-valence exchange correlation, thiscgmbr

is only interesting in conjunction with pseudopotentialtpebation theory and must not be used with VAMP.

11.4.6 RCUT-tag

RCUT = Ryt default cutoff

Determines the cutoff radius for a pseudopotential if maghis supplied in the Description section of the PSCTR filel 1111.
This line is not required and the Description section of tBE€PR file should be used instead.

11.4.7 RCORE-tag
RCORE= core radius

Default :
for TM and RRKJ  maximum cutoff radius found in Descriptiomcten
else must be supplied

Determines the core radius for the pseudopotential geaarat the core radius the logarithmic derivatives of the wave
functions and the pseudo wave functions are matched. Foe sachemes (TM and RRKJ) this core radius can be similar
to the cutoff radiudR.; supplied in the Description section of the PSCTR file 11.4Fdk these schemes the pseudo wave
function is strictly the same as the AE wave functionifet Rgyt. This is not the case for the BHS, VAN and XNC scheme.
Here RCORE must be supplied by the user and should be 1.5 éisnasge as the maximum cutoff radigg;.
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11.4.8 RWIGS-tag
RW IGS= control radius, Wigner Seitz radius

Default: RCORE

Determines a radius where some quantities are checkeddorattcuracy. Usually RWIGS is set to the Wigner Seitz radius
or to half the distance between nearest neighbors. Thievalpassed to VAMP and used as the Wigner Seitz radius for the
calculation of the partiad pdwave function characters and the local partial DOS (se&ia6).

11.4.9 XLAMBDA, XM, HOCHN -tags
XLAMBDA= parametei for BHS pseudopotentials

See equ. (2.12) in the paper of BHS [38]:
fi(x) = f2(x) = F3(x) = e

default is 3.5; default is rarely changed.

XM = parametemfor XNC pseudopotentials
HOCHN = parameten for XNC pseudopotentials

parameters used for the XNC (extended norm conservingdppetentials, see equ. (11) in [40]:
f3(x) = (1—mpxX)100- sink?(x/[1.5+(1-m)p])/sint?(1) (11.4)
default is XM=0.5, and HOCHN=6; defaults are rarely changed

11.4.10 QRYD, LCONT, NMAX1, NMAX2 parameters

These parameters control the RRKJ scheme and its vari@ntgf We have found that Bessel functions are a naturasbasi
set to expand the pseudo wave functions, but generally ttimiaption proposed by RRKJ does not improve the convergenc
speed significantly[18].

Optimization can be switched of if NMAX1 and NMAX2 are set tolfi all other cases NMAX1 and NMAX2 gives
the number of Bessel functions used in the optimization, NdAs used for the first set of parameters in the Description
section of the PSCTR file 11.4.11 (usually the NC part) and N24s used for the second set of parameters (usually the non
normconserving part). LCONT controls whether the thirdwdgives of the pseudo wave functions are continues at ttaffcu
radius. This results in a continues first derivative of theyslopotential at the cutoff radius. QRYD is the allowed gperror
in the optimization [12, 18].

NMAX1=0 and NMAX2=0 gives always the best pseudopotentials/thing else is only for absolute experts.

11.4.11 Description section of the PSCTR file
This section starts with the line

Description

in the PSCTR file. It contains information, how pseudopad&dsfor each quantum number | are calculated. For each goant
number | more than one line, each corresponding to a diffeefarence energy, can be supplied. The ordering must not be
the same as in the RHFIN file, but for each valence orbital in the RHFIN file at least one corresponding line in the
PSCTR file should exist. For conventional pseudopotentiats LULTRA=F, section 11.4.3) each line consists of onedat
set containing the following information

0 .000 15 2.100
L EREF ITYPE RCUT

for ultrasoft pseudopotentials (tag LULTRA=T, section4l3) each line must contain two data sets:

2 .000 7 2.000 23 2.700
L EREF ITYPE1 RCUT1 ITYPE2 RCUT2
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The first data set controls the calculation of the norm comsgmwave functions used for the augmentation part, thersico
one controls the possibly non normconserving part [18].ULLRA=T and if a specific I-pseudopotential should be norm-
conserving (for instance we usually create a norm consgvpseudopotential and an ultrasoft d-pseudopotential for th
transition metals), both datasets must be strictly simitarinstance:

0 .000 15 2.100 15 2.100

In this case the augmentation charge is simply zero fos fleeudopotential and a norm conservaf@P is generated.

The first number in each line of the Description section isltqgantum number, the second line gives the reference
energy. If the reference energy is zero the pseudopoténtiedated for a bound state (i.e. the reference energy ilsimthe
corresponding eigenenergy of the valence wave functibBREF is nonzero the pseudo wave function (and pseudopaifent
for a non bound state is calculated [45]. ITYPE controls fipetof the pseudopotential. The following values are pdssth
calculate norm conserving pseudo wave functions:

BHS

™

VAN

XNC

RRKJ wave function possibly with node
5 RRKJ wave function strictly no node

P ~NOWNBEF

For the BHS, VAN and XNC scheme the the energy derivative () is fitted at the reference energy and no normcon-
servation constraint is applied (for the non relativistsse a one to one relation ship between the logarithmic divand
the normconservation constraint exists, this equatiors chae hold exactly for the scalar relativistic case). If tleemcon-
servation constraint should be used instead add 16 to tladsesy The RRKJ scheme without optimization (i.e. NMAX1=0,
NMAX2=0) (section 11.4.10) might result in wave functionglwa node close t&® = 0 this can be avoided setting ITYP to
15. Nevertheless nodes do not matter if factorized KB pspotdmtial are generated.

