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Chapter 1

Introduction

1.1 Overview

Since its invention in the late seventies the Augmented Spherical Wave (ASW)
method has become one of the most widespread methods used for density functional
based electronic structure calculations. Its minimal basis set allows for a natural
interpretation of materials properties and makes it one of the fastest all-electron
methods. The present User Guide addresses to practioners who want to apply
the ASW method to actual problems but are not (yet) interested in a detailed
understanding of the underlying formalism.

The original version of the ASW method was developed in the seventies at the
IBM research lab in Yorktown Heights by A. R. Williams, J. Kiibler, and C. D.
Gelatt [10]. According to the authors, their worked was based on the concept of
renormalized atom calculations as proposed by Watson, Ehrenreich, Hodges, and
Gelatt [13, 12, 11] and inspired by the ideas of the linear methods as presented by
O. K. Andersen [14].

In the eighties, the ASW program saw several revisions and extensions mainly
done by the Darmstadt group of J. Kiibler. These included the development of a
version for treating non-collinear spin arrangements [8, 9] as well as the implemen-
tation of a first full potential ASW method by myself [1]. In addition, J. Sticht and
I put a lot effort in tuning the program to optimal performance especially for vector
machines.

Commercializing the code set in by the end of the eighties, when the California
based software company BIOSYM (later Materials Science Incorporation, MSI, now
Accelrys) started distribution of the standard Darmstadt code.

Nevertheless, the old Darmstadt version still suffered from many drawbacks.
Programming was completely done in a rather old fashioned Fortran77 style using
e.g. variables and arrays of mixed accuracy. File handling was quite complicated
and reading from the input files was done in fixed format. In the startup phase of a
calculation several different programs and input files had to be used. All this made
the program rather user-unfriendly and error-prone.

In order to overcome these difficulties of the old Darmstadt version, I started
a completely new implementation of the code. Programming was done in a clean
and systematic style. The source was held fully self-contained by including standard

1



2 CHAPTER 1. INTRODUCTION

BLAS or LAPACK routines for the linear algebra problems. Graphics is based to
large parts on Gnuplot, which is likewise public domain software. The file handling
and the organization of the program was much improved taking away many stan-
dard steps from the users responsibility. The interface between the user and the
program was completely reshaped and now allows for a very flexible input. Further-
more, a lot more properties can be calculated, which fact facilitates analysis of the
electronic properties a lot and make the program exceptional among many other
methods. Last not least, the program package has turned out to be very stable and
efficient. The latest version currently available is ASW-1.9, to which this handbook
applies. This version was originally designed for Unix/Linux machines and most
of the commands mentioned below refer to this environment. More information
about the ASW method and the program package can be obtained from the ASW
homepage,

http://www.physik.uni-augsburg.de/~eyert /aswhome.shtml

where most of the properties accessible by the programs are discussed and a full list
of publications and theses related to the ASW method is given.

Since 1998 a WINDOWS version of the present ASW version including a very
clever graphics interface and access to the worlds largest crystallographic database
is distributed under the name “Electra” (for “Electronic Structure and Analysis”)
by Materials Design Inc., Angel Fire, NM and Materials Design s.a.r.l., Le Mans.
See

http://www.materialsdesign.com

for more information.
Any questions, criticisms, and suggestions concerning the ASW program package
or this manual are welcome. Please feel free to contact me via email to

eyert@physik.uni-augsburg.de

This user guide falls into three parts. Following this introductory chapter the ca-
pabilities of the program package are demonstrated by three examples in Chap. 2.
Chap. 3 comprises an overview over all programs, shellscript, and data files coming
with the distribution or being created during execution. A detailed discussion of
the main input file of the package, the CTRL file is finally given in Chap. 4. While
the more experienced practioner will use this chapter as a reference, beginners are
strongly recommended to work through the examples of Chap. 2 first.

1.2 Physical background

As many other ab initio approaches the ASW method is based on the Born-Oppen-
heimer approximation, which allows to consider the electronic structure independent
of the lattice dynamics. Furthermore, it makes use of crystalline periodicity and the
Bloch theorem built thereon. Finally, the ASW method relies on density functional
theory (DFT) as founded by Hohenberg, Kohn, and Sham.
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As it stands the ASW program package employs the local density approximation
(LDA) coming with DFT. By now, all common parametrizations have been imple-
mented. Alternatively, the generalized gradient approximation (GGA) in all known
parametrizations can be used.

As all other augmentation schemes the method is built upon a special form of the
muffin-tin approximation (MTA), namely the atomic sphere approximation (ASA)
as invented by Andersen. It is characterized by the requirement that the atomic
spheres must fill space completely. Inside the spheres the potential as well as the
charge densities are assumed to be spherical symmetric. While this socalled shape
approximation of both the MTA and the ASA might seem as crude approximations
to the full crystal potential the ASA actually is not. This can be readily understood
from the fact that the ASA condition creates overlap regions in the bonding region
between two atoms. In these regions the sum of the two ASA potentials experiences
an effective downshift as compared to the potentials of the single spheres and thus
mimics the full potential quite well. Indeed, electronic properties calculated using
ASA based methods can be hardly distinguished from those growing out of the much
more elaborate full potential methods.

However, due to the spherical symmetry and the overlap of the potential wells
calculated total energies still lack the accuracy needed e.g. for calculating elastic
constants of phonon frequencies. For this reason I have implemented a new full
potential version, which will be soon available.

As an all-electron scheme the ASW method fully includes both the core and the
valence electrons in the self-consistent field calculations. For this reason, it allows
full coverage of the periodic table including transition metal atoms as well as the
lanthanides and actinides. The codes is applicable to metal, semiconductors and
insulators without any restrictions.

Much of the efficiency of the program package stems from the use of a minimal
basis set built from atomiclike (s, p, d) orbitals. As a consequence, each atom
contributes with nine or 16 basis functions to the secular matrix, which is much less
than the ~ 100 functions necessary in plane wave based methods. Furthermore, the
atomiclike orbitals allow for an easy setup of e.g. partial densities of states and a
much more natural interpretation of the results.

