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About this Guide

This Guide covers the CASTEP 3.9 code and is part of the distribution to
UK academia. The Guide is divided into three parts:

Part I provides a brief intorduction to first-principles simulation and the
history of CASTEP.

Part IT tells you how to install and run CASTEP

Part III contains some useful reference material

In this, the first version, the scope is deliberately limited to explaining the
basics of running the code. In later revisions more detail of the theory,
methodology and the code itself will be included.

License terms and copyright

The entire academic CASTEP distribution, that is, the CASTEP code, asso-
ciated library files and data, utility programs and this Guide, is strictly
copyright and is distributed under license as part of an Agreement between
CLRC Daresbury Laboratory, the United-Kingdom Car-Parrinello Consor-
tium (UKCP) and Molecular Simulations Inc. (MSI). You must sign a Li-
cense Agreement to obtain and use any part of the academic CASTEP distri-
bution. Please not in particular that the code is provided for use solely in
UK academic institutions, and only for non-commercial use.

Prerequisites and minimum requirements

CASTEP is a scientific research code under constant development. It is im-
plicit therefore that its users know rather a lot about the science and method-
ology, enough about the computers they use, and that these computers are
suitable for large-scale simulations. To be explicit, one cannot run CASTEP
sensibly without at least:

e Some knowledge of solid-state theory

e A UNIX workstation with >1GB free disk space and preferably at
least 100 MB available memory

e A working knowledge of UNIX and the ability to edit text files

By far the most convenient way to use CASTEP is through the Cerius? User
Interface (Ul), available at modest cost to UK academics from MSI. If you



cannot obtain the Cerius?, this Guide describes the essential features of the
input files and some aspects of the code. Please bear in mind that CASTEP
has been developed to run under the interface. Running the code without
the interface requires considerable extra work and preparation of the files

”by hand”.

When all else fails

This Guide is by no means exhaustive, but it should help you to get started.
You will also find that looking at the code is a good way (indeed, the only
way) to understand fully what’s going on. If you are at a complete loss, send
a message to ukcp@dl.ac.uk describing your problem in detail. Whilst at
this time we cannot provide full user support we will do our best to find a
solution.

Credits and thanks

The CASTEP project was initiated by Mike Payne of Cambridge University.
CASTEP is the product of the collaborative efforts of dozens of researchers,
students, postocs and software professionals. Literally 100’s of person-years’
effort has gone into the code. Without naming names, which would in-
evitably result in omissions and unintentional offence, sincere thanks must
go to all who have contributed over the years, and those who are actively
developing the code right now.

Research and publications benefitting from the use of CASTEP should include
the following citation:

CASTEP 3.9 academic version, licensed under the UKCP-MSI
Agreement, 1999; Rev. Mod. Phys. 64 (1992) 1045

If you use the K290 code (see section 7.5) please cite the following reference:
“Symmetry and Special Points Program K290”, K. Kunc, R. J. Needs, O.
H. Nielsen and R. M. Martin (to be published).

Finally, thanks to Victor Milman of MSI who kindly provided a lot of de-
tailed information during the preparation of this Guide.
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Part 1

Overview

1 Introduction

Welcome to CASTEP. The code has been made available to UK academia
through a unique agreement between the UK Car-Parrinello Consortium
(UKCP), Molecular Simulations Inc. (MSI) and CLRC Daresbury Labora-
tory. As well as providing you with the code, the agreement embraces an
aggressive and co-ordinated CASTEP development programme, encompassing
work at MSI, Daresbury and within the UKCP community. The agreement
rests on a long history of CASTEP development and groundbreaking applica-
tions. CASTEP is the result of much hard work and is a valuable resource, so
please respect the terms of the license you signed.

1.1 UKCP

The United-Kingdom Car-Parrinello Consortium, or UKCP, was formed in
1990 with the aim of exploiting parallel supercomputers for first-principles
simulation. This has been achieved with remarkable success, as witnessed by
the large number of top-class publications from the UKCP research groups.
UKCP has become much more than a computer consortium though. It
is now a powerful collaborative network bringing together academic re-
searchers, high-performance computing, MSI’s software expertise and vast
experience of Car-Parrinello code development and application. It is the
focus for the UK’s plane-wave DFT community of which you are now a
part.

Currently there are nine groups in the Consortium, based in the Universities
of Bath, Cambridge, Edinburgh, Oxford, Queen’s Belfast, and University
College London, and the Computational Materials science group at Dares-
bury Laboratory. EPSRC funds support for UKCP, which is provided by

Daresbury.

1.2 First-principles simulation

CASTEP is a first-principles simulation code. First-principles calculations
involve no adjustable parameters, are based on an explicit quantum treat-
ment of the electrons in a model system, which means solving Schrodinger’s
equation to find the electronic ground state There are still approximations
in the solution, but these are of an extremely general kind. The calcula-
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tions yield the total energy of assemblies of atoms, and forces on the atoms.
This knowledge enables one to calculate a vast range of properties with near
chemical accuracy.

Density Functional Theory (DFT) is a powerful, general theory relating the
total energy of a system of interacting electrons in an external potential
to the electron density. Many first-principles calculations employ DFT to
describe the valence electrons. The expansion in the scope of such calcula-
tions has been breathtaking in the last fifteen years or so, and they are now
routinely used to study fundamental aspects of the physics and chemistry
of condensed matter in every conceivable guise, ranging from catalysts to
protiens, minerals to liquid metals. The great importance of DFT and its
application in simulation was recognised by the award of the 1998 Nobel
Prize in chemistry to Walter Kohn and John Pople.

The DFT plane-wave pseudopotential method, was pioneered in the 80’s by
Roberto Car and Michele Parrinello. This approach has transformed the
first-principles landscape, making possible calculations far beyond previous
approaches. Throughout this time the UK has played a leading role in the
development and application of the methods, an effort founded on Mike
Payne’s work with CASTEP.

The method relies on a plane-wave basis, pseudopotentials and the use of
density-functional theory to describe the valence electrons in a model system.
Other ingredients include fast-Fourier transforms and minimization of the
total energy rather than matrix diagonalization.

2 CASTEP history

2.1 Beginnings

The CAmbridge Serial Total Energy Package or CASTEP was developed in
the mid-"80s by Mike Payne, with numerous contributions from the students,
postdocs and academic staff of many research groups. As mentioned, CASTEP
is a DF'T plane-wave pseudopotential code, and it calculates the total energy,
forces and stresses in a 3D-periodic system. Having ionic forces allows for
efficient structural optimization and for molecular dynamcis calculations.
The review article Rev. Mod. Phys. 64 (1992) 1045 sets out in detail the
theory and technical implementation of CASTEP.

2.2 CETEP: Meeting the Grand Challenges

It was recognised early that realistic and accurate simulations would inher-
ently be on a grand scale, and that the use of parallel machines was essen-



2 CASTEP HISTORY 7

tial. Out of this came CETEP, a highly efficient parallel version of CASTEP in
which the grids spanning real- and reciprocal-space were decomposed and
distributed among the nodes of the parallel machine. Once again, credit goes
to many research groups and individuals for their contributions to CETEP.
UKCP’s ability to exploit parallel computers has consistently enabled it to
tackle and solve the most difficult and demanding of problems of the day -
real Grand Challenges. This in turn relies heavily on the UK’s investment
in supercomputing, from the Meiko Computing Surface in the early days
through to the latest UK high-performance computer service, CSAR, at the
Manchester Computing Centre.

2.3 CASTEP Now

Since 1993 MSI have developed and consolidated CASTEP as a commercial
product, while CETEP remained the workhose of UKCP academics. However,
within the new UKCP-MSI agreement these strengths are combined. CASTEP
is now a state-of-the-art plane-wave code, incorporating all the latest and
best technology. Key Features include:

e Ultrasoft or norm-conserving pseudopotentials with non-linear core
corrections

o Complete pseudopotential library

e Comprehensive range of minimisation methids: Density Mixing, RM-
DIIS, Conjugate Gradients band-by-band and all-bands

e Full structural relaxation and molecular dynamics capabilities
e Local Density and Generalised Gradient approximations, spin-polarisation
e Supported by 100’s of successful, published applications

o Compatable with MSI Cerius2 user interface giving automatic setup
and full visualisation facilities

2.4 Parallel CASTEP

For much of the functionality available in this release, CASTEP runs in parallel
under MPI. However, the most recently- added features will only work when
the code is run serially. Calculations which access these features will generate
an error message when started in parallel. Work is in progress (to complete
mid-1999) to parallelise the latter.