Non norm conserving pseudo wave functions can be calcuéatdihg 8 to the values given above i.e.:

9 BHS
10 T™

11 VAN
14 XNC

15 RRKJwave function possibly with node
23 RRKJ wave function strictly no node

Extensive testing has been done only for ITYPE=15 and 23.

11.5 TAGS for the fourpot3 program

As a default action the fourpot3 tries to read the FOURCTRUtéilset up the control parameters for the run. We do not
recommend the use of the FOURCTR, instead it is better tolgupe parameters in the PSCTR file. If no FOURCTR file
exists the fourpot3 program reads certain tagged lines fhenPSCTR file,

11.5.1 ICORE, RCLOC tags

The ICORE, respectively the RCORE line, determines thel lommponent of the pseudopotential; one of these lines must
be supplied in the PSCTR file. If ICORE is supplied, the locsgymlopotential is set to the first pseudopotential with the
[-quantum number equal to ICORE found on the PSEUDO file.rAtigvely, if the RCLOC flag is found on the PSCTR file,
than the exact AE potential is truncated at RCLOC and set to

Csin(Ar) /r (11.5)

forr < RCLOC.C andA are determined so that the potential is continues at thédfd®@LOC. This potential is used as the
local potential.
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11.5.2 MD, NFFT tags

MD = number of points for gauss integration
NFFT = number of points for FFT

NFFT sets the number of points for the FFT of the local po&matind the charge densities. Default is 32768, and must not be

changed except for testing the accuracy.
MD supplies the number of points for a gauss integration uisextrtain parts of the code. Default is 64, and must not be

changed except for testing the accuracy. The next smalksilple value is 48.

11.5.3 NQL, DELQL tags

NQL = number points for local potential
DELQL = distance between grid points for local potential

These tags determine the grid for the local potential inpredial space. If you want to avoid incompatibilities with MR,
NQL must be 1000, this is also the default value. Default fRLQL is 0.05, the actual spacing is 2/RCORE DELQIML/a.u.

11.5.4 NOQNL, NQNNL, DELQNL tags

NQNL = number points for non local potential
DELQNL = distance between grid points for non local potential

These tags determine the grid for the non local potentiadéiprocal space. If you want to avoid incompatibilitiesSmiAMP,
NQNL must be 100, this is also the default value. Default f&LIQNL is 0.1, the actual spacing is 2/RCORE DELQNL
1/a.u., NQNNL is only used in conjunction with perturbatibeory.

11.5.5 RWIGS, NE, EFORM, ETO tags

RWIGS = radius for evaluation af (E)
NE = number of points
EFORM lowest energy
ETO = highestenergy

These tags determine the the energy range the radius andrtiteenof energies for which the logarithmic derivativgE)
are calculated. (see also section 11.8)

Defaults:

RWIGS = RCORE
NE = 100
EFROM = -2

ETO = 2

11.5.6 RMAX, RDEP, QCUT, QGAM tags

RMAX = maximum radius for non local projection operators
RDEP = maximum radius for depletion charges
QCUT = low g-value for optimization

QGAM = high g-value for optimization
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These tags control the real space optimization of the psmidnotials [47], and the extend of the non local projectipara-
tors. If no real space optimization is selected QCUT mustdre.ZThe default values are:

RMAX = RCORE
RDEP = RCORE
QCUT = -1, automatic real space optimization

default cutoff
QGAM = 2*QCUT
If real space optimization should be done, QCUT must be gbetenergy cutoff, which will be used in VAMP. Anyway here
QCUT has to be supplied in 1/a.u. (i.e. as a inverse lengtthan be calculated from the cutoff energy using the formula

/Ecut/13.6058.

If any wrap around errors are omitted in VAMP, QGAM can be 3@ but if the 3/4 rule is used for setting up the
FFT meshes (see section 8.4) QGAM must be 2*QCUT. To get atzueal space projection operators RMAX has to be
somewhat large than RCORE, usually 1.25*RCORE is sufficifter the optimization the projection operators have been
changed between QCUT and QGAM, the new projection operat@rsvritten to the file POTCAR in real and reciprocal
space. This means that slightly different results might bkioed if the real space optimization has been daren if the
projections are evaluated in VAMP in real space (LREAL=.K.Yhe unmodified reciprocal projection operator should be
written to POTCAR set QCUT to a negative value.

Finally there is a default optimization build into fourpotghich can be selected by QCUT=-1. In this case the pseudopo-
tential is optimized for the 3/4 FFT meshes, QCUT is set atiogrto the default cutoff ENMAX and the RMAX is set to
RCORE*1.3.

For further reading we refer to [47].

11.6 PSOUT file

This file is the main output file of the pseudopotential geti@ngorogram rhfsps. The first few lines give information abo
the V_.RHFIN and the PSCTR file. Then information about the progoésbhe selfconsistency loop is given, and finally the
obtained atomic eigenenergies and the total energy areeiout.