Additional speedup of the program results from the fact that the ASW method
like the LMTO or LAPW is a socalled linearized method. The latter approach as
invented by Andersen is based on the observation that the energy dependence of
the wave function is rather weak and, hence, may be well approximated by only few
terms of a Taylor expansion. Within the ASA only the first two terms are actually
needed (the famous ¢ and é of the LMTO method). As a result, solving for the
zeros of the secular matrix reduces to an eigenvalues problem, which is tractable by
standard routines, and can thus be done much faster as the complicated root tracing
done before.

Finally, as it stands the ASW package allows for non-relativistic as well as scalar-
relativistic calculations and it can handle both spin-restricted and spin-polarized
calculations, the latter including a special branch for antiferromagnetic order. Much
work has been put into the code for accelerating the iterations towards self-consistency.

Last not least, due to the implementeation of the sphere geometry optimization
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(SGO) algorithm the ASW programs allow for considering closed-packed systems as
well as rather open crystal structures. The SGO algorithm performs an automatic
sphere packing including the generation of empty sphere positions and determination
of optimal atomic sphere radii for use with the ASA.

Over the years more and more physical and chemical properties have become
available by the ASW program package. Among them are the following.

e Electronic Properties

electronic dispersions F(k) (“band structure)

electronic wave functions (k) = >, ¢;H; (k)
— projected band structure

total/partial (site/state projected) densities of states (DOS)
Fermi surface

charge densities (near future)

electric field gradients (near future)

charge densities at the nuclei — isomer shifts

e Cohesive and Elastic Properties

cohesive energy

bulk modulus

elastic constants (near future)
phonon frequencies (near future)

forces — structure optimization (near future)

e Chemical Bonding

total /partial crystal orbital overlap population (COOP), total/partial
crystal orbital Hamiltonian population (COHP), total/partial covalence

energy (Ecov)

e Magnetic Properties

total and site/state projected magnetic moments
magnetic ordering (ferro-, ferri-, antiferromagnetic)
magnetic energy gains

spin densities (near future)

spin densities at the nuclei — hyperfine fields

Suggestions for additional properties, which should be implemented are always wel-
come. Just sent an email to the address given above.
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1.3 Programming

At present, the ASW program package consists of ~ 100000 lines of source code,
which are organized in a dozen main programs and about 400 subroutines. While the
first versions were written in Fortran77, the latest version has been fully adapted to
the new Fortran95 standard. In particular, dynamic memory now makes the package
much faster and more flexible than before. Moreover, switching to Fortran95 has
enhanced portability of the code considerably.

In setting up the program I have much benefitted from ftnchek, which is a public
domain tool for syntax checking of Fortran programs. Among other things it pro-
vides means to check data exchange between the main program and subroutines,
which usually is note done by a compiler. I higly recommend ftnchek to any Fortran
programiner.

As it stands the ASW program package is fully self-contained without the need to
link any library. Standard routines for e.g. matrix inversion and diagonalization are
taken from the LAPACK library. For plotting the calculated data the programs pro-
vide interfaces to GNUPLOT, RASMOL, and XMakeMol, which are public domain
software. As a consequence, commercial libraries are not needed at all.

Finally, the program is fully portable to and has been tested on a large variety
of platform including

o IBM RS6000 (AIX; xIf, xIf90)

e HP 9000 (HP-UX; f90)

e CRAY Y-MP, YEL, J90, T90 (UNICOS:; f90)
e SNI S400 (UXP/M; frt)

e SNI VPP500 (UXP/M; frtpx)

e Sun SPARC (Solaris; f90)

e Convex (ConvexOS; fc -f90)

e Compaq Alpha (True64 UNIX; f90)

e PC (AMD/Intel) (Linux; VAST {95, Lahey/Fujitsu Fortran 95, PGI {90, Ab-
softPro Fortran, NAG {95)

e PC (AMD/Intel) (Windows95/98 /NT; Compaq Visual Fortran, Lahey Fortran
95)

e all platforms (GNU g95)

For this reason, installing the package poses no problems and can be done within a
few minutes.
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1.4 Installation

Since the ASW package has been written with portability in mind, installation on
various platforms is straightforward. In particular, only few steps are needed.

1. Edit the Makefile:

In the first part of the Makefile several items must be specified:

COMPILER Machine and/or compiler

ARCH Machine architecture (for IBM only)
LOCALLIB Use of local BLAS library (recommended)
APPLICATION Switch between testing and production runs

The ASW program package uses several routines from the LAPACK and BLAS
libraries. The source codes of these routines are included in the distribution
and will be compiled and linked into the executables in case the entry LO-
CALLIB is left empty. This option makes the ASW package completely self-
contained. No additional libraries are necessary to run the programs. Yet, on
most machines vendor specific installations of these libraries exist, which are
able to make use of machine specifications and thus in many cases are very
fast. Hence, whenever a precompiled LAPACK or BLAS routine exists, it’s
use is highly recommended. In this case you should specify LOCALLIB =
USE. Recent developments in the field of mathematical libraries have led to
the Automatically Tuned Linear Algebra Subroutine (ATLAS) library, which
is available also for PC’s running under Linux, could be easily installed, and
outperforms even some vendor supplied libraries.

For the last item, please use APPLICATION = PROD. Finally, the installation
directory, where the executables and the KXTEXenvelope files will be copied,
must be given.

. Edit the files stuni.f, jbout.f and timex.f:

Select the settings valid for your machine by (un)commenting the correspond-
ing lines in the source code. Yet, due to the increased portability of Fortran95,
this step can be skipped on most machines.

. Edit the file mnbeg.f:

This file is common to all main programs and contains parameters, which con-
trol the size of many arrays. Please check the maximum number of interstitial
energies (kappa-values; keep 1 if you are in doubt) and the maximum number
of atoms. Again, this step can be skipped in the first installation.

. Type make all:

This step, which alternatively can be performed as background procedure
by invoking the shell-script mkall.x, generates all executables. Due to the
many new features incorporated in the Makefile its execution might require
GNU make, which is free software and available from many servers, e.g.
WWW.gNnu.org.
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5. Type make install:
This copies all executables, shell-scripts and EXTEXenvelope files to the direc-
tory specified in step 1 above.