Part 11
Using CASTEP

3 The basics

3.1 The distribution

The CD contains the following items.

POTENTIALS/ castepexeMPIv3.9/ guide/ utilities/
POTENTIALSNC/ baselines 3.9/ quick_test/
README castepexev3.9/ test_cases/

The contents of the files and directories are described in table 1

POTENTIALS Library of ultrasoft pseudopotentials
POTENTIALS.NC Library of norm-conserving pseudopotentials
README Text file with basic instructions

baselines 3.9/ Reference output from the test cases
castepexe v3.9/ Source code and object directories
castepexeMPI v3.9/ | MPI parallel source code and object directories
guide/ This document in several formats
quick_test/ Set of input files for a single quick test
test_cases/ Set of input files for the test cases

utilities/ Useful programs and scripts

Table 1: What’s in the distribution

3.2 Installation

Copy all the files from the distribution CD to a suitable place on your
workstation. For example, on an SGI machine:

cd

mkdir CASTEP

cd CASTEP

cp -r /CDROM/x* .

For various purposes you will need to set the following environment variables:

setenv MACHINE <your machine>
setenv PLATFORM x11

where <your machine> is one of clover, crayc90, crayj90, crayt9o0,
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crayt90ieee, crayymp, decalpha.x11, hp700, ibmriosor irix64 (com-
pare with the subdirectories of castepexe v3.9/0bj).

4 Running CASTEP

If you are using a Silicon Graphics machine the code is ready to run. The
executable is castepexe v3.9/0bj/irir64.x11/castepexe .

If you are using another type of machine you will have to compile the code
yourself. Go to section 6 before continuing this section.

To place things in context, take a look at the files in the quick_test direc-
tory. This contains a copy of one of the test cases, which will be used for
illustration.

4.1 The file “seed”

You will see that in quick_test there are several files with a common pre-
fix,BN. For a given calculation, all CASTEP files are preceeded by a “seed”,
which serves to label the input and output from a job. Here the seed is
BN. Note that the default seed is castep, and typing the executable name
alone causes CASTEP to look for files with this prefix. Assuming you have
a complete set of input files and an executable, the code is run with the
command

<executable name> <seed>
To run this test case from the quick_test directory, type
$castep. dir/castepexe v3.9/0bj/irir64.x11/castepexe BN

where $castep_dir is the path to the CASTEP distribution. After execution,
the main CASTEP output is in the file BN.cst.

4.2 Examining the output

The contents of the .cst output file are largely self-explanatory. Firstly, the
memory requirements for the job arestated!. The next section of the file con-
tains many of the control parameters and variables used in the calculation.
In addition there is information about system geometry, pseudopotentials,
k-points, the FFT grid and any advisory or warning messages.

During the calculation, information about convergence or progress is writ-
ten to this file. For example, BN.cst will contain information about the

"Note that at present CASTEP does not compute the memory requirement for MPI-
parallel execution
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convergence of the electronic minimisation, looking something like this:

SCF loop Energy (eV) Energy gain Timer <-- SCF

Initial Final per atom (sec) <-- SCF

1 0.00000 -391.75302 195.876511 2.39 <-- SCF

2 -391.75302 -399.35995 3.803465 3.47 <-- SCF

3 -399.35995 -363.30127 -18.029340 4.63 <-- SCF

4 -363.30127 -352.18237 -5.559450 5.72 <-- SCF

5 -352.18237 -352.15629 -0.013041 6.82 <-- SCF

6 -352.15629 -352.16147 0.002588 7.92 <-- SCF

7 -352.16147 -352.16157 0.000054 9.08 <-- SCF

8 -352.16157 -352.16157 -0.000003 9.86 <-- SCF
TOTAL ENERGY IS -352.1615687 (eV)

It is obviously essential to check this information to see that the calculation
has achieved the desired result. After the calculation is complete other
results are written, such as the electronic eigenvalues and stress tensor, as
well as the overall timings.

4.3 Types of calculation and associated files

There are three main types of calculation possible with CASTEP.

Single-point energy

Here the ground-state energy is calculated for fixed ionic positions. The
BN calculation in quick_test is a single-point energy calculation. The
calculation also yields the Khon-Sham eigenvalues at the set of k-points
considered, the ionic forces and the stress tensor (if selected).

Geometry optimisation

Almost always one requires the total energy of a system in which the struc-
tural parameters have been omptimized. This may involve finding the lattice
vectors that minimize the total energy (cell optimization), or relaxing the
structure by moving the ions to positions of zero force, or both.

Molecular dynamics

Molecular dymanics (MD) involves the stepwise integration of Newton’s
equations from a given starting point. It is the most natural method of
performing equilibrium statistical-mechanical calculations via simulation.



4 RUNNING CASTEP 11

Additionally, MD may be used to explore conformations, such as molecular
adsorption sites on a surface.

4.4 Input files
The mandatory input files are:

<seed>.ewdata Tabulated data used for the Ewald summation. This file is
identical for all calculations.

<seed>.geom Contains the geometry and k-point information.
<seed>.param Parameters for memory assignment.
<seed>.recpot The pseudopotentials in reciprocal space.

<seed>.rundat The switches and variables that control CASTEP execu-
tion.

Several files must be present only if certain options are selected in the
.rundat file. These are:

<seed>.optim Contains the constraints and the initial Hessian. Needed if
using BFGS geometry optimization (IION=3 and/or IBOX=2).

<seed>.realpot Contains the real-space non-local pseudopotentials. Needed
if evaluation is in real space.

<seed>.symm Contains the symmetry operations of the structure described
in <seed>.geom. Needed if using symmetry information (ISYMM = 1).

4.5 Output files

The number of output files produced by CASTEP varies according to the type
of calculation performed. All classes of calculation produce the following

files:

<seed>.cst The output file containing details of the calculation, conver-
gence information and any runtime analysis.

<seed>.gm* Geometry and eigenvalues.
<seed>.charge* The electronic charge.
<seed>.wavfun* The wavefunctions.

<seed>.cst_esp The local potential.
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Additional files are written if certain options are chosen.

<seed>.occnum® Contains the occupation numbers, written when perform-
ing calculations on metals.

<seed>.bands The electron bands. Written if applying subspace rotation
(ISBROT #0) or performing a bandstructure calculation.

Files whose names are marked with an asterisk (*) are the binary files which
must be present to re-start a calculation (see section 4.6).

Both MD and geometry optimization calculations generate additional output
files. Both write these two files:

<seed>.coord Sequence of ionic co-ordinates.

<seed>.force Sequence of ionic forces.
Geometry optimisation calculations write these additional files:

<seed>.optim out Like <seed>.optim but with the final Hessian.

<seed>.cell Evolution of thecell (a,b, ¢, o, 3,7, internal and external stress
tensors. Also written if the stress tensor is calculated (ISTRESS = 1)

MD calculations also produce these files

<seed>.veloc Sequence of ionic velocities (A/ps)
<seed>.temper Temperature (K)

<seed>.hamilt MD constant of motion (eV)

Several other intermediate and output files may be written depending on
the settings in the .rundat file.

4.6 Restarting a calculation

Calculations may be restarted from the binary output files. The files re-
quired are:

<seed>.gm Geometry and eigenvalues.
<seed>.charge The electronic charge.

<seed>.wavfun The wavefunctions.
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<seed>.occnum Contains the occupation numbers,

In addition, you must change the value of ISTART to 1 in the .rundat file.
Note carefully that CASTEP will both read from and write to these files.
Therefore, if you wish to keep intermediate results, such as charge densities,
you must copy the relevent files before making a restart.

4.7 Similarities between CASTEP and CETEP files

If you are familiar with CETEP it is worth knowing that there are distinct
relationships between CASTEP and CETEP input files. These are summarised
in table 2 Examination of the subroutines in the cst_inp_geom.f file should
enable you to cross-match precisely the two sets of files.

CETEP CASTEP Remarks
fort.10 | <seed>.ewdata | Identical.
“Non-local” projector for the
fort.11 | <seed>.recpot local potential not neccessary

in CASTEP file

any parameters and vari-
fort.14 | <seed>.rundat | ables in common, but formats

differ
fort.18 | <seed>.realpot | Identical.

Table 2: Relationships between CASTEP and CETEP files

5 Running the test cases

Several test cases are included in the test_cases directory. The major
options selected and functionality used for each test case is summarised in
table 3. It is strongly reccommended that you run all the test cases to
validate your copy of the code and its installation. In addition, they provide
a range of examples of calculations that are possible with CASTEP. You may
run any one of the cases as described in section 4.1.