The next lines contain information about the pseudopaibggneration. Typically for each generated pseudopatenti
the following lines will be printed:

N= 50L= .0J= 5XZ=10 E= -34032

Scheme:  RRKJ
additional minimization of kinetic energy
infinit interval

cutoffradius RCUT=2.12 coreradius RCORE=2.70 testradius RCHECK=2.61
outmost min  RMIN=1.15 outmost max RMAX =2.56 turningpt RTUR N =1.19
number of nodes =0

2.step Energyerror:-.00000022

<T> [0,RCHECK] 21212519
<T(Q)> [0,RCHECK] .21212588 NORM= .35843725
10mRy 5mRy 2mRy 1mRY 0.5mRy 0.2mRy 0.ImRy

T(Q) 329 329 910 910 17.83 17.83 29.46

<T> [0,RMAX] = 21677927

<T> [0, Infinity] = 27147372

<T(Q)> = 27147349 NORM= .99999696
10mRy 5mRy 2mRy 1mRY 0.5mRy 0.2mRy 0.1mRy

T(Q) 540 632 730 835 1421 16.68 1825

Energy of next bound state
AE-frozen-potential : -00041 PS: -00042 difference: .00 001
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error of pseudopotential for different energies

energy + ref E -5 -2 -1 .0 1 2 5

approx. error -.0024 -.0004 -.0001 .0000 -.0001 -.0005 -.00 37
exact  error -.0025 -.0004 -.0001 .0000 -.0001 -.0005 -.0036

The first line states the quantum numbers and the referermrgyemhe next lines give information about the pseudizatio
scheme and information about the AE wave function. Impaoaa the lines following

<T> [0, Infinity] = 27147372

these lines give the necessary energy cutoff to obtain ainetegree of convergence (for instance 14.2 Ry to convéige t
energy of a single s dominated electron to to 0.5 mRy). Do ak# these values too seriously, they are calculated from the
kinetic energy spectrum of the pseudo wave function, ané babe verified with VAMP (see [18]).

The lines after

Energy of next bound state
show the energy of the next bound state assuming a frozenfaliewing the lines
error of pseudopotential for different energies

the error of the pseudopotential at different energiesraddbe reference energy is printed. For ultrasoft or faztatiKB
potentials these lines are not very important (and actiatiyrrect), so use them only to judge the accuracy of norseaing
PP. Even in this case plotting the logarithmic derivativentge convenient.

11.7 FOUROUT file

The first part of the FOUROUT file shows the parameters read tltee PSCTR and PSEUDO file. Next progress for the
calculation of the logarithmic derivatives of the AE-pdiahare shown. Important are the line:

Non-local part US

number of points used NQNL = 100

outmost radius RMAX = 3.0000
distance between Q-points ~ DELQNL= .0950
maximum Q-points written on file ( 3.80x 9.50)
I <w|V|w> <w|V Viv> Strength

2 -.10385E+01 .51783E+01 -4,986187

2 -.10736E+01 .50350E+01 -4.689804

1 .20284E+00 .71058E-01 .350314

These lines give some information on the factorization efRlP, and on the strength of the non local projection opex.aibe
values given in the Column "Strength” should not bee to ldegpecially large positive values might result in ghostesta
Next the matrice®jj, Bijj andDj; as defined in Vanderbilds paper are written out (see [18,[J2TBe matrixQ;; should be
very similar to the values following

Q all-electron should be equal Q(l,J)

Dij must be almost hermitian.
The section

Depletion charge

is only of interest for perturbation theory.
Section

Unscreening of D

shows the effect of unscreening the non local part of the PP.
Section

Optimization of the real space projectors
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gives very important information on the optimized real sppimjectors. First QCUT and QGAM is written out and conwrte
to eV. Check these values once again. Next results for theattion of each projector are written out.

I X(QCUT) X(cont)  X(QGAM) max X(q) W(g)/X(q) e(spline)
2 41.262 41.208 -026  46.785 .32E-03  .15E-05
2 -6.651 -6.643 .005 6.966  .49E-03  .18E-05
1 .768 769 -.002 3.659  .73E-03  .12E-05

X(QCUT) is the value of the projection operator at QCUT, X{fathe new value after the optimization (should be equal
X(QCUT)), X(QGAM) is the value of the optimized projectioperator at QGAM (should be close to 0). W(q)/X(q) is the
approximate error of the real space optimized projecticerajor. This value should be smaller tharm30otherwise serious
errors have to be expected.

Next information about the FFT of the local potential, theeneening charge density (i.e. the atomic charge density) a
the partial core charge density are printed. Very imporgaatthe lines

estimated error in ... =

Generally the error should be smaller thamr4.0

11.8 DDEfile
The DDE file contains information about the logarithmic datives of the AE (i.e. exact) wave functions
d E
¢ () = 2 g ) - Iingger), 116

and the pseudo wave functions. The DDE file is written by thegot3 program. The first line contains a comment, the
second line the number of energids for which the logarithmic derivatives were calculated.egkfthe line

Core Pot L = .00000  -.34032

NE + 1 data pairs follow. The first control line ("Core Pot ...")rdains the I-quantum number and the reference energy in
Rydberg. The first value of each data pair, following the maliine, supplies the energy, the second value the logaiith
derivative of the AE | wave function. Information about thenaseparable pseudopotential follows after the line

Potential L = .00000  -.34032

information about the factorized Kleinman-Bylander oragoft pseudopotential is printed after the lines
KBPotential L = 4.00000 .00000

A program for plotting the data points exists. This prograroalled

drawdde

and requires erlgrapfNo support for erlgraph will be given by our institute so da ask for supportlf you want to make
plots you can copy the program and change it to use your ovirrqutines.