1.5 Linking with other software

There are some public domain software packages used by the ASW software, namely
BLAS, ATLAS, LAPACK, GNUPLOT, RasMol, XMakeMol, and ftnchek, which are
all public domain.

However, all BLAS, ATLAS, and LAPACK routines needed by the ASW software
are already included in the ASW package. So, you don’t need to transfer extra files.

1.6 Legal matters

Since the ASW program package is commercially distributed legal matters have to
be considered. Most of this is contained in the file COPYRIGHT coming with the
distribution, which is printed here for completeness.

sk stk sk ok ok skskok ok ok sk sk sk ok sk sksk sk ok sk sksk ok ok sksk sk sk ok sksk sk sk ok sksksk s ok sk sksk ok sk sksk ok sk sk sk ok sk sk sk ok sk sk sk ok ok
*%k ASW software package *%ok
sk sk o o ok ok sk sk ok o e ok sk sk sk ok ok sk ok sk ok sk sk ok sk ok sk sk sk ok sk o sk ok ks sk e ok ks sk ke sk sksk sk e ke sk sk sk e sk sk ok ek sk sk ok ok
*%k Version 1.9 *okk
sk stk sk ok ok skskok ok ok sk sk sk ok sk stk sk ok sk sksk ok ok sksk sk sk ok sksk sk sk ok sk ok sk sk sk sk sksk ok sk sk sk sk sk sk ok sk sk sk ok ok
*ok ok Copyright notice *ok ok
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The ASW software package was written by Volker Eyert.

In setting up the package the author has benefitted from
experience gained during stays at the following institutes:

Institut fuer Festkoerperphysik, TH Darmstadt,
Hochschulstr. 6, D-64289 Darmstadt

Institut fuer Physikalische Chemie, TH Darmstadt,
Petersenstr. 20, D-64287 Darmstadt

Max-Planck-Institut fuer Festkoerperforschung,
Heisenbergstr. 1, D-70569 Stuttgart

Hahn-Meitner-Institut,

Glienicker Str. 100, D-14109 Berlin

Institut fuer Physik, Universitaet Augsburg,

Memminger Str. 6 and Universitaetsstr. 1, D-86135 Augsburg
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Version ASW-1.9 11.01.2002 Volker Eyert
Copyright (C) 1992-2002 Volker Eyert
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General:
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Here and in the following the term "the author" refers to Volker Eyert
at the last of the above adresses.

You can contact the author via normal mail to the last of the above
adresses or via email to:
eyert@physik.uni-augsburg.de

Here and in the following the term "ASW software package" refers to the
total of all files contained in the distribution (in source and object
form).

Here and in the following the term "core of the ASW software package"
refers to the total of all files contained in the distribution (in
source and object form) except for those files which explicitly contain
a copyright notice by other authors and except for the LAPACK and BLAS
routines coming with the distribution.

>k >k >k %k 5k %k %k 5k %k XK XK XK XK XK XK XK 3K 5K 5k 5k 5k 5k 5k 5k 5k 5K 3K 5k 3k 3k 5k 5k 5k 5k 5k XK % % 3K 5k 3k 3k %k %k 5k %k %k K 5K 3k 5K 5k 5k %k >k >k >k %k XK >k 5K >k >k %k %k %k %k >k k%

Copyright notice:
The core of the ASW software package is copyrighted software.

It is not allowed to change any of the copyright notices in the core
of the ASW software package.

It is not allowed to redistribute the core of the ASW software package
or any part of it without prior written permission of the author.

It is not allowed to incorporate any part of the core of the ASW software
package into any other software without prior written permission of the
author.

It is illegal to commercially distribute the core of the ASW software
package as a whole or any part of it or to incorporate any part of it

into a commercial product without prior written permission of the
author.

sk sk o ok ok ok sk sk ok o e ok sk sk o s ok ok sk ok sk ok sk sk ok sk ok sk sk sk sk ok sk ok sk ok ks sk e ok sk sk sk ke sk sk sk e sk sk sk e sk sk ok e ok sk sk ok ok
Disclaimer:
The ASW software package is distributed in the hope that it will be

useful, but WITHOUT ANY WARRANTY; without even the implied warranty
of MERCHANTIBILITY or FITNESS FOR A PARTICULAR PURPOSE.

>k >k >k %k %k 5k 5k Xk XK XK XK XK XK XK XK XK 3K 3K 5k 5k 5k 5k 5k 5k 5k 5k 3k 5k 3k 3k 5k 5k 5k 5k 5k %K % % 5K 5k 3k 3k 5k %k 5k %k %k K 5K >k 5k 5k 3k %k >k >k >k %k %k >k 5k >k >k % %k %k %k %k k%
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1.7 Known bugs

So far the following bugs are known, which have not yet been removed from the

code:

1. The packing program mnpac.run was originally designed for the spin-degenerate
case only. As a consequence, it produces wrong results if NSPIN=2 is specified
in the CTRL file. Please make sure that NSPIN=1 in the CTRL file or that

this token is missing at all.

1.8 Acknowledgement

In setting up the ASW package I have benefitted from discussions with quite many
people. Not trying to be complete I mention especially Ole Andersen, Jiirgen Kiibler,
Alexander Mavromaras, Michael Methfessel, Peter Schmidt, Michael Stephan, Jiirgen
Sticht, and Erich Wimmer.
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Chapter 2

Execution of the ASW programs:
Examples

In the present chapter we will discuss how the programs coming with the ASW
distribution can be used. In doing so we will apply the programs to two different
examples, namely Cu, FeSs, and CrO,.

2.1 A simple case: Cu

Elemental copper has been used as a test case for electronic structure programs
since long. This is due to several reasons. As we will learn below the electronic
structure of this metal is strongly influenced by three groups of electrons. While the
core electrons are tightly bound to the nucleus and, hence, have a very high charge
density at the center of the atom but an almost negligible density in the outer region,
the wave functions of the 4s and 4p electrons reach far out and spread even in the
region of neighbouring atoms. Finally, the 3d electrons are somewhat intermediate
in that they likewise contribute to the overlap with neighbouring atoms, hence, to
the metallic bonding but still are rather well localized near the nuclei. Since the 3d
states of copper are almost filled they contribute only weakly to the Fermi surface,
which is therefore formed mostly by the 4s and 4p states. As a consequence, although
the 3d states are found well below Er any changes or errors in the 4sp-3d overlap
strongly affect the Fermi surface. For this reason copper is regarded as a sensitive
test case. Calculated electronic structures for this material were compared to the
results of photoemission experiments already in the early 1960’s by Burdick [17].