Two simple scripts are provided with the test cases. If you wish to run all
of them, run_all may be useful. This script will run all of the test cases
and diff their output with that contained in the appropriate subdirectory
of the baselines_3.9/ directory. The output of the script is directed to a
file of your choice. To use the script, type

run_all <output filename> <executable name>

For example, this might be
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run_all test.out $castep.obj_dir/castepexe
where $castep_obj_dir is the path to the CASTEP object directory.

The script clean_all removes all output files generated by running the test
cases, except the .cst files.

The silicon* test cases read files containing the charge density (.charge)
and geometry (.gm) from a previous calculation. Since these are binary
files they are machine-specific. Files are provided in the BINARY_CRAY and
BINARY_NONCRAY directories for Cray (vector) and other machines respec-
tively.

5.1 Checking

Remember that there are bound to be small differences in the answers when
the code is run on different machines. When checking the differences pay
particular attention to total energies. These should agree to within the
tolerance specified for the calculation. If they agree for all the test cases you
may assume that everything is working properly.

The spin-polarised test case calculations need a special mention. Because
these systems have multiple energy minima, it is possible that slight differ-
ences in initial conditions, caused by execution on different machines, will
result in the location of different minima. This may arise, for example,
if the sets of random numbers used to initialise the wavefunctions differ.
This applies to test cases 3b, 3c, 4a-b and 6a-c. Comparison of the various
baselines for these cases shows that the answers are somewhat machine-
dependent. Therefore, if you compare your results for these cases with the
baselines from a different machine, you may observe some discrepencies.

6 Compiling CASTEP

Academic CASTEP is distributed ready-compiled for SGI workstations and
the Cray T3E. Here is some information to help with compilation on any
platform, though please note that at present Daresbury can only offer sup-
port for CASTEP running on SGI and Cray T3E machines.

6.1 Software resources, libraries

Serial CASTEP requires few ancilliary software packages, and should work
on an “average” workstation. Compilation requires both FORTRAN and C
compilers. CASTEP adheres to standard F77 in most respects, but it does
rely on non-standard pointers. There is scope for the use of the blas and
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| # Sys | Sym | Fn | Mth | BSC | Tons | box | MD | PP | Space |
la Si LDA 0 . SD NL k
1b Si GGA 0 . SD NL k
1c Si GGA 0 . BFGS NL k
1d Si GGA 1 . BFGS NL k
le Si GGA 1 . NL k
2a Si . GGA 0 . NL k
2b Si . GGA 0 . NL r
2c MgCl GGA 0 BFGS NL k
2d Al . LDA 0 . . NL k
3a PuO2 . GGA 0 NL k
3b PuO2 . GGS 0 NL k
3c PuO2 . GGS 0 NL r
4a Fe . LSDA | 1 NL k
4b Fe . GGS 1 NL k
5a BN . GGA 2 . . us k
5a BS BN . GGA 2 . . us k
5b BN . GGA 1 . . uUs k
5¢c BN . GGA 2 . . NL k
6a BN . GGS 2 . . uUs k
6a BS BN . GGS 2 . . uUs k
6b BN . GGS 1 . . us k
6¢ BN . GGS 2 . . NL k
7a Pt GGA 2 us k
7b Pt/Al GGA 2 US/NL k
DOS Si GGA 0 NL k
BS Si GGA 0 NL k
OPT Si GGA 0 NL k

Table 3: The test cases. The headings are (with .rundat parameters in
parenthesis): #, the test case number (with BS, DOS and OPT denot-
ing band structure, densities-of-states and optics, respectively); Sys, the
system; Sym, whether symmetry is exploited (ISYM); Fn, the exchange-
correlation functional used (Theory level); Mth, the method used to min-
imise the electronic energy (METHOD); BSC, basis-set correction computed
(BAS_CORR); lons, ionic relaxation (IION); box, cell relaxation (IBOX); MD,
molecular dynamics; PP , the pseudopotential type, either non-local or ul-
trasoft (IVPTYP); Space, how the pseudopotential is evaluated, in real (r) or
reciprocal (k) space (NPOT).
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lapack libraries in CASTEP, though these are not essential since software
versions of the relevant routines are included in the distribution. However,
the parallel version of the code does rely on the MPI library being present.

6.2 The serial code

The directory castepexe v3.9/0bj contains several sub-directories for dif-
ferent machines:

clover.x11/ crayt90.x11/ decalpha.x11/ irix64.x11/
crayc90.x11/ crayt90ieee.x11/ hp700.x11/
crayj90.x11/ crayymp.x11/ ibmrios.x11/

Each sub-directory contains a Makefile for the machines. The sub-directory
irix64.x11 for Silicon Graphics machines contains pre-compiled object and
library files for CASTEP. The executable produced by linking these files is
$castep.dir/castepexe v3.9/0bj/irix64.x11/castepexe. If you are us-
ing a machine other than an SGI, or if you make changes to the source code,
you will need to compile the code.

CASTEP will compile on the machines for which there is a subdirectory to
obj/. (In fact, it will compile on others too but you would have to do
a little more work.) Assuming your machine is covered, set the following
environment variables if you have not done so already.

setenv MACHINE <your machine>
setenv PLATFORM x11

Then, to compile CASTEP, run the script castepexe v3.9/Make. The script
copies the source files to the appropriate directory, compiles and links them
to produce castepexe. Note that while compilation may well generate many
warnings, these should be begnin.

6.3 SGI shared-memory machines

The serial code will also execute in parallel on SGI shared-memory multiple-
processor machines such as the Origin series. On such machines, several
costly parts of the calculation are shared between the processors, achieving
some degree of parallelism. The environment variable MP_SET_NUMTHREADS
must be set, for example:

setenv MP_SET NUMTHREADS "min( 4,all)"

will select the smaller number from 4 and the total number of processors
on the machine. Note that this shared-memory strategy is not a massively-
parallel one, and useful speedup will only be achieved on a small number of
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Processors.

6.4 Massively-parallel machines with MPI

In this distribution the serial and MPI-parallel codes are distinct. The MPI-
parallel code is on the castepexeMPI v3.9/ directory. Object files and an
executable for the Cray T3E are included in the castepexeMPI v3.9/0bj/t3e.x11
directory. Compilation is as for the serial code, except that the MACHINE en-
vironment variable should be set appropriately, e.g. to t3e. Running the
parallel code is essentially the same as for the serial code, except that the
number of processors must be specified either on the command line or in a
batch script. A typical batch script for the T3E might look like this:

#QSUB -r castep_job

#QSUB -q normal

#QSUB -A <your_account>

#QSUB -1 mpp_p=64

#QSUB -1 mpp_t=2:00:00

cd CASTEP/bigsystem

mpprun -n64 /CASTEP/castepexeMPI_v3.9/0bj/t3e.x11/castepexe si_surface

6.5 MPI-Parallel Strategy

The largest data structure that CASTEP deals with is the wavefunction and
associated quantities, such as its derivative. The size of such a structure is
proportional to

1. The number of k points

2. The granularity of the FFT grid ( i.e. the number of plane-waves
employed )

3. The number of bands

For example, a large calculation on an insulator may employ 2 k points,
a 128x128x128 FI'T grid and 100 bands, a total of 6.4 Gigabytes, so it
is imperative that on a distributed memory architecture data structures of
this size are distributed among the processors. CASTEP can perform this
distribution in three different ways:

1. By k-point Each processor stores the whole wavefunction for a subset
of the required k points. For example if calculation that uses 8 k points
is run on 8 processors, each processor would work on one k point. This
distribution is best for very large numbers of k points, as might be
required for a metal, and in general will require less communication
between the processors than the other strategies.
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2. By G-Vector Each processor stores a part of the wavefunction for all
the k points. Thus, for a 2 k point calculation on 8 processors each
processor will store 1/8 of the wavefunction at each k point ( For users
familiar with CETEP this is the strategy used there.) This approach
works best for large unit cell calculations with few k points, but does
require appreciably more inter-processor communication than the k-
point strategy.

3. By k-point and G-Vector This is a hybrid of the previous two
methods, best explained by example. Consider the same calculation
as in the G-vector case. Here, initially, the k points are distributed
amongst the processors, in this case the first four processors get k
point 1 and the second four k point 2, and then at a given k point the
wavefunction is distributed amongst the processors dealing with that
k point as in the G-vector case.