12 General recommendations for the PSCTR files

If a very accurate pseudopotential has to be created it sssand simplest to create 2 projectors for each I-quantunbeu
and chose the truncated AE-potential as local potentiatudaff radius use half the nearest neighbor distance, aekhtvely
small value for the cutoff of the local potential. For Hg wevbaised the following reference potential;

LULTRA = T use ultrasoft PP ?
RCLOC = 2.0 use i.e 2/3 of the radial cutoff
Description
I E TYP RCUT TYP RCUT
.000 7 2.800 23 2.900
-790 7 2.800 23 2.900

.000 15 2.900 23 2.900
-.400 15 2.900 23 2.900

.000 15 2.900 23 2.900
-.400 15 2.900 23 2.900

PP, OOMNMNDN
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This PP is much better than for example a standard BHS psetettfals, and the convergence speed is also reasonable. To
improve efficiency it is possible to increase the radial ffatfor the US-part in our example up to 3.2 a.u., and that drike
normconserving part to 3.0 a.u., without loss of accuracy.

Second, it is not always necessary to include two projegersl-quantum number, for instance there is no need to

make the s and p-part ultrasoft for the transition metald,fast row elements do not require an accurate descriptiagheof
d-electrons. Examples are given below.

13 Example PSCTR files

In this section we give examples for the PSCTR files for sompisy elements. the \RHFIN file are relatively easy to create
and only the valence reference configuration is indicated.

13.1 Potassium pseudopotential

Reference Konfiguratiors' p° d®

TITEL =K : NC R=4.6

RPACOR =  -1.000 partial core radius
RWIGS = 4.800 wigner-seitz radius
ICORE = 0 local potential
RMAX = 5.500 core radius for proj-oper
RDEP = 4.000 core radius for depl-charge
QCUT = 2.100; QGAM = 4.200 optimization parameters
Description
I E TYP RCUT TYP RCUT
0 .000 7 4.600
1 -100 7 4.600

2 .150 15 3.000

Very simple PP, accurate norm conserving description foad icluded, but is not really necessary for K. Local potdiii
s PP. Cutoffs for other similar metals might be obtained byisgahe used cutoffs with the Wigner Seitz radius. Part@kc
is important and changes dimer length by 2%. PP is optimiaed Simulation of I-K with a cutoff of 60 eV. Very accurate

calculations would require 80 eV.
13.2 Vanadium pseudopotential

Reference Konfiguratiors? p° d®
stp* can be used as well and does not change the results.

TITEL =V : US

LULTRA = T use ultrasoft PP ?
RPACOR = 1.400 partial core radius
ICORE 0 local potential
RWIGS 2.800 Wigner

DELQL .020 grid for local potential
RMAX 3.200 core radius for proj-oper
QCuUT 3.500; QGAM = 7.000 optimization parameters
Description
| E TYP RCUT TYP RCUT
0 .000 7 2200 7 2200
1 -100 7 2.600 7 2.600
2 .000 7 2.000 23 2.600
2 -.300 7 2.000 23 2.600
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The Wigner Seitz Radius is approximately 2.8 a.u., cutaffother transition metals might be obtained by scaling thefts

by the covalent radii, which can be found in any periodicéabandp PP are normconservingPP is locald PP is ultrasoft
with 2 reference energies. Partial core corrections aeztal, and are important for the transition elements ateégehing

of the row. The cutoff for thes PP was made as small as possible without creating a node swmhee function (it is also
possible to set ITYPE to 15 and setR= 2.6 for the s part, but differences are negligible). A node imsHPP must be
avoided, because the s PP is the the local potential (ICORH®@ pseudopotential is real space optimized for a cutoff o
160 eV for a simulation of liquid V. Very accurate calculatsowould require approximately 200 eV.

13.3 Palladium pseudopotential
Reference Konfiguratiors' p° d°

TITEL =Pd : US

LULTRA = T use ultrasoft PP ?
ICORE = 0 local potential
RWIGS = 2.900 wigner-seitz radius
RMAX = 3.000 core radius for proj-oper
QCutr = 4.000; QGAM = 8.000 optimization parameters
Description

| E TYP RCUT TYP RCUT

0 .000 15 2.100 15 2.100

1 -100 7 2.700 7 2.700

2 .000 7 2.000 23 2700

2 -.600 7 2.000 23 2.700

The Wigner Seitz Radius is approximately 2.9 a.u., i.ehglygarge than in the previous example, therefore the tsitehere
increase slightly. Partial core corrections are not neogs®r palladium, because it is located at the end of the mce
agains cutoff was made as small as possible without getting a node pEeudopotential is real space optimized for a cutoff
of 200 eV for a simulation of H on a Pd surface.

13.4 Carbon pseudopotential

Reference Konfiguratiors? p? d°

TITEL =C:
LULTRA = T use ultrasoft PP ?
ICORE = 2 local potential
RWIGS = 1.640 wigner-seitz radius
Description
I E TYP RCUT TYP RCUT
0 .000 7 1.300 23 1.900
0 -700 7 1.300 23 1.900
1 .000 7 1200 23 1.900
1 -700 7 1.200 23 1.900
2 -.300 7 1.900 23 1.900

RWIGS is the Wigner Seitz radius if empty spheres of the same @ie included for diamond. This radius gives good
projection operators for the partial local DOS. NC d-PP &sltical potential, s and p are US. This is a very soft PP raggiiri
only 270 eV cutoff, it works well for bulk phases and surfaclse accuracy can be improved making the cutoffs smaller. We
have also used 1.4 instead of 1.9, but results are only nalgffected.