The following calculations proceed in several steps. First we have to set up
the CTRL file, which is the only input file for the calculations. All other files
needed during the execution of the programs are created automatically and they are
deleted in case the program does not need them any more. Once the self-consistent
calculation has converged, additional main programs may be invoked to evaluate
the band structure or the partial DOS. Finally, the plot programs can be used to
visualize the results.

11
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2.1.1 CTRL file
Let us start out by listing a minimal CTRL file for Cu.

HEADER Cu fcc

data by Landolt-Bernstein
VERSION ASW-2.0
STRUC  ALAT=6.83079 SLAT=FCC
CLASS  ATOM=CU Z=29
SITE ATOM=CU P0OS= 0.0 0.0 0.0

Each CTRL file is grouped into categories, which begin with a keyword at the
beginning of a line. In the listing, five categories are identified, namely HEADER,
VERSION, STRUC, CLASS, and SITE. Each category comprises additional in-
formation, which, except for the first two categories, is passed to the program by
socalled tokens. They have the form TOKEN=, followed by one or more integers,
real numbers, strings or switches (T or F'). To be specific, in the present example the
category STRUC contains all information about the Bravais lattice in form of the
lattice constant, ALAT=6.83079 and the Bravais lattice type, SLAT=FCC (face-
centered cubic). While this fixes the unit cell of the crystal, information about the
geometry inside the unit cell is contained in the category SITE, which gives the
positions of all atoms. In the present case, only one atom exists, which is located
at the origin. This atom is labelled by ATOM=CU. Finally, the type of the atom
located at the origin has to be specified. This is done in category CLASS, where
the atom at the origin via its label is assigned the atomic number 29. Note that the
label CU could be replaced by anything else. However, the program assumes that
labels will not exceed six characters.

Finally, the category HEADER holds space for up to 20 lines of text for user com-
ments. However, note that the first line (the one containing the keyword HEADER)
is exceptional as its entry by default is used as a title line for all plots. Last not
least, category VERSION specfies the program version to be used.

While the above CTRL file already allows for a complete calculation the standard
CTRL file looks like the following.

HEADER Cu fcc
data by Landolt-Bernstein

VERSION ASW-2.0

I0 HELP=F SHOW=T VERB0S=30 CLEAN=T

OPTIONS REL=T OVLCHK=T

STRUC  ALAT=6.83079 SLAT=FCC

CLASS  ATOM=CU Z=29 R/RA=2.66945 LMXL=2 CONF=4 4 3 4

QVAL= 1.0 0.0 10.0 0.0

SITE ATOM=CU POS= 0.0 0.0 0.0

SYMGRP

ENVEL EKAP=-0.015

BZSMP  NKABC=6 0 0 BZINT=SMS EMIN=-1.0 EMAX=1.5 ND0S=1000
NORD=5 WIDTH=0.02 EFTOL=1.0D-04 SAVDOS=F

CONTROL START= QUIT= FREE=F NITBND=99 CNVG=1.0D-08 CNVGET=1.0D-08
NITATM=50 CNVGQA=1.0D-10

MIXING NMIXB=5 BETAB=0.5 INCBB=T NMIXA=5 BETAA=0.5

SYMLIN NPAN=5 NPTS=400 ORBWGT=F CARTE=F



2.1. A SIMPLE CASE: CU 13

LABEL=W ENDPT= 0.500 0.250 0.750
LABEL=L ENDPT= 0.500 0.500 0.500
LABEL=g ENDPT= 0.000 0.000 0.000
LABEL=X ENDPT= 0.500 0.000 0.500
LABEL=W ENDPT= 0.500 0.250 0.750
LABEL=K ENDPT= 0.375 0.375 0.750
PLOT CARTV=T

ORIGIN= 0.0 0.0 0.0

RPLOT1= 1.0 0.0 0.0

RPLOT2= 0.0 1.0 0.0

RPLOT3= 0.0 0.0 1.0

NPDIV1=50 NPDIV2=50

It contains a lot more categories and tokens, all of which are discussed in de-
tail in Chap. 4. Here we mention, in particular, the switch to scalar-relativistic
calculations, REL=T, the types of orbitals used in the calculations as specified by
the maximum angular momentum, LMXL=2, the principal quantum numbers of all
orbitals CONF=4 4 3 4, and the respective orbital occupations QVAL=.... In case
you are in doubt about the input for these three tokens just leave them out. The
program will add them for you. Moreover, we have specified the number of k-points
to be used in the Brillouin zone integration by the token NKABC=6 0 0 (see Chap.
4). Finally, categories SYMLIN and PLOT, respectively, hold information about
the lines within the first Brillouin zone, along which the band structure is plotted,
and the region in real space used for plotting the crystal structure as well as the
charge density and potential.

2.1.2 Execution of the main programs

Having generated the CTRL file the ASW program for self-consistent field calcula-
tions can be started by typing mnscf.run at the operating systems prompt. However,
for Unix/Linux systems the distribution offers several useful shellscripts. Here we
just type mnscf.x at the systems prompt, which starts a background job, with the
output sent to file outscf. The program will use about 13 iterations to full conver-
gence. On a standard PC the total execution time will be about 2-3 seconds. After
completion the output file outscf contains all the information collected during the
iterations. In addition, a file named CU (the naming is due to the token ATOM=
in categories CLASS and SITE) has been created, which contains all information
specific to the respective atom. These data are needed by the program. For this
reason, you should not delete an atomic file or change it by hand. Otherwise the
program might have to start from scratch again. There has been a quite complicated
file checker implemented, which detects the status of all atomic files and after that
decides, which calculation can be performed.

Once self-consistency has been achieved you are able to calculate the band struc-
ture by typing mnbnd.run or, better, mnbnd.x. This program uses the information
contained in the files CTRL and CU and generates a new file called BNDE, which
comprises the eigenvalues for each k-point, hence, the band structure. Output is
stored in file outbnd, Calculation of the band structure will take about half a second.