There are also a number of other constraints on which distribution strat-
egy may be used, for instance the schemes involving k-point distribution are
only available when using the ” All Bands” minimisation method (METHOD=1
in .rundat). In general you need not concern yourself with which one to
use since the code will automatically choose a suitable distribution strat-
egy. However, should you wish to force the code to use a certain strat-
egy, it is possible to set one of the flags FORCE_K_POINT, FORCE_G_VECTOR or
FORCE_K_POINT_AND_G_VECTOR in the file par_strategy.f, and recompile.

It is possible to re-start a calculation on a different number of nodes and
with a different distribution strategy than was used originally.

As already mentioned, the MPI code is currently under development, and
while not a “beta” release, you may encounter some bugs. If you do, please
let us know.
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7 Detailed description of some CASTEP files

In this section the key CASTEP files are described with reference to the files
in the quick_test directory. Those files relate to the unit cell of Boron
Nitride, which contains one B and one N atom.

CASTEP relies on the information about different species appearing in the
same order in the input files. For example, this means that the pseudopo-
tentials for B and N appear in that order in the BN.recpot file, the positions
of B atoms precede those for N atoms in BN.geom, and the specifications of
core charge, numbers and masses in BN.rundat are in the same order.

7.1 Geometry Information: .geom

The file contains geometry information: cell parameters, atomic coordinates,
k-points coordinates and weights. The whole file looks like this:

2.0871212231 0.0000000000 0.0000000000
0.7379087850 2.2137263550 0.0000000000
1.2780955070 1.2780955070 2.5561910140
2.0871212231 0.0000000000 0.0000000000
0.7379087850 2.2137263550 0.0000000000
1.2780955070 1.2780955070 2.5561910140
0.0000000000 0.0000000000 0.0000000000 0.0
0.0000000000 0.0000000000 0.0000000000
0.2500000000 0.2500000000 0.2500000000 0.0
0.2500000000 0.2500000000 0.2500000000
0.4000000000 0.4000000000 0.4000000000
0.4000000000 0.4000000000 0.2000000000
0.4000000000 0.4000000000 0.0000000000
0.4000000000 0.4000000000 -0.2000000000
0.4000000000 0.4000000000 0.6000000000
0.4000000000 0.2000000000 0.2000000000
0.4000000000 0.2000000000 -0.2000000000
0.2000000000 0.2000000000 0.2000000000
0.2000000000 0.2000000000 0.0000000000
0.0000000000 0.0000000000 0.0000000000
0.0640000000

0.1920000000

0.0480000000

0.0960000000

0.1920000000

0.0960000000

0.1920000000

0.0640000000

0.0480000000

0.0080000000

The first six lines are two sets of lattice vectors (in A):

2.0871212231 0.0000000000 0.0000000000
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0.7379087850 2.2137263550 0.0000000000
1.2780955070 1.2780955070 2.5561910140
2.0871212231 0.0000000000 0.0000000000
0.7379087850 2.2137263550 0.0000000000
1.2780955070 1.2780955070 2.5561910140
The format is columnar:
Ax Bx Cx
Ay By Cy
Az Bz Cz

Usually the two sets of lattice vectors are identical. For historical reasons
it is possible to attempt using output files from one run to “restart” for a
slightly different cell. In this case the first three lines give the new lattice
vectors, and the next three give the old ones. This functionality is no longer
supported.

The next section of the file contains the fractional positions of the ionic
cores. In this example there are two species, B and N, and one atom of
each species. The coordinates are sorted by species, and again for historical
reasons, the set of positions for the ions in a given species appears twice.

0.0000000000
0.2500000000
0.2500000000

The line

0.0000000000
0.2500000000
0.2500000000

0.0000000000 0.0
0.2500000000 0.0
0.2500000000

0.0000000000 0.0000000000 0.0000000000 0.0

is the fractional coordinates of the atom of species 1, which is boron. The
last number is the moveability switch: 0 - fixed, 1 - moveable atom. The
number of lines for each species is determined by the NIONSP parameter in
the .rundat file. The coordinates of this atom are repeated on the next
line:

0.0000000000 0.0000000000 0.0000000000

This format is repeated for all species, so that in this example the fractional
coordinates of the atom of species 2, nitrogen, appears next:

0.2500000000 0.2500000000 0.2500000000

After this coordiantes section there might be a section with atomic velocities
(only if the task is Molecular Dynamics). velocities would be written in a
loop over species, one line of three numbers per atom. Note that velocities
are in cartesian reference frame (A /ps).

The last part of the file contains the fractional coordinates of the k-points
that are used for sampling the Brillouin zone. The number of lines is the
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same as the NKPTS parameter in the .param file.

.4000000000
.4000000000
.4000000000
.4000000000
.4000000000
.4000000000
.4000000000
.2000000000
.2000000000
.0000000000

O O O O OO O O O O

O O O O OO O O O O

.4000000000
.4000000000
.4000000000
.4000000000
.4000000000
.2000000000
.2000000000
.2000000000
.2000000000
.0000000000

.4000000000
.2000000000
.0000000000
.2000000000
.6000000000
.2000000000
.2000000000
.2000000000
.0000000000
.0000000000

21

The weights of the k-points, in the same order as the coordinates, appear

last.

.0640000000
.1920000000
.0480000000
.0960000000
.1920000000
.0960000000
.1920000000
.0640000000
.0480000000
.0080000000

O O O O O OO O O O

7.2 Control parameters: .rundat

This file contains settings and switches for various operation modes, plus
certain data specific for atomic species in the model. The whole file looks

like this:
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3 ! NITER ! Number of iterations
1 ! NPRINT ! Forces are printed every NPRINTth iteration
300.00000 ! ENMAX ! Kinetic energy cut-off (eV)
0 ! NPOT ! Potential: O-reciprocal, 1-real space
5 ! NITMAX ! Number of electronic CG steps
1 ! NDELAY ! Dummy starting from version 2.0
0 ! ISTART ! Mode: O-new run, l-restart
1 ! ISBROT ! Rotation: 0-NO,1-strict, 2-fast METALS only
0 ! TOCCUP ! Partial occupation: 0-no, 1-yes
0.20000 ! DELMIN ! Minimum smearing width (eV)
4.00000 ! DELMAX ! Starting smearing width (eV)
6 ! NDEL ! Smearing width is halved every NDEL SCF loops
0 ! TION ! Tonic relaxation: 0-no, 1-CG, 2-simple, 3-BFGS
0 ! IBOX ! Unit cell relaxation: 0-no, 1-uniform, 2-BFGS
0 ! IPRINT ! Amount of output
1 ! NIONCG ! Number of CG steps for ions
1 ! NITFIX ! Keep 1 (sort of dummy)
1 ! INRAND ! WFs initialization: O-diamond 8at. 1-random
1 ! ITCLOCK ! Timer: O-off, 1-on
1.00000 ! SITIM ! Dummy (unit cell time step)
0.20000 ! SIDAMP ! Dummy (unit cell damping)
100.00000 ! SIMASS ! Dummy (unit cell mass)
0.01000 ! SIDISP ! Dummy (allowed unit cell change)
0.00020 ! POTIM ! Timestep for ionic dynamics (ps)
0.05000 ! PODISP ! Maximum displacement of ions
3 ! ICHARG ! The charge on atom species 1 (B )
5 ! ICHARG ! The charge on atom species 2 (N )
10.81000 ! POMASS ! The mass of atom species 1 (B )
14.00670 ! POMASS ! The mass of atom species 2 (N )
1 ! NIONSP ! The number of atoms of species 1 (B )
1 ! NIONSP ! The number of atoms of species 2 (N )
2 ! IVPTYP ! Type of potential(0-L,1-NL,2-USP)species 1 (B )
2 ! IVPTYP ! Type of potential(0-L,1-NL,2-USP)species 2 (N )
2001 ! NPSPTN ! Number of rec.space data points, species 1 (B )
2001 ! NPSPTN ! Number of rec.space data points, species 2 (N )
1.15734 ! SCAL ! Dummy
1 ! ISYMM ! Symmetrization switch: 0-off,1-on
0 ! IBANS ! Band structure mode: 0-no,l-yes
0 ! ICNSTR ! External constraints: 0-no,1l-yes
0 ! IDYNAM ! MD mode: O-off,1-on
0.0000050 ! EPSIL ! Convergence tolerance (eV/at)
5 ! NEXTWR ! Backup every NEXTWRth iteration
0 ! ISTDYN ! For MD: O-new run, l-restart
100 ! NPREC ! 2 extra electronic steps every NPREC iterations
0 ! TNOSE ! For MD: O-microcanonical,1l-Nose
0.00007 ! QNOSE ! Nose thermostat parameter
273.00000 ! TEMPER ! Temperature (K)
1 ! NVEL ! Velocity initialization (0-file,>0-random)
0 ! NMDCG ! Keep 0 (sort of dummy)
CASTEP calculation from Cerius2 ! comment
1 ! ISTRESS! Stress output : O-no, 1-yes
GGA ! Theory level
2 ! METHOD ! O-band_by_band, 1-all_bands, 2-density mixing
20 ! ISEED ! O-random, otherwise-pseudorandom wavefunctions
0 ! IWRCHD ! If nonzero, formatted charge density is created