13.5 Hydrogen pseudopotential

Reference Konfiguratiors® p°
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TITEL =H:
LULTRA = T use ultrasoft PP ?
RCORE = 0.65 local potential
RWIGS = 1.000 wigner-seitz radius
Description
I E TYP RCUT TYP RCUT
0 .000 7 0.800 23 1.250
0 -.700 7 0.800 23 1.250
1 -250 7 0.800 23 1.250

s and p are US, local potential is the truncated AE-poter@ialy one projector is sufficient for the unimportant p-PP.
CommentSome people consider H-pseudopotentials as a honsensertiNgess this PP gives excellent description of

the bond length for the fdimer, and for H on C surfaces, and it requires only 200 eV.

13.6 Some guidelines to create transition metal PP

There are some important points that have to be considered RRs for d-elements are constructed:

e For a very accurate calculations it is important to repredilne f-logarithmic derivatives exactly. There is a simple
reason for this: The tails of neighboring d-electrons pextetthe core of the atoms easily (LCAO picture) and these tai
also experience thé-potential (i.e. thal-tails containf-components if they are developed into spherical companent
centered around neighboring atoms). The correct desmnipfi the f-part is especially important for thel&lements
and less important for thed3elements: for the d elements the total error might be up to 2 % in the lattice contst
and 500 meV in the cohesive energy, fak8lements the error is generally less than 1 % in the latbostant and less
than 100 meV in the cohesive energy. You should be aware sétheblems, if you compare with other less accurate
PP calculations.[90] We note that some late & and S potentials have been updated to improve thecattering

properties. These potentials are available around Apai/[2009.
e There are two possibilities to create a such accurate PPs:
— The AE-potential might be truncated at a relative small ffute. use the line

RCLOC = 1.2-2.0 (atomic units)

RCLOC must be smaller than half the nearest neighbor distaftus is generally sufficient. Matter of fact, the
smaller RCLOC the better, but too small RCLOC often resuffhinststates.

— The second choice is sometimes preferable: It is possihied@ (normconserving)}PP as local potential. This
requires less fiddling, becau$dogarithmic derivatives are automatically correct. Irstbase the line

ICORE = 3

has to be added to PSCTR and the line
3 05 7 22 7 22
or

3 05 23 22 23 22

has to be added to the description section of the PSCTR filRKNIN has to be changed as well). In the second
case thef-PP will be non-norm conserving. Often this is sufficientdogood description of thé-part. The only
disatvantage of this procedure is that it results &md p like ghoststates very often.

o If the f-electrons are described accurately, thanglad especially th@ non locality will very strong. This results
in serious problems in the Kleinman-Bylander factorizatiand generally twa and p reference energies must be
included to get an accurate descriptiors@ind p states.

e A second not unusual problem is the description of the sem& pcstates in 4 and to a lesser extendd3and 4
elements. If the semi corp-states are treated as core states (frozen core), some @misprhave to made in the
description of thep logarithmic derivatives. Generally thereference energies must be positive, for instance for Mo
the following reference energies were used:
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1 03 15 24 23 27
1 20 15 24 23 27

This results in small deviations in the logarithmic derivas at negative energies, but a better description ofpthe
logarithmic derivatives will result in ghost states near femi corep-states.

The only straight forward solution to this problem is to triee 4p-states as valence states. Frequently it is not possible
to construct an accurate PP for the &ates without doing so. For spin polarized calculatioins éways necessary to
treat the 4 states as valence states.

14 Important hints for programmers

In VASP.4.X, the module prec must be included in all subroegi and
USE prec

at the beginning of all subroutines. All real and complexalales must be defined as REAL(q) and COMPLEX(q) (NEVER:
REAL or COMPLEX). The use of IMPLICIT NONE is strongly reconemded, but currently not used in all subroutines. If
you do not use IMPLICIT NONE, you must use

IMPLICIT REAL(q) (A-H,0-2)

to guarantee that all real variables have the correct type.IMPLICIT statement must be the first statement after the US
statement (some compiler allow IMPLICIT statements sonmeelelse, but not all F90 compiler do so). For instance:

SUBROUTINE RHOATO(LFOUR,LPAR,GRIDC,T_INFO,B,P,CSTRF,CHTOT,CHDER)
USE prec

USE mgrid

USE pseudo

USE constant

IMPLICIT REAL(q) (A-B,D-H,0-2)

TYPE (type_info)  T_INFO

TYPE (potcar) P(T_INFO%NTYP)

TYPE (grid_3d) GRIDC

COMPLEX(q)  CHTOT(GRIDC%RC%NP),CHDER(GRIDC%RC%NP)
COMPLEX(q)  CSTRF(GRIDC%MPLWV,T_INFO%NTYP)

REAL(q) B(3.,3)

LOGICAL LFOUR,LPAR

Work arrays SHOULD be allocated on the fly with ALLOCATE and BIH.OCATE. DO NOT USE DYNAMIC F90 arrays
(except for small performance insensitive arrays). Theadyio arrays are allocated from the stack and this can degrade
performance by up to 20 In addition, it might happen that ams iout of stack memory if large arrays are allocated from the
stack, unpredictable crashes are possible (at least on IB¥stations). ALLOCATE and DEALLOCATE uses the heap and
not the stack and is therefore often saver.

All file must conform to the F90 free format. A small utility lked convert can be found in the package to convert F77
style programs to F90 free format.

All subroutines should be placed in a MODULE so that dummgapeeters can be checked during compilation.