In addition, after having changed SAVDOS=F to SAVDOS=T as well as QUIT=
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to QUIT=BND and running mnscf.run again, you will obtain a file DOS, which holds
all information about the partial densities of states for plotting. The same can be
achieved by invoking the shellscript mndos.x, which does the neccessary changes in
the CTRL file (and resets to the original state at the end) and writes output to file
outdos.

The previous calculations can be made automatic by typing mnall.x. This shell-
script performs a self-consistent calculation for NKABC=6 0 0 (this must be set
in the CTRL file), then switches to NKABC=8 0 0, and then in several steps to
NKABC=30 0 0. For each of these k-point grids a self-consistent calculation is
performed. Note that this saves a lot of execution time as compared to starting
from scratch with a k-point density of 30. This is due to the “restart” facility of the
ASW program mnscf.run. Whenever the file checker in the program detects atomic
files, which conform with the general settings of the CTRL file as e.g. the lattice
type or the number and types of orbitals the program is able to use this information
as a starting point for further calculations. In particular, once the calculations for
NKABC=6 0 0 have converged the subsequent calculation for NKABC=8 0 0 starts
out from the converged files rather than starting from scratch. As a result, only
few iterations will be needed for full convergence at the higher k-space grid. Such
a stepwise increase of the Brillouin zone density serves the additional purpose that
on comparing the results we are able to check convergence of the result with respect
to the fineness of the k-point grid. The results of all these calculations are stored in
the files outlst6 to outlst30. Finally, the band structure and the (partial) densities
of states are calculated.

In order to have quick check of the progress of a self-consistent calculation just
type e.g. susan outlst30, which will write the following lines to screen

ASW-1.9, program MNSCF started on majestix at Fri, 08 Mar 2002, 14:14:02.
Calculation converged after 5 iteration(s).
Start of Iteration 5
2480 irreducible k-points generated from 27000( 30, 30, 30).

Fermi energy - MTZ = 0.641842 Ryd.
DOS at Fermi energy: 3.084967 1/Ryd.
Mean-square residual: 0.184027D-14
Madelung energy: 0.000000
Zeeman energy: 0.000000
total 3pV: -0.170258
virial energy: -3304.885873
variational energy: -3304.885885
qdiff = 0.00000000 < 0.00000001
ediff = 0.00000000 < 0.00000001

ASW-1.9, program MNSCF ended on majestix at Fri, 08 Mar 2002, 14:14:14.

They include information about the k-space grid, the position of the Fermi en-
ergy, the DOS at Ep, the (variational) total energy, and the self-consistency level
already reached as coded by the entries qdiff and ediff.
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2.1.3 Execution of the plot programs

By now, you are in a position to invoke the plotting routines. Just type plbnd.run
and enter the following dialog.

ASW-1.9, program PLBND started on majestix at Fri, 08 Mar 2002, 18:02:21.

Copyright (C) 1992-2002 Volker Eyert
Please see file COPYRIGHT for details

A1l input will be echoed to file PLIB.

Enter terminal type:

1 = X-Windows (default)

2 = PC-Screen (vt220-emulation)
3 = suppress terminal output

Enter output device:

1 = Postscript (default)

2 = Color postscript

3 = LaTeX

4 = LaTeX (VE’s way)

5 = HP LaserJet III (PCL5)

6 = HP LaserJet II

7 = GIF

8 = leave the decision for later

9 = suppress output to file
/

Enter title:
/

Energies in Rydberg (f) or eV (t, default)?
/

Energies relative to MTZ (0) or EFermi (F, default)?
/

Portrait (P, default), landscape (L) or encapsulated postscript plot (E)?
/

Energies connected by lines (t) (default f)?

/

Please wait a moment: I’m reading the bands.
Timing for 39 points out of 398: 0.00000 sec.

Ebot
Emin
/

Enter new Emin, Emax to change these defaults:
task 1, total : cpu time: 0.01000 sec

-9.643162 eV , Etop = 28.337884 eV relative to EF
-10.000000 eV , Emax 6.000000 eV relative to EF

ASW-1.9, program PLBND ended on majestix at Fri, 08 Mar 2002, 18:02:21.

Here / entered on the programs prompt will keep the default values proposed
by the program. All the questions are self-explaining. After this dialog, new files
have been created, as there are BND.GNU, BND1, and BOX. By typing gnuplot
BND.GNU you will invoke gnuplot and obtain the plot on screen. In addition, a
postscript file bnd.ps is created, also containing the plot. For Cu the result is shown
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in Fig. 2.1. As we will discuss in more detail below, the band structure comprises

T T T TT N

(E-Ep) (V)

-10 i ; i i
W L I X w K

Figure 2.1: Electronic structure of Cu along selected symmetry lines of the first
Brillouin zone of the face-centered cubic lattice, see A.1.

a parabolic band starting at the I'-point at about -9.64 eV and ending near the W-
point at 6 eV. This s-like band hybridizes with the five d-bands, which are visible
in the energy interval from -5.5 to -1.5 eV. Note the degeneracies of the d bands
especially along the lines I'-L. and I'-X.

Still the procedure can be simplified by calling the shellscript plbnd.x rather than
typing plbnd.run. This will run the plot program and invoke Gnuplot automatically.
Moreover, the intermediate files BND.GNU, BND1 and BOX will be deleted by the
shellscript.

However, user-friendlyness goes even beyond. During execution the plot routine
plbnd.run has echoed all your input to a new file called PLIB. By inspecting this
file you will find a fully commented echo of all your input. Rename this file to e.g.
PLIBf, type plbnd.x PLIBf, and you obtain the same result as before without having
to type anything else. This machinery could now be used to specify e.g. a different
energy interval. Just edit file PLIBf and type plbnd.x PLIBf again. Yet, since file
PLIB is just a simple echo, you should not change the order of the lines.

Next we are going to plot the partial densities of states. Now typing pldos.x you
enter the following dialog.

ASW-1.9, program PLDOS started on majestix at Fri, 08 Mar 2002, 18:41:10.

Copyright (C) 1992-2002 Volker Eyert
Please see file COPYRIGHT for details

All input will be echoed to file PLID.