Continued. ..
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30 'MAX_CYCL! Maximum number of SCF cycles at each step
1 'BAS_CORR! Finite sampling correction: 0-no, 1-yes
0 'MODE_COR! Mode of sampling correction: O-auto, 1-manual
0.00000 'DE_DlogE! Derivative of Etotal w.r.t. log(Ecutoff)
0.00000 'PRESSURE! External pressure (GPa) and stress (next line)
0.000 0.000 0.000 0.000 0.000 0.000
3 'NUM_CUT ! Points for num. diff. for DE_DlogE
288.00000 ! ECUT ! Cutoff # 1 for sampling correction (eV)
294.00000 ! ECUT ! Cutoff # 2 for sampling correction (eV)
300.00000 ! ECUT ! Cutoff # 3 for sampling correction (eV)
0.00100 'DISP_TOL! Tolerance for RMS displacement
0.05000 'RMSF_TOL! Tolerance for RMS force
0.10000 'RMS_STR ! Tolerance for RMS stress
0.0000200 'ETOT_TOL! Minimizer tolerance for total energy
0 ! OPTICS ! Calculate matrix elements: O-no, 1-yes
4 'NEL_UP ! Number of electrons with spin up
4 'NEL_DOWN'! Number of electrons with spin down
0 'SPIN_FIX! Spin is fixed (0) or varied
0 'INIT_OCC! Init. occupancy: O-lowest, 1-all,-1-file
0.20000 ! ROTMIX ! Mixing factor for WF rotation
0.50000 ! OCCMIX ! Mixing factor for occupation numbers
0.50000 'EL_STEP ! Step for all-bands minimizer
7 'MIX_HIST! Density mixing history (0:non-Pulay)
0.80000 ! CH_AMP ! Mixing amplitude for charge
1.50000 ! CH_Q ! Cutoff wavevector for charge
2.00000 !'SPIN_AMP! Mixing amplitude for spin density
1.50000 ! SPIN_Q ! Cutoff wavevector for spin density
0 'RM_DELAY! CG steps before RMM starts (0 is CG)

CASTEP does not read the comments part of the lines in this file, indicated
by a !. They are included as a brief reminder of the purpose of the variables.
Many of the names used in the comments are the same as the variable name
in the code itself. CASTEP relies on the fixed order of lines in this file, and
on the type of the number on a line, i.e. floating point or integer, being
correct. This means that certain variables are purely historic and have no
meaning in the current version (dummy variables). Dummy variables will
not be discussed further.

The meaning and purpose of each variable is as follows.

3 ! NITER ! Number of iterations

Iteration has the meaning of a complete self-consistent calculation of the
electronic wavefunctions and charge density for a fixed atomic geometry.
NITER specifies the maximum number of iterations that CASTEP is allowed to
make. Typically the single-point energy calculation just requires one itera-
tion, and geometry optimization should converge in 10-20 iterations. CASTEP
stops when the required tolerance is achieved, for both single-point or geom-
etry optimization runs, so in these cases NITER is an upper limit. Molecular
dynamics runs use NITER as the requested number of MD timesteps. The Ul
uses default values of NITER=3 for single-point energy, and 51 for geometry
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optimization. CASTEP only allows a limited number of SCF loops within
one iteration (see MAX_CYCL). This means that for some systems with poor
electronic convergence CASTEP might need more than one iteration for the
single-point energy run, which is why the default is 3, not 1.

1 ! NPRINT ! Forces are printed every NPRINTth iteration

NPRINT is really an historical variable. If the output mode is brief (i.e.,
IPRINT=0), then the .cst output file will only display forces on all atoms
at the end of the run. The forces, however, will be stored in a separate
file, .forces, which can be used to monitor forces as a function of number
of iterations. If NPRINT set to 1, the .forces file will contain forces for
each iteration, otherwise, for each NPRINT-th iteration. If the output mode
is verbose (IPRINT;0), then the .cst file wil also display forces for each
NPRINT-th iteration.

300.00000 ! ENMAX ! Kinetic energy cut-off (eV)

ENMAX sets the energy cutoff for wavefunctions, F., in eV

0 ! NPOT ! Potential: O-reciprocal, 1-real space

Norm conserving pseudopotentials can be used either in reciprocal or real
space representation (it’s not possible to mix the two). In either case, the
.recpot input file is always required. Real space potentials require an addi-
tional file, .realpot. The real-space option is not yet supported for ultrasoft
pseudopotentials.

5 ! NITMAX ! Number of electronic CG steps

NITMAX has the meaning of the number of conjugate gradients steps in any
CG-based electronic structure algorithm, or the history depth for the RMM-
DIIS scheme. In either case, a value of 5 should be sufficient.

0 ! ISTART ! Mode: O-new run, 1l-restart
ISTART has to be set to 1 when the run is either a direct continuation of the
previous one, or for a band structure run (IBANS=1).

1 ! ISBROT ! Rotation: O0-NO,1-strict, 2-fast METALS only

This switch is only relevant for norm-conserving pseudopotentials. It is
recommended to set it to 1. Subspace rotation at the end of the conjugate
gradients loop is necessary to obtain eigenvalues, and is thus required for
metallic systems. There is no good reason not to use the subspace rotation
(ISBROT=0), and the ISBROT=2 option is not thoroughly tested.

0 ! IOCCUP ! Partial occupation: O-no, 1-yes
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IOCCUP determines whether the system is treated as a metal (IOCCUP=1) or
as an insulator (IOCCUP=0). Metallic system should have NBANDS set to a
number bigger than half the number of valence electrons. The occupation
numbers for the bands are then determined by introducing artificial gaussian
smearing on each band and finding the area of the smeared level which
falls below the Fermi energy. I0CCUP=0 case means that each level has an
occupancy of either 0 or 1.

0.20000 ! DELMIN ! Minimum smearing width (eV)
4.00000 ! DELMAX ! Starting smearing width (eV)
6 ! NDEL ! Smearing width is halved every NDEL SCF loops

The width of the smearing function which is used for metallic calculation
is determined by these three numbers. The width is taken to be DELMAX
for the first SCF loop, then it’s halved every NDEL loops or when the total
energy is converged at a given smearing, whichever happens first. The width
is halved until it becomes equal to DELMIN. The DELMIN value should not be
made too small, as this can lead to instabilities. A large DELMIN might help
to converge metallic systems faster, but there will be an unaccounted-for
error in atomic forces and stresses. Experience shows that a value of 0.2
provides a good intermediate solution. DELMAX should be set 4.0 unless
the density mixing scheme is used for electronic minimization, when DELMAX
should be =0.4 — in this case the algorithm is sufficiently stable not to
require long quenching.

0 ! TION ! Tonic relaxation: O-no, 1-CG, 2-simple, 3-BFGS

0 ! IBOX ! Unit cell relaxation: O-no, 1-uniform, 2-BFGS
ITI0N=0 means that the fractional coordinates of atoms are fixed. II0N=3
is the properly supported mode, and 1 and 2 can only be used when the cell
parameters are fixed. IION=3 implies that the .optim input file is required,
containing an initial guess for the Hessian. The updated .optim_out file is
written at the end of the run.

N.B: the use of ultrasoft pseudopotentials places restrictions on the choice
of IION to 3, BFGS. This is because the CG and simple methods, after
moving the ions, update only the data associated with norm-conserving
pseudopotentials.

IB0OX=0 means that the cell parameters are fixed. Full geometry optimiza-
tion (cell + internal degrees of freedom) requires IBOX=2 and IION=3.
IBOX=1 only makes sense for cubic crystals; in this case CASTEP changes
the cell constants uniformly on the way to the energy minimum, and at the
end it also produces the bulk modulus and its pressure derivative.