Input/Output (10) should be done with extreme care, to aller parallelisation. The following rules must be obeyed:

e Six classes of information can be distinguished

— debugging messages

— general results

— Notifications (important results)

— Warnings (strange behaviour, continuation possible)
— Errors (user error, file can not be opened etc.)

— internal errors (absolute chaos, internal inconsistency)
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e Debugging code and messages might remain within the subesytind simply bracketed by

#ifdef debug
#endif

Unit “*” should be used to write debugging results.

e For less important output (general results) unit I0%IU6 tiesused and before writing it must be checked whether
10%IU6 is >=0. (in the parallel version most nodes will have 10%IU6 setlfp

¢ Natification and warnings should be written to unit I0%lU@dabefore writing it must be checked whether 10%I1UOQ
is >=0. (in the parallel version most nodes will have 10%IUO0 setlfp Unit “*” must not be used for notifications
and warnings.

o If the program comes to a point where continuation is imgmegerrors, or internal errors) the program should STOP
and write why continuation is impossible. If program loglowas to determine that all nodes will come to the same
STOP, then preferably only one node should report to unit l@3%sIf this is not possible and whenever in doubt all
nodes should write an error status to the unit “*".

e Defensive programming should be used whenever possileleilfput parameter checked against each other). If a
subroutine finds an internal inconsistency errors migheperted to unit “*” (internal error).
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15 FAQ

e Question: | can not compile the parallel version of VASP undslUX.

Mind that VASP will generally not link correctly to mpi vesis compiled with g77/f77, since g77/f77 append two
underscores to external symbols already containing onergodre (i.e. MRISEND becomes mpgend_). The port-
land group compiler however appends one underscore. Ajththe pgf90 compiler has an option to work around this
problem, we yet faild to link agains mpi libraries generatedg77/f77. Hence you must compile mpi (mpich and/or
lam) yourself. This is really easy and simple, if the machiae been set up properly (have a look at our makefiles). If
the compilation of mpich and/or lam fails, VASP will almogrtainly not work in parallel on your machine, and we
strongly urge you to reinstall LINUX.

e Question: Why is the cohesive energy much large than reportetther papers.
Several reasons can be responsible for this:

First, VASP calculates the cohesive energy with respectdpherical non spin-polarised atom. One should however
calculate the cohesive energy with respect to a spin peldrddom. These corrections are usually called (atomic)
spin-polarisation corrections, and they must be subtdattenually from the calculated cohesive energy calculayed b

VASP.

Second, many older calculations report too small cohesieegées, since basis sets were often insufficient. It is now
well accepted that the local density approximation ovéreses the cohesive energy significantly in many cases.

e Question: Which k-points should I use

For metallic system, k-point convergence is usually aaalitissue. There are a few general hints which might be
helpfull:

— For hexagonal cells, Gamma centered k-point grids convengzh faster than other grids. In fact, most meshes
that do not include th€ point break the symmetry of the hexagonal lattice! Even witlieasing grid densities
the wrong results might be obtained.

— Up to divisions of 8 (i.e. 8x8x1 for a surface) even Monkhdétatk grids which do not contain the Gamma point,
performe better than odd Monkhorst Pack grids (this doegpolly to hexagonal cells, see above). In other words
one obtains better converged results with even grids.

— For adsorbates on surfaces, it is sometimes feasable tonlis¢he k-points of the high symmetry Brillouine
zone, even if the adsorbate breaks the symmetry. Thesenk-griils can be generated by running VASP with a
POSCAR for which all adatoms have been removed. The reguBBKPT file can be copied to KPOINTS. For
convenicene, the following k-point grids can be used fordganal cells:

Gamma centered 2x2
Automatically generated mesh

2
Reciprocal lattice
0.00000000000000 0.00000000000000 0.00000000000000 1
0.50000000000000 0.00000000000000 0.00000000000000 3

Gamma centered 3x3
Automatically generated mesh

3
Reciprocal lattice
0.00000000000000 0.00000000000000 0.00000000000000 1
0.33333333333333 0.00000000000000 0.00000000000000 6
0.33333333333333 0.33333333333333 0.00000000000000 2
Gamma centered 4x4
Automatically generated mesh
4
Reciprocal lattice
0.00000000000000 0.00000000000000 0.00000000000000 1
0.25000000000000 0.00000000000000 0.00000000000000 6
0.50000000000000 0.00000000000000 0.00000000000000 3
0.25000000000000 0.25000000000000 0.00000000000000 6

Gamma centered 5x5
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e Question Why is convergence to the ionic groundstate so slow ?
In general convergence depends on the eigenvalue spectthmidessian matrix (second derivative of the energy with

Automatically generated mesh

5
Reciprocal lattice
0.00000000000000
0.20000000000000
0.40000000000000
0.20000000000000
0.40000000000000

Gamma centered 6x6

0.00000000000000
0.00000000000000
0.00000000000000
0.20000000000000
0.20000000000000

Automatically generated mesh

7
Reciprocal lattice
0.00000000000000
0.16666666666667
0.33333333333333
0.50000000000000
0.16666666666667
0.33333333333333
0.33333333333333

For cubic surface cells, the following k-points can be used:

Monkhorst Pack: 2x2x1
1
Reciprocal lattice
0.25000000000000

Monkhorst Pack: 4x4x1
3
Reciprocal lattice
0.12500000000000
0.37500000000000
0.37500000000000

Monkhorst Pack: 6x6x1
6

Reciprocal lattice
0.08333333333333
0.25000000000000
0.41666666666667
0.25000000000000
0.41666666666667