Enter terminal type:
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1 = X-Windows (default)
PC-Screen (vt220-emulation)
suppress terminal output

w N
]

Enter output device:

1 = Postscript (default)

Color postscript

= LaTeX

= LaTeX (VE’s way)

= HP LaserJet III (PCL5)

HP LaserJet II

= GIF

= leave the decision for later
= suppress output to file

N
I

© 00 N O O b W
1

2

Enter title:

/

Energies in Rydberg (f) or eV (t, default)? DOS scaled accordingly.

/
Energies relative to MTZ (0) or EFermi (F, default)?
/

Portrait (P, default), landscape (L) or encapsulated postscript plot (E)?

E

Energy axis to the top (f) or right (t, default)?
/

Plot DOS (f, default) or integrated DOS (t)?

/

Please wait a moment: I’m reading the partial DOS.

Start setting up curve 1:

Plot partial (f) or total DOS (t, default)?

£

For partial DOS: Rotate reference frame for orbitals?
Enter rotation symbol (Default: E):

/

Enter orbital(s) to be included:

Class CU : atom 1 at 0.000000 0.000000 0.000000
Select from the following orbitals:

0: all -1: all p -2: all d -3: all £

1: s 2:y 3: z 4: x 5:
6: yz 7: 3z72-r"2 8: xz 9: x72-y"2 10:
11: xyz 12: byz~2-yr~2 13: 5z73-3zr"2 14: 5xz"2-xr"2 15:
16: x"3-3xy~2

1/

The following orbitals have been selected:
Class CU : atom 1, orbital s

Enter scaling factor (default 1.0):
/

Broadening of this curve (t) or not (f, default)?

Xy
3x"2y-y~3
X"2z-y"2z

17
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/

Select curve style (default: 1) (A * marks styles already selected):
solid / green 1 , dashedl / blue (2) s

dashed2 / red (3) , dotted / magenta (4) s

dashdottedl / cyan (5) , dashdotted2 / yellow (6) s
chaindashedl / black (7) , chaindashed2 / coral (8) s
chaindashed3 / gray (9) R

/

Enter curve label ("/" to suppress)
Cu 4s

Please wait a moment: I’m working on this curve.
Set up more curves (t)? Default is f.
t

Start setting up curve 2:

Plot partial (f) or total DOS (t, default)?

£

For partial DOS: Rotate reference frame for orbitals?
Enter rotation symbol (Default: E):

/

Enter orbital(s) to be included:

Class CU : atom 1 at 0.000000 0.000000 0.000000

Select from the following orbitals:

0: all -1: all p -2: all d -3: all £

1: s 2:y 3: z 4: x 5: xy

6: yz T7: 3z72-r"2 8: xz 9: x"2-y"2 10: 3x"2y-y~3
11: xyz 12: byz"2-yr~2 13: 5z73-3zr"2 14: 5xz"2-xr"2 15: x"2z-y"2z
16: x°3-3xy~2

-1/

The following orbitals have been selected:

Class CU : atom 1, orbital y

Class CU : atom 1, orbital z

Class CU : atom 1, orbital x

Enter scaling factor (default 1.0):

/

Broadening of this curve (t) or not (f, default)?

/

Select curve style (default: 2) (A * marks styles already selected):
solid / green (1) * , dashedl / blue (2) s

dashed2 / red (3) , dotted / magenta (4) s

dashdottedl / cyan (5) , dashdotted2 / yellow (6) s
chaindashedl / black (7) , chaindashed2 / coral (8) s
chaindashed3 / gray (9) ,

/

Enter curve label ("/" to suppress)
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Cu 4p

Please wait a moment: I’m working on this curve.
Set up more curves (t)? Default is f.
t

Start setting up curve 3:

Plot partial (f) or total DOS (t, default)?

/

For partial DOS: Rotate reference frame for orbitals?
Enter rotation symbol (Default: E):

/

Enter orbital(s) to be included:

Class CU : atom 1 at 0.000000 0.000000 0.000000
Select from the following orbitals:

0: all -1: all p -2: all d -3: all £

1: s 2:y 3: z 4: x 5:
6: yz 7: 3z72-r"2 8: xz 9: x"2-y"2 10:
11: xyz 12: byz"2-yr~2 13: 5z73-3zr"2 14: bxz"2-xr"2 15:
16: x"3-3xy~2

5

6
8/

The following orbitals have been selected:

Class CU : atom 1, orbital xy

Class CU : atom 1, orbital yz

Class CU : atom 1, orbital xz

Enter scaling factor (default 1.0):

Broadening of this curve (t) or not (f, default)?

/

Xy
3x"2y-y~3
x"2z-y"2z

Select curve style (default: 3) (A * marks styles already selected):

solid / green (1) * , dashedl / blue (2) * ,
dashed2 / red (3) , dotted / magenta (4) s
dashdottedl / cyan  (5) , dashdotted2 / yellow (6) s
chaindashedl / black (7) , chaindashed2 / coral (8) s
chaindashed3 / gray (9) ,

/

Enter curve label ("/" to suppress)
Cu 3d t_{2g}

Please wait a moment: I’m working on this curve.
Set up more curves (t)? Default is f.
t

Start setting up curve 4:
Plot partial (f) or total DOS (t, default)?
/

19
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For partial DOS: Rotate reference frame for orbitals?
Enter rotation symbol (Default: E):
/

Enter orbital(s) to be included:

Class CU : atom 1 at 0.000000 0.000000 0.000000

Select from the following orbitals:

0: all -1: all p -2: all d -3: all £

1: s 2:y 3: z 4: x 5: xy

6: yz 7: 3z72-r"2 8: xz 9: x"2-y"2 10: 3x"2y-y~3
11: xyz 12: byz~2-yr~2 13: 5z73-3zr"2 14: 5xz"2-xr"2 15: x"2z-y 2z
16: x°3-3xy~2
7
9/

The following orbitals have been selected:

Class CU : atom 1, orbital 3z"2-r"2

Class CU : atom 1, orbital x"2-y~2

Enter scaling factor (default 1.0):

/

Broadening of this curve (t) or not (f, default)?