0 ! TPRINT ! Amount of output

IPRINT controls the amount of detail in the .cst file: produces brief output,
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and 1 gives more information about the SCF process and prints components
of stresses and forces. It rarely neccessary to use higher settings, unless you
need a very detailed description to help track down a problem with the code.

1 ! NIONCG ! Number of CG steps for ions

NIONCG is only relevant when performing conjugate gradients geometry opti-
misation (IION=1). The conjugate gradients search is in the combined space
of electronic and atomic degrees of freedom. NIONCG is the number of con-
jugate search directions examined before re-setting to the steepest-descent
search vector. Therefore, 1 means that the steepest descents algorithm is
used. Values of NIONCG between 3 and 10 are recommended. Higher values
will probably not improve the serch efficiency.

1 ! INRAND ! WFs initialization: O-diamond 8at. 1-random

An historical variable, but has to be set to 1.

1 ! ICLOCK ! Timer: O-off, 1-on

ICLOCK=0 means that only the total timing will be included in the file.
ICLOCK=1 provides timings after each SCF loop and in some other important
places in the code. Note that the timings reported calculated from CPU
time, not wall time.

0.00020 ! POTIM ! Timestep for ionic dynamics (ps)

MD calculations employ a fixed time step in picoseconds, defined by POTIM.
The total length of the simulation is then POTIMXNITER

0.05000 ! PODISP ! Maximum displacement of ions

PODISP has different meanings within different geometry optimization modes.
When IION is 1 or 2, PODISP ;imits the step length in every cartesian com-
ponent for every atom. When IION is 3, i.e. when performing BFGS min-
imisation, PODISP limits the relative change in bond length between any two
atoms. A value of 0.05 works quite well in either case.

3 ! ICHARG ! The charge on atom species 1 (B )
5 ! ICHARG ! The charge on atom species 2 (N )

ICHARG is number of valence electrons for each atomic species. This is not
the nominal valence, but the number of electrons treated as valent dur-
ing pseudopotential generation (these might include semicore states). The
numbers can be extracted from the pseudopotential files: see section 7.4.

10.81000 ! POMASS ! The mass of atom species 1 (B)
14.00670 ! POMASS ! The mass of atom species 2 (N )
1 ! NIONSP ! The number of atoms of species 1 (B )
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1 ! NIONSP ! The number of atoms of species 2 (N )
2 ! IVPTYP ! Type of potential(0-L,1-NL,2-USP)species 1 (B
2 ! IVPTYP ! Type of potential (0-L,1-NL,2-USP)species 2 (N

The parameters POMASS are the atomic masses for each species, and are
only relevant for molecular dynamics. NIONSP is the number of atoms of
each kind in the unit cell. The pseudopotential type IVPTYP is usually 1
(norm-conserving) or 2 (ultrasoft). In the POTENTIALS and POTENTIALS.NC
sub-directories there are a few completely local (IVPTYP=0) potentials (e.g.,
the norm-conserving potential for Mg).

2001 ! NPSPTN ! Number of rec.space data points, species 1 (B )
2001 ! NPSPTN ! Number of rec.space data points, species 2 (N )

Defines the number of grid points used for storage of reciprocal space po-
tentials.

1 ! ISYMM ! Symmetrization switch: O-off,1-on

ISYMM=0 means that the structure is assumed to have no symmetry ele-
ments. If ISYMM=1, then the .symm input file is required, containing a list of
symmetry operations. Note that the set of k-points in .geom should be con-
sistent with the symmetry setting, i.e. if symmetry is exploited the k-point
set should be symmetrised.

0 ! IBANS ! Band structure mode: 0-no,l-yes

A band structure calculation is performed when IBANS=1, determining the
electronic energies in a fixed potential, i.e., it is the setting for a non self-
consistent run. For single-point energy, geometry optimization or MD runs,
IBANS is set to 0. If IBANS=1, ISTART should be set to 1 as well, since
CASTEP will attempt to read the charge density from a previous calculation.
The number of bands and the number/coordinates of k-points for the band
structure run are unrelated to the settings of the original run.

0 ! ICNSTR ! External constraints: O-no,1l-yes

The setting ICNSTR=0 should be used. Any additional constraints may be
added via the .optim file.
0 ! IDYNAM ! MD mode: O-off,1-on

This is the MD switch.

0.0000050 ! EPSIL ! Convergence tolerance (eV/at)

This parameter specifies the accuracy of electronic structure optimization, in
eV per atom. Atomic motion (either for MD or for geometry optimization)
only starts when this tolerance is satisfied.

~
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5 ! NEXTWR ! Backup every NEXTWRth iteration

CASTEP produces a full set of backup files at regular intervals. Unless the
job is killed while writing one of those files, it should be possible to restart
later by simply changing ISTART to 1.

0 ! ISTDYN ! For MD: O-new run, l-restart

Setting ISTDYN=0 allows you to continue a previous MD run using the final
atomic positions but with re-generated thermal velocities. The value of
ISTDYN is only relevant if ISTART=1 (restart).

100 ! NPREC ! 2 extra electronic steps every NPREC iterations
Not used.
0 ! INOSE ! For MD: O-microcanonical,l-Nose
0.00007 ! QNOSE ! Nose thermostat parameter

The switch INOSE turns the Nosé thermostat on or off. INOSE=0 gener-
ates the NVE ensemble, INOSE=1 the NVT. The Nose thermostat effective
capacity is QNOSE, and is only relevant for NVT MD runs.

273.00000 ! TEMPER ! Temperature (K)
TEMPER is used to initialize velocities during MD. The actual temperature
fluctuates around TEMPER, even for NVT runs.

1 ! NVEL ! Velocity initialization (0-file,>0-random)

Setting NVEL=0 means that velocities are taken from the .geom file, while
NVEL=1 will force CASTEP to generate initial velocities using the TEMPER
value.

CASTEP calculation from Cerius?2 ! comment

The title line: it is reproduced in the .cst file

1 ! ISTRESS! Stress output : O-no, 1-yes
ISTRESS=1 forces CASTEP to calculate the stress tensor even when the cell
parameters are fixed (IBOX=0).

GGA ! Theory level
Allowed values for the exchange-correlation functional are: LDA, GGA, LSDA,
GGS, LDA+Gradient Corr., LDA+GC The last two entries in the list are just
old names for GGA.

2 ! METHOD ! 0-band by band, 1-all_bands, 2-density mixing

METHOD=0 selects the original Payne-Teter-Allan band-by-band conjugate
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gradients scheme when using norm-conserving potentials, or employs a slightly
modified CUSP code from David Vanderbilt when using ultrasoft potentials.
METHOD=1 only applies to norm-conserving potentials, and it selects conju-
gate gradients minimisation applied to all bands simultaneously. METHOD=2
selects the reccommended mode, where a self-consistent density mixing
scheme is used. This operates with potentials of either class.

20 ! ISEED ! O-random, otherwise-pseudorandom wavefunctions

ISEED is normally set to zero, and it results in different random initial wave-
functions each time the code is run. A non-zero value may be useful for
quality control, since each nonzero ISEED generates a deterministic and re-
producable pseudo-random sequence.

0 ! IWRCHD ! If nonzero, formatted charge density is created

CASTEP usually outputs the charge density as a binary file only. If you require
a formatted file (e.g., for easy transfer from a Cray machine) then IWRCHD=1
should be used. The formatted file is only created at the very end of the
run, while the binary file is backed-up regularly during the calculation.

30 'MAX CYCL! Maximum number of SCF cycles at each step

Fach CASTEP iteration can only make MAX_CYCL number of SCF loops. A
value of 30 is usually sufficient, but if SCF convergence is not achieved in
MAX_CYCL loops, then CASTEP still moves on to the next iteration (out of
NITER). Nte that because in general metals need more steps than insulators,
CASTEP uses 5*MAX_CYCL as the number of SCF steps for metals (i.e. when
partial band occupation are allowed).

1 'BAS_CORR! Finite sampling correction: O-no, 1l-yes
0 'MODE_COR! Mode of sampling correction: O-auto, 1-manual
0.00000 'DEDlogE! Derivative of Etotal w.r.t. log(Ecutoff)

BAS_CORR=1 means that the finite basis set correction will be used. This
correction effectively allows one to get away with the k-points set and energy
cutoff that are not high enough for absolute convergence, and still perform
cell optimization.

MODE_COR=0 means that CASTEP will calculate the finite basis set correction
during the run. The value that needs to be calculated is the derivative of
the total energy with respect to log /.. MODE_COR=1 assumes that this value
is already known (e.g., from the previous run performed for the same system
with exactly the same run parameters). The value of 0F/0log E., DE_DlogE
(in V), is required when MODE_COR=1 is used.