Monkhorst Pack: 8x8x1
10

Reciprocal lattice
0.06250000000000
0.18750000000000
0.31250000000000
0.43750000000000
0.18750000000000
0.31250000000000
0.43750000000000
0.31250000000000
0.43750000000000
0.43750000000000

0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000
0.16666666666667
0.16666666666667
0.33333333333333

0.25000000000000

0.12500000000000
0.12500000000000
0.37500000000000

0.08333333333333
0.08333333333333
0.08333333333333
0.25000000000000
0.25000000000000

0.06250000000000
0.06250000000000
0.06250000000000
0.06250000000000
0.18750000000000
0.18750000000000
0.18750000000000
0.31250000000000
0.31250000000000
0.43750000000000

0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000

0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000

0.00000000000000

0.00000000000000
0.00000000000000
0.00000000000000

0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000

0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000
0.00000000000000

respect to positions). Roughly speaking the number of stgpals
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if a conjugate gradient, or Quasi-Newton algorithm is clnotfea good structural start guess exists, the best conmegge
can be obtained witlBBRION=1 andNFREE(number of degrees of freedon) set to a reasonable value lfitial start
guess is bad, it is sometimes required to use the safer amjggadient algorithm.

A very important point concerns the required accuracy ofleetronic degrees of freedom. If the eigenvalue spectrum
of the Hessian matrix is smalDIFF can be rather larg&eDIFF= 1E-3 ). However if the eigenvalue spectrum is broad,
EDIFF must be set to a smaller vali#®IFF=1E-5 , since otherwise the slowly varying degrees of freedom edrba
accurately determined in the Hessian matrix. If no convecges observed fdBRION=1, try to decreas&DIFF.

e Question: | see unphysical oszillations and negative galaethe chargedensity in the vacuum. Is VASP not able to
give reliable results in the vacuum ?

VASP gives reliable results, but things are complicateddweral issues:

— Avoid, ISMEAR >0, when considering the wavefunctions in the vacuum. ISMEAR can cause negative

occupancies close to the Fermi-level, and since stateg &eimi-level decay slowest in the vacuum, the charge
density in the vacuum might be negativ (energies are notteffieby this, since the wavefunctions in the vacuum
do not contribute significantly to the energy).

The charge density of selfconsistent calculations mightheegative values in the vacuum, since the mixer is
very insensitive to the charge density in the vacuum. It iteléo set LPARD=.TRUE. and call VASP a second
time. The generated CHGCAR file contains the chargedenaitylated directly from the wavefunctions.

In VASP, pseudo charge density components from unbalamdtckl vectors are set to zero: although the charge
density is initially calculated in real space and therefoositive definite, it is modified then in reciprocal space,
and Fourier transformed back to real space. The final chagsity has small oscillations in the vacuum.

To avoid this problem, use FFT grids that avoid wrap arounadrei(PREC=Accurate). The problem can also be
reduced by increasing the energy cutoff.

Ultrasoft pseudopotentials require a second support trifASP.4.4.4 and older version, charge density com-
ponents from unbalanced lattice vectors are also zeroeth@sdcond support grid, causing additional small
oscillations in the vacuum. This problem is removed in VAS®and in VASP.4.4.5. In VASP.4.4.5 the flag “-

DVASP45" must be specified in the CPP line of the makefile efampiling the VASP code. Total energies

might however change by a fraction of a meV.

Question: | am running molecular dynamics and observe a iidf in the total energy, that should be conserved.
Three reasons can hamper the energy conservation in VASRst)the electronic convergence might not be
sufficiently tight. It is often necessary to decrease thersice to 10° or 107 to obtain excellent energy con-
servation. Alternatively NELMIN can be set to values aroénd

ii) The second reason is an insufficiently accurate realespagjection. This usually causes a slightly spiky and
discontinuous total energy. If you observe such a behayiarhave to improve ROPT, or set REAL=.FALSE.

i) Finally, consider reducing the time step.

The following graph illustrates the behavior for a smalliid) metallic system (Ti). Please mind, that reducing
ROPT from -0.002 to -.0005 (LREAL=.A.) had the same effeatising LREAL=.F.

e Question: | am running VASP on a SGI Origin, and the simplechemark (benchmark.tar.gz) fails with

lib-4201 : UNRECOVERABLE library error

A READ operation tried to read past the end-of-record.

Encountered during a direct access unformatted READ from un it 21
Fortran unit 21 is connected to a direct unformatted unblock ed file:
"TMPCAR" IOT Trap

Abort (core dumped)

Answer: VASP extrapolates the wave functions between nitdedynamics time steps. To store the wave functions
of the previous time steps either a temporary scratch fileRTMR) is used (IWAVPR=1-9) or large work arrays are
allocated (IWAVPR=11-19). On the SGI, the version that wstsmporary scratch file does not compile correctly, and
hence the user has to set IWAVPR to 10.

e Question: The parallel performance of VASP is not as gookpsated!

What do you mean by performance was not as expected ? Mattactpfybu can never obtain the same scaling on a
P3/P4/Athlon XP based workstation cluster as on the T3D.TRRi2was a very very slow machine (by todays standard)
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Figure 5: Energy conservation for a liquid metallic syst@mnvarious setting.

equipped with an extraordinarily fast network (that's wiretde the price of the T3D). A Gigabit network has roughly
the same overall performance as the T3D (Gigabit has loagendy, larger node-to-node bandwidth, but smaller total
aggregated bandwidth), but the P4 CPU is about 10 timeg fdste one T3D node. Additionally VASP was hot-spot

optimized carefully on the T3D.