/

Select curve style (default: 4) (A * marks styles already selected):
solid / green (1) * , dashedl / blue (2) * ,

dashed2 / red (3) * , dotted / magenta (4) s

dashdottedl / cyan  (5) , dashdotted2 / yellow (6) s
chaindashedl / black (7) , chaindashed2 / coral (8) s
chaindashed3 / gray (9) ,

/

Enter curve label ("/" to suppress)
Cu 3d e_g

Please wait a moment: I’m working on this curve.
Set up more curves (t)? Default is f.

/

Center of gravity of DOS curve 1 (Spin 1) - EF : 0.8963 eV
Center of gravity of DOS curve 2 (Spin 1) - EF : 2.3616 eV
Center of gravity of DOS curve 3 (Spin 1) - EF : -2.3706 eV
Center of gravity of DOS curve 4 (Spin 1) - EF : -2.6160 eV

Indicate center of gravities (f, default)?

/

Ebot = -10.065942 eV , Etop = 11.669161 eV relative to EF
Emin = -11.000000 eV , Emax = 6.000000 eV relative to EF
Enter new Emin, Emax to change these defaults:

-10
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DOStop 3.772949 1/eV

DOSmax 4.000000 1/eV

Enter new DOSmax to change this default:
/

Enter energetic position of curve labels ("/" to use default):

/
task 1, total : cpu time: 0.01000 sec

ASW-1.9, program PLDOS ended on majestix at Fri, 08 Mar 2002, 18:41:10.

This dialog is much more complex than the one before, since we generated four
curves and deviated from the default settings. The resulting plot is shown in Fig.
2.2, where we identify the partial DOS corresponding to the Cu 4s, 4p, and 3d
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Figure 2.2:Partial densities of states of Cu.

orbitals. The latter have been split into their ¢5; and e, components as resulting
from the cubic crystal field splitting. In particular, we observe rather small 4s and
4p contributions in the whole energy range. They grow out of the aforementioned
parabolic-like band, which leads, in particular, to the square-root behaviour of the
4s partial DOS at low energies. At higher energies, the 3d states set in, which are
limited to the energy interval between -5.5 and -1.5 eV but give large contributions.

As for the band structure an echo file has been created, which is called PLID.
Rename this file to e.g. PLIDf and type pldos.x PLIDf in order to reproduce the plot.
Of course, this plot routine could be also called without using the shell script, in
which case we would have to type pldos.run < PLIDf at the systems prompt. Note
the Unix/Linux < here, which is already included in the shellscript.

2.1.4 Advanced features

So far, we were able to decompose the total DOS into partial densities of states and
were thus able to identify orbital contributions in certain energy intervals. However,
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a corresponding analysis at a k-point level would be welcome. Such a tools exists in
the ASW program package. In order to use it we enter the CTRL file and change
in category SYMLIN the token NPTS=400 to NPTS=200 and ORBWGT=F to
ORBWGT=T. It is suggested to first copy the files CTRL and CU to a separate
directory and do the changes of the CTRL file there. After having changed the
CTRL file as described type mnbnd.x. As before this will produce a file BNDE. In
addition, a file named BNDV is generated, which contains all the eigenvectors.

Next you invoke again the plotting shellscript plbnd.x and enter the following
dialog.

ASW-1.9, program PLBND started on majestix at Fri, 08 Mar 2002, 21:26:15.

Copyright (C) 1992-2002 Volker Eyert
Please see file COPYRIGHT for details

A1l input will be echoed to file PLIB.

Enter terminal type:

1 = X-Windows (default)

2 = PC-Screen (vt220-emulation)
3 = suppress terminal output

Enter output device:

1 = Postscript (default)
2 = Color postscript
3 = LaTeX
4 = LaTeX (VE’s way)
5 = HP LaserJet III (PCL5)
6 = HP LaserJet II
7 = GIF
8 = leave the decision for later
9 = suppress output to file
4
Enter title:
/
Energies in Rydberg (f) or eV (t, default)?
/
Energies relative to MTZ (0) or EFermi (F, default)?
/
Portrait (P, default) or landscape plot (L)?
/
Energies connected by lines (t) (default f)?
/
Plot orbital character (default f)7

t
For plotting orbital character: Rotate reference frame for orbitals?
Enter rotation symbol (E for unity):

/
Enter orbital(s) to be included:
Class CU : atom 1 at 0.000000 0.000000 0.000000

Select from the following orbitals:
0: all -1: allp -2: all d
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1: s 2:y 3: z 4: x 5: xy
6: yz 7: 3z72-r"2 8: xz 9: x"2-y"2

The following orbitals have been selected:
Class CU : atom 1, orbital s

Please wait a moment: I’m reading the bands.
Timing for 19 points out of 199: 0.00000 sec.

Ebot -9.643162 eV , Etop 28.337884 eV relative to EF
Emin = -10.000000 eV , Emax 6.000000 eV relative to EF
Enter new Emin, Emax to change these defaults:

/

Rescale orbital weights (default: 0.4000eV )?

/

Please wait a moment: I’m working on the weights.
Timing for 19 points out of 199: 0.00000 sec.

Enter the horizontal and vertical extension in mm.
Default: 100.0 x 90.0

/
task 1, total :  cpu time: 0.04000 sec

ASW-1.9, program PLBND ended on majestix at Fri, 08 Mar 2002, 21:26:15.

It differs from the above dialog in asking for
Plot orbital character (default f)?

and the particular orbital(s) to be included. This section is similar to the plotting
of the partial DOS above. The previous dialog will produce a file bnd.tex, which
can be converted into bnd.ps by typing plbnd.Ix at the system prompt. The result
is shown in Fig. 2.3. In a similar way, orbital weighted band structures for the 4p,
3dts,, and 3de, states can be obtained. They are shown in Figs. 2.4, 2.5, and 2.6.
In all these figures we recognize the same band structure as already given in Fig.
2.1. Yet, in Figs. 2.3 to 2.6 to each band at each k-point has been appended a bar.
The length of each bar is a measure of the contribution of a particular orbital to the
respective wavefunction. To be specific, we identify large 4s and 4p contributions
at the bottom as well as at the high energy branches of the parabola starting at
-9.64 eV. In contrast the 3d orbitals dominate in the energy interval from -5.5 to
-1.5 eV. These observations thus confirm our arguments put forward in the above
discussion of the bare band structure and the partial densities of states. Actually,
these orbital weighted band structures are a necessary prerequisite for a complete
understanding of the electronic structure. Yet, only few band structure packages
offer this analytical tool.