0.00000 'PRESSURE! External pressure (GPa) and stress (next line)
0.000 0.000 0.000 0.000 0.000 0.000
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This is the external applied stress (pressure is the trace of the tensor, and
the tensor is given in a short notation as xx,yy,zz,yz,xz,xy).

3 'NUMCUT ! Points for num. diff. for DEDlogE
288.00000 ! ECUT ! Cutoff # 1 for sampling correction (eV)
294.00000 ! ECUT ! Cutoff # 2 for sampling correction (eV)
300.00000 ! ECUT ! Cutoff # 3 for sampling correction (eV)

When MODE_COR=0, 0F/dlog E. is calculated automatically by finding the
total energy at a number of reference cut-off energies. The value of NUM_CUT,
specifies the number of energies which are given on the following NUM_CUT
lines. The last ECUT should be the same as ENMAX. A default setting of
NUM_CUT=3 and a step between the reference energies of 2% of ENMAX should
work in most cases. Note that if the difference between the reference energies
is so small that the number of plane waves used does not change from one
ECUT to the next, the calculation will not make sense.

0.00100 'DISP_TOL! Tolerance for RMS displacement
0.05000 'RMSF_TOL! Tolerance for RMS force
0.10000 'RMS STR ! Tolerance for RMS stress

0.0000200 'ETOT_TOL! Minimizer tolerance for total energy

There are several parameters controlling geometry optimisation: It will con-
tinue until the ionic mean-square displacement is less than DISP_TOL (A), or
until the mean-square force on movable ions is less than RMSF_TOL. Geom-
etry optimization continues until the mean-square stress is below RMS_STR.
Only components that correspond to variable cell parameters are taken into
account (e.g., only diagonal terms for a cubic cell). Finally, optimization
continues until the change of the total energy between successive configura-
tions is less than ETOT_TOL. NOTE: All the relevant criteria must be satisfied
for the run to to stop, i.e., there are four criteria to satisfy when both cell
and internal degrees of freedom are allowed to relax.

0 ! OPTICS ! Calculate matrix elements: O-no, 1-yes

Running with OPTICS=1 is only possible when IBANS=1. A calculation with
OPTICS=1 produces a .cst_ome file, containing matrix elements for optical
transitions, after the band structure run. It is expected that the Monkhorst-
Pack set of k-points is used when OPTICS=1.

4 'NELUP ! Number of electrons with spin up
4 'NEL DOWN! Number of electrons with spin down
0 'SPINFIX! Spin is fixed (0) or varied

The use of a spin-polarized exchange-correlation functional is required when
the numbers of spin=up and spin-down electrons differ. SPIN_FIX only af-
fects runs using spin-polarized exchange-correlation functionals If its value is
zero, then the spin of the system is fixed. If its positive, then the spin is fixed
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for the first SPIN_FIX SCF loops and is allowed to vary thereafter (which
is required for magnetic metallic systems). A negative value of SPIN_FIX
means that spin is allowed to vary from the very first loop.

0 'INITOCC! Init. occupancy: O-lowest, 1-all,-1-file

The parameter INIT_OCC specifies how occupation numbers are initialized:

0 — the lowest bands are filled, and the higher ones are empty if their
number is greater than half of the number of electrons.

1 — all bands are filled equally, even if this creates partial occupancies

-1 — exotic setting, CASTEP reads starting occupation from the .occnum
file. This might be useful, e.g., for simple atoms where user knows the
degeneracies.

0.20000 ! ROTMIX ! Mixing factor for WF rotation
0.50000 ! OCCMIX ! Mixing factor for occupation numbers
0.50000 'EL.STEP ! Step for all-bands minimizer

These parameters are only used by the all=bands minimiser. Recommended
values are 0.2, 0.5 and 0.5 respectively, and these should not be altered.

7 'MIX HIST! Density mixing history (0:non-Pulay)
0.80000 ! CH_AMP ! Mixing amplitude for charge
1.50000 ! CH.Q ! Cutoff wavevector for charge

MIX_HIST specifies the depth of the history stack in the Pulay scheme of the
density mixing method (DIIS history). A value of 0 means that the density
mixing scheme is not using the Pulay algorithm. CH_AMP specifies the mixing
amplitude for the charge density It might be useful to decrease it slightly if
convergence is not sufficiently stable. CH_Q specifies the cutoff wavevector:
small-G' components are mixed with smaller coefficients as prescribed by
Kerker. A value of zero means that linear mixing is used, rather than Kerker
mixing.

2.00000 !SPIN_AMP! Mixing amplitude for spin density
1.50000 ! SPINQ ! Cutoff wavevector for spin density
0 'RM_DELAY! CG steps before RMM starts (0 is CG)

SPIN_AMP and SPIN_Q have the same meanings as CH_AMP and CH_Q, but refer
to the spin density (these variables are irrelevant for non spin- polarized
calculations). RM_DELAY specifies whether to use the conjugate gradients
scheme in the density mixing approach (RM_DELAY=0) or the DIIS-based
residual minimization. Setting RM_DELAY>O means that the RMM-DIIS al-
gorithm is used, but the first RM_DELAY steps are still done by conjugate
gradients.
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7.3 Runtime parameters: .param

This file contains parameters used to define the dimensions of various CASTEP
arrays.

12 * NGX * FFT grid dimension
12 * NGY * FFT grid dimension
12 * NGZ * FFT grid dimension

These parameters define the FFT grid , whose size depends on the cutoff
energy. The grid should be fine enough to prevent Fourier aliasing. This
occurs when the period in reciprocal space is too small to prevent the sphere
of plane waves overlapping with its periodic images. To completely avoid
aliasing, the following prescription should be used:

2m.F.

AVG/Y = 4L T, (1)
and similarly for the other two dimensions. Here, L is the length of the
real-space lattice vector, m. is the electron mass, F, the cutoff energy and
his Plank’s constant. With L in Aand F. in eV this becomes

NGX = 0.32615L\/E.. (2)

It is possible to run a plane-wave code with a grid smaller than the reccom-
mended one. For example, the Cerius2 interface typically sets the dimensions
to 3/4 of those given by the above equation. The motivation for this is in-
creased execution speed, but be warned, one must quantify errors that arise
from using a smaller grid. Note also that ultrasoft pseudopotentials and
gradient-corrected functionals (GGA) both require a finer FFT grid than is
needed without them, assuming all other variables are the same.

2001 * NPSPTS * Max. dimension of reciprocal space data

This is the maximun size of the reciprocal-space dataset for the potentials
being used, and is the largest of the NPSPTN values in the .rundat file. It is
almost always 2001.

160 * NRPLWV * Max. number of plane waves accepted

This is the maximum number of plane waves needed to describe |Psij. The
number of plane waves is different for different £, and it depends on the
spacing between points in reciprocal space and the relative sizes of k£ and
Graz = \/2mcFE./hy. In the limit of fine reciprocal-space grid (large sim-
ulation box) and large F,, NRPLWVANGX*NGY*NGZ/16. This assumes that a
full-size, zero-overlap grid is used. If all grid dimensions are reduced by a
factor f, then NRPLWVANGX*NGY*NGZ/ (16 f3). Note that he number of plane
waves is constant even if the cell optimization is performed.
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1 * NIONS * Max. number of atoms of any kind
2 * NSPEC * Number of different atomic species
2 * NIONST * Total number of atoms

4 * NBANDS * Number of electron bands

10 * NKPTS * Number of special k-points

NIONS is the largest of all NIONSP values in the .rundat file. NSPEC and
NIONST are self-explanatory NBANDS should be at least a half of the number
of electrons as given in the .rundat file (NEL_UP + NEL_DOWN). It is neces-
sary to include some empty bands in calculations on metals. NKPTS should
agree with the contents of .geom and .symm (where applicable): CASTEP will
attempt to read NKPTS lines from those files.

1 * NRGRPT * Dimension of arrays for real-space potentials

This is usually calculated by the Cerius interface, but if set too small, CASTEP
will increase it at runtime. This value can be also increased at runtime as a
result of atomic motion during MD or geometry optimization.