Altogether VASP will run reasonable efficient on up to 8-18Alon XP type nodes (until k-point parallelization is
implemented)!

e Question: Why is the VASP performance so bad on a dual processthine?

Itis a bad idea to run vasp on dual processor P3/P4/Athlorhimes, since two CPU’s with small cache have to share
the small memory bandwidth (P4 RD-RAMS RIMM based machinmesaa exception). If you run two serial VASP
jobs on such a machine, the performance already drops bystate additionally one Gigabit card which makes things
even worse (the argument, that these two CPUs can exchatayfaster, is irrelevant, since most of the data exchange
is not between the two local CPU's).

e Question: We are using the LINUX kernel X.X.X and LAM/MPICHX X but VASP fails to run.

First, it must be emphasized that we do NOT SUPPORT VASP oallphmachines (in particular LINUX clusters).
This is clearly spelled out in the manual. One reason forpbigy is that LINUX systems are too heterogeneous to
foresee all possible problems. Most problems are in facMA@P related but related to very simple basic mistakes
made by the system administrator, or complicated incagrsises between the LINUX kernel and the LAM/MPICH
installation, or the compilers and the installed MPICH/LA#Ision. Such problems can not be solved by us!

But there is no reason to put off quickly: things have celyaimproved a lot in the last few years, and parallel
computing is still an area were one kernel/lLAM/MPICH upgrathn make a huge difference (both to the better or,
unfortunately, to the worse).

Some common failures occurring during the installation &fIRIH/LAM should be highlighted:

— the compilation of MPICH/LAM fails:
Certainly not a problem we can solve for you. Please coni@cMPICH/LAM developers.

— VASP fails to link properly:

Make sure that MPICH/LAM was compiled with the same compélerused for VASP. Try to adhere strictly to
the guidelines in our vasp.4.X makefiles.

In particular, it is not possible to link with g77/f77 compil MPICH/LAM routines, since g77/f77 appends two
underscores to MPXXXX calls, whereas ifc and pgf90 append only one. Also make shat the f90 linker uses
the proper libraries. This can be achived usually by using'9@por mpif77 as linkers instead of f90. But one
needs to make sure that the proper mpif77 front-end is cétilgdo include the option -v verbose upon calling
mpif77). This can be a particular problem on some LINUX iflateons (SUSE), that install a mpif90 and mpif77
command. Typavhich mpif90  orwhich mpif77 to determine which front-end you are using.
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— VASRP fails to execute properly:

LAM requires a daemon to run. It is essential to use a VASPw@abte and LAM daemon compiled using the
same LAM distribution! The problem is related to the one adiediscussed in the previous section.

The use of scaLAPACK is NOT encouraged, since it is a tricky@ifficult task to compile scaLAPACK properly.
Furthermore, makefiles for scaLAPACK are not distributethwither scaLAPACK, LAM/MPICH or vasp. One
reason for this is that the makefiles depend to some extendeohAM/MPICH version, on the location of the
libraries, on the precisse LINUX distribution etc. etc. Atémhally, on most clusters the performance gains due
to scaLAPACK are very modest for VASP, since VASP relies hyast it's own iterative matrix diagonalisation
routines. Therefore, you can safely compile VASP withoal $tPACK, if the scaLAPACK support fails to work.

If you have done everything correctly, and VASP still faibsexecute... well, then, you will need to stick to the
serial version, or seek professional support from a comp@tyibuting or maintaining parallel LINUX clusters.

| adsorb, an ionic species e.g- @n an insulating surface. To select a specific charge statsd increased the
number of electrons by one compared to the neutral system, N@ve no clue how to evalute the total energy
properly (i.e. are there convergence corrections).

Actually, you MUST NOT set the number of electrons manuatlyd slab calculation. I.e., when you calculate
the slab-O system you are not allowed to select a specific charge statbdcoxygen ion, by increasing the
number of electrons manually. Specific charge state calonlmake sense only in 3D systems and for cluster
calculations.

If you conduct the calculations properly, i.e. if your sladarge enough and the lateral dimension (x,y) of your
surface is large enough the energy should converge to tipepvalue, i.e. the O should acquire the correct charge
state automatically.

Reason: If you set the number of electrons in the INCAR filed@lab calculation you end up with a charged
slab. The electrostatic energy of such a slab is howeveramiditionally convergent and worse, in practice, even
infinite (BASIC, BASIC ELECTROSTATICS). Therefore, no methwhatsoever exists to correct the error in the
electrostatic energy. E.g. the energy converges towafidstynwhen the vacuum width is increased. You can try
to validate this, by simply increasing the vacuum width inSRAfor a charged slab. You will find that the energy
increases or decreases linearly with the vacuum width.

Well, there is maybe one method that can surmount the aferégoned problem. You can charge the slab and in-
crease systematically thiistance between the O- specfbyg increasing the lateral dimensions of your supercell)
at a fixed vacuum width, and finally extrapolate the energiesitds infinite lateral distances. The energy should
converge towards the correct value ad, Whered is the distance between the adsorbed species. This midtt yie
a converged value. The point is that, as | mentioned aboeegltttrostatic energy is only conditionally conver-
gent for the case of a charged slab/system, and results depehow you evaluate the limit towards infinity.
However, to the best of my knowledge, this has not been doatt@mpted hereto (and therefore we can not assist
you on that issue).
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