2.1.5 Crystal orbital overlap population

Another feature, which is not standard in modern band structure codes, is the im-
plementation of the crystal orbital overlap populations (COOP). The COOP as
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Figure 2.3: Weighted electronic structure of Cu. The width of the bars given
for each band indicates the contribution due to the 4s orbital.
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Figure 2.4: Weighted electronic structure of Cu. The width of the bars given
for each band indicates the contribution due to the 4p orbitals.
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Figure 2.5: Weighted electronic structure of Cu. The width of the bars given
for each band indicates the contribution due to the 3dty, orbitals.
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Figure 2.6: Weighted electronic structure of Cu. The width of the bars given
for each band indicates the contribution due to the 3de, orbital.
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originally proposed by Hoffmann allows for an analysis of the chemical bonding [18].
Evaluation of the COOP has been recently implemented in the ASW method [19]
(see also Refs. [3, 20]) and was successfully applied to the interpretation of bonding
properties of various compounds [3]. Very recently, Fihnle and coworkers developed
an extension of the COOP, the socalled covalence energy [21], which we have also
implemented in the ASW package. The result for Cu is shown in Fig. 2.7. There
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Figure 2.7:Partial covalence energies (E¢oy) of Cu.

we observe three curves, which are energy resolved measures of the chemical bond-
ing between the respective orbitals. Negative and positive contributions indicate
bonding and antibonding states, respectively. While the 4sp-4sp bonding is almost
negligible, the bonding between 4sp and 3d states as well as the 3d-3d bonding is
clearly visible. Both are bonding below -2.2 eV and antibonding above. Since the
3d-3d antibonding behaviour dominates we can conclude that the metallic bonding,
hence, crystal stability is carried to a large part by the 4sp—-3d bonding.
Calculation of the crystal orbital overlap population or else, the covalence energy,
is done in the same step as the calculation of the partial DOS. In order to obtain
these curves, you have to specify the respective orbitals in the CTRL file. Just add
in category CLASS the token COORB=, followed by the angular momenta of the
orbitals, you want to be considered. In the present case we have added COORB=0
1 2. Furthermore, we inserted the entry SAVCOOP=F in category BZSMP. Cal-
culation is then invoked by typing mndos.x at the systems prompt. Within this
shellscript the setting SAVCOOP=F is automatically changed. Alternatively, you
could specify the tokens COORB= at the very beginning before the self-consistent
calculations start and then invoke the shellscript mnall.x, which likewise includes
calculation of the COOP. It generates a new file named COOP. In order to plot the
results just type plcop.x and answer the prompts of the program in close accordance
with those required by the plotting routine for the DOS. However, note that for each
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curve two orbitals are required.

2.1.6 Fermi surface

In closing this section we take up the discussion at the beginning and display in
Fig. 2.8 the Fermi surface of Cu as measured by photoelectron spectroscopy and
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Figure 2.8:Measured and calculated Fermi surfaces of Cu [22].

calculated by the ASW method [22]. The agreement between both data is clearly
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visible. Unfortunetely, the calculation of Fermi surfaces is not yet fully implemented
in the code and thus not generally available.

2.2 A more complicated structure: FeS,

While the calculations for Cu didn’t even allow for a coffee break we next turn to
a more complicated case with an increased demand of computer resources. To be
specific, we turn to the case of iron pyrite, FeSy, which is the prototype member
of a whole class of transition metal disulfides. Background information about this
compound is given in Ref. [23]. Due to the increased complexity of the crystal
structure we will use additional programs coming with the ASW pacakge.

2.2.1 CTRL file and sphere packing

The pyrite structure is based on a simple cubic lattice with iron atoms located at the
corner of the cell and sulfur pairs aligned along the spave diagonal. This information
is contained in the following CTRL file.

HEADER FeS2 sc
data by E. D. Stevens, M. L. DelLucia, and P. Coppens,
Inorg. Chem. 19, 813 (1980).
VERSION ASW-2.0
I0 HELP=F SHOW=T VERBOS=30 CLEAN=T
OPTIONS REL=T OVLCHK=T
STRUC  ALAT=10.23476 SLAT=SC
CLASS  ATOM=FE Z=26
ATOM=S Z=16
SITE CARTP=T
ATOM=FE P0OS= 0.000000 0.000000 0.000000
ATOM=FE P0S= 0.000000 -0.500000 -0.500000
ATOM=FE P0S=-0.500000 0.000000 -0.500000
ATOM=FE P0S=-0.500000 -0.500000 0.000000
ATOM=S POS= 0.384840 0.384840 0.384840
ATOM=S POS= 0.115160 -0.384840 -0.115160
ATOM=S PO0S=-0.384840 -0.384840 -0.384840
ATOM=S P0S=-0.115160 0.384840 0.115160
ATOM=S P0S=-0.115160 0.115160 -0.384840
ATOM=S P0S=-0.384840 -0.115160 0.115160
ATOM=S POS= 0.115160 -0.115160 0.384840
ATOM=S POS= 0.384840 0.115160 -0.115160
SYMGRP GENPOS=F SYMOPS=R2X:T( 0.5, 0.5, 0.0) R3D I
ENVEL EKAP=-0.015
BZSMP  NKABC=6 0 O BZINT=SMS EMIN=-1.0 EMAX=1.5 NDO0S=1000
NORD=3 WIDTH=0.01 EFTOL=1.0D-04 SAVDOS=F SAVCOOP=F
CONTROL START= QUIT= FREE=F NITBND=99 CNVG=1.0D-08 CNVGET=1.0D-08
NITATM=50 CNVGQA=1.0D-10
MIXING NMIXB=5 BETAB=0.5 INCBB=T NMIXA=5 BETAA=0.5
SYMLIN NPAN=6 NPTS=400 ORBWGT=F CARTE=F

LABEL=R ENDPT= 0.5 0.5 0.5
LABEL=g ENDPT= 0.0 0.0 0.0
LABEL=X ENDPT= 0.5 0.0 0.0