1 * MXRLNL * Number of real-space nonlocal projectors
1 * MXRLSH * Number of real-space spherical harmonics
1 * NRLPTS * Max. dimension of real-space data

These parameters must be set if real-space pseudopotentials are used. In
the BN example the potentials are evaluated in reciprocal space and these
parameters are set to 1. However, if using the real-space option, their values
might be: MXRLNL=2 if all the potentials have only two nonlocal components,
e.g., s and p; MXRLSH = 1 4+ 3 = 4 (1 for s, 3 for p; NRLPTS= 2001, having
the same meaning as NPSPTS, but for the real-space radial grid. It is usually
2001.

0 * N_COORD* Degrees of freedom for atomic coordinates
0 * N_CELL * Degrees of freedom for cell vectors

The parameter N_COORD=3xnumber of moveable atoms, i.e. those with a
non-zero moveability switch in .geom/ N_COORD=0 if IION=0 (in .rundat).
N_CELL is the number of independent degrees of freedom for cell variables.
E.g., N_CELL=1 for cubic cells with cell optimization switched on, i.e. IB0X;0
in .rundat. Both N_COORD and N_CELL are only used for BFGS optimization,
that is, when IION=3 and and/or IBOX=2.

7.4 The pseudopotentials: .recpot and .realpot

Each CASTEP calculation needs a single .recpot file, and if the pseudopo-
tentials are to be evaluated in real space, a single .realpot file. These files
contain data taken from the pseudopotential library files, or generated from
them. The distribution contains two libraries, POTENTIALS and POTEN-
TIALS_NC. In these libraries there are several kinds of files, whose suffixes
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signify the type of pseudopotential they contain, as detailed in table 4. Note
that the CASTEP input file containing the reciprocal space potentials, and the
library files containing a single norm-conserving potential, share the same
suffix, .recpot. You should note that the chosen ultrasoft pseudopotnetials
and similar technologies have been chosen as the preferred development route
for CASTEP.

.usp Vanderbilt Ultrasoft pseudopotentials

.uspcc | As above but with core charge
Norm-conserving  reciprocal
.recpot | space  pseudopotential in

Kleinman-Bylander form
.psp Teter pseudopotential

.pspnc | Troullier-Martins pseudopotential

Table 4: Pseudopotential files

A full description of the pseudopotentials will not be given here. However,
you will need to know some details of the structure of the input files .recpot
and .realpot, so that you can create them for your calculations.

7.4.1 Preparing .recpot when using ultrasoft pseudopotentials

All calculations require a .recpot file, though its contents depend on the
types of potential you are using. In all cases the complete reciprocal-space
pseudopotential for each species must be in this file, in the same order as the
species appear in the .geom and .rundat files. You must also tell CASTEP
which types of potentials are being used by setting the IVPTYP parameters
in the .rundat file.

The overall structure of .recpot is as follows. The first line contains two
numbers which denote the CASTEP version number for which the potentials
were generated?. Next comes the pseudopotential for the first species, with a
line containing the number “1000” marking the end of the data. Then comes
the pseudopotential for species 2, and so on, with each data set terminated
by “1000”.

The library files contain ancilliary information which must be removed before
they are assembled into a .recpot file. It is easier to understand this by
working through the building of the .recpot file for the BN example. In this
case, both pseudopotentials are ultrasoft ones. The boron potential is taken
from the POTENTIALS/B_00.usp file. In this file you will see that there is
a comments section, delimited by ”START COMMENT and END COMMENT lines.

2Versions earlier than 3.0 did not require this line in .recpot. If the version line is
missing, CASTEP assumes that .recpot conforms to this older format.
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All the .usp and .recpot files contain a comments section, in which the
construction and testing of the pseudopotential is described. In addition
there are reccommended plane-wave cutoff energies for COARSE, MEDIUM and
FINE grids. The entire comments section, including the delimiting lines,
must be removed when inserting the pseudopotential data into .recpot.

The line after the END COMMENT line contains the version information for this
potential. However, in .recpot, the first line contains version information
for all the pseudopotentials. If .recpot contains a single potential there is
no ambiguity. However, for systems with more than one species, the highest
version among the potentials should be taken and inserted into .recpot as
the first line.

In BN.usp and for all ultrasoft potentials, the next line gives the core charge
for the potential. This is the value to which ICHARG shoud be set in the
.rundat file. However, it is not required in the .recpot file. All data after
this line is inserted into .recpot, and the termination line “1000” added
immediately after the data.

Gathering this together, the structure of the ultrasoft pseudopotential files
is as follows.

Comments Section delimited by START COMMENT and END COMMENT lines, contain-
ing generation and testing information

Version Line with the version of CASTEP for which the potential was made
Core Charge Line with the pseudopotential core charge

Pseudopotential Section containing all data for the pseudopotential
The stages in preparing .recpot are as follows.

1. Determine the highest version number of the potentials you are using
from the Version Line and insert it as the first line of .recpot

2. Set the ICHARG parameters in .rundat to the core charges appearing
on the Core Charge Lines.

3. Remove the Comments Section, Version Line and Core Charge Line
from all the potentials, and append a line with the number “1000” to
them.

4. Insert all the potentials into the .rundat file, in the same order as the
species appear in the other input files.
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7.4.2 Preparing .recpot when using norm-conserving potentials

The norm-conserving potentials are in the .recpot files in the POTENTIALS NC/
directory. (Remember, both the CASTEP input file .recpot and the norm-
conserving potential files share the same suffix.) Almost all the foregoing
description relating to constructing the CASTEP input file .recpot when us-
ing ultrasoft pseudopotentials carries over to norm-conserving ones. There
is, in fact, only one difference. The norm-conserving potentials do not con-
tain the Core Charge line. The steps in assembling .recpot are exactly as
described above, but you now need to find the core charges for the pseu-
dopotentials by other means. Usually the Comments Section of the potential
file contains enough information to deduce the core charge. The configura-
tions used in generating the potential indicate which states were treated as
valence states. Subtraction of the number of core states from the atomic
number gives the core charge.

A second method, which is always reliable, is based on the nature of the local
potential V. As the magnitude of the wavevector ¢ — 0, corresponding to
large distances, V tends to that of a point charge, given by

V =2/ (3)

For a norm-conserving pseudopotential we can find the smallest wavevector
and the corresponding local potential. The line after the Version Line con-
tains the radial grid maximum PSGMAX (in 1/A), with the potential tabulated
on a grid of (NPSPTN-1) points. NPSPTN is almost always 2001, though some
very early potentials used a value of 501. The smallest wavevector is there-
fore (PSGMAX/(NPSPTN-1). The value of the V' at the smallest wavevector
is second number in the following line. Including the neccessary conversion
factors, the pseudopotential core charge is given by the nearest integer to

\4 PSGMAX \?
ICHARG = (4)
180.95263 \ NPSPTN — 1

For the boron norm-conserving pseudopotential POTENTIALS NC/B_00.recpot
this becomes:

ICHARG =

217140.671875 ( 100 )2

(5)
180.95263  \ 2000

yielding ICHARG = 3.

7.4.3 The real-space pseudopotential file .realpot

This file contains the non-local pseudopotential in real space. There is a
considerable advantage to evaluating the pseudopotential in real space for
large systems, since then the calculation scales more favourably with system
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size. However, you will notice immediately that there are no .realpot files
in the pseudopotential libraries. In fact, it is not possible to provide a single
transformation of the reciprocal-space potential since the process is cutoff-
dependent. Also, we are not able at present to provide a transformation
code with the distribution. CETEP users should note that the .realpot file
has the same structure are the CETEP input file fort.18. Note also that
ultrasoft pseudopotentials may only be evaluated in reciprocal space in this
version of CASTEP.

7.5 Symmetry information: .symm

This file contains information on the symmetry of the structure specified
by .geom, as well as a symmetrised set of k-points. Symmetry is used in
the calculation, and hence this file read, when ISYMM=1 in the .rundat file.
For high-symmetry crystals this can result in a substantial speedup, but
the benefit is less for low-symmetry crystals and surfaces. Using symme-
try during geometry and cell optimisation preserves the initial symmetry,
which while useful, may result in metastable configurations at the end of
the optimisation. Symmetry cannot be exploited during MD runs.

From a given .geom file, the utility program K290 in the utilities/K290
directory will generate the appropriate .symm file. This program was kindly
provided by Karel Kunk, and if you make use of it please cite the reference
fiven in section .

This utility is not supported as part of the distribution. However, you
will find brief instructions in the file sym.txt. The control parameters are
in the fort.4 file. The input files fort.14 and fort.15 correspond to
<seed>.rundat and <seed>.geom respectively. The output file fort.3 is
equivalent to the CASTEP input file <seed>.symm
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